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Foreword 

Because of the explosive global growth of the Internet and its applications, 
this authoritative, comprehensive, and well-written insider's guide to 
broadband wireless standards is truly a book whose time has come. Published 
by the Standards Information Network/IEEE Press, a unit of the Institute of 
Electrical and Electronics Engineers (IEEE), WirelessMAN serves as a 
companion to IEEE Std 802.16, the WirelessMAN standard for broadband 
wireless metropolitan area networks. This book provides an overview of the 
technology, explaining the rationale behind the choices made. This overview 
of the complex technical specification is valuable for the tens of thousands of 
engineers involved in R&D and deployment of relevant technologies-as 
well as to less technical opinion leaders in related fields of marketing, sales, 
finance, government affairs, and media/public relations. WirelessMAN is so 
clearly organized and written that it can be a rewarding reading experience 
even for those with no formal technical training. 

The authors are and have been leaders of the related standardization projects. 
IEEE Std 802.16 was developed by the IEEE 802.16 Working Group on 
Broadband Wireless Access, beginning in 1999. The book's authors include 
the IEEE 802.16 founding chair, Dr. Roger B. Marks; its vice chair, 
Kenneth L. Stanwood; and three of its most visionary and dedicated 
practitioners, Carl Eklund, Subbu Ponnuswamy, and Nico J.M. van Waes. 
Those involved in standards work can appreciate that it is a process whose 
success depends upon far more than just vision and technical expertise. That's 
only the beginning. To be as successful as the WirelessMAN standards effort 
has been, it's necessary also to draw on the skill sets commonly associated 
with master politicians and corporate strategists because the stakes can be so 
huge-especially in this instance, where the goal is nothing short of gradually 
replacing multibillion-dollar proprietary technologies with lower cost, 
standards-based interoperable products. If the upside is high for some players, 
so is the downside for others. In other words, creating a successful standard is 
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not in everyone's interest, and so whatever method of collegial input is used 
may also be abused. 

The IEEE 802.16 Working Group has made impressive progress in its 
standards effort, as measured by objective data. It has held more than 43 
weeklong sessions around the world, from the group's official founding in 
1999 to the publication of this book in 2006. By working cooperatively, the 
group has developed and advanced its standards in near-record time. The 
current version of its fixed wireless standard was most recently updated as 
IEEE Std 802.16-2004 [B20], and an amendment adding mobility support 
(IEEE Std 802.16e™-2005 [B24]) was published in late 2005. The IEEE 
802.16 standard is at the core of the fast-growing certification effort by the 
WiMAX Forum®, whose expanding activities have been generating news and 
magazine articles at the rate of six hundred a month at times. 

By attending the organizational strategy meeting in July 1998 of the 
predecessor group that led to the IEEE 802.16 Working Group, I had the 
privilege of observing the growth of this process right from the beginning 
despite my lack of any formal training in the relevant technology. Fortunately, 
I did have good advice from my mentor in this area, Dr. Weston E. Vivian, the 
longtime University of Michigan professor who holds the distinction of being 
the first person ever elected to the U.S. Congress with a doctorate in either 
engineering or science. His counsel was to "sit in on every technical meeting 
you can - and don't say much." The assumption was that over time, even I 
would learn something. That strategy meeting was called by Roger Marks at 
the Boulder, Colorado, offices of the National Institute of Standards and 
Technology (NIST) to create what became known as the National Wireless 
Electronic Systems Testbed before its assimilation the next year into the 
IEEE standards process. The few others at the meeting had enormous 
subject-matter expertise, most with doctorates in electronic engineering and 
affiliations with major companies. Despite the additional handicap of not 
being in a position to make substantive commitments because Wireless 
Communications Association International (WCA) is technology neutral, 
I attended as an observer, encouraged by knowledge that standards were 
regarded by our members as potentially vital, but also extremely difficult to 
achieve in practice. 

x WirelessMAN: Inside the IEEE 802.16 Standard 

Foreword 

We at WCA have been extremely impressed by th d d" . 
WirelessMAN · . . . e e ication of the 

. p10neers, mcludmg its founding chair. Although WCA 
contmues to adhere to a techn 1 . . 
all relevant technologies on a ~a~g:~::u~al standpomt m_ order to showcase 

share a few personal observations at thi/::;::/p~ropnate neverth_eless t~ 
group is particularly dedicated well-org;nized . dFrrsth, th~ le~dership of this 

f ' , an ent usiastic about 
ere~ mg new networks. These standards meetings are all-day weekl 

::i;:~ ~::::ed:v:;0;;:~t~~~:;:~:d.:~0;~;:::s in the ;,,iddle :~heir 
an authoritative insider's account is ce~ain t portant, WtrelessMAN, 

understanding the_ history and im;lications or°tr:~::h:~:ble as a ~uide to 
IEEE 802.16 vers10n, but in the context f . gy not Just the 

broadband technologies, both wireless a:d ::ii::~;,::t:~~}~7~~tary 
recommended for designers of com g Y 
based on the_ Wi~elessMAN standar~;~~~, as~::::, o:n!~::t equipment 
telecommunications professionals and students Th. . . 
useful book for anyone in this fast-exploding fi~ld. is is an important and 

Andrew Kreig 

President and Chief Executive Officer 

Wireless Communications Association International 
1333 H Street, NW; Suite 700 West 
Washington, DC 20005 
United States of America 
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Preface 

Broadband access has become a critical bottleneck in the ongoing information 
technology revolution across the globe. The growing popularity of 
multimedia applications has made the requirements on broadband access even 
more demanding. In order to serve this growing market need, the reach of 
existing broadband networks needs to be extended, and new broadband 
infrastructures need to be deployed in developing nations where no wired 
broadband infrastructures exist. 

The advent of standards-based and interoperable wireless local area networks 
(WLANs) and wireless personal area networks (WPANs) has resulted in 
widespread adoption of wireless networks in homes as well as in consumer 
and enterprise markets. The productivity gains and increased flexibility that 
comes with wireless have transformed the way many businesses operate. 

Broadband wireless access (BWA) is the next logical step in extending fiber 
optic backbone networks to enhance broadband proliferation and to provide 
broadband access in areas where no other methods are available. BWA is also 
attractive as a network infrastructure that can be deployed much more quickly 
than its wired counterparts. Moreover, broadband wireless has the potential to 
offer capacity on demand. 

Proprietary BWA solutions have existed for some time, with limited market 
penetration in licensed and license-exempt bands. However, the lack of a 
global standard and lack of multivendor interoperable equipment have 
hampered widespread adoption. Given the infrastructure-intensive nature of 
broadband wireless deployments, widespread adoption requires interest from 
a wide range of service providers. All of the potential providers, large or 
small, are seeking standardized rather than proprietary solutions. With 
nomadic and mobile systems, roaming operations force questions of cross­
vendor interoperability to the forefront. However, even for non-nomadic fixed 
broadband wireless networks, in which roaming is virtually nonexistent, 
operators are hesitant to accept unnecessary risk in the current economic 
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climate, and the use of proprietary equipment from a small number of vendors 
is an unnecessary risk. Good standards activities, such as those t~at are well 
established in IEEE 802®, not only bring operators reasonably pnce~ 
equipment but also put them on a curve of declining costs and ~rowmg 
performance. The IEEE 802.16 standard for wireless metropolitan area 
networks (MAN s) has been developed by the IEEE 802.16 "W_orking Gro~p to 
address this BWA market. The activity has been in progress smce 1999; it has 
been highly productive, and the standard continues to evolve. 

As you will find in this book, IEEE 802.16 is quite different_ from other I~EE 
802 standards. The technology is more oriented toward earner-class services 
whose infrastructure development is designed and deployed by professionals 
affiliated with experienced telecommunications operators. Also, compared to 
some other IEEE 802 standards, IEEE 802.16 leaves more of the . 
implementation decisions to the implementor, particularly at the_ base stat10n 
(BS) side. This provides the system developer with the opportumty to develop 
a simple, low-cost system or to apply extra effort to create a subs~antial!y 
better performing system that may fetch a higher price. The goal is a wide 
deployment of a broad range of IEEE 802.16-based systems that are 
interoperable but highly differentiated. This should help to keep the ma~ket 
dynamic and innovative and provide many attractive options to the earners. 

Objective 

The objective of this book is to provide a detailed overview of the IEEE 
802.16 standard for fixed BWA, including detailed descriptions of the 
IEEE 802.16 medium access control layer (MAC) and physical layer (PHY) 
operation, with emphasis on the design and the technology behind the 
standard. This book explains why certain design choices were made and how 
recent technological developments, real-world experience, and lessons 
learned from previous projects were used throughout the IEEE 802.16 

development process to make critical tradeoffs. 

The book also reviews the chronological development of the IEEE 802.16 
MAC and PHY and the rationale behind the development decisions. It 
provides a summary of ongoing projects, related standards, and future 
extensions to IEEE 802.16. The optional and mandatory parts of the 
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IEEE 802.16 standard are clearly identified and explained throughout the 
book, wherever applicable. 

Organization 

Chapter 1 provides an introduction to BWA and identifies the key market 
segments and basic requirements. Chapter 2 overviews the IEEE 802.16 
Working Group, including the organizations under which it works and the 
procedures it uses, summarizing the history of the group and its past and 
current projects. Chapter 3 defines the basic MAC, PHY, radio frequency 
(RF) and other protocol concepts necessary for understanding the IEEE 
802.16 standard. The final introductory chapter, Chapter 4, describes the 
overall architecture ofIEEE 802.16 and introduces various components and 
key features ofIEEE 802.16 in detail. 

The rest of the book describes the components of the IEEE 802.16 
architecture in a top-down fashion. Chapter 5 describes the asynchronous 
transfer mode (ATM) convergence sublayer (CS) and packet convergence 
sublayer (PCS) ofIEEE Std 802.16. In Chapter 6, the basic concepts of the 
IEEE 802.16 MAC, supporting all of the IEEE 802.16 PHY alternatives, are 
covered. Chapter 7 provides details of the IEEE 802.16 MAC operation, 
including network entry, initialization, PHY support, automatic repeat request 
(ARQ) and quality of service (QoS). The security sublayer, including 
encryption methods and key exchange mechanisms, is described in Chapter 8. 
Chapter 9 describes the mesh extensions to the IEEE 802.16 MAC and the 
additional scheduling methods defined to support the mesh option. 

The next three chapters describe three major PHY alternatives specified in 
IEEE 802.16. Chapter 10 addresses the single-carrier (WirelessMAN-SC) 
PHY specified for use above 10 GHz. Chapter 11 describes the orthogonal 
frequency division multiplexing (WirelessMAN-OFDM) PHY for 
frequencies below 11 GHz, and Chapter 12 describes the orthogonal 
frequency division multiple access (WirelessMAN-OFDMA) PHY for the 
same frequencies. 

Chapter 13 explores the IEEE 802.16 standard's support for multiple antenna 
systems, including adaptive antenna systems (AAS), as an extension of the 
IEEE 802.16 point-to-multipoint (PMP) topology. Chapter 14 addresses the 
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performance of the MAC and various PHYs. A summary of the IEEE 802.16 
conformance standards and an introduction to the interoperability work being 
done by the WiMAX Forum are given in Chapter 15. Chapter 16 provides a 
summary of related standards and standardization activities. 

Appendix A provides a list of IEEE 802.16 headers, subheaders, and MAC 
management messages for ready reference. 

Reading and style 

This book is intended for anyone who wishes to understand the IEEE 802.16 
standard and operation, including designers, engineers, students, and 
deployment professionals. This book is self-contained, and no specific 
knowledge of any other wireless protocols is assumed. However, a basic 
knowledge of communication protocols and concepts is necessary for 
understanding the key MAC and PHY chapters of this book. An extensive 
bibliography is given at the end for anyone who would like to read more on 
specific topics that are not covered here in detail. 

While the introductory chapters provide basic information for all types of 
readers, the MAC- and PHY-specific chapters can be treated independently, 
with the exception of the MAC-PHY interface, by designers who are 
interested in designing only the MAC or PHY portion of a IEEE 802.16 
system. The mesh and AAS chapters require the understanding of the MAC 
architecture and PHY interface defined in earlier chapters. This book can be 
used for self-study of the IEEE 802.16 standard, as a reference, or as a 
designer's handbook. 

Advanced readers should look at the book as a companion to IEEE 
Std 802.16. Readers should note that IEEE 802 standards are available for 
free download through the Get IEEE 802® program <http://standards.ieee.org/ 
getieee802>. Readers may also wish to consult the web pages of the 
IEEE 802.16 Working Group on Broadband Wireless Access 
<http://WirelessMAN.org>, which include thousands of working group and 
contributed documents upon which the standard, including its amendments, 
are based. 
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Acronyms and abbreviations 

The following acronyms and abbreviations are used in this book: 

3DES triple data encryption standard 

AAS adaptive antenna systems 

ABR available bit rate 

ACID ARQ channel identifier 

ACK acknowledgment 

AES advanced encryption standard 

AlSN ARQ identifier sequence number 

AK authorization key 

I 
AMC adaptive modulation and coding 

Ao A angle of arrival 
11 

AoD angle of departure 

AP access point 
I 

ARQ automatic repeat request 

I ASIC application-specific integrated circuit 

ATDD adaptive time division duplexing 
I ATM asynchronous transfer mode 

ATS abstract test suite 

BCC block convolutional code 

BE best effort 

BER bit error rate 

BPSK binary phase shift keying 

BRAN Broadband Radio Access Networks (ETSI Technical 
Committee) 

BRS broadband radio service 

BS base station 
BSN block sequence number 
BTC block turbo code 
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BW bandwidth DWC downlink interval usage code 

BWA broadband wireless access DL downlink 

CAC call admission control DLFP downlink frame prefix 

CAZAC constant amplitude zero autocorrelation DMZ diversity MAP zone 

CBC cipher block chaining DOCSIS® data over cable service interface specification 

CBLER coded block error rate DSA dynamic service addition 

CBR constant bit rate DSC dynamic service change 

cc convolutional coding DSCH distributed scheduling 

CCM counter with CBC-MAC DSCP differentiated services code point 

CDMA code division multiple access DSD dynamic service deletion 

C/I carrier to interference ratio DSL digital subscriber line 

CID connection identifier DVB digital video broadcast 

CINR carrier to interference-plus-noise ratio EAP Extensible Authentication Protocol 

CIR channel impulse response EDCA enhanced distributed channel access 

CLR cell loss ratio EGC equal gain combining 

CP cyclic prefix EIRP effective isotropic radiated power 

CoS class of service EKS encryption key sequence 

CPE customer premises equipment FC fragment control [ field] 

CPS common part sublayer FCH frame control header 

CRC cyclic redundancy check FDD frequency division duplexing 

cs convergence sublayer FDE frequency-domain equalizer 

CSCF centralized scheduling configuration FDM frequency division multiplexing 

CSCH centralized scheduling FDMA frequency division multiple access 

CSMA/CA carrier sense multiple access/collision avoidance FEC forward error correction 

CTC convolutional turbo code FFSH fast-feedback allocation subheader 

CTS clear to send FFT fast Fourier transform 

DAMA demand-assigned multiple access FHDC frequency-hopped diversity coding 
I 

DBPC downlink burst profile change FHSS frequency-hopping spread spectrum 
I 

DCD downlink channel descriptor FIFO first-in, first-out 

DCF distributed coordination function FSDD frequency shift division duplexing 

DES data encryption standard FSH fragmentation subheader 

DFS dynamic frequency selection FSN fragment sequence number 

DHCP Dynamic Host Configuration Protocol FTP File Transfer Protocol 
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FUSC full usage of subchannels MAN metropolitan area network 
GBN go-back-n 

MBS maximum burst size 
GF Galois field 

MIB management information base 
GFR guaranteed frame rate MIMO multiple-input, multiple-output 
GMSH grant management subheader MMDS multichannel multipoint distribution service 
GP guard period MPDU MAC protocol data unit 
GPS global positioning system MPLS multiprotocol label switching 
GSM Global System for Mobile Communications MRC maximum ratio combining 
HARQ hybrid automatic repeat request 

MSB most significant bit 
HCCA HCP coordinated channel access MSDU MAC service data unit 
HCP hybrid coordination function 

MSH mesh subheader 
HCS header check sequence 

MS mobile station 
H-FDD half-duplex frequency division duplexing NACK negative acknowledgment 
HSDPA high-speed downlink packet access NLOS non-:line-of-sight 
HT header type nrtPS nonreal-time polling service 
HTTP Hypertext Transfer Protocol nrtVBR nonreal-time variable bit rate 
I in-phase OFDM orthogonal frequency division multiplexing 
ID identifier OFDMA orthogonal frequency division multiple access 
IE information element 0-FUSC optional full usage of subchannels 
IFFT inverse fast Fourier transform 0-PUSC optional partial usage of subchannels 
IP Internet Protocol OSI Open System Interconnection 
ISI intersymbol interference PAN personal area network 
IUC interval usage code PAPR peak to average power ratio 
IV initialization vector PAR project authorization request 
KEK key encryption key PCP point coordination function 
LAN local area network PCR peak cell rate 
LDPCC low-density parity check coding PCS packet convergence sublayer 
LLC logical link control POU protocol data unit 
LMDS local multipoint distribution service PER packet error rate 
LMSC LAN/MAN Standards Committee PHS payload header suppression 
LOS line-of-sight PHSF payload header suppression field 
LSB least significant bit PHSI payload header suppression index 
MAC medium access control layer PHSM payload header suppression mask 
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PHSS payload header suppression size SC single carrier 

PHSV payload header suppression valid SCR sustained cell rate 

PHY physical layer SDMA spatial division multiple access 

PICS protocol implementation conformance statement SDO standards developing organization 

PKM privacy key management SDU service data unit 

PM poll-me SFID service flow identifier 

PMP point-to-multipoint SHA-I Secure Hash Algorithm 1 

PN packet number SI slip indicator 

PoS point of sale Sil signal to interference ratio 

PRBS pseudo-random binary sequence SISO single-input, single-output 

PS physical slot SLA service-level agreement 

PSH packing subheader SM spatial multiplexing 

PtP point-to-point SNMP Simple Network Management Protocol 

PUSC partial usage of subchannels SNR signal to noise ratio 

Q quadrature SOHO small office/home office 

QAM quadrature amplitude modulation SPID subpacket identifier 

QoS quality of service SR selective repeat 

QPSK quadrature phase-shift keying SS subscriber station 

RCID reduced connection identifier SSRTG subscriber station receive-transmit transition gap 

RCT radio conformance test SSTG subscriber station transition gap 

RF radio :frequency SSTTG subscriber station transmit-receive transition gap 

RLC radio link control STBC space-time block coding 

RS Reed-Solomon STC space-time coding 

RS-CC Reed-Solomon concatenated with convolutional coding STTD space-time transmit diversity 

RSSI received signal strength indicator TCM trellis-coded modulation 

RSVorRsv reserved TCP Transmission Control Protocol 

RTG receive-transmit transition gap TDD time division duplexing 

rtPS real-time polling service TDM time division multiplexing 

RTS request to send TDMA time division multiple access 

rtVBR real-time variable bit rate TEK traffic encryption key 

SA security association TFTP Trivial File Transfer Protocol 

SAID security association identifier TLV Type-Length-Value 

SAP service access point ToS type of service 
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TSS&TP 

TTG 

UBR 

UCD 

UDP 

UGS 

UIUC 

UL 

vc 
VCI 

VLAN 

VoIP 

VP 

VPI 
Wi-Fi® 

WiMAX 

WLAN 

WPAN 

WRAN 

xi 

test suite structure and test purposes 

transmit-receive transition gap 

unspecified bit rate 

uplink channel descriptor 

User Datagram Protocol 

unsolicited grant service 

uplink interval usage code 

uplink 

virtual channel 

virtual channel identifier 

virtual local area network 

voice over Internet Protocol 

virtual path 

virtual path identifier 

wireless fidelity 
Worldwide Interoperability for Microwave Access 

wireless local area network 

wireless personal area network 

wireless regional area network 
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Chapter 1 Broadband wireless access 
(BWA) 

Applicable market segments and requirements 

The IEEE 802.16 Working Group on Broadband Wireless Access has been 
developing IEEE Std 802.16™ since 1999. Its original air interface standard 
was completed in 2001, but it has continued to evolve and will continue to 
evolve. The basic goal of the standard is to provide specific technologies and 
protocols to specify the air interface ofBWA systems. 

The central aim of IEEE 802.16 technology is to support broadband access; 
that is, to support access (i.e., connection to core networks) at broadband rates 
(which, according to a popular International Telecommunication Union (ITU) 
definition, means providing service at a rate of at least 1.544 Mbit/s, although 
we take the definition somewhat more loosely). Since IEEE 802.16 provides 
broadband access with a wireless connection, it could perhaps be said to 
provide "wireless broadband access." In the early days, the IEEE 802.16 
Working Group considered this word order, finally settling on "broadband 
wireless access." It appears that this might emphasize that the work involved a 
broadband extension of the wireless access concept rather than a wireless 
implementation of broadband access concepts. In fact, because this standard 
does both, it exemplifies the ongoing trends toward convergence in 
telecommunications and data communications. The final choice of word order 
was rather arbitrary. 

As the world's backbone telecommunications networks flourished in the 
twentieth century, vast data-carrying capacity is now available in fiber-optic 
lines. Unfortunately, this bandwidth is directly available only to those with 
direct access to the infrastructure, which is a very small fraction of the 
potential users. In the developed world, powerful fiber infrastructure may 
connect large commercial buildings but not the neighboring medium-sized 
commercial facilities. In many parts of the developing world, connection to 
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the world's fiber infrastructure is still only a plan, or perhaps only a dream. 
When such a connection does take place, it will initially be at a single port of 

entry for an entire country. Distribution is critical. 

Broadband access is about bridging the gap between the core infrastructure 
networks and the user's networks. This bridge can itself be built with wires or 
fibers, but the basic structure of the problem means that this requires a 
massive proliferation of cabling in order to serve users in a wide variety of 
places. This is a fundamental barrier to cabling. It is costly to install and 
maintain. Cabling hung from utility poles requires a series of permissions and 

rights-of-way. It is costly to deploy and subject to damage caused by 
everything from weather to traffic accidents. Buried cabling is more reliable 
(although still subject to cuts), but trenching is expensive and slow, or even 
prohibitive, due to the disruption to communities and traffic patterns. Doug 
Lockie, a veteran of the BWA business, has noted many times that "backhoes 
don't follow Moore's Law." His point is that no amount of exponential 
improvement in cost and performance of network equipment will enable cost­
effective network deployment as long as cable installation is the fundamental 

limitation. 

If broadband access is wireless, many of these construction problems can be 
bypassed. Compared to wired broadband access, wireless broadband access 
leans more heavily on technological innovation and less heavily on the 
physical plant. This is one reason it seems to hold more promise for the future. 
Of course, the wireless medium has its own limitations and costs; these are 
associated primarily with spectrum access, restrictions, and limitations. It 
remains to be seen how the costs and benefits of the wired and wireless cases 
will balance. It seems clear that cabling will be the leader at the core network 
side, where data are massively consolidated, and wireless will shine nearer the 
user, where data are more user-specific. The details of which technologies will 
be most competitive in various market segments will depend on many details, 

including the local infrastructure and regulatory environment. 

Competition, or course, is driven by demand, and demand cannot always be 
satisfied by a single technical solution. If all homes and enterprises in an area 
have direct access to wired broadband, many of the consumers will probably 
be satisfied. On the other hand, some might still be willing to consider 
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alternative providers based on price, performance, features, or reliability; 
therefore, alternatives such as wireless broadband access may see an 
opportunity. But demand in the telecommunications world can also come 
from another direction: from the top down. Namely, many operators of core 
networks intend to provide service to retail customers. If these operators lack 
access networks, they are forced into leasing or partnership arrangements with 
the access provider. In an area with only one access provider ( or only very 
few), the network operator may be forced into an unfavorable position. In 
such cases, demand for alternative access may be driven in top-down fashion 
by the operators. 

In many cases, governments are seeking to foster more players and more 
competition in the broadband network marketplace. The market is sometimes 
slow to respond to demand, frequently because of natural barriers. For 
instance, the wired access market is difficult to penetrate, not only because it 
is slow and costly but, as noted earlier, because the development of local 
wired access facilities is burdened by regulation, especially because it is 
disruptive to environments (such as, for example, cities that cannot tolerate 
streets being trenched, or rural areas in which power lines affect wildlife 
migration). Barriers to wireless access networks are generally less prohibitive; 
therefore, wireless networks can be erected relatively inexpensively and also 
quite quickly. This, of course, depends heavily on spectrum availability and 
conditions. 

One aspect of cabled infrastructure that is hard to avoid is its stationary 
nature. It is difficult to imagine cable being so densely deployed that it is 
readily available everywhere in a region the size of a city, or larger. Cable 
operators pick and choose their locations. Wireless signals, on the other hand, 
have the ability to cover a metropolitan-sized (or larger) area quite densely so 
that signals are broadly available, even to moving users. This allows for usage 
models that simply cannot be accommodated with cabled systems. The great 
technological and marketplace achievements of the mobile telephone business 
have helped to demonstrate the appeal of such a system and the flexibility it 
offers. Meanwhile, the success of portable computers, especially those 
networked with wireless local area networks (WLANs) (based on IEEE 
Std 802.11™) have demonstrated the appeal of untethered broadband access. 
This background points to a future in which broadband access moves toward 
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an increasingly portable, nomadic, and mobile usage model. The poss~bility ?f 
this evolution strengthens the hand of wireless broadband access relative to its 

wired alternatives. 

As already noted, IEEE Std 802.16 is an evolutionary standard. The standard 
was designed originally for the support of stationary, enterprise-class 
deployments. However, the long-term goal was always to evolve the standard 
along with the developing technology to the point at which it could be 
economically feasible to move deeper into the access network and close: to 
the user. As of 2003, the standard was first enhanced with technology smtable 
for residential-class applications. Around the same time, work began to 
evolve the technology further, toward systems that could support mobile as 
well as stationary terminals. The IEEE 802. l 6e amendment, approved in 
December 2005, brings support for mobile as well as fixed terminals. We do 
not significantly discuss IEEE Std 802.16e™ in this book. However, in the 
standard's evolution, it continues to build on the foundations that were 
previously laid. Therefore, understanding the stationary ("fixed") technology 
is an essential basis for understanding the fixed/mobile advances. 

As IEEE Std 802.16 has grown (see [B13] 1 and [B38]), much of the evolution 
has occurred in the physical layer (PHY), which is the primary arbiter of the 
physical environment in which the technology can operate. All ~f this . 
development, however, is based on the essence of the standard: its medmm 
access control layer (MAC) specification. This MAC, which supports all of 
the standard's PHY options, was originally designed for the first application: 
carrier-quality, enterprise-based telecommunications services. Because of this 
history, the IEEE 802.16 standard can support the most demanding s~rvi~e 
requirements, even as it evolves toward more consumer-friendly appl_ications. 
This is a key factor in the applicability of the standard. One of the pnmary 
MAC-related features of the standard's technology is its support for 
differentiated quality of service (QoS) among its users. An IEEE 802.16 base 
station (BS) can simultaneously support a variety of customer service 
requirements, for example, very demanding services such as real-time video 

4 

1 Numbers in brackets refer the reader to additional resources listed in the bibliography 

of this book. 
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conferencing along with Tl/El service, voice over Internet Protocol (VoIP), 
and best-effort Internet. 

Spectrum, as the wireless medium, is a very precious infrastructure 
commodity. Any standard intended to support wireless communications, in 
any application, must be critically conservative in its use of this resource. 
IEEE 802.16 takes pains to conserve spectrum and emphasize spectral 
efficiency, at the expense of protocol co~plexity. This approach generally 
enhances its applicability, although perhaps some applications might be better 
suited to lower complexity protocols with lower efficiency. 

IEEE Std 802.16 is called the WirelessMAN standard for wireless 
metropolitan area networks. "Metropolitan" in this sense indicates not the 
target geography but instead the target scale. The standard supports networks 
that are about the size of a city. It is by no means limited to urban applications. 
Some of the most likely applications are in rural areas in which high-quality 
broadband access is not readily available. The term metropolitan area 
network (MAN) predates the term WirelessMANby many years. IEEE 802®, 
under which IEEE 802.16 is chartered, is formally known as the "LAN/MAN 
Standards Committee." It was called the "LAN Standards Committee" when 
formed in 1980, but the name grew with the group's portfolio. 

IEEE 802.16 is an air interface standard, not a manual for service deployment. 
It is intended to support transport of any higher layer network requirement 
and in any application in which someone sees fit to apply it. The goal is 
flexibility. The developers of the standard may have had some applications in 
mind, but a good, open standard can be put to a variety of users by people who 
did not develop it. If a developing area is seeking to install a unified wireless 
network for voice, data, and video services, thereby obviating the need for a 
multiplicity of more narrowly focused systems as would be seen in a 
developed city, then IEEE 802.16 may be a good choice. Likewise, if a city is 
seeking to enhance the availability of broadband services to its population by 
constructing a public wireless data network, then IEEE 802.16 may also be an 
excellent candidate, serving either as a backhaul network supporting the ready 
deployment ofWLAN access points (APs) or as an access network bringing a 
connection directly to a user. Some operators may seek to provide service to a 
fixed antenna, either on the outside of a building or indoors. Other operators 
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may seek to communicate directly with portable computers with on-board 
IEEE 802.16 radios. 

In some cases, IEEE Std 802.16 might be a pure consumer system, with no 
commercial operator. Such use could be, for example, purely inside a home or 
enterprise, where the standard's QoS support gives it a leg up on alternative 
technologies. Or perhaps hobbyist or quasi-professional users will set up 
license-exempt systems for neighborhood communications. The applications 
are limitless, as they were intended to be. 

Given this flexibility, it is difficult to completely address the specific market 
applications to which IEEE Std 802.16 may be applied. An amalgam of 
typical deployment scenarios is sketched in Figure 1-1. Many services are 
supported, consumer as well as commercial, mobile as well as fixed, and 
backhaul-only as well as directly to the end user. Such a mixed set of services 
signifies a mature and successful MAN. Perhaps we shall someday see such a 
network based on IEEE Std 802.16. 

Below, we continue this introductory chapter, providing examples of how 
IEEE Std 802.16 might be applied to some idealized market situations. 

COMMERCIAL FIXED BROADBAND WIRELESS: FIBER EXTENSION 

In large metropolitan areas throughout much of the developed world, 
commercial office towers are connected to core networks by high-capacity 
fiber optic links, with broadband network services provided to the tenants. In 
the meantime, other smaller businesses, even those located across the street or 
on the next block, go without proper network facilities for a lack of fiber 
connectivity. IEEE 802.16 networks can fairly easily extend the reach of the 
fiber links. Suitable spectrum is available for this purpose in many areas. For 
example, the United States licensed 1150 MHz of spectrum in the 28-31 GHz 
range in 1998 for a service called local multipoint distribution service 
(LMDS); since then, additional higher frequency spectrum has become 
available on a license-exempt basis or with a low-cost license. Supply for 
spectrum at such frequencies outweighs demand primarily because of the less 
favorable propagation properties of electromagnetic radiation in this band. In 
particular, attenuation in air is rather high so that propagation distances are 
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Figure 1-1: Typical IEEE 802.16 deployment scenarios 

typically limited to around 3 km to 5 km. Also, attenuation increases 
dramatically in the presence of rainfall so that power control over a significant 
range is required. Diffraction is limited so that only line-of-sight (LOS) 
propagation is practical for communications. Furthermore, electronic 
components at these frequencies are relatively expensive. On the other hand, 
spectrum is plentiful enough for massive bandwidth, and short propagation 
distances and LOS propagation (supported by the compact, high-gain 
directional antennas available at these short wavelengths) allow for high 
frequency reuse. 

Tall towers, which often have fiber connectivity, are good platforms for LOS 
BS antennas because the view from the top typically includes hundreds of 
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prospective customers. Commercial buildings allow for rooftop antennas, the 
cost of which (both the hardware and the professional installation) is spread 
over a number of commercial customers. In LOS links, multipath propagation 
is usually minimal; therefore, relatively simple modulation schemes may be 
effective. The extension of fiber requires the ability to support high data rates 
(> 100 Mbit/s), with high reliability and service-level guarantees. The ability 
to transport voice, video, and data traffic with appropriate quality is also an 

important requirement. 

The first version of IEEE Std 802.16, approved in 2001, included a PHY 
specification, called single-carrier WirelessMAN (WirelessMAN-SC), 
suitable for use in the high-frequency bands associated with fiber extension. 
At the time, prospects for the deployment of the standard seemed rosy. 
However, the bursting of the "telecom bubble" early in the twenty-first 
century put an end to many promising plans. Currently, conditions are 
becoming more favorable for reconsideration of these applications. If so, then 
the WirelessMAN-SC air interface will be a good candidate to support such 
deployments. It supports the requirements, and it allows for stepped 
investment commensurate with market capacity requirements. 

RESIDENTIAL FIXED BROADBAND WIRELESS: DIGITAL 
SUBSCRIBER LINE (DSL) AND CABLE MODEM ALTERNATIVE 

In the developed world, broadband access has become a virtual necessity in 
the residential market. Homes are frequently the site of :full-time or off-duty 
business, and broadband Internet access is in demand for education, 
information, voice, video, shopping, and entertainment. Cable modem and 
DSL networks have become the primary technologies addressing these home 
markets in many countries. However, such networks do not extend 
everywhere. Not all areas are served by cable television networks, and not all 
have been upgraded for cable modem service. While telephone networks are 
widely deployed in the developed world, not all lines have been upgraded for 
DSL service, and many homes are too far from the central office for DSL 

transmission. 

Where DSL and/or cable modem service is available, BWA may nevertheless 
play a role. Customers may be seeking alternatives based on price, 
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performance, and/or reliability. Also, wireless service may have advantages, 
such as, in some cases, the ability to move a portable terminal throughout a 
service area. As previously noted, network operators who are dissatisfied with 
their inability to directly access their retail customers except through a local 
access provider may also be motivated to deploy a wireless access alternative. 

In the developing world, and in many rural areas of the developed world, 
broadband access is simply unavailable. Wireless access may be particularly 
attractive in sparsely populated rural areas in which the cost of cabling is 
prohibitive. 

Different design considerations may apply in rural and urban areas. For 
instance, in rural areas, economic considerations may require that a BS cell 
size be quite large, up to tens of kilometers. In these cases, LOS propagation 
with rooftop-mounted directional antennas inay be appropriate. On the other 
hand, urban and suburban applications typically assume non-line-of-sight 
(NLOS) operation due to the proliferation of obstacles, the high incidence of 
multipath propagation, and the carrier frequency used (typically under 
11 GHz). These networks may use licensed or license-exempt bands. 
Attractive licensed frequencies are available in the United States in the 
broadband radio service (BRS) bands [formerly known as multichannel 
multipoint distribution service (MMDS)] at around 2.5 GHz to 2.69 GHz. 
Outside the United States, other licensed bands, such as 3.5 GHz, are more 
common. 

License-exempt operation has some additional challenges in MANs. Popular 
WLANs, which similarly operate in license-exempt 2.4 GHz and 5 GHz 
bands, are typically deployed in buildings and other areas under the control of 
a single entity deploying the network. This controlled environment is similar 
to a licensed deployment, since interference is limited to neighbors normally 
isolated to some degree by space and walls. However, license-exempt outdoor 
BWA deployments bring a different set of challenges, as a single entity cannot 
enforce its rules on other legal transmitters that may interfere. Any BWA 
solution has to take this into account. 

In all of these cases, operators favor solutions that allow self-installation of 
customer equipment, since professional installation significantly affects the 
cost. Ideally, the customer equipment is in the form of a portable device that 
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can be placed indoors. Such installation not only reduces the deployment cost 
but also offers the advantage of portability. 

With residential customers becoming more technologically demanding, a 
competitive residential service offering is becoming suitable to small 
businesses as well. Because IEEE Std 802.16 is designed to support mixed 
services, it has no problem supporting such a customer mix. We can easily 
envision a multitude of applications for such a system. For instance, Tl/El 
customers could be provisioned, and commercial WLAN hot spots, which 
typically require backhaul by 1 OBaseT ( often over DSL ), could be made 
entirely wireless using IEEE 802.16 backhaul. This would allow greatly 
increased flexibility in the placement of the IEEE 802.11 APs. Backhaul of 
other devices, such as cellular BSs, is another likely service. 

IEEE Std 802.16 added support for a PHY at frequencies below 11 GHz 
beginning in 2003 with IEEE Std 802.16a™. This work, further refined in 
IEEE Std 802.16-2004 [B20] (the most recent revision of the standard), 
includes the specification of three PHY alternatives, known as orthogonal 
frequency division multiplexing (WirelessMAN-OFDM), orthogonal 
frequency division multiple access (WirelessMAN-OFMDA), and single 
carrier below 11 GHz (WirelessMAN-SCa). The first two, in particular, are 
well suited to NLOS operation in a multipath environment. 

While IEEE Std 802.16-2004 specifies a standard for fixed access, the actual 
applications may allow a significant level of flexibility. For example, the user 
device may be nomadic, meaning that it can move as long as it does not 
operate while doing so. Such operation, as would be typical of a portable 
terminal such as a laptop computer equipped with wireless fidelity (Wi-Fi®), 
is well within the target market of deployments based on IEEE Std 802.16-
2004. Even a certain amount of movement during operation is tolerable. 
Intercell handover, however, is beyond the scope of IEEE Std 802.16-2004. 
For this, users should tum to the IEEE 802.16e specification that was 
approved by IEEE as an amendment in December 2005. 

At the time of publication, a number of companies have announced products 
claiming compliance to IEEE Std 802.16-2004. 
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QUALITY OF SERVICE (QoS) 

In order to be competitive in a modem networking environment in which a 
single BS must support a multiplicity of widely varying transport demands 
over an inherently fluctuating wireless medium, a BWA network must include 
rigorous support for differentiated QoS as a fundamental design feature. 

This requires support for flexible MAC and PHY framing to optimally use the 
available airtime adaptively. A centrally controlled MAC is also a necessity 
for BWA systems because distributed access methods, such as carrier sense 
multiple access (CSMA), cannot work efficiently in environments where 
some user devices are unable to hear other ones, due to distance, directional 
antennas, intervening terrain, etc. 

The higher probability of errors in wireless environments introduces another 
challenge to the wireless QoS problem, especially in NLOS environments. 
The impact of errors on QoS can be minimized with sophisticated adaptive 
modulation and coding, error correction, error detection, and retransmission 
algorithms at both the MAC and PHY. 

It is unnecessary, and in fact inappropriate, for a standard to enforce a specific 
QoS scheduling algorithm. However, a practical standard must define 
scheduling behaviors that allow the system to enforce uniform QoS. IEEE 
Std 802.16 does so by use of techniques analogous to those of the 
asynchronous transfer mode (ATM), where different scheduling behaviors are 
defined without specifying any particular scheduling algorithm. 

The ability to provide QoS in both directions is also a critical requirement for 
efficiently managing the available spectrum and to support bidirectional 
applications such as voice and video conferencing. 

THROUGHPUT REQUIREMENTS 

Apart from basic QoS and reliability requirements, BWA systems must 
provide support a sufficiently high data transmission rate in order to be 
commercially successful. For backhaul systems, these throughput 
requirements are generally higher; depending on the load, systems should be 
able to carry a significant fraction of a fiber optic network's traffic. Moreover, 
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given the nature of the aggregated traffic over backhaul networks, the 
throughput requirements may be symmetrical [i.e., identical in both uplink 
(UP) and downlink (DL) directions], depending on the configuration. 

On the other hand, the last-mile access or edge networks have to provide 
throughput comparable to that of competing technologies, such as DSL or 
cable. IfBWA is used to support business needs, then the networks should be 
capable of supporting multiple business-class links such as Tl, T3, DS3, or 
OC-3. Most importantly, the ability of the BWA network to scale efficiently 
with reasonable per-subscriber throughput is a critical requirement. 

The increasing popularity of various multimedia, on-demand, and interactive 
applications is likely to increase the demand for network throughput and 
scalability in all application scenarios. IEEE Std 802.16 foresees the need for 

this evolution and is designed to support it. 
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The working group and documents 

BACKGROUND 

IEEE Std 802.16, along with related standards and amendments, is developed 
and maintained by the IEEE 802.16 Working Group on Broadband Wireless 
Access. In this chapter, we begin with an overview of the umbrella 
organizations under which the IEEE 802.16 Working Group performs its 
activities, and we explain the basic process of developing and maintaining 
IEEE standards. We follow with a history of the IEEE 802.16 Working Group 
and review the historical development of its projects. 

IEEE STANDARDS ASSOCIATION (IEEE-SA) 

The Institute of Electrical and Electronics Engineers (IEEE) <http://ieee.org> 
is a technical professional society with over 350,000 members worldwide. 
IEEE has many technical and regional activities, most of which take place in a 
largely independent fashion. 

The development of standards in IEEE is assigned to the IEEE-SA 
<http://standards.ieee.org>. The business ofIEEE-SA is directed by an 
elected board of governors. The development and maintenance of standards 
are overseen by the IEEE-SA Standards Board, which mandates the process, 
approves the initiation of new projects, and approves appropriately balloted 
drafts as IEEE standards. IEEE-SA operates in accordance with the principles 
of consensus, due process, and openness defined by the American National 
Standards Institute (ANSI) and the Code of Good Practice for the Preparation, 
Adoption and Application of Standards produced by the World Trade 
Organization (WTO) under its Agreement on Technical Barriers to Trade. 
IEEE-SA is recognized by important international organizations as an 
international developer of standards, and IEEE standards are, in many cases, 
recognized as international standards. One example of particular relevance to 
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IEEE Std 802.16 is IEEE 's international Sector Member status in the ITU's 
Radio Communication Sector (ITU-R), the same status held by the 
International Organization for Standardization (ISO). 

The IEEE-SA leadership sets policy that directly influences not only the 
development of IEEE-SA standards but also their use. One critical topic is 
patents. The IEEE-SA patent policy is similar to that of most of the world's 
other formal standards developing organizations (SDOs). The key statement 
of IEEE-SA policy on this issue is "IEEE standards may include the known 
use of essential patents and patent applications provided the IEEE receives 
assurance from the patent holder or applicant with respect to patents whose 
infringement is, or in the case of patent applications, potential future 
infringement the applicant asserts will be, unavoidable in a compliant 
implementation of either mandatory or optional portions of the standard." The 
policy goes on to explain that, if the patent will be enforced, this "assurance" 
shall be "a statement that a license will be made available without 
compensation or under reasonable rates, with reasonable terms and conditions 
that are demonstrably free of any unfair discrimination." The IEEE generally 
avoids offering interpretations of these somewhat ambiguous statements, and 
any disagreements need to be settled outside of IEEE processes. 

IEEE-SA standards are openly developed with consensus in mind. 
Participation in their development is entirely voluntary, as is their use. 
However, history has shown that standards developed in an open forum can 
produce high-quality, broadly accepted results that can focus companies and 
forge industries. 

IEEE-SA charters over 200 "sponsor" groups to oversee the development of 
specific standards projects. These are typically organized within one or more 
of IEEE 's technical societies. 

While the sponsor groups have significant leeway in how they organize their 
work and prepare draft standards, the IEEE-SA is particularly assertive in the 
conduct of the ballot process under which drafts are reviewed as part of their 
consideration as IEEE standards. Before a prospective standard can be 
considered for approval by the IEEE-SA Standards Board, it must be balloted 
in a formal process that is defined by IEEE-SA. This process is, rather 
confusingly, known as "sponsor ballot" although it would more appropriately 
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be called "IEEE-SA ballot." In any case, balloting is conducted in an open 
process using a "ballot group" of volunteer individuals. IEEE-SA members 
are invited to participate in all ballots, regardless of whether they participated 
in the development of the draft. Balloting is an iterative process in which 
comments (a polite word for a specific complaint) are solicited and addressed, 
after which an improved draft is "recirculated" for further comment. As 
IEEE 802 Executive Committee Member Emeritus Geoff Thompson likes to 
say, balloting is about "improving" the draft, not about "approving" the draft. 
More comments lead to a better result. The IEEE 802.16 Working Group 
seeks comments, and the IEEE 802.16 task groups are experienced at 
resolving them (up to 500, or 1000, or even 2000 in a weeklong session, if 
necessary). Provided that a competent, active, and sincere ballot group is 
engaged in the process, the outcome is a sound and reliable technical 
document that reflects a broad consensus. While the participants are 
individual human beings, they often bring with them the technical ideas of 
their home environments, including national, regional, and corporate 
viewpoints. 

IEEE 802® LAN/MAN STANDARDS COMMITTEE (LMSC) 

The development of local area network (LAN) and MAN standards with 
IEEE-SA is assigned to the LMSC, informally known as IEEE Project 802 or 
simply IEEE 802 <http://ieee802.org>. One of the largest, most prolific, and 
most influential of the IEEE-SA sponsors, IEEE 802 has operated since 1980 
under the IEEE Computer Society. It develops and maintains standards 
addressing the MAC and PHY, each of which fits under a common logical 
link control (LLC) layer. Taken together, these make up the two lowest layers 
of the Open System Interconnection (OSI) seven-layer model for data 
networks (see [B29]). 

IEEE 802 oversees a panoply of network standards, using an internal structure 
based on working groups developing draft standards. IEEE 802's great 
successes include IEEE 802.3 Ethernet, IEEE 802.11 WLANs, and IEEE 
802.15.1 Bluetooth™ personal area networks (PANs). Other significant, 
although ultimately less successful, projects have included token ring and 
token bus. 
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IEEE 802 is a large but tightly managed organization that meets in plenary 
session each March, July, and November, with recent attendance in the range 
of 1800 people. The organization is governed by an executive committee 
composed of the chairs of the active working groups and technical advisory 

groups ( currently 11 individuals) and 7 additional officers. 

STANDARDS DEVELOPMENT IN IEEE 802 
The IEEE 802 process is designed for quick development of standards with 
broad consensus. The demand for consensus helps to ensure that standards are 

technically superior and meet market needs. 

The development process in IEEE 802 follows the chronological steps 
outlined below. The process is overseen by the IEEE 802 Executive 
Committee and defined by a written set of rules and procedures. 

Study group stage 

When sufficient interest has been identified in a topic, IEEE 802 may 
establish a study group to investigate the problem and consider the interest 
and potential scope of a possible standardization project. Should a study 
group wish to pursue standardization, it must draft a project authorization 
request (PAR); this is a forn;i by which all new IEEE-SA projects become 
authorized. Before the Executive Committee considers approving a PAR for 
submission to the IEEE-SA Standards Board, it requires a statement 
addressing IEEE 802's "five criteria for standards development." This 
statement must demonstrate that the potential standard has broad market 
potential, compatibility with other IEEE 802 standards, distinct identity 
within IEEE 802, technical feasibility, and economic feasibility. 

Working group development of draft 

The Executive Committee assigns each new project to an existing or new 
working group and charters that group to develop the standard. Technical 
decisions are made in the working group by vote of at least 7 5% of its 
members. Membership in IEEE 802 working groups belongs only to 
individual people, usually engineering professionals, and is established and 
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maintained by participation in sessions, according to specific rules. 
Nonmembers participate actively as well, often with significant influence. 

The initial draft development method varies among working groups, but the 
typical process is to delegate a task group to the problem and issue a public 
call for contributions requesting documentary input. Eventually, the task 
group develops a first draft, either by adopting a complete contribution or by 
assembling a collections of inputs. This process is sometimes contentious, as 
the competing interests of different companies and technology interests are 
often reflected in meetings. However, it offers a good opportunity for new 
participants to come to understand the process and become comfortable in 
discovering commonality among a group with diverse interests. The fact that 
professional individuals, not companies, are the recognized entities helps to 
set a tone of collegiality. New participants continuously enter the process. 
They sometimes appear aggressive at first, only to discover that this approach 
can be ineffective. The process demands excellent communication and 
preparation as well as technical skills. Those most effective at furthering their 
causes are those who clearly state their intent, present well-documented 
arguments, and look for opportunities to unite with others who have 
compatible goals. The system is an excellent training ground for bringing out 
effective communications skills, and many of the most effective participants 
learn their skills the hard way. 

Once a working group has adopted a draft, the process changes subtly but 
significantly. At this point, if all goes well, the interest of the participants 
begins to align with the common goals of improving and completing the draft. 
The typical process is driven by distributing the draft and requesting 
comments in the form of specific requests to make changes. A strict IEEE 802 
policy, atypical in IEEE-SA, is the requirement of a formal ballot process, 
modeled after the IEEE-SA ballot, before a draft standard may be forwarded 
to IEEE-SA for sponsor ballot. This dual ballot process is a key factor in the 
quality control for which IEEE 802 has become known. 

In this "working group letter ballot," as in sponsor ballot (both of which are 
paperless), any vote against the document must be accompanied by specific 
comments on what changes are required in order to make it acceptable to the 
voter. This process forces constructive suggestions of change and helps drive 
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the process to quick improvement. Members voting to approve, and 
nonmembers as well, are also solicited for suggestions. An approval rate of 
75% is required for draft acceptance. However, changes made in response to 
comments, and negative comments that have not been accepted by the 
editorial team, must be "recirculated" for approval by the voters. This allows 
for additional reviews and additional improvement. Eventually, however, 
most ballots reach a terminal period in which a large consensus favors 
closure. The ballot cannot close until those voting negative have had their say 
and failed to attract significant support for their argument. The approval 
margin is typically much higher than 75% at closure, but it need not be. 

Following approval in working group letter ballot, drafts are forwarded for 
IEEE-SA sponsor ballot. This is similar to a rerun of the working group letter 
ballot except that the ballot group is not restricted to members of the working 
group. When this ballot is complete, the draft, ballot results, and supporting 
documentation are forwarded for review by the IEEE-SA Standards Board's 
Review Committee (RevCom). RevCom's recommendation proceeds to the 

full board for final action. 

Once IEEE standards are approved, they are professionally edited and 
generally published and offered for sale within about two months, depending 
on size and complexity and the extent of editing required. 

Unique to IEEE 802 within IEEE-SA is the "Get IEEE 802" program 
<http://standards.ieee.org/getieee802> in which published standards are 
available for download without charge beginning six months after 
publication. The cost of this program is subsidized by the individual 
participants, through the session registration fee, along with a few corporate 

sponsors. 

18 WirelessMAN: Inside the IEEE 802. I 6 Standard 

Chapter 2: IEEE 802.16 standards 

IEEE 802.16 WORKING GROUP: OVERVIEW 

IEEE 802 's Wireless~N work takes place within the IEEE 802.16 Working 
Grou~ on Broa~band ~1reless Access <http://WirelessMAN.org>. The 
wo~king group 1s a umt of IEEE 802, which serves as sponsor of IEEE 802.16 
proJects (although, unique to IEEE 802, the IEEE 802.16 projects also have a 
cosponsor: the IEEE Microwave Theory and Techniques Society). 

IEEE 802.16 WORKING GROUP: HISTORY 

The activities of the IEEE 802.16 Working Group were initiated by Roger 
Marks oft~e (U.S.) N~tional Institute of Standards and Technology (NIST), 
who orgamzed a meetmg on BWA standardization, attended by 45 people, in 
August 1998 at the IEEE Radio and Wireless Conference in Colorado 
~prings, Colorado, USA. Following his visit to the IEEE 802 plenary session 
m July, Marks forwarded an invitation from IEEE 802 Chair Jim Carlo to 
convene a ~eeting on this topic at the IEEE 802 plenary session in November. 
At that sess10~, IEEE 802 approved the formation of the Study Group on 
Broadband W1reless Access. That study group met twice and drafted a PAR 
limited_ to 1? GHz to 66 GHz, that was endorsed by the IEEE 802 Executiv; 
Committee m March 1999. This action ( after approval from the IEEE-SA 
Stand~rd~ Board)_ created the IEEE 802.16 Working Group. Following an 
orgamzat1on sess10n (Session #0) in May, 106 people became charter 
~embers of the working group at its first official session in Montreal, Canada, 
m July 1999. 

~he working group has continued to meet at each IEEE 802 plenary session 
(m March, July, and November) and to hold a working group interim session 
each January, May, and September. (An additional interim session in August 
1999 caused the even/odd numbering of sessions to reverse; since then even­
n~mbered sessions correspond to IEEE 802 plenaries.) As shown in ' 
Figure 2-1, which includes sessions through #39 of September 2005, 
att~n~ance has grown and waned. Participation interest depends on the current 
act1V1ty. Interest was very high in 2004-2005 as the IEEE 802. l 6e amendment 
was being assembled, and attendance peaked at 367 in November 2004. 
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Figure 2-1: IEEE 802.16 Working Group attendance 

Beginning in 2004, in recognition of the fact that IEEE 802 plenaries are 
generally in North America, nearly all sites selected by the working group for 
its interim sessions have been outside North America, most often in Asia. 
Like attendance, membership in the working group also fluctuates, lagging 
behind the attendance figures. As of November 2005, the working group had 
31 O individual members. According to the addresses they provided, they 

represent a broad geographical base, as shown in Table 2-1. 
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Table 2-1: IEEE 802.16 members by geography, as of January 2006 

Address Number of members 

Canada 20 

China 17 

Finland 2 

France 3 

Germany 7 

Ireland 1 

Israel 18 

Italy 3 

Japan 7 

Korea 60 

Netherlands 4 

Romania 1 

Singapore 1 

Sweden 3 

Taiwan 3 

UK 11 

USA 149 

TECHNICAL PROGRESS IN IEEE 802.16 WORKING GROUP 

Since 1999, the IEEE 802.16 Working Group has constantly been active in 
developing standards projects, usually with multiple parallel activities. 
Although some of its projects have been very large, the group prefers to 
divide its efforts into specific problems that can be reasonably well-defined 
and completed within a predictable time. The IEEE process allows for the 
development of amendments that modify an existing standard. The published 
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dment which is designated by a lowercase letter after the primary 
amen , · · 1 d 1 
standard number, is not an independent specificatio~ ~ecause it me u es on Y 
the modifications, not the base material from the ongmal standard. Up~n 
approval of the amendment, the applicable standard is no longer the pnor 
version, but the version defined by the application of the a~end_ment. When 
appropriate a revision of the standard may be undertaken; m this case, the 
base standa~d and its published amendments are editorially merged and 

reballoted, with the entire document open to comment. 

Figure 2-2 shows a timeline of the past and curre~t projects of the IEEE 
802.16 Working Group. The designated start date 1s that of the approval of the 
project authorization (PAR); in some cases, the cha~ shows the date of a 
previous PAR that was later modified before the proJect was complete. The 
end date in each case is the actual or anticipated date of approval. 
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Figure 2-2: IEEE 802. 16 project timeline 
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Air interface: IEEE Std 802. 16 

Work under the original IEEE 802.16 PAR, to develop an air interface for 
10 GHZ to 66 GHz, began in July 1999. By November 1999, 35 PHY and 
MAC proposals were considered. By March 2000, two consolidated 
MAC/PHY proposals were still under consideration. In May 2000, agreement 
was reached to merge these proposals. A working group letter ballot followed 
soon thereafter. IEEE Std 802.16-2001, IEEE Standard for Local and 
Metropolitan Area Networks-Part 16: Air Interface for Fixed Broadband 
Wireless Access Systems, was approved in December 2001. The MAC 
protocol is fundamentally based on a time division multiplexing/time division 
multiple access (TDM/TDMA) protocol supporting time division duplexing 
(TDD), frequency division duplexing (FDD), and half-duplex frequency 
division duplexing (H-FDD). The PHY, entitled WirelessMAN-SC, is a single­
carrier system assuming LOS propagation to fixed antenna terminals. 

Because the working group believed that IEEE Std 802.16-2001 allowed too 
many options for easy interoperability testing, it opened up a follow-up 
amendment project, IEEE P802.16c, to define a set of profiles that would each 
define a set of options with sufficient specificity to allow for interoperability. 
With Ken Stanwood's leadership as task group chair, this project both opened 
and closed in 2002. 

In November 1999, while the 35 MAC and PHY proposals were being 
discussed, IEEE 802.16 created a study group, under the leadership of Brian 
Kiernan, to develop a PAR for frequencies below 10 GHz. That PAR was 
approved in March 2000 and began the working group's activities in NLOS 
PHY technology. 

The working group targeted its higher frequency PHY at carrier frequencies 
above 10 GHz and its lower frequency work at less than 11 GHz. This overlap 
simply reflected the fact that some available bands (in particular, 10.5 GHz) 
seemed suitable for either. In fact, this minor overlap was dwarfed, early on, 
by more fundamental issues regarding the relationship between these two 
approaches. Initially, many of those interested in the low-frequency 
applications favored basing the work on a new MAC, believing that the 
original MAC was too enterprise-centric and not sufficiently suited to basic 
residential applications. However, upon further discussion, the working group 
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made the virtually unanimous decision to build all of its PHY specifications 
upon a single, sophisticated MAC foundation. Another contentious issue was 
whether to pursue separate PHY projects for licensed and licensed-exempt 
bands. After starting in this direction, the working group later decided to 
merge those efforts. As a result of these changing decisions, a number of 
PARs were revised and renamed in the early years. Eventually, the project 
became amendment project IEEE P802.16a, and the amendment was 

approved by IEEE-SA in early 2003. 

IEEE Std 802.16a includes three separate PHY specifications: 

• WirelessMAN-SCa: single carrier 

• WirelessMAN-OFDM: multicarrier with 256 subcarriers 

• WirelessMAN-OFDMA: multicarrier with 2048 subcarriers 

The debate leading to the decision to include all three modes was long and 
contentious. The eventual decision was not to everyone's liking, but 
compromise is a critical element of standardization. In attempting to develop 
a single standard for worldwide use, it was necessary to recognize a number 
of different worldwide needs. Since IEEE Std 802. l 6a was adopted, 
WirelessMAN-OFDM has become very popular. WirelessMAN-OFDMA, 
which was more forward-looking at the time of adoption, is increasingly 
appearing to be the choice of the future, particularly as IEEE Std 802.16 is 
evolving toward mobile systems. In the meantime, WirelessMAN-SCa has 

not gained significant industry interest. 

Once IEEE Std 802.16a was complete, the working group opened the 
amendment project IEEE P802.16d. This was intended to parallel the profiles 
project IEEE Std 802.16c, but oriented toward the lower frequencies. The 
PAR also allowed for the correction of errors that inevitably plague complex 
standards such as IEEE Std 802.16. Gordon Antonello agreed to chair the 
project, which was intended to be short and sweet, like IEEE Std 802.16c™. 
However, the project quickly grew in complexity, as a number of proposals 
looked more like enhancements than error corrections. Eventually, the 
working group decided that it needed to convert the project from an 
amendment into a revision; this would editorially merge IEEE 802.16-2001, 
IEEE 802.16a, and IEEE 802.16c, opening the entire result to comments 
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regarding corrections and improvements. The amendment PAR IEEE 802.16d 
was abandoned in favor of a revision project IEEE 802.16-REV d, and 
Antonello ended up with a much larger task than he had expected. The work 
was finally approved in June 2004 and weighed in at nearly 900 pages. 
Because it was a revision, IEEE Std 802.16-2004 [B20] made IEEE 
Std 802.16-2001, IEEE Std 802.16a, and IEEE Std 802.16c obsolete. Some 
people incorrectly refer to this document as the "16d" standard, but letters are 
used to identify amendments, not revisions. 

Once again, bugs and errors turned up. In September 2004, a PAR was 
approved for a new project to address them. In IEEE parlance, a project 
allowing corrections but prohibiting new features is called a corrigendum. 
Under the leadership of Jon Labs, the corrigendum IEEE Std 802.16-
2004/Corl was completed in September 2005 and approved in November 
2005. This document put to rest, for the near term, the definition of the 
IEEE 802.16 air interface for fixed wireless access. 

However, a working group in motion seems to remain in motion. As the 
amendment project IEEE P802.16a was wrapping up in late 2002, the 
working group opened up a new PAR, IEEE P802.16e, to expand the IEEE 
802.16 fixed access system into a combined fixed/mobile system, allowing a 
single BS to support both fixed and mobile terminals in licensed bands below 
6 GHz. The amendment project IEEE P802.16e, chaired by Brian Kiernan, 
attracted great interest and a great many participants to the working group. 
The influx of people tended to keep the project unstable; therefore, many 
decisions were revisited again and again. However, the work did come to a 
conclusion, and the final draft, at 684 pages, was approved in December 2005. 
IEEE Std 802.16e amends IEEE Std 802.16. All of the three lower frequency 
PHY modes are supported, but the WirelessMAN-OFDMA mode is made 
"scalable" with the addition of new subcarrier counts: 128, 512, and 1024. 
The details ofIEEE Std 802.16e and its content is beyond the scope of this 
book. 

In March 2006, Brian Kiernan was awarded the IEEE-SA Standards 
Medallion "for steadfast and exemplary leadership of the Task Groups 
developing the IEEE 802.16a and 802.16e WirelessMAN standards 
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specifying wireless metropolitan area networks for fixed and mobile 
broadband wireless access systems." 

As the working group's attention turned to mobility, it decided that network 
management would be an increasingly critical issue. The Network 
Management (NetMan) Task Group, chaired by Phil Barber, was initiated to 
address such concerns. The NetMan group took on two projects: 
IEEE P802. l 6f and IEEE P802. l 6g. IEEE Std 802.16fTM, a management 
information base (MIB) for fixed systems, was approved in September 2005. 
IEEE P802.16g is a complex activity on "management plane procedures and 
services." Approval is not expected until 2007. In the meantime, the working 
group began planning in late 2005 to follow up IEEE Std 802.16fwith a new 
MIB project for the mobile case. This was launched as IEEE P802.16i in 
December 2005. 

The work to amend IEEE Std 802.16-2004 also continues with 
IEEE P802.16h, which is attempting to address the long-neglected problem of 
coexistence in license-exempt bands. The License-Exempt Task Group 
leading the effort is chaired by Mariana Goldhamer. 

In July 2005, following a number of presentations and expressions of interest, 
the working group created the Mobile Multihop Relay Study Group to 
investigate the initiation of a new project. The existing standard specifies both 
the BS and the subscriber station (SS). The study group was chartered to 
consider the additional specification of a relay station, which would offer a 
valuable new tool to system operators. The study group, chaired by Mitsuo 
Nohara, proposed an IEEE P802.16j PAR. Following a tutorial on the topic at 
the IEEE 802 plenary session in March 2006, the PAR was approved later that 
month. 

Conformance: IEEE 802.16/ConformanceOX 

The IEEE 802.16 Working Group, aware that air interface standards alone 
cannot specify conformance or interoperability, believes in the importance of 
conformance test documents. The working group has completed and 
published three stand-alone conformance test standards, all applicable to 
WirelessMAN-SC systems and all developed by the Conformance Task 
Group, chaired by Ken Stanwood. IEEE Std 802.16/ConformanceOl-2003 
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[B21], IEEE Std 802.16/Conformance02-2003 [B22], and IEEE Std 802.16/ 
Conformance03-2004 [B23] address the protocol implementation 

conformance statement (PICS) proforma, test suite structure and test purposes 
(TSS&TP), and radio conformance tests (RCTs), respectively. Work on a 
PICS for the PHY s operating below 11 GHz is taking place under the IEEE 
P802. l 6/Conformance04 project, chaired by Gordon Antonello. 

COEXISTENCE: IEEE STD 802.16.2™ 

Beginning in 1999, the working group took note of the difficulties that would 
be faced by operators of systems in licensed bands due to co-channel and 
adjacent channel interference. It opened a PAR to create a stand-alone 
recommended practice, IEEE parlance for a standard that uses the verb 
"should" inst~ad of "shall" in its normative statements. IEEE Std 802.16.2-
2001, addressmg the frequencies important to the WirelessMAN-SC PHY 
was approved in 2001. A revision, to include the lower frequencies in IEEE 
Std _802.16a, w~s approved in 2004 as IEEE Std 802.16.2-2004 [B26]. Phil 
Whitehead chaired the Coexistence Task Group for both projects. 
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Chapter 3 Basic concepts and definitions 
Wireless protocol and communication concepts 

This chapter introduces some of the basic concepts and definitions related to 
wireless design, antennas, regulatory issues, MAC, and the PHY. This will 
form a basis for the more detailed discussions in the rest of the book. Among 
the countless books on these issues, we refer the reader to a few on the topic 
of broadband wireless or wireless in general (see [B4], [B7], and [BS 1]) and 
on networking (see [B6], [B33], [B42], [BSO], and [B54]). These and other 
references offer a more thorough study of the specific concepts. 

In this chapter, we use the term wireless device to refer generally to a radio 
communication terminal, whether a central controller such as a BS, a client 
SS, or a node in a multihop network. Note that, according to this definition, 
"wireless" devices may in fact be cabled to a network, such as a backhaul 
network on the BS side or a user LAN on the SS side, but we call the device 
"wireless" because it carries out radio communications over a wireless link. 
The communication between wireless devices is accomplished using 
protocols and techniques that require an antenna for transmission and 
reception of radio waves, a PHY for modulation and demodulation of signals, 
and a MAC for coordinating and controlling access to the medium (the 
"airwaves"). Other networking, management, and privacy components may 
be present in a wireless device to support additional services. IEEE Std 802.16 
provides support for point-to-multipoint (PMP) systems centered around a 
coordinating BS and a number of SSs. It also supports, as an option, a 
multihop mesh mode in which a wireless device receives information and 
forwards it to another wireless device. 
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Chapter 3: Basic concepts and definitions 

FREQUENCY BANDS 

One of the basic parameters that characterizes a wireless system is the 
frequency band it uses, generally expressed in terms of megahertz (MHz) or 

gigahertz (GHz). 

Channels 

A frequency band is often split into multiple frequency channels to support 
independent communication activities. A channel is usually defined with a 
specific center frequency and occupied channel bandwidth. For example, a 
2437 MHz channel with a 22 MHz bandwidth occupies the spectrum from 

2426 MHz to 2448 MHz. 

Licensed and license-exempt spectrum 

Typically, the frequency spectrum in which a specific wireless device operates 
can be classified into licensed or license-exempt ( or unlicensed) spectrum. 
The allocation and regulation of licensed and license-exempt spectrum are 
typically controlled by regulatory agencies, such as the Federal 
Communication Commission (FCC) in the United States. 

In licensed bands, individual licensees are typically granted exclusive rights 
by the regulatory agency to a portion of the spectrum in a specific 
geographical area, sometimes in exchange for a fee. For example, most 
mobile telephone operators hold exclusive rights to the spectrum in which 
they operate; in many cases, the license rights were obtained at auction. 
Conversely, operation in license-exempt spectrum does not require explicit 
permission, although generally transmission is permitted only using 
communication devices that have been certified to meet regulatory 
specifications. In general, operation in license-exempt situations offers no 

legal protection against harmful interference. 

The distinction between licensed and license-exempt spectrum is, in many 
cases, overly simplistic. For instance, in some cases, license-exempt devices 
are permitted to operate in the same bands, and in the same general 
geographic areas, as licensed devices, provided that the licensed devices are 
protected from interference in some way. In this case, it is the device 
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operation, not the spectrum, that is properly characterized as licensed or 
license-exempt. 

A licensing model commonly referred to as light licensing is coming into use 
by some regulatory agencies for some frequency bands. In the light licensing 
model, transmission requires a license, but licenses are nonexclusive. 
Typically, the license holders are required to register transmitter details with 
the regulatory agency. The regulator may control subsequent licenses to avoid 
interference with previous license grants in the same location, or it may leave 
interference issues to be negotiated by the licensees. With the development of 
smarter and cognitive wireless devices, many regulators are hoping to move 
toward less spectrum regulation and let technology address the interference 
issues. 

In most cases, wireless devices, whether in licensed and license-exempt 
operation, require legal certification by the governing regulatory agency. The 
certification usually requires that devices meet specific requirements 
regarding :fundamental physical features, such as transmitter power, in-band 
and out-of-band emissions, and channel selection. In other cases, regulations 
may specify the type of modulation and detailed protocols, although such an 
approach is beginning to look anachronistic. Rules may depend on the 
application; for instance, rules for indoor and outdoor operation may differ. 

One relatively new requirement for license-exempt operation in certain cases 
is dynamic frequency selection (DFS). DFS is used by a wireless device to 
dynamically detect any active transmitters (typically, high-power radar) on 
the channel and take corrective actions. The actions may include stopping 
transmission on the occupied channel and switching to another channel. DFS 
may also be enhanced to support more sophisticated coexistence protocols, 
including those based on detection of lower powered nonradar devices. 

In virtually any regulatory domain, many radio frequencies are unavailable 
for private terrestrial wireless communications, licensed or not. Many of these 
bands are allocated to specific public use, such as military or public safety, or 
to other private services. For a detailed list of allocated bands and specific 
requirements, please refer to the appropriate regulatory agency in the area of 
interest. 
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Spectrum and standardization 

While the regulatory agencies do not generally take responsibility for 
developing standards for wireless communications, wireless standar~s 
developers must take regulatory requirements into account and ?rovide 
solutions that meet those demands, as well as technical and busmes~ 
requirements. In the case oflicense-exempt opera~ion, protocol designers, 
including those involved in standardization, must mclude t~e support of extra 
measures for coexistence and interference mitigation. In a hcense~exemp~ 
band, no single entity controls the deployment of devices. Operatm~ devices 
may well transmit within range of each other. :Without define_d coexistence 
mechanisms and interference mitigation techniques, harmful mt~rference may 
occur. For example, the 2.4 GHz industrial, scientific, and me~ical (ISM) 
band is heavily used by IEEE 802.11 WLAN s, IEEE 802.15 wireless personal 
area networks (WPANs, including Bluetooth), cordless telephones, etc. IEEE 
802.16 devices are also allowed, provided that they follow the regul~tory 
requirements. The basic rules of operation may provide some p~otection ~om 
interference, and specific protocols can offer additional protection to devices 

jointly observing those protocols. 

Coexistence 

In licensed spectrum, the licensee manages and controls the transmi~ers. This 
priority control over emitters in the l~cens~d s~ectrum ~nd g_eographic area,. 
sometimes combined with coordination with hcensees m adJacent geographic 
areas, adequately ensures coexistence for the emitters of the licensee .. 
Coexistence ensurance hence may take among others the forms of em~tter 
positioning and manual configuration as well as automated configuration 
through coexistence protocols among emitters. IEEE Std 802.16 addressed 
the issue of licensed coexistence in IEEE Std 802.16.2-2004 [B26]. 

On the contrary, license-exempt spectrum usually allows the operation_ of 
many incompatible wireless protocols. A network including a set of wireless 
devices following a specific protocol may successfully share the spectrum. A 
different protocol might work equally well. However, the two networks, when 
operating in proximity, may appear to each other as unma~ageable and 
harmful interference. Standards developers with products mtended for 
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license-exempt operations are increasingly aware of the need to coexist 
peacefully with devices based on different protocols. For example, IEEE 802 
maintains the IEEE 802.19 Coexistence Technical Advisory Group to 
"develop and maintain policies defining the responsibilities of 802 standards 
developers to address issues of coexistence with existing standards and other 
standards under development." However, practical techniques for coexistence 
across protocol lines are still in their infancy. 

TYPES OF WIRELESS NETWORKS 

Fixed and mobile networks 

Wireless devices may be classified based on whether the communicating 
devices are physically fixed at one location or allowed to move during a 
communication session. For example, the ITU defines fixed service as a 
"radio communication service between specified fixed points." In.fixed 
wireless networks, wireless devices at both ends are stationary during 
operation. In mobile wireless networks, at least one of the devices can move 
during operation. An example of the mobile wireless network is the cellular 
telephone network in which the cellular BSs are fixed and the phones or 
handsets are mobile. Other types of mobile networks offer a range of mobility 
and support a variety of device velocities. 

The regulatory requirements of fixed and mobile wireless networks differ for 
a variety ofreasons. For example, since fixed networks are stationary and not 
carried by humans during operation, they may be allowed to use higher 
transmit power in certain regulatory domains. Similarly, mobile devices, 
especially handsets carried by humans, may have a different set of regulations 
with respect the transmit power and allowed emission levels. Both fixed and 
mobile networks exist in both licensed and license-exempt spectrum. 

Apart from the regulatory requirements, fixed and mobile devices differ in 
technical design. Fixed networks may (in some cases) use high-power 
transmitters and involve high-gain, directional rooftop antennas with a clear 
LOS. This situation provides for a simple propagation channel. Although 
some fixed-system designs are based on more challenging links, to account 
for indoor antennas with minimal installation problems, the channel is 
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k the other hand may involve a 
· M b"l ireless networ s, on ' 

relatively static. o i ~ w . 
11 

idirectional antenna; therefore, the 
handheld subscriber umt with a sma ' o~ the device may be in rapid 

. t Furthermore, smce 
channel may be qm e poor. d "dly varying channel. On the 

t ccommo ate a rapi 
motion, the system mus a . th han es in the radio frequency (RF) 
PHY level, the system must deal wb~l de . g 's movement such as large-scale 

h 1t fthe mo i e evice ' 
signal that are t e resu o ·n b discussed later in this chapter. 
fading and Doppler. These phenomena wi e 

. . ires optimization at both MAC and 
Effective mobile commumcation requ . t "th both PHY and MAC 

· t dditional reqmremen , wi 
PHY levels. An importan a 1 obile device communicating 
ramifications, is fast handover. For exa~p et.' a mwi"th a second BS without 

t bl" h commumca ion ' 
with a fixed BS must es a is . t fthe range of the first device. 
disconnecting from the first, as it goes ou o ents outside the MAC and 

1 . 1 support from compon . . 
Handover usual y mvo ves . . rt for handover, workmg m 
PHY. However, the MAC must mclude basic suppo 

conjunction with other functions. . 
. ached to the electrical power gnd so that 

Also, fixed devices are often art . . I obile devices, power use is a 
power efficiency is a relatively mmor issue. n m 

foremost factor. 

Nomadic and portable networks 
f o eration in which at least one of the 

Nomadic service refers to a mo~e o p rt ble but during operation, the 
wireless devices in the system is transpo a ' "th IEEE 802.11 WLAN 

. F mple most laptops wi 
devices are stationary. or exa . , d p t bz"lz"ty on the other hand, is a 

t d · omadic mo e. or a ' 
connections are opera e m ~ . lf p rt ble devices may be mobile or 
physical property of the device itse · o a_ 
nomadic from the communication perspective. 

WIRELESS NETWORK TOPOLOGIES . 
. e ends on how the wireless devices are 

The topology of a wireless ne:or:a:h ~ireless device. When a wireless 
connected and the role played . y l t d devices the topology is 

. f l two direct y connec e , 
network consists o on y . ork In a PtP network, the access 
referred to as apoint-to-pozbnt (~tPP) 1::i: as.there is no need to support 
methods and protocols can e sim ' 
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multiple access. PtP networks are typically used to connect backhaul 
networks and are often fixed networks. The wireless devices at both ends of a 
PtP network usually have similar functionality and capabilities . 

On the other hand, a point-to-multipoint (PMP) network consists of a single 
wireless device (a BS) communicating directly with more than one wireless 
client device (the SSs), thereby representing a star topology. The BS acting as 
a controller at the center of the network is responsible for performing 
additional functions to coordinate the actions of other devices. A PMP 
network requires a multiple access method. The communication from the 
controller device to other wireless devices is referred to as downlink (DL) or 
downstream, and the communication in the reverse direction is referred to as 
uplink (UL) or upstream. The DL and UL directions are also referred to as 
forward link and reverse link, respectively. 

Both PtP and PMP wireless networks are a class of single-hop networks, in 
which the wireless protocol defines the communication across one wireless 
link. Although the wireless device on both ends may be connected to other 
wired or wireless networks to support distribution, aggregation, or forwarding 
services, these networks are considered independent. However, a third type of 
wireless topology, known as a mesh, is in the class of multihop networks. A 
device or node in a mesh network is usually connected to two or more other 
devices, and the communication needs to be coordinated for more than one 
hop for a mesh network to operate properly. Apart from basic access and 
connection management, the mesh networks also need to define additional 
functions such as routing, fault-tolerance, and interference mitigation. All the 
devices on a mesh network are expected to have similar capabilities and 
functions, although some devices may have additional functionality to 
perform special functions in a mesh network, such as a connection to another 
network or as an aggregation point. 

While these three types of network topology have elements in common, there 
are some significant differences. A network and protocol designed for a PMP 
topology may be simplified and optimized to a PtP network. This is often the 
case in practice, as both networks are single-hop networks. However, the 
mesh networks require additional functionality that usually requires a 
different protocol or a set of extensions to support. Since the frame structures 
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of the PtP/PMP and mesh operation can be significantly different, these 
modes not always interoperable. 

The primary benefits of the mesh networks are as follows: 

• Extended range with an extra hop 

• Increased NLOS coverage when one or more mesh nodes are added to go 
around obstacles 

• Alternate paths in case of failures or performance degradation 

Mesh also comes with some disadvantages, including the following: 

• Increased delays introduced by multiple hops 

Increased complexity of protocols (i.e., MAC, routing, management, 
security) 

• Increased complexity of planning of initial coverage (network seeding) 

If not properly managed, the delays introduced by multihop wireless networks 
may be unacceptable for certain types of applications. 

RF PROPAGATION 

LOS and NLOS 

Wireless systems are often classified on the basis of whether restricted to LOS 
operation or are capable ofNLOS operation. Strictly speaking, however, the 
real distinction is not based on visible light, as the propagation behavior is 
dependent on radio waves of wavelength far greater than that of visible light. 

A more accurate description is provided in IEEE Std 802.16.2-2004 [B26], 
which defines LOS as the condition in which the signal path is more than 60% 
clear of obstructions within the first Fresnel zone. The first Fresnel zone is 
defined as the region along the transmission path in which a reflected signal 
will be less than 90 degrees out of phase. Signals with an absolute phase offset 
less than 90 degrees add constructively to the received signal, whereas signals 
with a higher offset actually have a cancelling effect on the total received 
signal. It is hence desirable to receive the reflected signals oflow phase shift. 
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Figure 3-1 illustrates an obstacle in th t . . 
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Figure 3-1: Fresnel :zone 

The definition of RF1 also makes immediat .. 
where A is several hundred ely clear that for v1s1ble light 

nanometers the first F 1 ' 
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order of 1 cm to 1 m. re evant or IEEE Std 802.16 where A is on the 
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Another manner of looking at propagation through reflections is by 
considering the effect not in the phase domain but in the time domain. This is 
most easily understood by the realization that reflections have a longer overall 
transmission path and hence, given the constant propagation speed of the 
signal, will arrive later and be more attenuated than the direct nomeflected 
path. This condition is termed multipath propagation. As a result, if symbols 
are transmitted sequentially without interruption, the receiver sees energy 
from one symbol smeared into the energy for the subsequent symbol. 

In general, three methods can be used to mitigate the degrading effect of 
multipath on IEEE 802.16 networks. The first method is the use of very 
narrow beam antennas. This is suitable for LOS systems, since by this method 
the first Fresnel zone reflections will be only weakly stimulated. The second 
method is the use in the receiver of an equalizer that attempts intersymbol 
interference (ISI) cancellation by extracting and cancelling the energy of a 
symbol that has bled into subsequent symbols. In the third method, redundant 
samples are prepended to the transmitted waveform so that the receiver can 
discard these samples without loss of information. When sampling is cyclical 
in nature [as with the fast Fourier transform (FFT)], the prepended samples 
are termed the cyclic prefix. In that case, the receiver need not strictly discard 
the prefix, but may start its sampling already within the prefix if its duration 
exceeds the multipath duration. As described in later chapters, the cyclic 
prefix method is used in the OFDM and OFDMA PHYs of IEEE Std 802.16. 

By use of methods like the latter two above, a system may be able to mitigate 
the effects of multipath propagation and communicate successfully even in 
NLOS environments. Such a system may be termed an NLOS system. 

Multipath 

When a radio signal is sent from a transmitter to a receiver, depending on the 
LOS and the reflecting objects, the signal may analytically split into multiple 
components with different delay, amplitude, and phase. These multiple 
components of the same signal may have positive or negative impacts on the 
received signal at the receiver, depending on the relative phases. In general, 
destructive interference is known as multipath fading, also termed small-scale 
fading. This is discussed in the next section. 
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Apart from the number of potential reflectors th . 
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The problem of delay spread is mini . . 
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OFDM and WirelessMAN-OFD~)mult1~amer m~dulat10n (WirelessMAN-
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Fading 

F~~ing, which is the reduction of the receiv . . 
d1v1ded into three categories. larg - d. ed signal strength, is generally 
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separation between the trans~ "tt e e~ o':"n as path loss and depends on the 
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known as shadowing. In general, it is t~e result of obstructions in the 

transmission path, such as rain and foliage. 

1 f movement on transmission paths 
Small-sca~e fading is in general the r~~\~ the signal's frequency as observed 
with multipath. Movement causes a s and causes rapid variations 
by the receiver, the so-called Doppler frequ:~cy, ddition of which causes the 

f the hases of the multipath components, e a 

;apid iading. The Doppler shift!d itthself cabni·lbe~/:pl:~~at:dt~: angle of 
(e) ·f/c where vis emo , . 

[d = v . cos c , . t r between transmitter and receiver,fc the 
movement relative to the direc m~ c the s eed oflight. For example, for a 
carrier frequency of the system, an . p o erating at 2 GHz, the 
mobile device traveling at 100 Km/h m a system p 
Doppler shift will range from-185 Hz to 185 Hz. 

S 11-scale fading is often characterized as nonfreq~ency selective (flat) or 
ma . 1 . . d to be flat faded if the coherence 

frequency selective. A signa is sai h . 1 bandwidth· in other words, the 
bandwidth of the channel exceeds t e ~igna 1 rrel~ted A more detailed 

fr omponent is strong Y co · 
fading of every equency c d . t' of fading can be found in 
characterization of the above cursory escnp ion 

[B49]. . 

:~: ~::1: :::~:;~ts ~;1' ~!~:' ~; ::::~ :o::::.:u:~::mg 
effect of shadowing and small-scale fadmg. 

ANTENNAS d l t d 
Antennas are the physical elements responsible ~or convdertinfig the_ moth: a e 

. . aves at the transmitter an per ormmg 
signals mto el~ctromagnetic _w h erformance of an antenna constructed 
reverse operatl_on ~t the receiv;r. :o~[ transmission and reception due to the 
of usual materials is the sam_e or. A detailed discussion of antenna 

t 1 rty of reciprocity. more 
fundamen_ a prope fi d. [B4] [B27] and [B47]. In this section, we 
technologies can be oun m , , 
discuss some of the basic antenna concepts. 

40 
WirelessMAN: Inside the IEEE 802.16 Standard 

Chapter 3: Basic concepts and definitions 

Antenna parameters 

The characteristics of the antennas used for wireless applications vary based 
on specific system requirements, such as deployment and coverage. The 
following is the commonly used set of parameters to characterize antennas: 

• Gain: The gain of the antenna is the power output in a specific direction 
compared to that of a hypothetical isotropic antenna. The antenna gain is 
typically measured in dBi, the logarithmic scale of decibels relative to the 
isotropic antenna. 

• Radiation pattern: The radiation pattern of an antenna is the graphical 
depiction of the antenna gain as a function of the elevation and azimuth 
angles. The radiation patterns for the horizontal and vertical planes are 
typically drawn on a polar graph as a function of the azimuth and elevation 
angles, respectively. A rectangular graph, instead of a polar graph, is 
sometimes used to illustrate the radiation patterns of narrow beam 
antennas. 

• Beam width: The directionality of an antenna is indicated by its beam 
width. The beam width is measured in degrees between the points on the 
radiation pattern of the antenna at which the radiated power density is 
exactly half the maximum. 

• Polarization: The polarization of an antenna is determined by the 
orientation of the electrical field component of the electromagnetic waves 
radiated by the antenna. Antennas usually provide linear, circular, or 
elliptical polarization. The linear polarization can be further classified into 
horizontal and vertical polarizations. 

Bandwidth: When an antenna is designed to operate in multiple frequency 
bands, it is important that it maintain uniform impedance across all those 
frequencies. Antenna impedance matching plays an important role in 
maximum power transfer between transmitter or receiver circuitry and free 
space. The band of frequencies in which an antenna is designed to operate 
is known as the antenna bandwidth. 

Apart from the system requirements, regulatory rules may also limit the type 
of antennas that can be used. For example, many regulatory domains have 
specific limits on antenna gain and/or beam width. Some regulatory domains 
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may limit the effective isotropic radiated power (EIRP), which is a sum of 
transmit power and antenna gain, minus any loss in the transmit path (all in 
decibels). 

Directional and sectorized antennas 

The antennas used in PtP, PMP, and mesh systems usually have different beam 
widths. Omnidirectional antennas are rarely used in fixed outdoor PtP 
systems, given the range requirements of the outdoor systems and the need to 
minimize interference. Directional antennas have important characteristics 
that are of significance to BWA; i.e., they increase the amount of power 
transmitted in a specific direction and reject the signals coming from other 
directions on reception. For PtP systems, highly directional antennas are used, 
as the goal is to establish communication only between two specific and fixed 
end points. 

PMP systems typically deploy sectorized antennas, with beam width greater 
than 15 degrees, at the BS to improve :frequency reuse in cellular systems. 
These minimize the interference across cells, as compared to omnidirectional 
antennas. Sectorized systems use more than one sector to cover all 
360 degrees, if necessary. As many as six sectors are used in many practical 
systems. 

Even in the case of PMP, the UL antenna may, like the PtP case, be highly 
directional and pointed at the BS. The tradeofffor such a high-gain antenna is 
the need for a LOS and an expensive professional outdoor installation that 
may call for careful alignment. Consumer-based applications, particularly at 
the lower frequencies, may call for self-installation and, therefore, require a 
much different (perhaps omnidirectional) SS antenna. 

Diversity 

Diversity is a technique used in wireless communication to mitigate the 
effects of multipath fading and to improve performance by exploiting the 
fading characteristics of wireless transmissions. For example, the temporal 
and spectral diversity schemes make use of the time-selective and frequency­
selective fading characteristics of channels, respectively. When neither of 
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these s~he~es is possible or desired, spatial div . 
In spatial diversity more than one t . e?zty schemes may be used. 

' an enna is used m the t . 
receiver to make use of the spati 11 . d ransm1tter and/ or the 
channel. Since spatial diversity a Y_m ependent fading characteristics of the 

reqmres more than on t . . 
sometimes referred to as antenn d. . e an enna, it is 

a zverszty Depend· h 
antennas at the transmitter or rece. .t . mg on t e use of multiple 

iver, I may be called tr . 
receive antenna diversity. ansmzt antenna or 

Multiple diversity schemes may 1 b . 
a so e combmed to p ·d · 

performance. For example spread rov1 e improved 
k ' spectrum and OFDM s h 

ma e use of spectral diversity of th fr . c emes essentially 
channel. Spatial diversity sch em e eqluency selective characteristics of the 

es can a so be used i d 
OFDM system. The following subse t. b . n a sprea spectrum or 
fr c 10ns nefly describe t 1 

equency, space, angle, and polarization diversity. empora , 

Temporal diversity 

In temporal diversity method the signal . 
interval between repetitions i~ s ffi . 11s !repeated in time, where the time 

u 1c1ent y arge to have d"ff h 
characteristics. Therefore the r . d . I 1erent c annel 

, ece1ve signals are exp t d t h independent fading. ec e o ave 

Frequency diversity 

As the name implies, frequency diversity . 
signals in frequencies spaced suffi . tl f:mvolves the transmission of the 
ti d. 1c1en y ar apart to cau . d d 
a mg. Frequency diversity is ty . 11 se m epen ent 

systems, since the use of more t:a::r: :ploited o_nly in m~Iticarrier 
In IEEE 802.16 multi carrier PHY s fre equen~y is. o~erw1se not practical. 
the use of interleavers and the m ' . qufency diversity IS exploited through 
p appmg o subchannels t h · 1 

requency diversity may be im 1 d . o P ys1ca carriers. 
p emente with one antenna. 

Spatial diversity 

Spatial diversity schemes can be classified . . . 
switched diversity schemes. With diversi mto d!v~rszty co':1bining and 
from more than one antenna ar b. 1 combmmg, the signals received 

e com me to reduce the effect of amplitude 
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fading due to multipath. The receiver typically uses switched (selection) 
combining, maximum ratio combining (MRC), or equal gain combining 
(EGC). In switched combining, antennas are placed sufficiently apart that the 
fading is independent on each receiver antenna. The combining process takes 
the best signal from the receive antennas. MRC requires the estimation of the 
channels and weights the signals received at each receive antenna, per the 
estimation, in order to maximize the signal to noise ratio (SNR). EGC is very 
similar to MRC except that the weights are independent of the channel 
estimates. Instead, the signals from each receive antenna are multiplied by the 
same weight. Since there is no channel estimation in EGC, the SNR gain of 
EGC is lower than that ofMRC. 

Diversity combining is sometimes impractical due to its complexity and cost. 
The simpler switched diversity schemes may be used to switch between one 
of the available antennas based on known characteristics or some dynamic 
measurements. The switched diversity schemes can be implemented at either 
the transmitter or the receiver. The popular IEEE 802.11 WLAN devices often 
use transmit diversity with two antennas. The receive antennas can also be 
chosen similarly. 

A variation of receiver diversity known as fast-receive diversity is sometimes 
used to adaptively choose the antenna with the best signal for reception. 
However, fast diversity schemes cannot be supported if the preamble is too 
short, as there may be insufficient time to detect and measure signals and 
adaptively switch between antennas. The goal of switched diversity schemes 
is to mitigate the effects of multipath, not to increase the gain. 

All the spatial diversity techniques require at least two antennas. The diversity 
combining techniques use at least two antennas simultaneously. However, the 
switched diversity techniques use but one transmit or receive antenna at any 
given time. 

Polarization diversity 

Polarization diversity makes use of the orthogonality of polarized 
transmissions. Since the fadings for horizontally and vertically polarized 
signals are often uncorrelated due to the phase and amplitude differences, 
polarization diversity can be implemented with a single antenna that is 
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capable of receiving both vertically d h . 
. an onzontally p l · d · 

practice, polarization diversity 1·s ft . 
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Angle diversity 
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Multiple antenna systems 

Multiples antennas may be used on a sin le . . 
reasons. The most common ap r 1· g w1~eless device for a variety of 
f P ica 10n of multiple antenn · t 

o the diversity schemes described . th . as is o support one 
systems (AAS) and multiple-input m l; ~rev10us section. Adaptive antenna 
exploit the properties of multipl , mt u ip e-output _(MIMO) systems also 

e an ennas, as descnbed below. 

Adaptive antenna systems (AAS) 

Adaptive antennas can adaptively ad·ust to . 
such as improved link ma . . y meet specific performance goals 

rgm or improved signal t · t /:'. ' 
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communicating with asp .fi enn_a is fixed. The best antenna for 
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ase on a vanety of factors s h 
each antenna. The antenna I t. uc as past measurements from 
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architecture is very similar to that of switched antenna divers;. 
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• Beam steering: Unlike the fixed beams of switched beam design, the 
beam steering approach is used to adaptively steer the beams toward the 
remote wireless device to maximize the gain. The objective is to maximize 
the gain from and to every wireless device. 

• Optimum combining: The optimum combining method uses a linear 
spatial filter to adaptively adjust the antenna, with a periodically adjusted 
reference signal, through feedback. The linear spatial filter is used to 
suppress the noise and interference, while separating the desired signal. 
Optimum combining should not be confused with the aforementioned 
MRC, as MRC is not spatially discriminatory and is optimal only when the 
noise is white (i.e., uncorrelated at the different antennas) and there is no 
interference. 

The gain and S/I achieved by switched beam adaptive antennas are limited by 
the pattern, the angle, the interference, and the LOS conditions of the area 
covered by the fixed antenna. The complexity of the beam steering and 
optimum combining approaches also depends on whether the wireless devices 
are fixed or mobile. For the beam steering approach, maximizing the gain for 
each wireless device requires that the power be controlled for every beam. 
While the path loss may not change significantly for a fixed wireless device, a 
mobile device may require dynamic power adjustments to the beams. 

The optimum combining approach depends on a feedback system and 
requires dynamic update of filter parameters to account for fading. Since the 
fading rate of mobile devices can be much higher, the complexity of 
processing the updates in mobile networks is typically higher than that of 
fixed networks. 

Multiple-input, multiple-output (MIMO) 

MIMO systems make use of multiple antennas at both ends of the link. In a 
MIMO system, potentially uncorrelated signals from different antennas can 
be used to maximize capacity. Given this property, the gain from MIMO in 
LOS or PtP links will be minimal, as the signals in such environments will be 
highly correlated. However, MIMO offers many benefits in a typical NLOS 
environment, where the multipath effect leads to highly uncorrelated signals. 
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The main difference between adaptive ant d . 
· ennas an MIMO is that the 

adaptive antenna schemes achieve ca aci ain . . 
through directional discrimination ali _ty g . ~y suppressmg mterference 
different terminals. MIMO on the' oth owhmgds101uh~aneous transmissions to 

. . , er an , ac ieves the same b 
exploitmg uncorrelated signal paths to in effect t . . y 

· ' , ransmit multiple data 
streams Slillultaneously to a single terminal. 

Impact of antenna technologies on protocol design 

In any wireless system, the MAC protocol d . . 
technology. While some MAC 1 esign must consider the antenna 

protoco s may work equally well on a varie 
of antenna types, some protocols are optimized for or con t . ty 

anhtenna typehs. For example, if the protocol depends on "li::e::ee~:; :;;~fie 
sc emes sue as CSMA, any directionality . 
the protocol because som . . may work agamst the efficiency of 

. e receivers are mherently unable to detect some 
transmitters and cannot therefore sense . . . 

' ' ongomg transmiss10ns. 

On the other hand, omnidirectional antennas support a b d 
tw k th t b roa cast-type ne or a can e used to minimize the control 
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such as the AAS. Therefore the MAC t 1 . e an enna systems 

' pro oco s designed for multi le 
ante~~ systems need to optimize the control traffic overhead . p 
sacnficmg other benefits of such a system Th 1 without 
. 1 . . ere may a so be some 
imp e~e~tat10n constraints in multisector systems, where the MAC 
transmiss10ns and receptions may need to be coordi t d 
depending on the frequency plan. na e across sectors, 

Antenna design for fixed and mobile devices 

The choice of antenna technology also varies d . 
or device is fixed or mobile. Since a typ. I ~;ndmg on wh~ther a system 
fixed devices such as BS . ic~ mo i e system can mclude both 
mobile devices in the sa~ea;yd ~obile devices_ such as handsets, the fixed and 
exa . s em may use different types of antennas For 
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. ntennas are also difficult to implement on a 
The more complex adaptive a . s· i·larly the support for antenna 

. d · urrent technologies. im , 
mobile han set usmg c . l·mi·ted depending on the 

. ffi . tl spaced antennas is i ' 
diversity with su icien y . Th fiore some of these adaptive 

f f due to the size. ere , 
:frequency o opera ion, d 1 . a fixed system or the fixed 

d d. ·ty ethods are use on Y m 
antenna an iversi m es of diversity, such as polarization . 
part of a cellular syste~. Some typ b"l d ice since the polarization is 
diversity, are also unsuitable for a mo 1 e ev 

difficult to control. 

PHYSICAL LAYER (PHY) 

Forward error correction (FEC) . 
. . ireless transmissions is to automatically 

One way to deal with errors m_ w ather than relying on the detection and 
detect and correct symbol or bit errors r . hecksum or cyclic redundancy 

retransmission of packet errors ;:t,:::~~e~hnique for error correction is 
check (CRC)]. The most co~ (F~C) which is capable of detecting and 
called forward error correction f 'by adding redundancy to the 
correcting some errors upon recep ion 

transmitted signals. . 
. d the overhead and cost associated with 

Wireless protocol design must consi ~ FEC and MAC-level error control 
PHY-level error control s~hemes, sue as Ai For example, while FEC 

schemes, such as automatic :epeat :e!u::o~s qJ~kly with high probability, 
may be able to correct certam type .tt d block reduces the efficiency of the 
the addition ofFEC to every tra;s~i ef d protocol data units (PDUs) due 
channel and could _increase the e a: o Jo~C-level ARQ can increase the 
to longer interleavmg: On _the other an ~here the detection, communication, 
delays in a channel with high error ~ate~ fi t portion of the bandwidth. Many 
and retransmission can consume a signi ican b. f of FEC and ARQ 

h brid techniques where a com ma ion ;:::-:t:::::~ b: adjusted, often, adaptively, to offer the desired 

performance. 
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Single carrier and multicarrier 

As described above, the delay spread and fading caused by multipath are 
challenging problems that any practical outdoor, or outdoor-to-indoor, 
wireless system must solve. While equalizers can be used to offset the effect 
of multipath in a single-carrier protocol, the complexity of time domain 
equalization and associated channel estimation increases with higher data 
rates and time-varying channels. In most BWA cases, the delay­
spread-induced ISI is significant only for high signal rate, typically above 
1 Msymbol/s (i.e., symbol durations shorter than 1 µs). If the signalling rate 
can be reduced by increasing the symbol duration, the effect of ISI on the 
channel can also be reduced. However, high signal rates are desirable for high 
data rates. In multicarrier modulation schemes, the available :frequency band 
of a given channel is divided into a large set of (typically, orthogonal) 
subcarriers, each of which is modulated separately. This leads to a much 
smaller signal rate per subcarrier compared to single-carrier systems. The data 
rate achievable over these simultaneously transmitted subcarriers is almost 
equivalent to the data rate of a high-rate single-carrier transmission, with the 
difference stemming from the cyclic prefix overhead. Multicarrier modulation 
schemes, such as OFDM (see [B55]), do come with other drawbacks, 
including the higher sensitivity to :frequency offset ( the equivalent of timing 
sensitivity in other systems) and phase noise. They also require a somewhat 
larger power amplifier backoff due to higher peak to average power ratio 
(PAPR). 

Instead of time-domain equalization, a single-carrier system may also employ 
:frequency-domain equalization. In this case, the receiver contains an inverse 
fast Fourier transform (IFFT) and FFT pair, with channel estimation executed 
between the transforms. The result is some characteristics similar to those of 
an OFDM transceiver, including similar complexity. 

DUPLEXING, MULTIPLEXING, AND MULTIPLE ACCESS 

The following subsections provide a brief overview of some of the key 
duplexing, multiplexing and multiple access concepts. For a detailed 
discussion on these and related concepts, the reader is referred to [B4] and 
[B7]. 
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Duplexing 

Duplexing defines how bidirectional communication is achieved between two 
devices or between a BS and a set of client devices in a PMP system. The 
communicating devices themselves may be capable of half-duplex (transmit 
or receive but not both simultaneously) or full-duplex (transmit and receive 
simultaneously) operation. There are two types of duplexing: time division 

duplexing (TDD) and.frequency division duplexing (FDD). Figure 3-2 
illustrates TDD communication in a PMP system, with DL and UL on the 
same frequency channel. TDD is a half-duplex method by definition; i.e., 

when one device transmits, the other receives, and vice versa. 

Uplink f1 

Figure 3-2: TDD illustration 

In FDD, the devices use different frequencies to transmit and receive. 
Therefore, it is possible to support full-duplex communication in an FDD 
system. Figure 3-3 shows full-duplex operation, where the transmission and 
reception overlap in time. However, half-duplex frequency division duplexing 
(H-FDD) operation, as shown in Figure 3--4, is also possible, as is a mix of 
full-duplex FDD and H-FDD devices in the same system. An H-FDD device 
is usually cheaper to build as it requires only one transmitter and one receiver. 
The H-FDD operation is also referred to as frequency shift division duplexing 
(FSDD). Alternate expansions of the abbreviation FSDD include frequency 
switched division duplexing and.frequency simplex division duplexing. 
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Uplink 

,, 
time 

Figure 3-3: Full-duplex FOO illustration 

~ I ! w,; :p~~,i:ti,i~t~,c;:; 1 

time 

Uplink 

Figure 3-4: H-FDD illustration 

In T~D, the tim~ allocated for each direction (i.e., UL or DL) may be fixed or 
ad~ptive. Adaptive time division duplexing (ATDD) is a variation of TDD in 
which the UL/DL ratio can be dynamically adjusted per frame based on 
traffic conditions and other system parameters. ATDD is of gr;at interest to 
broadband wire~ess systems, due to its flexibility in supporting asymmetric 
tr~ffic an~ efficient use of the spectrum. However, in cellular deployments 
with multipl_e ATDD systems, if frequency reuse is not properly employed, 
ATTD may mcrease the level of interference. In some practical multisector 
systems, the ATDD boundaries may need to be coordinated across sectors 
even if the sectors operate on different frequency channels due to adjacen; 
channel interference issues. 
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FDD may require more spectrum than a comparable TDD system, increasing 

the potential for interference, especially in license-exempt spectrum. The 
frequency channels used in both directions also need to be sufficiently 
separated to avoid interference. Moreover, in access networks, spectrum may 
be wasted ifFDD uses symmetric channels in both directions, as the traffic 
load may be asymmetrical. On the other hand, the QoS scheduling and 
channel access functions may be less complex in FDD compared to TDD 

systems. 

The duplexing method is independent of the multiple access and multiplexing 
methods. FDD is commonly used in licensed voice-centric networks such as 
cellular telephone systems, where most of the traffic has historically been 

symmetric. 

Multiplexing 

Multiplexing refers to a mechanism in which a single device transmits to 
multiple devices on a single channel. In time division multiplexing (TDM), 
the transmitting device divides the time domain into multiple slots to 
communicate with multiple devices. Needless to say, TDM requires only one 
frequency, but the available time must be divided among the potential 
receivers. In frequency division multiplexing (FDM), the transmitting device 
uses different frequencies to communicate with multiple devices. Any 
wireless protocol design has to balance this flexibility against the spectrum 

usage requirements. 

Centralized and distributed multiple access schemes 

Multiple access refers to the way that multiple devices access the medium, 
regardless of whether the communication is many-to-one or many-to-many. 
Distributed access methods such as CSMA require no centralized coordinator. 
While this may be simpler to implement, the spectrum efficiency of this 
method is low; and the potential for collisions affects the overall system 
throughput and scalability, causing a potentially dramatic decline in efficiency 
as the system load increases. Collisions also introduce nondeterminism into 

the system, thereby making QoS guarantees difficult to achieve. 
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Time division multiple access (TDMA) and 
frequency division multiple access (FDMA) 

In TD~, multiple devices use their own predetermined time slots to 
transm~t. The number and location of the time slots may be statically 
determmed or dynamically assigned. If dynamically assigned ti f 

d
. . . , some orm o 

coor mation ( centralized or distributed) is necessary It i's 'bl t · . . . · possi e o provide 
a determmistlc access to the medium using a TDMA sche F 1 . me. or examp e, 
IEEE Std 802.16 relies on the BS to allocate time slots fior UL t · · ransmiss10ns. 
The BS also schedules DL transmissions in a similar fashion, using TDMA 
bursts addressed at specific groups of SSs Some other PMP t . . · sys ems use 
contmu~us TDM m the DL, with the information for each SS multiplexed 
onto_ a smgle stream of data directed to all SSs within the sector. The 
contmuous TDM stream does not require preambles for resynchronization 
between bursts. The downside, however, is that it does not allow th 
flexibility of adaptively adjusting the coding and modulation to spe:ific SSs. 

FDMA is similar, with multiple devices using d1'ffierent fr · t . equencies o access 
the me?mm. However, the amount of spectrum needed and the co-channel 
and adJacent channel interference can decrease the efficiency of the FDMA 
systems. While traditional TDMA systems used fixed allocation t th · · d · s o e 
exist.:

1
g ev~~es, which m~y result in wastage of bandwidth if not used, it is 

poss1 _e to a ocate bandwidth dynamically in a TDMA system, where the slot 
allocat10ns are changed and communicated dynamically. Both TDMA and 
FDMA c~ be used with FDD or TDD. Hybrid or combination methods are 
also possible. 

Orthogonal frequency division multiple access (OFDMA) 

As described earlier in this chapter, OFDM is a multicarrier modulation 
met~od, but not a multiple access method. OFDM may be used with many 
multiple access methods, including CSMA TDMA and FDMA Th 
IEEE ' ' · e 802.lla and IEEE 802.llg amendments use an OFDM PHY with 
CSMA, and the IEEE 802.16 OFDM PHY option is used with TDMA. 
How_ever, OFDM's use of multiple subcarriers can be used as the basis of a 
~ultiple access method. The extension of OFDM as a multiple access method 
is called orthogonal frequency division multiple access (OFDMA), in which a 
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anal subcarriers may be allocated to a specific 
subset of the mutually orthog h 

1 
The concept is a sophisticated form 

wireless device for access to thl~ c afr:e ~ubcarriers making it easier to 
ofFDMA, with the orthogona ity o e 
separate them without the need for guard bands. . 

. . . t distin ished primarily on the basis of 
Many vanations of OFDMA exis ' ~ example the subcarriers may 
how the subcarriers are allocated.to users. o~hey may, also be allocated 
be allocated in a frequency-hoppmg patted~f~ between OFDM and 

. 11 b central controller. The i ierence . d b 
dynamica Y Y a . . Wh"l 11 the subcarriers will be use Y 
OFDMA is illustrated m Figure 3-~- i e ab h d by a number of users in 

. FDM th bcarriers may e s are 
a single user m O ' e su . . d to each user may vary based on 
OFDMA. The number of subcamers assigne 

system parameters and demand. 

Orthogonal Frequency Division Multiplexing (OFDM) 

Orthogonal Frequency DiVision Multiplexing Access (OFDMA) 

Figure 3-5: OFDM and OFDMA 
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Code division multiple access (CDMA) 

In CDMA, each user is assigned a unique code used to encode the 
transmissions on a channel. Instead of transmitting a single data waveform, 
the transmitter sends the time-domain convolution of the data waveform with 
the code so that the transmission rate ( often referred to as the chip rate) is 
many times higher than the data rate. The high transmit rate, and hence short 
duration of each chip ( code element), results in a spreading of the signal in the 
frequency domain. This is why these codes are often referred to as spreading 

codes. 

At the receiver, the convolution of the signal with the known sequence allows 
the retrieval of the original data symbol while spreading out any narrowband 
interference in the channel. CDMA is a popular choice for military systems 
for the following reasons: 

1. The requirement that transmission code be known in order to receive the 
signal 

2. The spreading of narrowband interference 

3. The fact that the spreading of the signal in the frequency domain can 
lower the energy per hertz to well below the thermal noise floor so that its 
existence is not obvious to third parties 

The design of CDMA codes is based on minimizing the autocorrelation of the 
code and the cross-correlation of the code with all other used codes. The 
better this design, the easier it is for the receiver to separate the 
simultaneously transmitted codes, and the more robust the system is to power 
variations between terminals. 

Since multiple codes can be used simultaneously on the same channel, 
CDMA can be a bandwidth-efficient solution that requires no coordination or 
synchronization. 
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Chapter 3: Basic concepts and definitions 

In the OFDMA PHY described in Chapter 12, the CDMA concept is also used 
for contention-based access. In that case, however, the spreading sequence is 
not transmitted in time, but each chip is modulated on a separate subcarrier 

before the IFFT. 

DATA UNITS 

Data units are the basic units exchanged between different layers of the 
protocol stack. The service data unit (SDU) and the protocol data unit (PDU) 
are the two fundamental data units used here. The SDU is the data unit 
exchanged between two adjacent protocol layers of the same device. The 
service access point (SAP) defines the interface between two adjacent 
protocol layers, where the services of the lower layers are available to the 
higher layers. The SDUs are exchanged between two adjacent protocol layers 
through the SAP, as the lower layers provide the services of accepting the 
SDU from the higher layer and delivering the SDU to a higher layer. The PDU 
is the data unit exchanged between the peer entities of the same protocol layer. 
When a PDU is transferred to a lower layer for transmission, it becomes the 

SDU of the lower layer. 

An SDU received from a higher layer may go through a variety of 
transformations to become a PDU for transmission to a peer layer. When the 
MAC or PHY receives an SDU, it may add additional headers and control 
information to reliably transmit the PDU to the peer. In addition, SDUs may 
go through fragmentation, in which more than one PDU may be constructed 
from a single SDU. Similarly, fragments of multiple SDUs or multiple full 
SDUs may be packed into a single PDU. The only basic requirement is that 
the inverse transformation must be performed by the same peer layer on the 
receiving end before delivering the PDU to a higher layer. Figure 3-6 shows 

the concept of PD Us, SD Us, and SAPs. 
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Sending Entity Receiving Entity 

Figure 3-6: PDUs, SDUs and SAPs 

QUALITY OF SERVICE (QoS) 

A BWA system supporting multiple services must properly account for the 
fact that different services require different performance levels in order to 
maintain the appropriate QoS. A network that supports differentiated QoS can 
provide services at specified performance levels using a set of qualitative and 
quantitative measures. 

Applications such as voice, video, and data transfer demand various QoS 
requirements. The QoS requirements of the application traffic can be 
specified and enforced either as a set of priorities or as a set of parameters. In 
the prioritized QoS model, the traffic is treated by the network based on 
relative priority at any instant. However, in a parameterized QoS model, the 
network attempts to guarantee a set of QoS parameters for the traffic, in 
conformance with a preagreed or configured service. 
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The most commonly used QoS metrics in the parameterized QoS model are 

throughput, delay, jitter, and loss: 

Throughput: Throughput is typically specified in bits per second, 
although it can be also be specified in bytes per second or packets per 
second, depending on the application. The actual application throughput 
depends on a variety of factors, including packet size, overhead, and 
retransmissions. The achievable throughput is bound by the maximum and 
instantaneous capacity of the network, also specified in bits per second. 

• Delay: The delay, also known as latency, is the time taken for the 
information to travel from a source to a destination and vice versa. The 
delay is specified in units of time, such as milliseconds. 

• Jitter: Jitter is the variation in delay. It is very important to many 
interactive applications such as voice and video. 

• Loss: The packet loss in any system is typically defined as a percentage. 
Data applications can tolerate some delay and jitter, but they cannot 
readily tolerate packet loss. If a data packet is lost, it must be retransmitted 
by some layer (e.g., network or application) for the application to work 
correctly. On the other hand, real-time applications such as voice and 
video can tolerate a small percentage ofloss. Retransmission can be used 
to compensate for packet loss at the cost of increased latency and reduced 

available capacity. 

The simplest approach to QoS is static provisioning of services and 
reservation of resources. This is how circuit-switched networks guarantee 
QoS, where a circuit is established by reservation of specific resources for the 
duration of a connection or call. However, this is not a practical or efficient 
solution in packet networks, since not all users are expected to be 
simultaneously active and not all active users are expected to use a fixed 
percent of the network resources. The challenge in such networks is to support 
adaptive QoS techniques that can utilize the available resources more 

efficiently. 

Therefore, in order to fully support QoS at the network layer, the following 

four :functions are required: 

58 WirelessMAN: Inside the IEEE 802.16 Standard 

Chapter 3: Basic concepts and definitions 

• Admission control and provisioning: Irrespective of how a network 
solves the QoS problem, networks are constrained by the maximum 
amount of traffic and services they can support at any particular instant. 
Therefore, it is important to regulate which users can access the network 
and how they do so. The control must be dynamic, based on the network 
load and other parameters. This process is called admission control and 
without it, networks may become oversubscribed, defeating the purpose' of 
QoS guarantees. Provisioning is a related concept. Networks may be 
statically or dynamically provisioned for specific traffic situations. Static 
provisioning is often used in conjunction with admission control to over­
provision the network and then manage admissions dynamically. While a 
variety of algorithms can be implemented to perform admission control, 
the underlying network must provide certain functions to support 
intelligent admission control functions. A simple admission control 
algorithm may merely admit or deny new requests based on the number of 
previously admitted services. However, a more sophisticated algorithm 
may try to adjust the parameters of admitted services to accommodate the 
new request. In order to support such admission control functions a 

' 
network must provide basic support for modifying admitted service 
parameters gracefully without affecting the performance or increasing the 
overhead. Except for such support functions at the network, admission 
control is primarily an independent function. Therefore, the specification 
of the admission control algorithm is outside the scope of an air interface 
standard. Vendors are free to implement specific admission control 
algorithms to differentiate their products. 

• Traffic classification: In order for the network to provide differential 
treatment based on QoS requirements, it must be able to classify the 
incoming packets. The classification process may use some basic header 
information from a packet to determine how it should be treated. Some 
QoS-aware networks may also support specific identifying information in 
each packet to carry the classification or priority information so that 
explicit traffic classifications at every step (e.g., every hop or every layer 
of a protocol stack) can be avoided. As we will see in later chapters, the 
IEEE 802.16 MAC is connection-based and can be used to associate a set 
of QoS parameters after classification or to map preclassified packets from 
another protocol to a specific connection. 
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• Shaping and policing: The admission control manages the admission of a 
specific traffic stream or flow into the network. However, the admitted 
traffic still needs to be regulated dynamically to make sure it conforms to 
the agreed-upon service specification or profile. Shaping and policing are 
the two commonly used techniques to monitor and regulate incoming 
traffic for conformance. Policing merely discards or reclassifies the 
nonconforming packets to a lower priority or class. Shaping, on the other 
hand, may queue the nonconforming packets and delay the release of the 
packet into the network. The algorithms for shaping and policing are not 
typically specified in a networking standard. However, a standard may 
support the necessary signaling and management functions to specify 
shaping and policing parameters. 

Traffic scheduling: The traffic scheduler is responsible for determining 
the transmission order of the packets based on the QoS requirements, 
when fluctuations in the incoming rate results in queueing of the traffic. 
Therefore, the scheduler is an important component of any QoS 
architecture. A network without QoS support treats all types of application 
traffic alike in a first-in, first-out (FIFO) fashion. A QoS scheduler, on the 
other hand, has to ensure that the traffic is serviced based on the QoS 
requirements and not based solely on the order of arrival. However, 
fairness is still an important criterion for any QoS scheduler, and the 
higher priority traffic should not completely starve the lower priority 
traffic. As we will discuss later, wireless QoS scheduling has some 
important differences compared to wired QoS scheduling. The networking 
standards may define specific scheduling behaviors and support functions 
for QoS signaling and enforcement. However, a specific scheduling 
algorithm is typically not specified by a standard. IEEE Std 802.16 is no 
exception and leaves the scheduling algorithm as a vendor differentiator. 

Per-flow and per-class QoS 

QoS can also be enforced at varying levels of granularity. For example, each 
flow (e.g., every voice conversation) can be classified into a separate stream 
and handled separately by a network. Alternatively, each class of traffic (e.g., 
all voice traffic or all video traffic) can be classified into a separate stream. 
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For a complete discussion on per-class QoS, per-flow QoS, or other ways of 
differentiating QoS, see [B33] and [B42]. 

As a general rule, it is practical and sufficient to provide coarse-grain QoS 
only in core aggregated networks or backbone networks. It would be 
impractical to maintain state for a large number of flows in a network that 
carries traffic from thousands of sources. However, fine-grain QoS may be 
practical and is often necessary at the edge of the network, where the number 
of unique flows can be smaller and the need for QoS differentiation can be 
much greater, given the limited availability of resources and other constraints. 
While some network architectures may support only per-class QoS, others 
may support both per-class and per-flow QoS. 

Wireless QoS 

Enforcing QoS can be simply viewed as efficiently reordering transmissions 
to guarantee throughput, delay, and jitter requirements of all traffic. However, 
QoS enforcement has fundamentally different challenges in wired and 
wireless systems. In wireless networks, QoS is not just the reordering of 
packets. While enforcing QoS in any network in an efficient manner with 
conflicting requirements can be challenging, most wired networks fall under 
the class of fixed-capacity networks, where the maximum available capacity 
does not change over time. Also, the probability of errors in wired networks 
such as Ethernet or ATM is extremely low. Therefore, a QoS enforcement 
algorithm in a wired network is primarily responsible for optimal reordering 
of transmissions. This also simplifies the admission control process, as the 
instantaneous capacity is fixed and is always known. 

On the other hand, wireless networks are varying-capacity networks, where 
the instantaneous capacity varies based on the conditions of the RF 
envirolllllent. This brings in additional constraints so that scheduling of bytes 
or packets to enforce QoS may not be sufficient or fair. For example, the 
airtime required to transmit a byte varies with the modulation and coding 
scheme. The changing RF conditions often force the modulation and coding 
rate to be changed dynamically, introducing an additional constraint for the 
QoS scheduler. 
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Another important dimension in wireless QoS is the ability of a scheduler to 
deal with high error rate. For example, if a transmission failed to reach the 
receiver due to large-scale fading, it may not be advisable to retransmit the 
data immediately, as transmission is likely to fail again. A high retransmission 
rate for a specific receiver not only increases the average delay for that 
receiver but also affects the QoS of others in the system. The QoS scheduler 
has a challenging task of maintaining fairness in such a system, balancing 
throughput and the use of over-the-air resources. Dynamic fragmentation is 
one way to address fairness, fragmenting SDUs dynamically to fairly divide 
the airtime. 

If the wireless system supports ATDD with centralized scheduling (i.e., the 
BS is responsible for QoS in both directions), the scheduler also has to decide 
on a frame-by-frame basis how to share the channel between the UL and DL. 

MEDIUM ACCESS CONTROL LAYER (MAC) 

The MAC function is responsible for controlling access to the medium. MAC 
protocols may use distributed multiple access techniques, or centrally 
coordinate the access for all devices, or use a combination of the two, as 
discussed earlier. 

Apart from multiple access, MAC is also responsible for basic functions such 
as data encapsulation, fragmentation, and adaptive modulation support. A 
wireless MAC must also define how MAC protocol data unit (MPDU) errors 
are detected and how, if necessary, the faulty MPDUs are retransmitted. QoS 
and security are two other functions that must be supported in a wireless 
MAC, given the limited bandwidth and reduced level of physical security in 
comparison to wired networks. The MAC, along with the LLC, is Layer 2 of 
the OSI reference model. 

Fragmentation and packing 

The MAC is responsible for encapsulating higher layer packets or SDUs in its 
own PDU format and delivering it to the peer MAC on another device. One 
simple way to encapsulate a higher layer SDU is to add necessary information 
and deliver the whole MPDU to the peer MAC. However, there are many 
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reasons for the MAC to fragment a single SDU into multiple fragments before 
transmission, reassembling those fragments at the other end before delivering 
the resultant PDU to the higher layers. Fragmentation is necessary to 
efficiently support higher layer protocols with variable-size SDUs, such as 
Internet Protocol (IP), if the underlying MAC and PHY are based on a framed 
architecture (i.e., the frame size and, therefore, the available airtime per frame 
is fixed for a specific deployment). Some rationale and benefits of 
fragmentation include the following: 

Probability of successful delivery: The probability of successful delivery 
may depend on the size of the MPDU, especially in random access MAC 
or lower data rate transmission, where the chances of collision or other 
failure increases with the size ofMPDUs. 

• QoS: There are many QoS-related reasons for fragmentation. A low­
priority, but large, SDU may need to be fragmented so that it does not 
block a smaller, but higher priority, SDU. The so-called head-of-line 
blocking problem may be alleviated by fragmentation. Another QoS­
related reason is to minimize the overall delay in an error-prone channel, 
reducing the probability of a larger SDU being retransmitted. 

• Spectral efficiency: Fragmentation in an error-free channel may increase 
the MAC overhead, thereby adversely affecting spectral efficiency. On the 
other hand, the cost of retransmitting a large lost MPDU is higher than the 
cost of retransmitting a smaller fragment of a large SDU. Another 
important aspect of efficiency is in a framed MAC, where the data have to 
fit within predefined frame boundaries. In order to fit MPDUs into the 
available frame time without wasting the airtime, it is important to 
dynamically fragment SDUs and fit the MPDUs into a frame. 

While fragmentation is useful with large SDUs, many communication 
protocols have smaller SDUs to transport. An example is the widely used 
networking protocol, Transmission Control Protocol (TCP), in which 40-byte 
acknowledgments traverse the reverse direction of the data flow and, on 
average, one acknowledgment is sent for every two TCP packets. Voice 
application also uses a small payload size to keep the delay at a minimum. 
Since MAC encapsulation introduces some fixed overhead per packet, it is 
beneficial for the MAC to allow the packing of multiple higher layer payloads 
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into a single MAC payload, without affecting the delay or fairness of the 

network. 

Automatic repeat request (ARQ) 

Any wireless system must define a process for handling MPDU errors. The 
PHY may support error correction methods to minimize the number of errors. 
Nonetheless, additional error correction methods are necessary, especially in a 
wireless MAC, as bit errors are inevitable. The ARQ is a class of 
retransmission algorithms for supporting reliable delivery in the presence of 

errors. An ARQ algorithm must define the following: 

• Error detection 

• Feedback policy 

• Retransmission strategy 

• Retransmission unit 

The detection of MPDU errors is typically handled by adding a checksum or a 
CRC to every MPDU transmitted. It is important to choose a CRC or 
checksum that has an extremely low probability of undetected errors and 
minimal overhead to the protocol. The FEC described in the PHY section 
earlier in this chapter may also be used as an error detection mechanism, when 

the FEC detects errors but cannot correct them. 

An important part of the retransmission algorithm is determining which 
MPDUs have not reached the receiver. The design of the ARQ feedback 
policy needs to consider the overhead associated with the feedback and the 
potential delay introduced by a specific policy. The ARQ feedback may 
include positive and/or negative acknowledgments from the receiver, 
commonly referred to as AC.Ks. Acknowledgments may be sent for every 
MPDU or for a number ofMPDUs in an aggregated form. If the 
acknowledgment is per-MPDU, then the choice is to send the 
acknowledgment either immediately following every MPDU or at a later 

time. 

The baseline IEEE 802.11 WLAN MAC used an immediate per-MPDU 
acknowledgment for all directed MPDUs. While it is possible to make 
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retransmission decisions quickly in this type of acknowledgment strategy, the 
overhead can be high. A variation of this might be to send only negative 
acknowledgments instead of positive acknowledgments. If the error rate is 
low, this might reduce the overhead and keep the delay under control. Of 
course, the positive and negative acknowledgments can be combined to 
provide a complete feedback to the transmitter. Another way to minimize 
acknowledgment overhead is to use a bitmap to indicate positive and negative 
acknowledgments. 

Once an error is detected and the missed MPDU information is communicated 
to the transmitter, a retransmission policy decides when and how MPDUs are 
retransmitted. The retransmission policies can be broadly classified into three 
types: stop-and-wait, go-back-n (GBN), and selective repeat (SR) (see [B6] 
and [B9]). In stop-and-wait retransmission strategy, the transmitter waits for 
an explicit acknowledgment before deciding to retransmit the same MPDU or 
to transmit the next MPDU to the same receiver. While this is a simple 
algorithm, the strategy can introduce higher delays even if the 
acknowledgment immediately follows the MPDU. 

The GBN algorithm retransmits MPDUs starting from the missing MPDU, 
including MPDUs that were possibly received correctly. This algorithm is 
attractive from the perspective of the receiver buffering, as the receiver does 
not have to buffer out-of-order MPDUs. However, this algorithm makes 
inefficient use of the wireless medium, and it is possible for an MPDU that 
was successfully received to get retransmitted multiple times just because an 
earlier MPDU failed more than once. 

The SR algorithm selectively retransmits only the MPDUs confirmed or 
assumed to be lost. While this algorithm makes efficient use of the medium 
the receiver has to buffer out-of-order MPDUs so that they can be delivered ~o 
the higher layers in order. SR has been used in many wireless and mobile 
standards such as European Telecommunications Standards Institute (ETSI) 
Broadband Radio Access Networks [Technical Committee] (BRAN) 
HiperLAN/2 (see [B14] and [B36]), GPRS (see [Bl5] and [B41]), and some 
IMT-2000 specifications (see [B31 ]). Since wireless resources are scarce and 
SR provides higher channel efficiency, one of the many variations of SR has 
been the preferred algorithm for many wireless systems. 
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While ARQ can improve the reliability of wireless communication, a certain 
level of basic reliability is still necessary for a wireless communication to be 
practical. For example, it is debatable how much ARQ can help time-sensitive 
traffic such as voice. Depending on the additional delays introduced by a 
specific ARQ algorithm, ARQ may be unsuitable for voice channels or may 

be suitable in only limited cases. 

66 WirelessMAN: Inside the IEEE 802.16 Standard 

Chapter 4 IEEE 802.16 architecture 
Overview and key features 

In this chapter, we present an overview of the IEEE 802.16 architecture, 
highlighting the salient features and briefly describing key MAC and PHY 
components. Detailed descriptions of individual MAC and PHY components 
of the IEEE 802.16 architecture are given in later chapters. The key aspects of 
the IEEE 802.16 architecture are summarized as follows: 

Flexible and extensible with common MAC: IEEE Std 802.16 defines a 
common MAC that works with multiple PHY technologies. The MAC is 
flexible enough to support many existing and future PHY technologies and 
other MAC extensions, as needed. 

• Modular: Both the IEEE 802.16 MAC and PHY are very modular, having 
a set of mandatory and optional features that can be used to realize a 
variety of fixed and mobile configurations. Many of the optional features 
are negotiable between an SS and BS. 

• Multiple network topologies: The support for single-hop and multihop 
network topologies such as PtP, PMP, and mesh have been built into the 
IEEE 802.16 MAC and PHY. This enables efficient implementation of any 
of the supported wireless topologies. 

• Multiple antenna technologies: The IEEE 802.16 MAC and PHY work 
with standard antenna technologies such as omnidirectional or 
directional/sectorized antennas, in addition to multiple antenna 
technologies such as adaptive antennas and MIMO. 

• MAC CSs: The IEEE 802.16 MAC is capable of transporting various 
encapsulated protocol payloads such as ATM, IP, and Ethernet. The core of 
the IEEE 802.16 MAC is independent of the type of payloads by defining 
multiple CSs and a standard interface between the core MAC and any CS. 
This allows the protocol-specific functions such as classification and 
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header compression to be performed outside the core MAC. Additional 
CSs may be defined in the future without having to change the core MAC. 

• Flexible retransmission policies: IEEE Std 802.16 provides support for 
multiple optional retransmission policies, including an SR ARQ and a 
hybrid ARQ (HARQ). 

• Privacy: The IEEE 802.16 MAC supports multiple encryption and 
authentication methods and is capable of supporting additional privacy 
mechanisms in the future. This is accomplished by a modularized security 
sublayer that is separated from the core MAC. 

• Subscriber-level adaptive PHY: The IEEE 802.16 PHY allows a variety of 
parameters to be changed on a per-connection or per-subscriber basis that 
can be used to provide varying levels of service by adapting to changing 
conditions. 

• Integrated QoS: The integrated QoS support at the IEEE 802.16 MAC 
defines multiple types of QoS that can be configured and controlled from 
higher layer. The IEEE 802.16 QoS model defines behaviors for various 
QoS types that require a QoS scheduler at the MAC. However, the 
scheduling algorithm is left unspecified to provide full flexibility for the 
implementor. 

• TDD and FDD support: The IEEE 802.16 MAC and PHY support both 
TDD and FDD, with some restrictions as outlined in later sections. 

The rest of the book provides an overview of these key features of IEEE 
Std 802.16 and explains the modules of IEEE Std 802.16 and the flexibility 
they provide to system designers. 

REFERENCE MODEL 

The IEEE 802.16 standard describes both the MAC and PHY for fixed and 
mobile BWA systems. There are two major components of the wireless 
broadband system: the data/control plane and the management plane. The data 
plane defines how information is encapsulated or decapsulated in the MAC 
and modulated or demodulated by the PHY. A set of control functions is 
needed to support various configuration and coordination functions. While 
some standards refer to this as "management" ( e.g., MAC and PHY 
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management in IEEE Std 802.11 ), the IEEE 802.16 standard refers to this as 
the control plane to differentiate from the external management system. Every 
broadband wireless system requires management, including management of 
the classification, security, QoS, connection setup, and other functions. 

Figure 4-1 shows the IEEE 802.16 reference model. The IEEE 802.16 MAC 
consists of three major components called sub/ayers. The three sublayers are 
the service-specific convergence sublayer (CS), the MAC common part 
sublayer (CPS), and the security sublayer. 

MAC 

I I 
I I ..,._-...,-...,-...,..._..._..._..._ .... 
I I I 
I I 

I Data/Control Plane 1 1 Management Plane : 
------------------J --------------------

Figure 4-1: IEEE 802.16 reference model 

As described in Chapter 3, SDUs need to be classified prior to QoS 
enforcement. Some higher layer protocols may have their own classification 
method and deliver preclassified SDUs to the MAC. For example, ATM has 
its own QoS framework, and QoS identifiers (IDs) are carried in each ATM 
cell. Similarly, IP also supports QoS protocols such as differentiated services. 
In a differentiated services network, IP packet headers carry differentiated 
services code points (DSCPs) that are used to identify the QoS class of each 
IP packet. Such preclassified traffic may be mapped directly into an 
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IEEE 802.16 MAC connection or may be reclassified based on another set of 
rules. Other traffic may enter the IEEE 802.16 MAC unclassified, and full 
classification rules (e.g., based on MAC/IP address or port number) may be 
needed to classify these packets before applying QoS. 

IEEE Std 802.16 currently supports a set of CSs to interface with IP, Ethernet, 
and ATM protocol layers. In the future, additional CSs may be defined. A 
service-specific CS performs all functions that are specific to the higher layer 
protocol it supports, such as classification. The Ethernet CS may classify 
SDUs based on the MAC address, virtual local area network (VLAN) 
headers, or IEEE 802.1 Q user priorities. The IP CS may classify the SDU s 
based on the IP addresses, port numbers, protocol types, or other IP-specific 
parameters. The CS classification process is also responsible for associating a 
service flow identifier (SFID) and a connection identifier (CID) to the higher 
layer SDUs, prior to delivering it to the MAC CPS. The optional payload 
header suppression (PHS) is also performed at the CS, since it is very much 
dependent on the type of higher layer used. Chapter 5 describes the CS in 
detail. Following the CS-specific functions, the CS PDU is delivered to the 
MAC CPS, which is oblivious to the internal format of the CS PDU. 

The MAC CPS is responsible for performing the core MAC functions that are 
independent of the specific CS. The MAC CPS receives MAC service data 
units (MSDUs) from the CS and transforms them into MAC protocol data 
units (MPDUs). The MAC CPS provides the medium access, connection 
management, and Q?S functions. The security sublayer is responsible for 
providing encryption, decryption, authentication, and secure key exchange 
functions. 

The MAC CPS interfaces with the PHY s through the PHY SAP. The MAC 
CPS may receive MSDUs from multiple MAC CSs. Although the MAC CPS 
defined in IEEE Std 802.16 can support many PHY s through a PHY-specific 
PHY SAP, one MAC CPS instance is expected to support only one specific 
PHY in a specific implementation, whereas it may support multiple MAC CSs 
in the same implementation. It should be noted that the PHY SAP is not 
explicitly defined for any of the PHY s in the standard. The QoS scheduling 
and allocation of bandwidth at the MAC CPS depends on the specific PHY 
type and parameters, although the MAC itself is PHY independent. The IEEE 
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802.16 MAC is flexible enough to support additional PHY s that may be 
defined in the future. 

As shown in Figure 4-1, the management plane consists of four management 
entities corresponding to the CS, CPS, security sublayer, and the PHY. The 
IEEE 802.16 standard does not define the details of the management plane 
shown in Figure 4-1 as it is outside the scope of IEEE Std 802.16. However, 
specific interfaces and messaging may be standardized to support 
management functions and an IEEE 802.16 amendment. The IEEE 802.16g 
amendment currently under development is focused on defining management 
place procedures and services. The approved IEEE 802.16f amendment [B25] 
defines a MIB for the fixed wireless access systems. Some of the MAC and 
PHY control messages currently defined in IEEE Std 802.16 may also be used 
to manage IEEE 802.16 systems through an external management system. 

BASE STATION (BS) AND SUBSCRIBER STATION (SS) 

The IEEE 802.16 system architecture consists of two logical entities, the BS 
and SS. Both the BS and the SS have instances of the IEEE 802.16 MAC and 
PHY, in addition to other support functions. However, specific functions 
performed by the MAC or PHY differ depending whether it is a BS or an SS, 
and the IEEE 802.16 standard defines the BS- and SS-specific behavior in 
detail. In PtP and PMP networks, the BS and SS are in a master-slave 
relationship, where the SS must obey all medium access rules enforced by the 
BS. The SS in some configurations is referred to as the customer premises 
equipment (CPE) when the SS ( or any part of it) is physically located within 
the customer's premises. Throughout this book, the BS and SS are considered 
logical entities. 

In summary, the BS is responsible for the following functions: 

• Enforcing basic MAC and PHY parameters such as frame size, ATDD, and 
configuration of system parameters 

• Performing bandwidth allocation for DL (per connection) and UL traffic 
(per SS) and performing centralized QoS scheduling, based on the 
QoS/service parameters configured by the management system and the 
active bandwidth requests (BW requests) received from the SS 
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• Communicating the per-frame schedule to all SSs and supporting other 
data and management broadcast and multicast services 

• Transmitting/receiving data and control information to/from one or more 
SSs within the same frame 

• Performing connection admission control and other connection 
management functions 

• Providing other SS support services such as ranging, clock 
synchronization, power control, and handoff 

The SS is responsible for the following functions: 

• Identifying the BS, acquiring PHY synchronization, obtaining MAC 
parameters, and joining the network if necessary 

• Establishing basic connectivity, setting up additional data and management 
connections, and negotiating any optional parameters as needed 

• Generating BW requests for connections that require such requests be 
generated, based on the connection profiles and traffic 

• Receiving broadcast/multicast PDU s and unicast PDU s and forwarding 
them to the appropriate modules 

• Making local scheduling decisions based on the current demand and 
history ofBW requests/grants, when a BS allocates bandwidth for the SS 

• Transmitting only when instructed by the BS to do so or the SS has some 
information that qualifies for transmission in one of the slots that may 
cause "contention" (e.g., ranging and BW requests in contention or 
broadcast allocations) 

• Unless in sleep mode, receiving all schedule and channel information 
broadcast by the BS and obeying all medium access rules, transmitting 
data only when the BS allocates slots 

• Performing initial ranging, maintenance ranging, power control, and other 
housekeeping functions 

The mobile station (MS) defined in the IEEE 802.16 mobility extension 
(IEEE Std 802.16e) requires support for additional SS-specific functions such 
as mobility management, handoff, and power conservation. 
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One of the basic differences between the BS and SS in a PMP configuration is 
that the BS, which acts as a centralized controller and a centralized 
distribution/aggregation point, has to coordinate transmissions to/from 
multiple SSs, whereas the SS need to deal with only one BS. All traffic 
originating from an SS, including all SS-to-SS traffic, must go through the 
BS. Therefore, in a typical IEEE 802.16 system, the BS has to have additional 
processing and buffering capability ( compared to a typical SS) to support a 

reasonable number of SSs. 

The IEEE 802.16 mesh also includes the notion of BS and SS. However, the 
functionalities of these logical entities in mesh mode are slightly different 
from those of the BS and SS in PMP. The details of the BS and SS functions 
in a mesh are described in Chapter 9. 

CONVERGENCE SUBLAYER (CS) ARCHITECTURE 

The CSs enable the transport of data adhering to some other protocol 
specification, e.g., ATM, Ethernet, or IP, over an IEEE 802.16 link in a 
transparent fashion. The CS hides the details of the payload protocol from the 
IEEE 802.16 MAC, making it "protocol agnostic." Multiple CSs can coexist 

simultaneously, sharing the same MAC. 

The CS for any protocol has to perform the following functions in the 

transmitter: 

• Receive the payload protocol PDU from a higher protocol layer 

• Map the payload protocol PDUs to the appropriate MAC service flow 

• Optionally compress redundant payload protocol headers 

• Deliver the processed packet to the MAC for transmission 

In the receiver, the actions taken by the CS are as follows: 

• Receive the MSDU 

• Restore any compressed payload protocol headers 

• Deliver the payload protocol PDU to the higher layer 

The payload protocol PDU is mapped to the service flow by a set of 
configured rules called classifiers. The information a classifier considers 
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depends on the protocol being transported. In the case of Ethernet and IP, it is 
possible to aggregate frames or packets to the same service flow for transport 
over the air in the CS. The CSs are described in more detail in Chapter 5. 

FRAMING AND DUPLEXING 

As described in the previous sections, the CS converts upper layer PDUs into 
MPDUs, and the MAC CPS is responsible for transporting these MPDUs. The 
data encapsulated in IEEE 802.16 MPDU s are eventually carried in PHY 
frames. Multiple MPDUs destined for multiple connections and destinations 
may be carried within a single PHY frame. The duration of the PHY frame is 
fixed for a specific system configuration and does not change during the 
operation of the system, as shown in Figure 4-2. The IEEE 802.16 standard 
supports multiple PHY frame durations for each of the PHY types supported. 
The amount of higher layer information carried within a single PHY frame of 
specific duration depends on many factors, including the modulation and 
coding used, the size of the MPDU s, and other parameters that impact the per­
frame overhead. As described in later chapters of this book, some of the 
per-frame overhead will be fixed for a specific PHY type, while some of the 
overhead will vary depending on parameters such as the number of SSs and 
number and types of PDUs carried within a frame. 

Frame Frame 
j+ 1 j+ 2 

Figure 4-2: IEEE 802.16 framing 

IEEE Std 802.16 supports both TDD and FDD, with FDD currently allowed 
only in the licensed bands. By default, TDD systems can be either fixed TDD 
or ATDD. The standard supports full-duplex FDD and H-FDD operation, and 
both types of SSs can coexist in the same network. In a mixed network, the 
BS is responsible for making sure that a half-duplex SS does not receive 
overlapping allocations for UL and DL. 
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IEEE Std 802.16 is a framed air interface standard with fixed frames for both 
TDD and FDD. It is important to understand the following concepts before 

describing the TDD and FDD operation: 

• Burst profiles: Each DL or UL burst is characterized by a set of 
parameters, called a burst profile, that includes information such as 
modulation type, FEC, preamble type, and guard times. The contents of 
the burst profile is PHY-specific. 

• DL channel descriptor (DCD): DCD describes the DL PHY 
characteristics and is broadcast by the BS at periodic intervals. The DCD 
contains information such as the frame duration code and DL burst 
profiles. The DL burst profiles define DL interval usage codes (DIUCs) 
and associated PHY characteristics such as modulation and coding. The 
contents of the burst profile is PHY-specific. The DIUC is used to identify 
the burst profile of DL allocations in DL MAPs. 

• UL channel descriptor (UCD): UCD describes the UL PHY 
characteristics. The UCD is also broadcast periodically by the BS. The 
UCD contains UL burst profiles that define UP interval usage codes 
(UIUCs) and associated PHY characteristics. In addition, the UCD 
contains backoff parameters to be used for the contention slots in the UL. 
All the UL and DL transmissions in IEEE Std 802.16 are scheduled; 
therefore, an SS cannot transmit data at its own discretion unless it is told 
to do so at a particular time offset. However, there are some cases where an 
SS may have to communicate some information to the BS without an 
explicit allocation. This includes a new SS that wants to register and join 
the network, an active SS that wants to maintain connectivity by 
requesting a robust DL burst profile, and an active SS that wants to send 
BW requests asynchronously. UL contention slots are defined to support 
these types of communication. The SSs are required to follow the specified 
backoff algorithms along with the parameters advertised by the BS in 
order to minimize the probability of collision in the contention slots. 

• Downlink MAP (DL MAP): DL MAP describes the DL allocations. The 
allocations are specified in PHY-specific DL MAP eJements. The DL 
MAP includes information on DL burst start time and DIUCs to identify 
the burst profile. While this is the only mechanism used in the 
WirelessMAN-SC and WirelessMAN-SCa PHYs to describe DL access, 
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WirelessMAN-OFDM and WirelessMAN-OFDMA PHYs support an 
additional format called downlink frame prefix (DLFP) to describe part of 
the DL allocations. 

Uplink MAP (UL MAP): UL MAP describes the UL TDMA allocations, 
which specify the exact time offsets, along with the burst profiles, with 
which the SSs will transmit data in the UL. The UL contention slots are 
also defined in the UL MAP. Similar to the DL MAP, the burst profiles are 
identified by UIUCs broadcast in UCDs. 

As we will see in later chapters, there are many PHY-specific compressed or 
compact DL MAP and UL MAP formats defined in the standard to minimize 
the MAP overhead. 

Physical slots (PS) and mini-slots 

PSs and mini-slots are used in IEEE Std 802.16 to express quantities of time 
slot (bandwidth) allocation. PSs are the basic unit of allocation. The definition 
of PS depends on the specific PHY alternative. For the single-carrier PHYs, 
WirelessMAN-SC and WirelessMAN-SCa, PSs are defined to be four 
quadrature amplitude modulation (QAM) symbols in duration. For the 
OFDM-based PHYs, WirelessMAN-OFDM and WirelessMAN-OFDMA, 
PSs are defined to be 4/Fs, where Fs is the sampling frequency. 

Mini-slots are a single-carrier concept, allowing granularity coarser than the 
PSs in the UL when allocating bandwidth for WirelessMAN-SC and 
WirelessMAN-SCa. This coarser granularity is used to ensure that certain 
combinations of bandwidth and frame duration do not cause UL MAP entries 
to overflow. As such, the definition of a mini-slot varies from one system to 
another and is broadcast by the BS. A mini-slot is defined as 2n PSs, where n 
ranges from Oto 7. For the ODFM-based PHYs, UL opportunities are 
allocated in terms of OFDM symbols, and mini-slots are not used. 

TDD framing 

The structure of the IEEE 802.16 frame is illustrated in Figure 4-3. As shown 
in the figure, the fixed-length TDD frames are split into DL and UL portions, 
called DL and UL subframes. The TDD frame is repeated at regular intervals, 
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although the duration of the UL and DL subframes (i.e., TDD split) could be 
adjusted on a per-frame basis based on system parameters and run time 
parameters such as the amount of existing or expected DL/UL traffic and 
QoS. The UL and DL subframes carry one or more MPDUs. The DL MAPs 
and UL MAPs are broadcast at the start of each frame. DCDs and UCDs, if 
present, are also broadcast at the start of a frame. 

• •• framej Frame 
j+ 1 

Frame 
j+2 

Figure 4-3: PMP TDD frame structure 

• •• 

TDD systems also require a receive-transmit transition gap (RTG) between 
the UL and subsequent DL subframe (of the next TDD frame). The duration 
of this gap varies, depending on the PHY type. This gap is used by the BS to 
transition from receive to transmit mode and by the SS to transition from 
transmit to receive mode. Similarly, a transmit-receive transition gap (TTG) is 
required between the DL and UL. 

The DL subframe typically starts with information required for PHY 
synchronization, such as a preamble. The details of the preamble 
requirements for specific PHY modes are described in the PHY-specific 
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chapters, Chapter 10, Chapter 11, and Chapter 12. The rest of the DL frame 
consists of multiple DL bursts. 

A DL burst may consist of broadcast and/or unicast messages. Since the 
receiving SSs need to properly decode each burst, the DL MAP is broadcast at 
the beginning of the DL subframe. The UL MAP is also broadcast at the 
beginning of the DL subframe. As we will see later, the UL MAPs may refer 
to the UL portion of the current frame or a future frame such as the next 
frame, depending on a specific PHY implementation requirements. Other 
information related to the MAPs, such as the channel descriptors (DCD and 
UCD), may also be broadcast along with the DL MAPs and UL MAPs. The 
ATDD is controlled by a BS through these DL MAPs and UL MAPs, which 
determine the exact DL/UL split on a per-frame basis. 

Apart from this frame descriptor information, other broadcast, multicast, or 
unicast information, such as the higher layer protocol PDUs or MAC 
management PDUs, is carried in the DL bursts. Each of these PDUs has a 
MAC header and optional payload that may be protected by a CRC. The 
construction of the MPDU is described in Chapter 6. 

In summary, the DL subframe consists of any information to be transmitted 
from a BS to one or more of the SSs. The DL subframe is transmitted with 
TDM or TDMA, depending on the PHY and duplexing requirements. 

The UL subframe is the TDMA portion, which may be used by one or more 
SSs to transmit information to the BS. The UL subframe may consist of 
contention slots and UL PDUs. The number of contention slots per UL 
subframe is determined by the BS on a per-frame basis. The UL PHY PDU is 
similar to the DL PHY PDU, where each UL PDU requires its own PHY 
synchronization information. However, unlike the DL PHY PDU, each UL 
PHY PDU can contain only one UL burst. The UL burst is similar to the DL 
burst, which is used to transport MPDUs and MAC management PDUs with a 
specific burst profile. 

FDD framing 

The structure of the FDD frame is shown in Figure 4-4. The structures of the 
DL and UL subframes are very similar to that of the TDD. FDD also uses 
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fixed frames. The primary difference with TDD is that the DL and UL 
subframes can overlap in time, as they are transmitted at different frequencies. 
However, the DL and UL subframes need not necessarily overlap in time. For 
example, the SS or BS may be incapable of full-duplex operation and, 
therefore, be unable to transmit and receive simultaneously on separate 
frequencies. If one of the devices is only half-duplex, the DL and UL 
subframes are not permitted to overlap in time, as shown in Figure 4-5. The 
UL MAP information must be provided to the SSs in time for them to initiate 
UL communication. 

Downlink 

Uplink 

D Half Duplex SS #1 I Broadcast 

D Half Duplex SS #2 I Full Duplex Capable SS 

Figure 4-4: PMP FDD frame structure 

Full-duplex FDD SSs do not require any gaps between DL and UL 
transmissions, as they are always listening and can transmit at any time 
allocated by the BS, as shown in Figure 4-6. However, H-FDD SSs, like TDD 
SSs, require a subscriber station receive-transmit transition gap (SSRTG) and 
subscriber station transmit-receive transition gap (SSTTG) between 
transmission and reception. 
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Downlink D 
Uplink D D D 

+-Frame--+ I 

I' 

Time 

Half Duplex SS #1 

D Half Duplex SS #2 

Figure 4-5: H-FDD framing 

Downlink D D D 
Uplink 

+-Frame--+ 

Time-----------------

D Full Duplex Capable SS 

I 
I 

Figure 4-6: Full-duplex FDD framing 
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Time relevance 

The DL MAPs and UL MAPs contain timing information for the SSs on when 
to receive and transmit. There are some rules on how far ahead in time DL and 
UL allocations can be broadcast by the BS. Obviously, real-time decisions can 
be made at the BS and SS if the DL MAPs and UL MAPs always refer to the 
current frame. However, implementations may not be able to construct and/or 
decode MAPs in real-time and make transmission and reception decisions 
based on the current frame's MAP. Therefore, IEEE Std 802.16 defines 
minimum and maximum time relevance rules that define the minimum and 
maximum time difference between the MAP broadcast and actual allocations. 

The maximum time relevance for the UL MAP and DL MAP for the TDD 
framing is given in Figure 4-7. In TDD, the DL MAP always refers to the 
start of the current DL subframe. The UL MAP can be broadcast at most one 
frame ahead of time. For example, the UL MAP broadcast in Frame n cannot 
contain allocations for Frame n + 2. The minimum time relevance for the 
TDD framing is given in Figure 4-8. The UL MAP may refer to the start of 
the current UL subframe, if the SS implementation is capable of decoding the 
UL MAPs in the current frame and making transmission decisions. 

Frame 
Control 

Downlink 
Subframe 

Uplink 
Subframe 

Frame n-1 
DL·MAP n-1 

/uL-MAPn 

~¥ ATDD Split 

Frame n 
DL·MAP n 

/uL-MAP n+l 

~¥ ATDDSplit 

Frame n+1 Frame n+2 

Figure 4-7: Maximum time relevance of UL and Dl MAPs for TDD 
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frame n-1 frame n frame n+l frame n+2 

Figure 4-8: Minimum time relevance of UL and DL MAPs for TDD 

The maximum time relevance of the FDD UL MAP and DL MAP is shown in 
Figure 4-9. Similar to TDD, the DL MAP always refers to the start of the 
current DL subframe, and the UL MAP can be broadcast at most one frame 
ahead of time. The minimum time relevance of the DL MAP and UL MAP for 
FDD is shown in Figure 4-10. The FDD UL MAP cannot refer to the start of 
the current frame, as there is not sufficient time for the SS to receive, decode, 
and transmit immediately. The minimum time relevance is controlled by two 
parameters. One is the round-trip delay that accounts for the propagation 
delay between the BS and the SSs. Another is the UL MAP processing delay, 
which defines the time required between the arrival of the last bit of the UL 
MAP in the SS and the time it takes to act upon the UL MAP. The UL MAP 

processing delay is PHY dependent. 

More details on the time relevance and the rationale for the choices are 

explained later in Chapter 7. 
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frame n-1 frame n frame n+l frame n+2 

Uplink 
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Figure 4-9: Maximum time relevance of DL and UL MAPs for FDD 

Frame 
Control 

Downlink 
Subframe 

Frame n-1 

> round trip delay+ Tpnc 

Frame n Frame n+l Frame n+2 

Figure 4-10: Minimum time relevance of DL and UL MAPs for FDD 
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SUBSCRIBER-LEVEL ADAPTIVE PHY 

The adaptive IEEE 802.16 PHY allows for each transmission burst, on each 
connection, to be described in terms of a burst profile. A subscriber may be 
characterized by one or more connections. A burst profile is identified by a 
system-wide code specified by the BS, called the interval usage code (IUC). 
The details of the supported parameters for the burst profiles of each PHY are 
described in the PHY-specific chapters, Chapter 10, Chapter 11, and 
Chapter 12. A burst profile is used for both UL and DL transmissions. An BS 
may use multiple burst profiles in the same frame to communicate with a 
single SS or multiple SSs. 

The selection of a burst profile for a specific connection or subscriber should 
be determined by the BS based on a variety of constraints, including the QoS 
and channel conditions. The number of burst profiles supported in the UL or 
DL depends on the type of PHY. The BS assigns burst profiles based on 
various factors. For example, a bandwidth-efficient burst profile may be used 
under favorable link conditions, and a more robust, albeit less spectrally 
efficient, burst profile may be used when the link conditions are less 
favorable. 

Fixed TDD vs ATDD 

As discussed in Chapter 3, the choice between fixed TDD and ATDD depends 
on the system requirements and other design or implementation constraints. A 
fixed TDD configuration is typically easier to implement and may be 
sufficient for some systems with specific traffic patterns. 

A minimum DL or UL portion is often required for basic TDD operation. For 
example, the DL MAPs or other broadcast information may be required in the 
DL. Depending on the system constraints, there may also be a minimum DL 
portion required in each TDD frame so that the SSs have sufficient time to 
switch from receive to transmit mode, after decoding the broadcast 
information, and transmit in the UL if necessary. Similarly, the UL portion 
may be required to include a minimum number of contention slots. An ATDD 
system may make decisions based on these constraints and other real-time 
constraints to determine the ATDD split. The minimum and maximum values 
for the ATDD split may also be specified as system parameters that can be 
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controlled from higher layers. ATDD allows a variety of traffic patterns to be 
supported in the system, including predominantly DL/UL, symmetrical, or 

bursty traffic. 

FRAMED PHY 

Early in the development ofIEEE Std 802.16, a continuous PHY DL, as 
found in digital video broadcast (DVB) or data over cable service interface 
specification (DOCSIS®) systems, was suggested. A continuous PHY has the 
advantage that interleaving may be applied to increase system gain. In the 
end, however, the final specification did not include the continuous PHY, for a 
variety of reasons: 

• TDD systems are naturally framed. For FDD and TDD system 
implementations to be as similar as possible, framed PHY s are more 
conducive. 

• Because of the use of adaptive burst profiles to trade off robustness and 
efficiency in real time, there was no guarantee a burst would be long 
enough to take advantage of interleaving. Because of this, the system 
performance needed to be adequate without interleaving, negating most of 
the benefit of a continuous PHY. 

• Adaptive burst profiles require an easy, natural resynchronization 
mechanism for SSs that could not stay synchronized during more complex 
PHY burst profiles. A framed PHY provides this natural 
resynchronization. A continuous PHY, on the other hand, assumes long­
term synchronization and, therefore, complicates synchronization in the 
short term. 

• IEEE Std 802.16 applies true QoS in both the UL and the DL. The framed 
PHY provides naturally occurring scheduling intervals for some QoS 
engines to operate at peak performance. 

MAC EFFICIENCY 

The efficiency of a MAC is determined by a variety of factors. In general, the 
overhead associated with medium access, retransmissions, and per-MPDU 
headers are key factors. 
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The medium access overhead (i.e., the time wasted in trying to access the 
medium) is almost zero in IEEE Std 802.16, as the centrally scheduled 
TDM/TDMA MAC can optimally schedule the transmissions without any 
unused bandwidth. The centrally scheduled MAC differs from distributed 
medium access methods such as carrier sense multiple access/collision 
avoidance (CSMA/CA), where nodes make independent transmit decisions, 
sensing the medium and backing off upon detection of another transmission or 
collisions. On the other hand, the centrally scheduled MAC introduces 
additional overhead since BW requests have to be communicated to the 
central scheduler. 

Another source of inefficiency in a MAC is the overhead associated with the 
retransmission algorithm and associated acknowledgments. If every MPDU is 
acknowledged immediately, it provides instantaneous feedback and allows 
automatic retransmission decisions. However, the overhead associated with 
individual acknowledgments for every MPDU is very high. Moreover, it 
would not be possible to differentiate between the loss of the MPDU and the 
loss of an acknowledgment. One of the problems with immediate 
acknowledgment is that it cannot efficiently deal with PDU loss due to fading 
that lasts longer than the duration of a PDU. It may be desirable not to 
retransmit the frame immediately after the detection of the lost MPDU, as the 
probability of loss is still high for the retransmissions. IEEE Std 802.16 
addresses these issues by supporting an SR retransmission algorithm, with 
efficient acknowledgment mechanisms such as selective and cumulative 
acknowledgments. 

The per-PDU MAC overhead is minimized in IEEE Std 802.16 with the use 
of small headers. The basic MPDU header (i.e., generic MAC header) is only 
6 bytes long and can be used to carry a MAC payload ofup to 2041 bytes 
(when no CRC is included). The generic MAC header supports basic MAC 
transport functions, and any additional functions such as fragmentation and 
packing require additional information to be carried in MAC headers. IEEE 
Std 802.16 defines a set of subheaders, which are extensions to the generic 
MAC header and may optionally be included in an MPDU, to support such 
additional functions. 
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Some real-time applications, such as voice, generate smaller packets. The 
majority of the data networks today use TCP/IP, a connection-oriented 
protocol that requires small (typically 40 bytes and 52 bytes with the 
timestamp option) acknowledgment packets in the opposite direction of the 
data flow. A TCP acknowledgment is typically sent for every other TCP 
packet. These small packets are one of the sources of inefficiency in many 
MAC protocols, if the MAC allows only one SDU per MPDU. Since each 
MPDU requires a minimum MAC header and PHY header overhead, it is 
desirable from the efficiency perspective to have the ability to send more than 
one SDU in a single MPDU. In IEEE Std 802.16, this is achieved by 
"packing" multiple SDUs into a single MPDU for efficiency. 

Another fundamental feature of IEEE Std 802.16 is dynamic fragmentation, 
where an SDU may be fragmented dynamically based on the real-time 
conditions, with no requirement for predetermined, fixed-size fragments. 
Dynamic fragmentation can be used to support efficient QoS as well as to 
efficiently use the available bandwidth. When the centralized scheduler 
allocates UL bandwidth for an SS, under no circumstances is the SS allowed 
to transmit beyond the allocated interval. Dynamic fragmentation allows the 
scheduler to fit the available frames into these allocated intervals and not 
leave slots unused. 

The concept of ATDD in IEEE Std 802.16 may also be used to efficiently 
manage the available airtime by reducing wastage in TDD systems. Without 
ATDD, UL or DL subframes may be underutilized in some frames, as the 
instantaneous traffic may be asymmetric even in a system with many 
symmetric flows. 

MESH 

The IEEE 802.16 protocol includes an option that allows range extension by 
allowing SS-to-BS communication via one or more intermediate SSs. The 
IEEE 802.16 specification defines only the MAC-level protocol and assumes 
that routing is performed on the IP layer above the MAC. Also it is not 
possible to run the mesh protocol simultaneously with the main PMP 
protocol. 
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The IEEE 802.16 mesh protocol offers two possibilities for scheduling 
transmissions. When centralized scheduling is used, the mesh BS collects data 
on transmission from the mesh SSs in its domain and computes the schedule 
for the domain. The schedule is then communicated to the mesh SSs using a 
special protocol. With distributed scheduling, the mesh SSs compute their 
own schedule based on information they collect from a two-hop 
neighborhood. 

DIRECTED MESH 

Directed mesh is a form of mesh where very directional antennas or beams are 
used to form a type of repeater network where a node ( a combination of some 
SS and BS functions) acts as a repeater to one or more other nodes in the 
network. It may physically steer an antenna toward other nodes, or it may use 
beam forming to create a narrow beam directed toward other nodes. It may do 
so on the same frequency or on a different :frequency. The narrow beams help 
provide significant frequency reuse and interference avoidance but.at the 
expense of antenna system complexity and network entry complexity. The 
additional :frequency reuse and interference tolerance can in many cases make 
up for the additional cost caused by this complexity. More details are provided 
in Chapter 8. 

QUALITY OF SERVICE (QoS) 

The QoS mechanism supported by IEEE Std 802.16 includes support for DL 
QoS and UL QoS. The IEEE 802.16 QoS model closely resembles the models 
defined in DOCS IS ( see [B46]), with additional support for wireless-specific 
issues. As explained in Chapter 3, the QoS scheduling algorithm for wireless 
QoS has a different set of challenges. Like the DOCSIS and ATM QoS 
models, the IEEE 802.16 standard defines a QoS behavior and leaves the 
definitions of the actual QoS scheduler to the implementor. 

Any IEEE 802.16 MAC supporting the defined QoS classes should hav~ an 
integrated QoS scheduler. It is up to the vendor to incorporate a schedulmg 
algorithm that meets the specified QoS requirements. The IEEE 802.16 QoS 
scheduler is different from a typical packet scheduler that works above the 
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MAC, as the IEEE 802.16 scheduler resides within the MAC, controlling 
various MAC parameters and reacting to changing channel conditions. 

The IEEE 802.16 QoS support consists of the following: 

• Four different QoS classes in the UL and DL 

Support for per-connection QoS and up to 64k connections in each 
direction 

• Generic and PHY-specific mechanisms for UL BW requests and grants 

• Flexible QoS models, where most of QoS scheduling can be done centrally 
at the BS 

Since UL bandwidth is always granted per SS, the SS is responsible for 
making local scheduling decisions and making use of the granted bandwidth 
fairly and efficiently. In IEEE Std 802.16-2001, per-connection UL bandwidth 
grants were also optionally allowed. This allowed the BS to schedule UL 
transmissions on a per-connection basis and support per-connection burst 
profiles. However, due to the increased complexity at the BS scheduler and 
lack of flexibility at the BS, this option was later deleted and is no longer 
specified in IEEE Std 802.16-2004 [B20]. Per-SS grants may have an impact 
on the system performance when the BS and SS have schedulers with 
significantly different behaviors. 

SECURITY SUBLAYER 

The IEEE 802.16 security sublayer consists of two components: an 
encapsulation protocol for encrypting MAC payloads and a key management 
protocol called privacy key management (PKM). The encapsulation defines 
the encryption and data authentication method and the rules specifying how to 
apply these to the MPDU payload. The MAC headers are sent unencrypted. 
The sub headers, however, are encrypted as they are considered part of the 
payload. The majority of the MAC management messages are not encrypted, 
but integrity protection is afforded to management messages to prevent theft 
of service. 

Encapsulation protocols include a data encryption standard (DES) in cipher 
block chaining (CBC) mode, which only encrypts the data but offers no 
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integrity protection. The CBC initialization vector (CBC-IV) is derived fr?m 
the frame number, and thus there is no data expansion as a result of applymg 
this protocol. Due to use of the DES algorithm and the way it is used, this 
encapsulation does not offer a high level of security. 

Much better security can be achieved by use of the advanced encryption 
standard with counter with CBC-MAC (AES-CCM) mode of encapsulating 
MPDU payloads. This method is essentially the same as the one used in IEEE 
Std 802.1 li™. In addition to strong encryption, it also affords data integrity 
protection. The drawback is that the size of each MPDU is increased by 
12 bytes. 

The IEEE 802.16 key management protocol supports secure distribution of 
keys from BS to SS. The BS may use the key management protocol to enforce 
conditional access to the network services. The SS uses this PKM protocol to 
authorize traffic and obtain keys from the BS and performs periodic 
reauthorization and key refresh. Per-SS unique X.509 digital certificates (see 
[B19]) and RSA public-key encryption algorithms are used to perform key 
exchanges between SS and BS. The IEEE 802.16 MAC provides MAC 
management support for transporting PKM messages between BS and SS. 
The PKM protocol uses public-key cryptography to establish a shared secret 
between SS and BS, and the shared secret is used to secure subsequent PKM 
exchanges. 

The IEEE 802.16e amendment introduces support for Extensible 
Authentication Protocol (EAP) and a new version of the key management 
protocol (PKM Version 2) that takes into consideration the issues brought into 
play in a mobile network. Some of the changes include explicit support for 
mutual and unilateral authentication, where the BS may authenticate the SS, 
but the SS may not have to authenticate the BS. 

AUTOMATIC REPEAT REQUEST (ARQ) 

The initial days of the IEEE 802.16 standard development saw support for 
three classes of ARQ, based on variations of stop-and-wait, GBN, and SR. 
There was consensus early in the process to not consider a MAC-level stop­
and-wait ARQ algorithm. A lengthy debate ensued between the proponents of 
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GBN and SR variants. The primary argument in favor of GBN was its 
simplicity, as the SR algorithm would require additional signaling and 
buffering of out-of-order MPDUs. However, the working group eventually 
decided to use a SR variant, considering its efficient use of the spectrum. As 
we will see later, the stop-and-wait algorithm did return, in the form of 

HARQ. 

The group also discussed, at length, the ARQ retransmission unit. Different 
proposals were floated, one based on the fragment as a retransmission unit 
and another based on a byte or block. If a fragment is used as a retransmission 
unit, its size must be decided ahead of time, and once transmitted it cannot be 
refragmented during retransmissions. On the other hand, a byte- or block­
based retransmission would be able to repartition a retransmitted MPDU in 
any byte or block boundary. While the fragment-based retransmission is less 
complex, the byte- or block-based approach provided more flexibility to the 
scheduler in retransmission allocations. Initially, a compromise was reached 
to use a fragment-based retransmission unit. It was also decided to support 
transmission of an MSDU in multiple fragments in the first transmission ( as a 
single MPDU), with the additional overhead of ARQ fragmentation headers. 
This was allowed to support some flexibility in retransmissions, where the 
original set of fragments could be retransmitted in any order in any number of 
fragments. However, this decision was also changed in a later revision in 
favor of only block-based retransmission. 

As a result of these machinations, IEEE Std 802.16 currently supports an SR 
ARQ algorithm that is optionally enabled. The retransmission unit is a block, 
where a block is a contiguous block of at least 1 byte from the SDU, with a 
maximum size of 2040 bytes per block. The SDU is segmented into a number 
of blocks, and each transmission or retransmission may consist of any number 
of blocks. The concept of blocks is used to implement a flexible 
retransmission algorithm, where the number of blocks in an MPDU may 
change between retransmissions. The SDUs of an ARQ connection can be 
thought of as a sequence of blocks, where all blocks, with the possible 
exception of the last block of an SDU, are of the same size. An MPDU is 
constructed with an integral number of blocks, which may span multiple 
SDUs, with appropriate packing subheaders (PSHs). 
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If the MPDU did not reach the receiver, the retransmission may involve the 
MPDU as originally constructed, or a new MPDU may be constructed as a 
subset of the original MPDU (i.e., with fewer blocks). Alternatively, a new 
MPDU may be constructed by combining the original MPDU ( or part of the 
original MPDU) and other contiguous blocks. The implementation 
complexity of the block-based retransmission may be reduced by using 
MPDUs as retransmission units; i.e., keeping the MPDU intact between 
retransmissions. Other considerations, such as the interaction between 
encryption and fragmentation, may also force implementations to choose an 
MPDU-based retransmission. 

A compact bitmap-based feedback is used by the ARQ algorithm, which 
supports multiple types of acknowledgments: cumulative, cumulative with 
selective, and selective. An implementation may use a mix and match of these 
acknowledgment types to efficiently use the protocol. It is also important to 
reduce the overhead associated with ARQ feedback. Therefore, the 
IEEE 802.16 standard allows the feedback to be sent (in the reverse direction 
of the information flow) either as stand-alone management messages or as 
payload piggybacked with other data. The specific algorithm to allocate 
bandwidth for the ARQ feedback, especially in the UL, is not specified in the 
standard but left to the developer. For example, the SS may periodically 
request additional bandwidth for ARQ feedback, or the BS may periodically 
allocate extra bandwidth for SSs with active ARQ connections. Similarly, 
bandwidth stealing may be used to send ARQ feedback. 

Hybrid automatic repeat request (HARQ) 

HARQ is implemented with the cooperation of both MAC and PHY, as 
opposed to the MAC-level ARQ that is PHY independent. In IEEE 
Std 802.16, the optional HARQ is supported only in the OFDMA PHY. The 
HARQ mechanism creates a PHY burst with one or more MPDUs and a per­
burst CRC. Four subpackets, each identified by a subpacket identifier (SPID), 
are generated from the encoded HARQ packet. In the DL, the BS sends one of 
the subpackets in a burst. Since the subpackets are generated with redundancy, 
the SS can correctly decode the original encoded packet without having to 
receive all four subpackets. 
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As soon as the first subpacket is successfully received, the SS attempts to 
decode the original encoder packet. The SS sends an acknowledgment to the 
BS if the decoding of the original encoder packet was successful. If an 
acknowledgment is received, the BS stops sending additional subpackets of 
the same encoder packet. If the decoding is unsuccessful, the SS sends a 
negative acknowledgment. In response, the BS transmits the next subpacket 
from the four. This process continues until the SS successfully decodes the 
encoder packet or all attempts fail. Unlike the SR protocol of the MAC-level 
ARQ, the HARQ is a stop-and-wait protocol with immediate or synchronous 
acknowledgments. The HARQ mechanism provides a dedicated PHY channel 
for the SS to transmit positive or negative acknowledgments after a fixed 
delay. Although the acknowledgments are synchronous, the retransmission 
can be nondeterministic. 

Similar to other stop-and-wait protocols, the IEEE 802.16 HARQ is simple to 
implement, with no additional buffering at the transmitter or the receiver. The 
disadvantages of stop-and-wait protocols, such as possible interaction with 
MAC QoS, also apply to this HARQ protocol. 

PHYSICAL LAYER (PHY) 

IEEE 802 .16 has two different single-carrier PHY specifications: 

• WirelessMAN-SC for use from 10 GHz to 66 GHz 

• WirelessMAN-SCa for use below 11 GHz 

WirelessMAN-SC was the first PHY approved for IEEE Std 802.16. At its 
high operating frequencies, propagation characteristics dictate that LOS 
operation is a practical necessity. This severely limits any concept of mobility. 
As a result, OFDM provides little benefit in this frequency range. A single­
carrier PHY provides a simpler and more efficient alternative. 

Below 10 GHz, it is a different matter. While the WirelessMAN-SCa PHY 
does provide a simpler transmit chain and more efficient alternative to 
WirelessMAN-OFDM and WirelessMAN-OFDMA, it may require a 
substantially more complicated equalizer in the receiver to combat the 
additional multipath at these frequencies. This can be either a time-domain 
equalizer with a substantial number of taps or a frequency-domain equalizer 
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(FDE). In the latter case, one can abstractly draw a parallel between OFDM 
and single-carrier, as the Fourier transform in the OFDM transmitter is 
transferred across the link to the receiver in the form ofFDE. At one time 
during the debate in the working group, a proposal suggested the use of 
OFDM in the DL and single-carrier in the UL. This would have confined most 
of the PHY complexity to the BS. Although this combination could have led 
to attractively simple SSs, the concept was rejected at the time due to the lack 
of consensus. 

Multipath mitigation 

In order to mitigate the degrading effect of multipath, the use of an equalizer 
is recommended with the WirelessMAN-SC and WirelessMAN-SCa PHYs. 
The duration of the relevant multipath components will typically be multiple 
symbols long. The cyclic prefix method is used in the WirelessMAN-OFDM 
and WirelessMAN-OFDMA PHYs. It is not common for the multipath to 
exceed the duration of the symbols in OFDM and OFDMA PHYs since the 
symbol duration in these two PHYs is at least hundreds of times longer than 
those in WirelessMAN-SC and WirelessMAN-SCa PHYs. An equalizer is 
hence typically not necessary for OFDM and OFDMA PHY s. 

MANDATORY AND OPTIONAL COMPONENTS 

Before considering the details of the MAC and PHY in later chapters, this 
chapter concludes with an overview of the major IEEE 802.16 optional and 
mandatory features. The standard itself is quite complex, with many options. 
However, specific streamlined system profiles have been defined for vendor 
interoperability. These are included in Clause 12 of the IEEE 802.16 standard. 

Whether a feature is optional, mandatory, or forbidden depends on a variety of 
factors. Some features, such as support for quadrature phase-shift keying 
(QPSK) modulation, are mandatory for both BS and SS, irrespective of the 
PHY type. Many other features depend on the choice of PHY. For instance, 
MAC-level ARQ is not applicable for the WirelessMAN-SC PHY and is 
optional for all other cases. Once the PHY is chosen, features may be 
conditionally mandatory; in other words, implementation of an option makes 
another feature mandatory. Additionally, adherence to a system profile may 
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require the implementation of certain options, thereby making them 
mandatory. 

Table 4-1 list major features of IEEE Std 802.16, along with the allowed 
range of values and status as mandatory or optional. 

Table 4-1: Key IEEE 802.16 features and their status 

Feature 
Parameters and 

mandatory vs optional status 

Channel bandwidths 1.25 MHz to 28 MHz, depending on PHY 

FFT size . 2048 for WirelessMAN-OFDMA 
(128, 512, 1024 added in IEEE Std 802.16e) . 256 for WirelessMAN-OFDM . NIA for WirelessMAN-SC and 
WirelessMAN-SCa PHY s 

Duplexing . Mandatory; at least one must be supported . Only one type of duplexing can be enabled at 
any time; i.e., TDD and FDD are mutually 
exclusive 

Support for H-FDD SS Mandatory, ifFDD is supported 

Frame duration . PHY-dependent options . Must choose a single frame duration 

Guard intervals ( cyclic . WirelessMAN-OFDM and WirelessMAN-
prefix) OFDMA PHY-dependent options . Must choose a single guard interval 

Two-branch transmit Optional 
space-time coding (STC) 

AAS Optional 

Subchannelization-DL . Mandatory for WirelessMAN-OFDMA . Optional for WirelessMAN-OFDM . NIA for WirelessMAN-SC and 
WirelessMAN-SCa 
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Table 4-1: Key IEEE 802.16 features and their status (Continued) Table 4-1: Key IEEE 802.16 features and their status (Continued) 

-
Feature Parameters and 

mandatory vs optional status 
Parameters and 

Feature mandatory vs optional status 

Subchannelization-UL . Mandatory for WirelessMAN-OFDMA Piggyback BW requests/ Optional . Optional for WirelessMAN-OFDM Grant management . NIA for WirelessMAN-SC and subheader (GMSH) 
WirelessMAN-SCa Unsolicited grant service Optional, but system must support at least some 

DFS Mandatory for operation in certain license-exempt (UGS) service type 

bands and regulatory domains Real-time polling service Optional, but system must support at least some 

Modulation . QPSK and 16-QAM mandatory (rtPS) service type . 64-QAM mandatory in some cases, optional in 
others 

Nonreal-time polling Optional, but system must support at least some 

service (nrtPS) service type . Binary phase shift keying (BPSK) and 
256-QAM PHY-dependent 

Turbo codes Optional 

CRC . Optional for WirelessMAN-SC . Mandatory for all other PHY s . CRC may be enabled or disabled on a 

Best-effort (BE) service Optional, but system must support at least some 
service type 

Service-specific . Mandatory 

convergence sublayer (CS) . Must support at least one variant 

Security sublayer Mandatory 

per-service-flow basis PMP topology Mandatory 

Data encryption using Mandatory Mesh . Optional for WirelessMAN-OFDM PHY 
DES . NI A for other PHY s 

Data encryption using Optional HARQ Optional 
128-bit AES-CCM 

PHS Optional 
BW requests using Mandatory 
BW request header Fragmentation Mandatory 

Focused contention . NIA for WirelessMAN-SC, WirelessMAN-SCa, 
Reassembly Mandatory 

BWrequests and WirelessMAN-OFDMA ARQ . Optional . Optional for WirelessMAN-OFDM . NI A for WirelessMAN-SC PHY 

CDMA BW requests . NIA for WirelessMAN-SC, WirelessMAN-SCa, Classification Mandatory, within constraints of supported CSs and 
and WirelessMAN-OFDM service types . Mandatory for WirelessMAN-OFDMA Unpacking Mandatory 

Ability to initiate dynamic . Mandatory for BS 
service flow creation . Optional for SS 

Packing Optional\ 
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BIT ORDERING 

Bit ordering is an often confusing aspect of a protocol specification or 
implementation. IEEE Std 802.16 follows a simple bit and byte ordering. The 
fields of MAC messages specified as binary numbers are transmitted as a 
sequence of bits, starting from the most significant bit (MSB). This rule 
applies to all fields of the MAC messages and fields of the type-length-values 
(TLVs), CRC, and header check sequence (HCS). The order of the fields is 
the same as the order in which they appear in the tables of this book and the 
standard. The bytes of the SDUs or SDU fragments are transmitted in the 
same order they were received from the higher layers. Some of the MAC 
management messages also define strings, which are transmitted in the same 
order as written. The bits of string symbols and SDU bytes are always 
transmitted starting with the MSB. The same rule applies to multiple-byte 
fields, where the MSB is the highest bit. For example, bit 15 and bit 31 are 
MSB for 16-bit and 32-bit fields, respectively. 
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Support for multiple protocol transport 

The CSs perform the task, at the transmitter side, of transforming a PDU from 
a higher layer protocol into an IEEE 802.16 MSDU and assigning the MSDU 
to a particular connection. The CS at the receiver side is responsible for the 
inverse operation. In the creation of the MSDU, some of the PDU headers 
may be suppressed. Two CSs are defined in the IEEE 802.16 standard, one for 
carrying ATM and one for carrying packet-based protocols. 

ATM CS 

An ATM connection is uniquely identified by its virtual path identifier (VPI) 
and virtual channel identifier (VCI). A connection may be switched based on 
virtual path (VP), in which case the cells are forwarded based on the VPI 
value in the cell header onto the outgoing VP, or virtual channel (VC), in 
which case cells are mapped to an outgoing connection based on the VPINCI 
pair. 

The ATM CS behaves differently depending on whether it is configured into 
VP-switched or VC-switched modes. When operating in VP-switched mode, 
the CID of the MAC connection is determined solely based on the VPI fielq. 
The VPI field can optionally be suppressed over the air, saving 8 or 12 bits per 
cell, depending on the flavor of addressing used. The QoS parameters of the 
MAC connection should be set to match those of the ATM connection at the 
time the MAC connection is established. The mapping from MAC CID to VPI 
in the receiver is established at connection setup. 

In VC-switched mode, the MAC CID is determined by the VPINCI pair, and 
both of these fields can be suppressed over the air. Again, the QoS and reverse 
mappings are determined at MAC connection setup time. Since there are 
fewer than 216 MAC CIDs available, the full range ofVPINCI values cannot 
be simultaneously supported. In practice, this limitation should not come into 
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play. Figure 5-1 shows the generic form of an ATM CS PDU. When PHS is 
not enabled, the ATM CS PDU header is identical to the ATM cell header. 

Figure 5-1: ATM CS POU format 

When PHS is enabled, the ATM CS PDU header is modified depending on 
whether the service is VP-switched or VC-switched. In the VP-switched case, 
the resultant ATM CS PDU header is as detailed in Figure 5-2. In the VC­
switched case, the resultant ATM CS PDU header is as detailed in 
Figure 5-3. 

Figure 5-2: CS POU format for VP-switched ATM connections 

ATM Cell Payload (48 bytes) 

Figure 5-3: CS POU format for VC-switched ATM connections 
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While the MAC CPS is allowed to pack ATM CS PDUs into MPDUs, it is not 
allowed to fragment ATM CS PDUs. This makes packing simpler than in the 
packet convergence sublayer (PCS) case because the packing process can take 
advantage of the fact that it has small, fixed-length packets. 

However, this is complicated by PHS. The ATM CS can output packets of 
three different sizes. These correspond to full ATM cells with no PHS, VP­
switched ATM cells with PHS, and VC-switched ATM cells with PHS. All 
ATM CS PDUs from the same service must use the same PHS mechanism. 
Only ATM CS PDUs from the same IEEE 802.16 MAC connection may be 
packed into the same MPDU. 

PACKET CONVERGENCE SUBLAYER (PCS) 

The PCS is designed to cope with any protocol utilizing packets for 
transporting data. Currently, the service flow signaling used for setting up the 
PCS supports only Ethernet and IP. There are, however, no fundamental 
limitations preventing additional support of other protocols such as 
multiprotocol label switching (MPLS) (see [B43]) either as a part of the 
standard or as a vendor extension. The PCS PDU is illustrated in Figure 5--4. 
Note that the PHSI field is always added when carrying Ethernet or IP, 
regardless of whether PHS is enabled for the connection. If PHS is used, the 
PHSI field indicates which PHS rule is to be applied by the receiver. 

APIJ ............... __ ..... ....,A._~-------------... 
f - ' 

Packet PDU 

Figure 5-4: MSOU format for PCS 
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Classification 

The PCS contains a classification function that determines on which MAC 
connection a particular packet shall be carried and which PHS rule applies for 
that packet. The operation is illustrated in Figure 5-5. The exact rules of 
classification and the parameters by which the classifier is configured 
depends on the upper layer protocol and its design. Classifier parameters are 
configured during dynamic service signaling. Each classifier rule is also 
associated with a priority. Rules with a higher priority take precedence. 

102 

lc101j 
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( e.g., undo PHS) 

Figure 5-5: Classification and CID mapping (SS to BS) 
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Classification of Ethernet packets is based on the following fields in the 
headers, some of which may be absent: 

• Ethernet destination MAC address 

• Ethernet source MAC address 

• Ethertype/IEEE Std 802.2™ SAP 

• IEEE Std 802.lD™ User_Priority 

IEEE Std 802.lQ™ VLAN_ID 

The operation performed by the classifier for all of the header fields is an 
exact match. 

Classifying IP packets is more challenging. Often higher layer protocol 
headers need to be considered in order to enable a meaningful decision. The 
IP PCS classifiers can be configured to include TCP and User Datagram 
Protocol (UDP) headers in addition to the IP headers. Both IPv4 and IPv6 can 
be supported. The IP header fields that can be included in the classification 
are as follows: 

• Source address 

• Destination address 

• Type of service (ToS)/differentiated services code point (DSCP) 

• Protocol 

The source address and destination address in an IP packet is matched to a set 
of prefixes stored in the classifier. Usually a longest prefix match is applied. 
As no particular classification algorithm is specified, the classifier rule 
priorities need to be set appropriately to ensure that the classifier behaves as 
expected. The ToS/DSCP value in the IP header is compared against a range 
of values after possibly masking away some of the bits. The Protocol field is 
specified by a set of numerical values checked for an exact match in the IP 
header. 

In case the protocol carried over IP is one that uses "ports" such as TCP, UDP, 
and Stream Control Transmission Protocol, these can be included in the 
classification decision. The classifier can be configured to consider 
nonoverlapping ranges of port vak1es in conjunction with a particular 
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Classification 

The PCS contains a classification function that determines on which MAC 
connection a particular packet shall be carried and which PHS rule applies for 
that packet. The operation is illustrated in Figure 5-5. The exact rules of 
classification and the parameters by which the classifier is configured 
depends on the upper layer protocol and its design. Classifier parameters are 
configured during dynamic service signaling. Each classifier rule is also 
associated with a priority. Rules with a higher priority take precedence. 
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( e"g,, u~do PHS) 

Figure 5-5: Classification and CID mapping (SS to BS) 
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Classification of Ethernet packets is based on the following fields in the 
headers, some of which may be absent: 

• Ethernet destination MAC address 

• Ethernet source MAC address 

• Ethertype/IEEE Std 802.2™ SAP 

• IEEE Std 802.lD™ User_Priority 

• IEEE Std 802.lQ™ VLAN_ID 

The operation performed by the classifier for all of the header fields is an 
exact match. 

Classifying IP packets is more challenging. Often higher layer protocol 
headers need to be considered in order to enable a meaningful decision. The 
IP PCS classifiers can be configured to include TCP and User Datagram 
Protocol (UDP) headers in addition to the IP headers. Both IPv4 and IPv6 can 
be supported. The IP header fields that can be included in the classification 
are as follows: 

• Source address 

• Destination address 

• Type of service (ToS)/differentiated services code point (DSCP) 

• Protocol 

The source address and destination address in an IP packet is matched to a set 
of prefixes stored in the classifier. Usually a longest prefix match is applied. 
As no particular classification algorithm is specified, the classifier rule 
priorities need to be set appropriately to ensure that the classifier behaves as 
expected. The ToS/DSCP value in the IP header is compared against a range 
of values after possibly masking away some of the bits. The Protocol field is 
specified by a set of numerical values checked for an exact match in the IP 
header. 

In case the protocol carried over IP is one that uses "ports" such as TCP, UDP, 
and Stream Control Transmission Protocol, these can be included in the 
classification decision. The classifier ca~ be configured to consider 
nonoverlapping ranges of port values in cbnjunction with a particular 
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protocol. A rule is not permitted to consider port values alone without 
considering the protocol. 

Classification ofIP packets is a relatively complex function. Implementations 
are not required to support classification on the full set of parameters defined 
by the IEEE 802.16 standard. When designing the protocol, however, it was 
agreed that the signaling should not be a limiting factor. Actually, the working 
group seriously considered the possibility of defining no classifier setup 
signaling in IEEE Std 802.16, instead relying on Internet Engineering Task 
Force (IETF) protocols. At the time, however, there was no single de-facto 
standard protocol for this purpose, and the protocols considered where 
deemed too "heavy." 

Payload header suppression (PHS} 

The PHS scheme defined for the PCS is inherited from DOCSIS (see [B46]). 
The scheme is protocol-independent and relatively simple, trading off some 
compression performance for ease of implementation. The PHS operation in 
the sender and receiver is illustrated in Figure 5-6. The BS and the SS 
negotiate the following PHS parameters constituting a PHS rule: 

• Payload header suppression index (PHSI): The index to the PHS rule. 

• Payload header suppression field (PHSF): A string of bytes containing 
the information allowing the receiver to reconstruct the suppressed 
information. The sender also keeps this information for purposes of 
verification (see PHSV below). 

• Payload header suppression mask (PHSM): A string of bits, each 
corresponding to a byte in the PHSF. If a bit is set, the corresponding byte 
is suppressed in the sender, and the receiver will reconstruct the byte based 
on the content of the PHSF. 

Payload header suppression size (PHSS): A parameter indicating the total 
number of bytes to be processed by PHS. The value is always equal to the 
length (in bytes) of the PHSF. 

• Payload header suppression valid (PHSV): A boolean value indicating 
whether the sender will compare the actual packet header with the version 
as it will be reconstructed by the receiver. If the two don't match exactly, 
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h 
headers of the higher layer packet are not suppressed, and the PHSI 

t e h. b. . t H field in the PCS PDU is set to zero. Normally, t 1s 1t 1s se .. owever, 
some protocols and implementations may be able to cope _with :he loss of 
some of the header information, and consequently the venficat10n can be 

disabled. 

h pHS rule to be applied is determined by the sender based on the 
Tl e sification established in the PCS. The receiver, by inspecting the PHSI 
~::d, can determine the rule that was used to suppress a particular PCS PDU. 

I 
Sender 

Receiver 

PHSM 

PHSF 

PHSM 

PHSF 

• : = Verify 

+ 
I . 
1 = Assign 

+ 
tJ 

1 \ A-E = current header 

A'·E' = cached header 

X = don't care 

't V PHSS = 5 

I __ I I A' I B' r c·J D' r E' II I.---__...1;;11 

Figure 5-6: · PHS operation, with masking 
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Chapter 6 MAC basics 
Concepts, connections, formats, and headers 

The IEEE 802.16 MAC specification covers much more than just the protocol 
for accessing the medium. As with cellular telephony standards, such as those 
within the Third Generation Partnership Project (3GPP), the IEEE 802.16 
MAC specification also contains the associated protocols for radio resource 
control, radio link control, and security. The IEEE 802.16 MAC does not 
attempt to separate the control and user planes, but specifies both. 

CONNECTIONS AND ADDRESSING 

Each IEEE 802.16 MAC instance in an SS has a unique 48-bit MAC address 
as defined in IEEE Std 802®. An IEEE 802.16 SS may contain more than one 
instance of the MAC and can, therefore, have multiple 48-bit MAC addresses. 
One such example is an SS with multiple radios to support multihop or 
multichannel communication. Throughout this book, the term MAC refers to a 
single instance of the IEEE 802.16 MAC, unless otherwise specified; 
therefore, we assume there that each SS has a single 48-bit IEEE MAC 
address. However, this MAC address is used to uniquely identify an SS only 
during initial registration or authentication and as part of some management 
messages. For example, the initial ranging process, which must be completed 
before an SS can establish connectivity and gain access to a network, requires 
exchanging the SS MAC address for identification. On the other hand, it is 
important to understand that, unlike other wireless protocols such as IEEE 
802.11, the 48-bit MAC addresses are not carried in every IEEE 802.16 
MPDU to identify their source and destination. Instead, the connection­
oriented IEEE 802.16 MAC makes primary use of the 16-bit CID to identify 
all information exchanged between BS and SS, including data, management, 
and broadcast data. The 16-bit CID is also the basic ID used in bandwidth 
allocations and bandwidth reservations. This not only reduces the overhead 
associated with carrying MAC addresses but also provides an easy way to 
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differentiate traffic. All MAC-level QoS functions, such as the classifier and 
QoS scheduler, use the CID to identify and differentiate traffic in order to 
maintain the service level and fairness between connections. Despite being 
connection- oriented, the protocol has been designed primarily to transport 
connectionless traffic, such as IP. 

A maximum of 65 535 connections are supported. Some CIDs, or ranges of 
CIDs, are reserved for specific purposes. When a new SS wants to join a 
network, it starts without its own unique CIDs and cannot use any before the 
initial ranging is completed. A well-known default Initial Ranging CID is 
provided for this purpose. The details on when and how ranging messages are 
transmitted by an SS are described in Chapter 7 on MAC operation. 

Since the 48-bit MAC address is not primarily used to identify an SS, a Basic 
CID is assigned to each SS after successful ranging. The Basic CID is used to 
transport basic MAC control/management messages, to identify an SS, and to 
communicate some per-SS information that is not specific to a connection. 
The later sections of this chapter and the next chapter describe various 
messages and procedures that make use of the Basic CID. Chapter 7 also 
describes the sequence and the minimum number of CIDs assigned to each 
SS. Additional CIDs for transporting data and management traffic may be 
negotiated during SS initialization or added dynamically during operation. 

By definition, an IEEE 802.16 MAC connection is unidirectional, although in 
practice most of the services require a pair of connections, one in each 
direction. Some exceptions include one-to-many communication, such as 
multicast and broadcast, which are unidirectional. There are no limits to the 
number of connections between an SS MAC and BS MAC, subject to the 
maximum limits specified by the IEEE 802.16 MAC in general and subject to 
any practical limits that may be imposed by an implementation or to design 
limits based on scalability and manageability. The composition of the 16-bit 
CIDs used by the IEEE 802.16 mesh differs from the PMP CID concept as 
described above. Chapter 9 describes the mesh-specific CIDs and addressing 
concepts in detail. 

The CID space is common between UL and DL. During the early stages of 
standards development, a separate CID space for UL and DL (i.e., 65 535 
connections in each direction) was considered. However, the working group 
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'd d against this in order to avoid any potential confusion and complexity. 
deci e · · h h 

eption to this rule is management connections, which s are t e same 
one exc 
CID in both directions. 

service flows and service flow identifiers (SFIDs) 

Service flows are used by the IEEE 802.16 MAC to efficiently support per-
ection services such as QoS. When an SS is added to a system, SFIDs for 

conn · · d d ach th' SS along with associated QoS parameters, are prov1s10ne , an e 
s:ID i~ mapped onto a unique CID. Additional service fl?ws may be ~efined, 
or the properties of an existing service flow may be modified dependmg on 
the activity and as the needs change. These changes ar~ propagated to the ~S 

BS 
sing the connection management messages. This model allows static 

or u . . · A 
configuration as well as dynamic modification o~ service flow properties. s 
we will see, not all CIDs have an associated service flow, as some of the CIDs 

are used for basic MAC management and control. 

All higher layer protocols, connection-oriented or connectionl~ss: are 
transported over an IEEE 802.16 connection. The actual association of the 

h
. her layer SDU s to IEEE 802.16 SFID/CIDs is performed by the CS, as 1g . . 

described in Chapter 5. The IEEE 802.16 MAC connect10ns ar~ m no way 
related to any other notion of connection or lack thereof at the higher layer~. It 
is possible to define a one-to-one mappin~ between a_higher layer co~ection 
and an IEEE 802.16 MAC connection. It 1s also possible to map ~ult1ple 

higher layer connections into a single IEEE 802.16 MA~ connection. 

S·milarly a mix of higher layer connections and connect10nless traffic may be 
1 ' . 

mapped onto a single IEEE 802.16 MAC connection. Such mapp1~gs a:e 
defined by the classifiers used in the IEEE 802.16 MAC CS descnbed m 

Chapter 5. 

CID allocation 

The following types of CIDs are defined in IEEE Std 802.16: 

• Initial Ranging CID: Initial ranging needs to be completed before an SS 
can establish connectivity to the BS and obtain provisioning parameters, 
such as other CIDs. Since an SS has no unique CID available before initial 
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Chapter 6: MAC basics 

ranging, it uses the known Initial Ranging CID for this purpose. The Initial 
Ranging CID should not be used by an SS if it has already obtained its 
Basic CID. Since both the BS and SS have to exchange ranging 
information as part of the initial ranging process, the Initial Ranging CID 
is reserved in both UL and DL. 

• Basic CID: Each SS is assigned a Basic CID, during the ranging process, 
to exchange delay-intolerant and time-critical MAC management 
messages with the BS. The Basic CID may also be used to identify the SS 
for the purpose of managing or implementing per-SS functions. The same 
Basic CID is assigned to both the UL and DL connections used to transport 
basic MAC information to and from the SS. The use of the Basic CID in 
specific MAC management messages is described throughout this chapter 
and the next chapter. 

• Primary Management CID: Each SS is assigned a Primary Management 
CID to transport delay-tolerant MAC management messages between SS 
and BS. The same Primary Management CID is assigned, during the 
ranging process, to both UL and DL connections for each SS. Appendix A 
shows the MAC management messages and associated connections used 
to transport these messages. 

• Secondary Management CID: The secondary management connection is 
used to transport higher layer management messages, such as those 
supporting Simple Network Management Protocol (SNMP), Trivial File 
Transfer Protocol (TFTP), and Dynamic Host Configuration Protocol 
(DHCP). The Secondary Management CID is assigned to the SS if, and 
only if, it identifies itself as a "managed SS" during the registration 
process following initial ranging. The same Secondary Management CID 
is assigned in both UL and DL. 

• Transport CID: Each SS is assigned zero or more transport connections 
after the completion of ranging and authentication. At least one Transport 
CID is necessary to transport any user information to or from an SS. The 
UL and DL Transport CIDs may be assigned independently, since the 
connections are unidirectional by definition. However, most applications 
using IEEE 802.16 unicast connections ( e.g., TCP-based applications that 
require TCP acknowledgments in the reverse direction and VoIP that 
requires the transport of signalling and voice packets in both directions) 
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uire bidirectional information exchange. Separate multicast Transport 
reg . . . . 
CIDs are not defined. A multicast connect10n 1s established by settmg up 
individual connections with the same CID to each SS belo~ging to the 
multicast group. An SS may not even be aware that a specific Transport 

CID is multicast. 
AAS Initial Ranging CID: The AAS Initial Ranging CID is used by BSs 
that support AAS to allocate an initial ranging period for AAS SSs. It is 
also used by the AAS SSs to initiate the initial ranging process. A separate 
Initial Ranging CID is required for AAS SSs to prevent the non-AAS SSs 
from using the slots allocated for AAS SS ranging. Otherwise, the AAS 
Initial Ranging CID is used in a manner very similar to that for the Initial 
Ranging CID. Chapter 13 describes the AAS initial ranging process. 

• Multicast Polling CID: The Multicast Polling CIDs are used to manage 
the bandwidth (i.e., transmission opportunity) request process. It is 
important to allocate some UL bandwidth in which the SS ~an request 
bandwidth for its connections. This is especially important 1fthe SS has no 
active UL traffic, which, as we will see later, could allow piggybacked 
BW requests. It is neither scalable nor efficient for the BS to allocate 
individual transmit opportunities for all SSs in anticipation of BW requests 
from specific SSs. To more effectively address this problem, multicast 
polling groups are defined. An SS may be a member of one or more 
multicast polling groups. The BS can poll the multicast polling groups by 
allocating transmission opportunities for the multicast CID so that any SS 
that is a member of this multicast polling group may use this opportunity 
to request bandwidth. Since more than one SS may request bandwidth 
using a single transmit opportunity, collision of BW requests is possible. 
The multicast Transport CID is used to transmit information in the DL, and 
Multicast Polling CIDs are used to define UL BW request contention 
regions. No service flows can be associated with a Multicast Polling CID. 

• Padding CID: The Padding CID is used to transport padding information 
by the SS or BS in UL and DL, respectively. Padding information is sent 
by the SS or BS when it has no other valid information to transmit in an 
allocated opportunity. The padding byte OxFF is used in the payload of 

padding information. 

WirelessMAN: Inside the IEEE 802.16 Standard 111 

Ford Motor Co. 
Exhibit 1025 

Page 078



j 

I,,' 

I 
I 

I,, 
I 

'!1, 

I , 

I 
I 

Chapter 6: MAC basics 

• Broadcast CID: The Broadcast CID is used by the BS to broadcast MAC 
management information to all SSs in the DL. The Broadcast CID is not 
used in the UL. Apart from the well-known default Broadcast CID, 
additional Broadcast CIDs may be defined using one of the multicast CIDs 
to support a variety of additional broadcast functions. 

• Fragmentable Broadcast CID: The Fragmentable Broadcast CID is used 
by the BS to transmit fragmented management broadcast information. 
Management messages sent by a BS in the regular Broadcast CID are not 
fragmentable. The Fragmentable Broadcast CID can be used by a BS to 
transmit management information to overcome this restriction. 
Management broadcast information is typically sent at the most robust 
modulation and coding so that all SSs can receive it. Therefore, 
fragmenting some long MAC management messages, in order to maintain 
fairness and QoS, is advantageous. 

Table 6-1 shows the CID allocation in the IEEE 802.16 MAC and the well 
known CIDs, of which there are five: Initial Ranging CID, AAS Initial 
Ranging CID (used only by AAS-capable SSs), Padding CID, Broadcast CID, 
and Fragmentable Broadcast CID. A total of 253 CIDs are allocated to 
multicast polling groups. The rest of the 65 182 CIDs are reserved for use as a 
Basic, Primary Management, Secondary Management, and Transport CID, as 
defined in Table 6-1. The transport connections may include DL multicast 
connections. The value of m in Table 6-1 depends on the configuration of a 
specific deployment. Since the Basic and Primary Management CID ranges 
are defined in terms of m, and there is exactly one Basic and one Primary 
Management CID per SS, the choice of m is a system parameter that 
essentially defines the maximu:p:1 possible number of SSs that can be 
supported. 
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Table 6-1: CID allocation and well-known CIDs 

CID/Range Purpose/Type 

OxOOOO Initial Ranging CID 

OxOOO 1 through m Basic CID 

(m+ l)to2m Primary Management CIDs 

(2m + 1) through OxFEFE Transport and Secondary Management CIDs 

OxFEFF AAS Initial Ranging CID 

OxFFOO through OxFFFC Multicast Polling CIDs 

OxFFFD Fragmentable Broadcast CID 

OxFFFE Padding CID 

OxFFFF Broadcast CID 

MAC HEADERS AND SUBHEADERS 

Recall from Chapter 3 that the PDU is the data unit exchanged between the 
peer entities of the same protocol layer. The IEEE 802.16 MPDUs are the 
units of data delivered by the MAC to the PHY for transmission and the unit 
of data delivered by the PHY to the MAC in the receiver. The IEEE 802.16 
MAC receives MSDUs (e.g., encapsulated IP packets, ATM cells, Ethernet 
frames) from the CS above. 

There are two classes ofIEEE 802.16 MAC information transported between 
peer entities: stand-alone MAC headers and MPDUs. The 6-byte stand-alone 
header is the smallest possible information unit that can be transported 
between two nodes, with the exception ofHARQ MAPs, which are sent 
without the generic MAC headers as we will describe later in this chapter. 

Stand-alone MAC headers 

Stand-alone MAC headers are used to transport compact control or signalling 
information between an SS and a BS. None of the stand-alone headers can be 
used to encapsulate any payload, as they are self-contained and used for a 
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specific purpose. Therefore, it is, technically, a misnomer to call them 
"headers." All of the currently defined stand-alone MAC headers are 6 bytes 
in length, as is the generic MAC header used to carry payloads. Future 
IEEE 802.16 extensions may define additional MAC headers to support other 
functions. 

All currently defined stand-alone MAC headers are relevant only in the UL. 
Therefore, only the BS is required to process these headers; any SS receiving 
a stand-alone header should discard it. A header type (HT) bit is used to 
indicate whether the header is a generic MAC header (HT = 0) or one of the 
stand-alone headers (HT= 1). Additional fields, such as the Type field, are 
used to further distinguish the type of generic or stand-alone header being 
transported or other information that may be present in the payload. In this 
book, reserved fields are indicated by RSV or Rsv. 

BW request header 

The 6-byte BW request header (Figure 6-1) carries a full BW request from an 
SS. Table 6-2 describes the interpretation of the BW request header fields. As 
shown in the table, there are two types of BW request header: incremental and 
aggregate. These are identified by the Type field. The BW request header is 
protected by a 8-bit HCS. 
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Figure 6-1: BW request header 
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Table 6-2: BW request header fields 

Field 
Length Description 

(bit) 
~ 

Header type: Always set to 1, indicating this is not a HT 1 
generic MAC header. 

EC 1 Encryption control: Set to 0, indicating no encryption. 

Type 3 Type: Indicates the type of the BW request. Two types 
ofBW requests are defined, although the Type field is 

used to demultiplex the different HTs. 
000 - Incremental BW request 
001 -Aggregate BW request 

BR 19 BW request: Indicates the amount of UL bandwidth, in 
bytes, being requested for this CID. This does not 

include any PHY overhead. 

CID 16 Connection identifier: The CID for which this 
BW request is being generated. 

HCS 8 Header check sequence: The HCS protects the first 
5 bytes of the MAC header. It is calculated as the 
remainder of the division (modulo 2) by the generator 
polynomial g(D)=D8+D2+D+ 1 of the polynomial D8 

multiplied by the first 5 bytes of the MAC header. 

MPDU header 

Each MPDU begins with a 6-byte generic MAC header, followed by the 
optional variable-size payload. The payload may consist of MAC sub headers, 
management messages, special payloads, MSDUs received from a CS, or 

padding information. 

Generic MAC header 

Figure 6-2 shows the generic MAC header used to encapsulate all 
IEEE 802.16 data and management PDUs. Table 6-3 describes the fields of 

the generic MAC header in detail. 
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specific purpose. Therefore, it is, technically, a misnomer to call them 
"headers." All of the currently defined stand-alone MAC headers are 6 bytes 
in length, as is the generic MAC header used to carry payloads. Future 
IEEE 802.16 extensions may define additional MAC headers to support other 
functions. 

All currently defined stand-alone MAC headers are relevant only in the UL. 
Therefore, only the BS is required to process these headers; any SS receiving 
a stand-alone header should discard it. A header type (HT) bit is used to 
indicate whether the header is a generic MAC header (HT= 0) or one of the 
stand-alone headers (HT = 1 ). Additional fields, such as the Type field, are 
used to further distinguish the type of generic or stand-alone header being 
transported or other information that may be present in the payload. In this 
book, reserved fields are indicated by RSV or Rsv. 

BW request header 

The 6-byte BW request header (Figure 6-1) carries a full BW request from an 
SS. Table 6-2 describes the interpretation of the BW request header fields. As 
shown in the table, there are two types of BW request header: incremental and 
aggregate. These are identified by the Type field. The BW request header is 
protected by a 8-bit HCS. 
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BR LSB (8) CID MSB (8) 

CID LSB (8) HCS (8) 
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Figure 6-1: BW request header 
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Table 6-2: BW request header fields 

Field 
Length 

Description 
(bit) 

HT 1 Header type: Always set to 1, indicating this is not a 
generic MAC header. 

EC 1 Encryption control: Set to 0, indicating no encryption. 

Type 3 Type: Indicates the type of the BW request. Two types 
ofBW requests are defined, although the Type field is 
used to demultiplex the different HTs. 
000 - Incremental BW request 
001 -Aggregate BW request 

BR 19 BW request: Indicates the amount of UL bandwidth, in 
bytes, being requested for this CID. This does not 
include any PHY overhead. 

CID 16 Connection identifier: The CID for which this 
BW request is being generated. 

HCS 8 Header check sequence: The HCS protects the first 
5 bytes of the MAC header. It is calculated as the 
remainder of the division (modulo 2) by the generator 
polynomial g(D)=D8+D2+D+ 1 of the polynomial D8 

multiplied by the first 5 bytes of the MAC header. 

MPDU header 

Each MPDU begins with a 6-byte generic MAC header, followed by the 
optional variable-size payload. The payload may consist of MAC sub headers, 
management messages, special payloads, MSDUs received from a CS, or 
padding information. 

Generic MAC header 

Figure 6-2 shows the generic MAC header used to encapsulate all 
IEEE 802.16 data and management PDUs. Table 6-3 describes the fields of 
the generic MAC header in detail. 
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Type (6) 

LEN LSB (8) 

CID LSB (8) 

LEN 
MSB (3) 

CID MSB (8) 

HCS (8) 

Figure 6-2: Generic MAC header 

The type of payload carried within an MPDU is indicated by the CID and the 
Type field in the generic MAC header. If the CID is a management CID, the 
payload may consist of one or more MAC management messages. There are 
some restrictions on fragmentation and packing of some MAC management 

messages carried on certain management CIDs. If the CID is a Transport CID, 
the payload may consist of one or more MSDUs or MSDU :fragments. The 

Type field is used to indicate the presence of various MAC sub headers and 
special payloads. 

This generic MAC header may not be very friendly to software 

implementations, given the rather odd alignment of some fields, but it has all 
the fields necessary for basic MAC communication. Optional subheaders may 
be used to support additional MAC functions. Like the BW request header, 

the generic MAC header is also protected by an 8-bit HCS. If subheaders are 
included, they are considered part of the payload and not protected by this 
HCS. The payload may be protected by the optional CRC. 
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Table 6-3: Generic MAC header fields 

Length 
Description 

(bit) 

1 Header type: Indicates if the header is a generic MAC 
header or a stand-alone header. 
Always set to O for the generic MAC header. 

1 Encryption control: Indicates whether the payload is 
encrypted. 
0 = Not encrypted 
1 = Encrypted 

6 Payload type: Indicates the type of subheaders or the 
type of special payloads present in the payload, if any. 
See Table 6-4 for the type encodings. 

1 CRC indicator: Indicates whether a CRC-32 has been 
included after the encryption, if applicable. 
0 = No CRC included 
1 = CRC included 

2 Encryption key sequence: Indicates the index of the 
traffic encryption key (TEK) and initialization vector 
(IV) used to encrypt the payload. These bits are ignored 
if EC= 0. 

11 Length: Indicates the length of the payload in bytes, 
including the MAC header and CRC if present. 

16 Connection identifier: Indicates the CID of the 
connection to which the payload belongs. See the 
description on packing for more details on packing 
payloads from multiple connections in the same 
MPDU. 

8 Header check sequence: Same as described in 
Table 6-2. 
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Table 6-4 shows the interpretation of the 6-bit Generic MAC HT field. Each 
bit of the Type field corresponds to an optional sub header or a special payload 
type. If the subheader or the special payload is present in this MPDU, the 
corresponding bit position in the Type field is set to one; otherwise, it is set to 
zero. The description and usage of the sub headers and payload types are given 
in later sections. 

Table 6-4: Generic HT encodings 

Bit Corresponding subheader or payload 

0 DOWNLINK: Fast-feedback allocation subheader (FFSH). 
UPLINK: Grant management subheader (GMSH). 

1 Packing subheader (PSH). 

2 Fragmentation subheader (FSH). 

3 Extended version of fragmentation and/or PSH, used when ARQ is used. 
The presence of the fragmentation or PSH is indicated separately. This bit 
is set to O if ARQ is not used. 

4 ARQ feedback payload. 

5 Mesh subheader (MSH). 

MAC header demultiplexing 

Table 6-5 shows how various MAC headers are demultiplexed by a BS based 
on the HT, EC, and Type header fields. The HT field is used to distinguish a 
generic MAC header from a stand-alone header. Some of the reserved Type 
field values and the EC field may be used in the future to define additional 
stand-alone MAC headers. Since OxFF is the stuff byte used to fill allocated 
but unused slots, the MAC header formats are defined so that no MAC header 
starts with OxF. 
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Table 6-5: MAC header demultiplexing 

Header 

Generic MAC (see Table 6-4 for type encodings) 

000 Incremental BW request 

001 Aggregate BW request 

010 Reserved 
1 0 

011 Reserved 

100 Reserved 

101 Reserved 

110 Reserved 

Reserved 

MAC subheaders 

The MAC subheaders are used to extend the basic functionality supported by 
the generic MAC header. All subheaders are defined per PDU, except for the 
PSH, which is defined per SDU. As we will see in later subsections, the PSH 
is used to pack more than one SDU or SDU fragment into a single MPDU. 
Since the PSH serves as a superset of the FSH, the PSH and FSH are mutually 
exclusive. The FSH can be used only when the MPDU consists of only one 
SDU or SDU fragment. 

As shown in Table 6-4, the Type field of the generic MAC header indicates 
the type(s) of subheaders present in the MPDU. Since the Type field indicates 
only the presence or absence of sub headers, an ordering of the placement of 
subheaders after the generic MAC header is enforced in order to properly 
decode the subheaders whenever multiple subheaders are present in a single 
MPDU. 

The following subsections describe in detail the subheader formats and the 
MAC operations supported by these subheaders. 
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Fragmentation subheader (FSH) 

FSHs are used to transport encapsulated MSDU or SDU fragments in a 
connection. Therefore, they carry sufficient information for the receiver to 
properly identify and reassemble fragments. Once a connection is provisioned 
with fragmentation enabled, all MPDUs transported on that connection should 
have a FSH, irrespective of whether a specific MPDU carries a fragmented or 
full SDU. 

Three different types ofFSHs are defined in IEEE Std 802.16, as illustrated in 
Figure 6-3 and Table 6-6. 
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Regular fragmentation Subheader 
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Figure 6-3: FSHs 
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Table 6-6: FSH fields 

- Size Subheader Comments Field (bit) type 

-
FC 2 Present in all Indicates the type of fragment: 

FSHs 00 = No fragmentation 
01 = Last fragment 
10 = First fragment 
11 = Continuing or middle fragment 

3 Regular Sequence number of this fragment. 
Increments by one, modulo 8, for every 

FSN SDU or SDU fragment. 

11 Extended Increments by one, modulo 2048, for 
every SDU or SDU fragment. 

BSN 11 ARQ Sequence number of the first block in this 

SDU or SDU fragment. 

All FSHs include the 2-bit PC (fragment control) field that indicates the 
fragmentation state of the current fragment. The regular FSH is 1 byte in 
length, with a 3-bit fragment sequence number (FSN). The extended FSH is 
similar to the regular FSH, except that it is 2 bytes long and supports an 11-bit 
FSN space. The 2-byte ARQ FSH, on the other hand, uses a 11-bit block 
sequence number (BSN) instead of the FSN. The concept of blocks and the 

BSN are described elsewhere in this book. 

Packing subheader (PSH) 

Packing allows efficient transmission of multiple MSDUs or MSDU 
fragments in a single MPDU. As we will see later, the ARQ mechanism 
requires the SDUs or SDU fragments be transmitted out of sequence when 
retransmitting blocks lost during previous transmissions. The packing 
mechanism is designed to support such transmission of noncontiguous ARQ 
blocks or fragments. Three PSHs, similar to the FSHs, are defined, as shown 

in Figure 6--4. 
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Regular Packing Subheader 
FC FSN Length 

I i2 bits' 
1

,. (3 bits) ~ 
1
4--__ c;:._1_1 _bits_>;....__. 

I I I 
ARQ Packing Subheader 

FC BSN 

I c2 bits> I c11 bits) 
<II ~ 4-------+ 4--------+ 

Length 
(11 bits) 

I I 
Extended Packing Subheader 

FC FSN Length 
(11 bits) 

I 
c2 bits) I c11 bits> 
~ ~ ---------+41---------
I I 

Figure 6-4: PSHs 

The three PSHs parallel the corresponding FSHs, with an 11-bit Length field 
in place of the three reserved bits. This was the motivation for defining an 
extended FSH, instead of using the three reserved bits of the regular FSH to 
extend the FSN. 

The Length field indicates the length of the unit of data being packed. This 
includes the length, in bytes, of the SDU/SDU fragment plus the PSH itself. 
The definitions of the rest of the PSH fields are the same as the corresponding 
fields in Table 6-6. 

Grant management subheader (GMSH) 

The 2-byte GMSH is used by the SS to request additional bandwidth and 
transmit other signalling related to bandwidth allocation. This BW request is 
essentially piggybacked onto an ongoing connection, in contrast to the stand­
alone BW request using a BWrequest header. The IEEE 802.16 QoS model 
defines a set of rules for the use of the BW request header and GMSH for 
specific types of services. Figure 6-5 shows the two GMSHs. 
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UGS Grant Management Subheader 
SI PM Reserved 

l~l~I c14 bits) 

=====,.,.-::, 
Other Grant Management Subheader 

PiggyBack Request (16 bits) 

Figure 6-5: GMSHs 

In the QoS section of Chapter 7, we describe the different types of per­
connection QoS supported by IEEE 802.16. One such QoS type is called 
unsolicited grant service (UGS), in which a connection may be set up with a 
periodic grant. The UGS GMSH is used by such connections to indicate the 
status of the current allocation. The slip indicator (SI) bit indicates that the 
UGS grants are not keeping up with the backlog of the connection queue. The 
poll-me (PM) bit is used to request a bandwidth poll. The GMSH is alwa~s 
piggybacked on an MPDU of the connection for which additional bandwidth 
( or signaling) is being requested. 

All non-UGS connections use the simple 16-bit GMSH that indicates the 
number of bytes requested, not including the PHY overhead. Recall that the 
stand-alone BW request header can be used for aggregate or incremental 
BW requests. The piggybacked requests are always incremental. Since the 
size of the GMSH is 2 bytes, it can be used to request up to 65 535 bytes of 
incremental bandwidth. The stand-alone MAC header allows incremental or 
aggregate BW requests ofup to 524 287 bytes. 

Mesh subheader (MSH) 

The 2-byte MSH (Figure 6-6), used only by a mesh network, carries the mesh 
Node ID discussed in Chapter 9. 
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Transmit Node ID (16 bits) 

Figure 6-6: MSH 

Fast-feedback allocation subheader (FFSH) 

The FFSH (Figure 6-7) is used by the BS to request feedback from an AAS 
SS. The support for AAS functionality is PHY-specific and described in 
Chapter 13. The allocation offset is defined in units of slots. This is the offset 

fro~ the beginning of the fast-feedback UL bandwidth allocation of the slot in 
which the SS must send a fast-feedback message. The allocation applies to the 
UL subframe of exactly two frames after the frame including the FFSH. The 
Feedback Type field identifies the type of the feedback, as shown in 
Table 6-7. Chapter 13 describes these feedback types in detail. 
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Allocation Offset 
(6 bits) 

Feedback Type 

I 
c2 bits> I 

~~~~~~~~~~~ ~ . 
I I 

Figure 6-7: FFSH 

Table 6-7: Fast-feedback allocation feedback type encodings 

Feedback type Description 

00 Fast DL measurement 

01 Fast MIMO feedback, antenna #0 

10 Fast MIMO feedback, antenna #1 

11 MIMO mode and permutation mode feedback 
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ARQ feedback 

ARQ feedback refers to the ARQ control information, such as 
acknowledgments from a receiver to the transmitter. Since this control 
information flows in the direction opposite to that of the actual ARQ data 
flow, efficient mechanisms are required to transport the feedback as a 
piggybacked payload or as a separate management message. In order to send a 
separate ARQ feedback management message, especially in the UL, the BS 
has to make specific allocations for the feedback, or the SS has to steal 
bandwidth from another allocation. An alternate approach is to piggyback on 
another connection, which may effectively steal some of its bandwidth. 

IEEE Std 802.16 allows such piggybacking of ARQ feedback on any MPDU, 
subject to system policies. This is similar to the way in which subheaders are 
transported with MPDUs. However, ARQ feedback is a special payload, not a 

MAC sub header. The format of the ARQ special payload and rules for 

piggybacldng are described in later sections. 

DATA AND MANAGEMENT POU CONSTRUCTION 

Simple MPDU 

A simple MPDU consists of the generic MAC header and optionally the 
payload and CRC. Although CRC is optional, it is a good practice to include it 

in real-world implementations, unless perhaps in the case of an LOS system 
with a very low bit error rate (BER). The IEEE 802.16 standard mandates the 

implementation of CRC if the PHY type is WirelessMAN-SCa, 
WirelessMAN-OFDM, or WirelessMAN-OFDMA. Figure 6-8 shows the 

simple MPDU structure. 

Generic MAC header 

Variable length 

Figure 6-8: MPDU structure 

CRC 
(optional} 
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The MPDU format is flexible enough to carry both small and large payloads 
with minimal overhead. With the appropriate choice of packing and 
fragmentation and an intelligent scheduler, the overall overhead can be low. 
When subheaders and special payloads are present, all per-PDU subheaders 
are placed just after the generic MAC header. The optional subheaders, if 
present, are considered part of the payload and hence protected by the same 
CRC that protects the rest of the payload. The format of the MPDU, with 
subheaders and ARQ special payloads, is shown in Figure 6-9. As shown in 
the figure, all per-PDU subheaders precede per-SDU subheaders. 

Figure 6-9: MPDU with subheaders 

Subheader ordering 

As discussed in earlier sections, the generic MAC header indicates the 
presence or absence of subheaders. However, in order to properly decode 
MPD Us and sub headers, an ordering of the sub headers. and special payloads 
is defined. The following rules define the use of subheaders in UL and DL: 

• PSH and FSH: The PSH and FSH are mutually exclusive. The FSH is 
used only to transport a single fragment. The PSH contains the necessary 
information to support both packing and fragmentation. Therefore, the 
PSH is used to transport more than one full SDU and/or fragment in the 
same payload. 

• ARQfeedback payload: The ARQ feedback special payload, if present, is 
always inserted as the first payload (i.e., after the subheaders, if any) when 
packing is enabled. This is illustrated in Figure 6-9. Since ARQ feedback 
is a payload, a PSH must precede it, if packing is required. 
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• MSH: The MSH, if present, precedes all other subheaders. 

• FFSH: The FFSH will always be the last per-PDU subheader. Therefore, 

only the PSH can follow this subheader. 

• GMSH and FSH: The GMSH precedes the FSH. 

Based on these rules, the ordering of the sub headers and the special payload is 

defined as shown in Table 6-8. 

Table 6-8: Subheader and special payload ordering 

Order Subheader 

1 MSH (mesh subheader) 

2 GMSH (grant management subheader) 

3 FSH (fragmentation subheader) 

4 FFSH (fast-feedback allqcation subheader) 

5 PSH (packing subheader) 

6 ARQ special payload 

Figure 6-10 illustrates the ordering of the subheaders in UL and DL. Note 
that some sub headers are relevant in only one of these. 

ARQ blocks 

It is important to explain the concept of ARQ blocks before we discuss the 
fragmentation and packing in detail. The ARQ block is the basic unit of 
transmission or retransmission for an ARQ-enabled connection. An MSDU is 
logically partitioned into blocks of a fixed length, negotiated during 
connection setup. When the length of the SDU is not an integer multiple of the 
negotiated block size, the final block of the SDU is formed using the 
remaining SDU bytes after the final full block has been determined. 
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Downlink MAC PDU with Fragmentation 

Generic MAC 
Header 

Downlink MAC PDU with Packing 

SDU/SpU, ·,",,',S,,, ... ,',,,,','••·,,,' SQUJ$PU 
Fragment' ,r: •i Fr:;i~r,t~nt' 

Generic MAC 
Header MSH FFSH' ,PSI-I 

Uplink MAC PDU with Fragmentation 

Generic MAC SO.U/SDU 
Header MSH,,, GMSH FSH ,',' 'Fragment 

Uplink MAC PDU with Packing 

Generic MAC MSH GMSH PSlf 'sb,U/SDU.\ 
Header • Fragment , 

~QU/Sb~ 
Fragment, 

,',, ',<''.' ::-

Figure 6-10: Ordering of MAC subheaders 

The size of the ARQ block can be of any value from 1 to 2040 bytes. The 
appropriate choice of the ARQ block size will depend on the ToS carried over 
the connection, the underlying PHY properties, and the expected feedback 
delay of the ARQ protocol, among other factors. 

Each ARQ block of an SDU is assigned a sequence number called the block 
sequence number (BSN). Fragmentation is allowed to occur only on ARQ 
block boundaries. Therefore, an ARQ fragment is formed with an integral 
number of contiguous ARQ blocks. The BSN value carried in the FSH is the 
BSN for the first ARQ block appearing in the segment. 

Figure 6-11 illustrates the concept of ARQ blocks with two consecutive 
SD Us of the same connection. SDU #1 consists of seven blocks starting from 
BSN 5. The seventh block, with BSN 11, is of a size smaller than the 
negotiated ARQ block size. Similarly, SDU #2 consists of five ARQ blocks, 
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from BSN 12 through BSN 16, where the last ARQ block is smaller than the 
rest. Both the SDUs are divided into two fragments each: <Prag /SDU#l> 
(3 blocks, BSN = 5), <Prag 1/SDU#l> ( 4 blocks, BSN = 8), <Prag O/SDU#2> 
(3 blocks, BSN = 12) and <Prag 1/SDU#2> (2 blocks, BSN = 15). 

SDU #1 SDU#2 

frag O Frag 1 frag O frag 1 
I,. •1-----11• 1111,. 1111 

I s I 6 I 1 I s I 9 I 10 1 u 1112 113 I 14 I 1s l 16 I 
Two consecutive SDUs presented to MAC for the same connection 

Figure 6-11: ARQ blocks 

Fragmentation 

The fragmentation function is negotiated on a per-connection basis during 
connection setup. There are two choices ofFSH for non-ARQ connections. 
The 11-bit FSN is used by all management connections that support 
fragmentation. The support for the 3-bit FSN is optional in IEEE Std 802.16. 
If a specific connection has fragmentation enabled, all SDU fragments on that 
connection are preceded by a FSH. The FSN is incremented by 1 (modulo 8 or 
modulo 2048) for each SDU fragment and, unfragmented SDU. 

The fragment size may be chosen dynamically, based on the real-time 
conditions and other system requirements. This is often called dynamic 
fragmentation. If the regular FSH is used, up to eight fragments are supported 
per SDU to avoid ambiguity. However, with the extended FSH or when ARQ 
is enabled, an SDU may be fragmented into any number of fragments to 
support QoS and other system requirements. There is no restriction of the size 

of the fragment. 

As described in the previous subsection on ARQ blocks, fragmentation works 
differently for an ARQ connection. For both ARQ and non-ARQ connections, 
the FSH is of the same size, but the sequence number fields are interpreted 

WirelessMAN: Inside the IEEE 802.16 Standard 129 

~ i 

Ford Motor Co. 
Exhibit 1025 

Page 088



Chapter 6: MAC basics 

differently. On connections with no ARQ, :fragmentation can be done on any 
byte boundary, and the FSN counter is incremented for every :fragment. For 
ARQ-enabled connections, fragmentation occurs on ARQ block boundaries, 
and the BSN counter is incremented for every ARQ block. 

Fragmentation without ARQ 

As soon as a fragment is created, the next valid sequence number is assigned 
to it. This FSN is carried in the FSH, along with the FC field indicating 
whether a :fragment is the first, an intermediate, or the last :fragment from an 
MSDU. It is also possible to indicate that the "fragment" is a full MSDU (i.e., 
FC = 00), mostly for convenience of implementation. Although there is no 
requirement to include a FSH in an MPDU containing a full MSDU, the FSN 
counter must be incremented even if the FSH is omitted. Figure 6-12 shows 
the structure of an MPDU with fragmentation. 

Generic MAC 
Header 

· f l'.i~rl)e11tation 
Subheader · 

Figure 6-12: MPDU with fragmentation 

The reassembly process for non-ARQ connections in the receiver is fairly 
straightforward, since fragments are always transmitted in order and can be 
transmitted only once. If the receiver discovers that a :fragment has been lost, 
it discards any fragments waiting to be reassembled and all fragments until it 
encounters (a) a fragment indicating it is the first or (b) an MPDU containing 
a full MSDU. Therefore, the receiver has to buffer at most one full MPDU per 
connection. 

Fragmentation with ARQ 

Each MPDU sent on an ARQ-enabled connection must include either the 
ARQ FSH or the ARQ PSH, even if fragmentation is not enabled, as the BSN 
must be carried to the receiver. If only :fragmentation is used, the MPDU 
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structure is similar to the one shown in Figure 6-12. The only difference is the 

type ofFSH used for ARQ connections. 

Packing 

There are three types of packing supported in IEEE 802.16: packing offixed­
length SDUs, packing of variable-size SDUs, and packing of ARQ 

connections. 

Packing of fixed-length SDUs 

Fixed-size SDUs, such as ATM cells, can be packed and transported on a 
connection without using PSHs. During connection setup, the SDU 
parameters can be negotiated for fixed-size packing with no fragmentation. 
This allows the fixed-size SDUs to be packed efficiently without the PSH 
overhead. The number of SDU s per MPDU can still be varied dynamically 
based on QoS and other requirements. The Length field in the generic MAC 
header implicitly defines the number of packed SDUs. Figure 6-13 shows an 

MPDU packed with fixed-size SDUs. 

Generic fixed-Length fixed-Length fixed-Length Fixed-Length 
MACSDU MAC Header MAC SDU MAC SDU MAC SDU 

LEN = n * k + j length:n length:n 

I 
length:n 

I 1~ ~1~ .,1~ ~~ ~ 
length: n 

I 
CRC 

I 1~ ~++ 

k MACSDUs 

Note: j is the length of the MAC Header plus the CRC, in bytes. 

Figure 6-13: Packing of fixed-length SDUs 
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Packing of variable-length SDUs 

Variable-length SDUs can be packed using one of the PSHs. Although all 
PSHs have all the necessary :fields to simultaneously support packing and 
fragmentation, packing can be used without fragmentation. The regular PSH 
is sufficient to support packing without fragmentation. A packed MPDU, with 
each SDU preceded by a PSH, is shown in Figure 6-14. 

Generic 
MAC Header PSH Variable-Length PSH Variable-Length 

Type = Length MAC SDU Length MAC SDU 

I 

000010 

1 

= a+ 2 

1 

length:a 

1 

= b+ 2 

1 

length:b 

I 
.. ~ .. ~.. ~ .. ~.. ~ 

MACSDUs 

Figure 6-14: Packing of variable-length SDUs 

Packing with fragmentation 

As discussed earlier, the PSH is a superset of the FSH. Both can be 
simultaneously supported on the same connection. This combination provides 
the utmost flexibility to the MAC to efficiently utilize the over-the-air 
bandwidth and to maximize overall system performance. It is possible to pack 
multiple consecutive fragments of the same SDU into the same MPDU. 
However, such fragmentation and packing can only increase the overhead 
unnecessarily, with no real benefit. Therefore, typically an MPDU with 
packing and fragmentation will have at most two fragments of two different 
SDUs and zero or more unfragmented SDUs. 

Figure 6-15 shows an example of a packed MPDU with two fragments and 
some unfragmented SDUs. The first packed payload is the last fragment of an 
SDU and the last payload is the first fragment of another SDU. Another 
example of a packed MPDU with one fragment and some unfragmented 
SDUs is shown in Figure 6-16. 
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Packing and ARQ 

An ARQ connection must use either a FSH or a PSH, as the ARQ algorithm 
requires the BSN to keep track of ARQ blocks. If ARQ is used with no 
fragmentation or packing, the ARQ FSH is used to carry the BSN. The same 
subheader can be used to add fragmentation function to an ARQ connection 
without packing. If the ARQ connection requires packing (with or without 
fragmentation), the ARQ PSH must be used. 

Packing of ARQ payload 

The ARQ feedback payload consists of one or more ARQ Feedback 
information elements (IEs), the format and contents of which will be covered 
elsewhere in this book. When the ARQ feedback is piggybacked onto another 
MPDU with packing enabled, it shall always be the first packed payload. The 
FC and FSN fields are irrelevant to the ARQ feedback and are set to zero. 
Since the length of the ARQ feedback payload is variable, the Length field in 
the PSH is used to correctly decode the ARQ payload from the packed 
MPDU. 

Although only the Length field of the PSH is of significance for packing ARQ 
feedback payload, all PSHs used within an MPDU should be of the same type 
(i.e., regular, extended, or ARQ), as negotiated during the connection setup. 
The ARQ feedback payload can be piggybacked on a connection that may or 
may not have ARQ enabled. Figure 6-17 shows an example MPDU with an 
ARQ feedback payload. 

Generic MAC 
Header 

134 

Figure 6-17: ARQ feedback and packing 
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Concatenation 

Further efficiency can be achieved by reducing the per-PDU PHY overhead 
through concatenation. This is achieved by transmitting multiple MPDUs in a 
single PHY burst. Although concatenation is not a MAC feature, it is covered 
in this section because it is related to other efficiency functions, such as 
packing and fragmentation. Concatenation is allowed in both the UL and DL. 

For some of the IEEE 802.16 PHY specifications, an intermediate sublayer, 
called the transmission CS, is specified to efficiently support concatenation. 
This sublayer inserts a pointer byte at the beginning of a payload to help the 
receiver separate the MPDUs in a burst. This can be used to correctly receive 
some of the concatenated MPDUs in a PHY burst even if part of the PHY 
burst was received incorrectly ( e.g., if a part of the burst was corrupted). The 
transmission CS is mandatory for the WirelessMAN-SC PHY and optional for 
the WirelessMAN-OFDM PHY. 

Figure 6-18 shows the concept of concatenation for an UL burst transmission. 
As shown in the figure, any type ofMPDU or message may be concatenated 
into a single PHY burst. The figure shows two UL bursts, one that 
concatenates a BW request and a user data MPDU and another that 
concatenates a MAC management message and user data MPDUs. 

< Uplink Burst #n X ..... -'--_u_p_lin_k_B_u_rs_t #_n_+_1 _ ___..> 

User 
POU 

CID = Ox02301 CID = Ox0399 

Management User User 
PDU PDU PDU 

CID = OxOEF1 CID = Ox5F3E CID = Ox2555 

Figure 6-18: Concatenation of MPDUs 

MPDU encryption and CRC 

The details of the MPDU encryption are covered in Chapter 8. A summary of 
MPDU encryption and CRC rules are listed here: 
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• CRC is optional in the IEEE 802.16 MAC, although it is a good practice to 
include it. 

• CRC is mandatory for ARQ connections, as it is used to detect errors in 
MPDU transmissions. 

• If CRC is included, it covers both the MAC header and payload. The 
generic MAC header is also protected by HCS. 

• If encryption is used, the generic MAC header is not encrypted. 

• If both CRC and encryption are enabled, CRC is calculated after 
encryption. 

MAC management 

The format of the MAC management messages is shown in Figure 6-19. The 
MAC management messages are carried as (a part of) MPDU payload. All 
MAC management messages begin with an 8-bit Type field, followed by the 
message payload. An example management message payload definition is 
shown in Table 6-9. 

The first part of the payload follows no particular set of encoding rules. In the 
example, it a string of 3 bytes, the two first of which are to be interpreted as 
the transaction ID and the third one as the confirmation code. The remainder 
of the message is defined as TLV-encoded information, which follows an 
encoding that closely resembles ASN.1 Basic Encoding Rules. For each 
parameter encoded as a type-length-value (TLV), the first byte identifies the 
parameter type, the following byte/bytes2 gives the length in bytes of the 
value field, and the actual parameter value follows. 

Figure 6-19: Format of the MAC management message 

2 If the length of the Value field is less than 128 bytes, a single byte suffices. For longer 

parameters, more than 1 byte is used to express the length. 
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Table 6-9: DSA-RSP message format 

Syntax Size Notes 

DSA-RSP_Message_Format() { 

Management Message Type = 12 8 bits 

Transaction ID 16 bits 

Confirmation Code 8 bits 

TLV Encoded Information variable TLV-specific 

} 

ARQ 
The following subsections describe the basic IEEE 802.16 ARQ concepts of 
block-based retransmissions and bitmap-based ARQ feedback. The actual 
SR ARQ algorithm, with its operational parameters and state machines, are 

described in Chapter 7. 

ARQ block-based retransmissions 

The concept of ARQ blocks and block-based retransmissions is illustrated in 
Figure 6-20. The figure shows the transmission, loss, and subsequent 
retransmission of two consecutive SDUs, shown in Figure 6-11, on an ARQ­
enabled connection with packing. The number of blocks per SDU is based on 
the prenegotiated block size. During initial transmission of the SDUs, both are 
fragmented into two fragments each. The number of fragments per SDU and 
hence the number of blocks per fragment are dynamically decided based on a 
variety of factors. For example, the scheduler may limit the fragment size or 
airtime allocated to a specific connection. Even if the allocated airtime is 
fixed, the adaptive modulation may change the number of blocks that can be 

transmitted within the allocated time. 
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PDU#l 
I Frag O of SOU #1 I 

a> 1,1 s I 6 I 1 1::~~~::;~..r.;;,;a~.i....:;;;...i...;:;.;...i 

Packed PDU #M 
I Frag 1 of SOU #1 I I Frag O of SOU #2 I 

b) I s 1 8 I 9 I 10 j 11 111112 I 13 I 14 I 
Retransmission of POU #2 without rearrangement 

PDU #M Packed PDU #M+l 
Frag 1 Frag 2 
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Figure 6-20: ARQ blocks and retransmissions 

Figure 6-20 a) shows the construction and transmission of two MPDUs, 
where PDU #1 consists of fragment #0 of SDU #1, and PDU #2 consists of 
fragment #1 of SDU #1 and fragment #0 of SDU #2. The transmission of 
fragment #2 of SDU #2 is not shown in the figure. Assume it is determined 
(by mechanisms discussed in the next subsection) that PDU #2 did not reach 
the receiver. The block-based approach offers many possibilities for 
retransmission of the lost PDU #2. We assumed that, by the time the loss of 
PDU #2 is detected, fragment #1 of SDU #2 (consisting of blocks 15 and 16) 
has already been transmitted successfully and that SDU #N of the same 
connection, where N is greater than 2, is ready for first transmission. 

Out of the many possibilities for the retransmission of PDU #2, three 
examples are shown in Figure 6-20. The first example, in Figure 6-20 b ), 
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shows the retransmission of PDU#2 with no change or rearrangement as a 
new PDU #M (M> 2). The second example, in Figure 6-20 c ), shows the 
retransmission with a rearrangement where the original PDU #2 is split into 
two MPDU s, Mand M+ 1. The third example, in Figure 6-20 d), is similar to 
the second one, except the PDU #M+ 1 consists of the blocks to be 
retransmitted and the first or original transmission of fragment #0 (with 
BSN X) of SDU #N. As shown in Figure 6-20 d), an MPDU on an ARQ 
connection may contain blocks that are transmitted for the first time as well as 

those being retransmitted. 

It is up to the transmitter's policy to decide whether a set of blocks once 
transmitted as a single fragment should be retransmitted as a single fragment. 
Similarly, it is up to the transmitter to decide whether a set of fragments once 
transmitted in a single MPDU should be retransmitted as a single MPDU. The 
advantage of keeping the number of blocks per fragment and fragments per 
MPDU the same between retransmissions is simplicity. On the other hand, the 
flexibility of refragmentation and rearrangement can significantly improve 
efficiency and QoS in certain traffic conditions. If fragmentation is not 
enabled for this connection, the ARQ fragmentation or PSH would still be 
used with the same block size, as if the fragmentation or packing were 
enabled. In this case, each "fragment" would contain all the blocks of a single 

SDU. 

ARQ Feedback information element (IE) 

Apart from the flexible retransmission, IEEE Std 802.16 defines compact 
ARQ feedback that is used by the receiver to provide feedback on 
successfully received and missing blocks. The ARQ Feedback IE contains an 
ACK Type field and an optional variable-size bitmap indicate positive and/or 
negative acknowledgments. Four types of acknowledgments are defined to 
support flexible feedback. Figure 6-21 shows the format of the ARQ 

Feedback IE. 
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CID (16 bits) 

BSN (11 bits) 

Variable, depending on ACK Type and #ACK Maps 

Figure 6-21: ARQ Feedback IE 

The fields of the ARQ Feedback IE are described below: 

CID: The CID of the connection for which this feedback is being sent. 

• Last: The Last bit is used to pack multiple ARQ Feedback IEs to create an 
ARQ feedback payload. The Last bit is set to zero for all ARQ Feedback 
IEs, except the last IE in the payload. 

• ACK Type: This field indicates the type of acknowledgment being 
transported in this feedback IE. Table 6-10 shows the acknowledgment 
types and their descriptions. 

• BSN: The BSN is interpreted differently based on the acknowledgment 
type as described in Table 6-10. 

• # ACK MAPs: The value of this field plus one represents the total number 
of 16-bit acknowledgment bitmaps included in this feedback IE. This field 
is not valid for acknowledgment type ObOl and, therefore, is set to zero. 

• ACK MAPs: The number of acknowledgment MAPs is variable, and the 
acknowledgment type ObOl does not have an associated acknowledgment 
MAP. The acknowledgment MAPs are treated as a bit stream, where the 
MSB is the MSB of the first acknowledgment MAP and the least 
significant bit (LSB) is the LSB of the last acknowledgment MAP. 
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Table 6-10: Acknowledgment types 

Type Description 

Selective The BSN carried within this IE corresponds to 
the MSB of the first 16-bit acknowledgment 
bitmap. Each subsequent bit corresponds to the 
BSN corresponding to the previous bit plus one. 
No assumptions should be made about the status 
of any of the BSNs prior to the first BSN or the 
last BSN represented by the acknowledgment 
MAPs. If the bit is set, it indicates that the 
receiver has successfully received the 
corresponding ARQ block. 

Cumulative The ARQ block indicated by the BSN and all 
ARQ blocks prior to this within the transmission 
window have been successfully received. No 
ARQ MAP is included with this 

acknowledgment type. 

Cumulative with This is the combination of the previous two 

selective acknowledgment types (ObOO and ObOl). 
Combines the functionality of types OxO and Oxl. 
The first bit of the first acknowledgment MAP, 
which corresponds to the included BSN, is 
always set to 1, indicating cumulative 
acknowledgment for the BSN. 

Cumulative with This acknowledgment type combines the 

block sequence functionality of the cumulative acknowledgment 
type Ob 10 with the ability to acknowledge a 
sequence of ARQ blocks in a compact format. If 
a set of ARQ blocks with consecutive BSN 
values all have the same reception status (i.e., 
either positive or negative), a single bit 
indicating the status, together with a sequence 
length, is used to indicate the status of the whole 

sequence ofBSNs. 
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Since all the bits in a selective acknowledgment MAP must refer to an ARQ 
block that was successfully received or an ARQ block that was presumed lost 
or received incorrectly, it is important to choose the right BSN for the 
Selective ACK Feedback IE. The receiver must assign a BSN so that all bits 
in a MAP either indicate a positive acknowledgment (ACK) or a negative 
acknowledgment (NACK). One way to achieve this is to choose a lower BSN 
so that all bits are valid. For example, if only 12 ARQ status bits are available 
( either ACK or NACK) starting from BSN N, the receiver may send a 
selective acknowledgment with a single 16-bit MAP and a BSN of N - 4, 
where all the first 4 bits will be set to one. 

The format of the block sequence acknowledgment MAP is shown in 
Figure 6-22. There are two block sequence formats. The first (and most 
significant) bit of the block sequence acknowledgment MAP indicates the 
format. The first format includes a 2-bit sequence acknowledgment MAP, 
where the bits are interpreted similarly to the selective acknowledgment type, 
except that each bit corresponds to a BSN sequence instead of a single BSN. 
Since this is also a cumulative acknowledgment, the BSN carried within this 
ACK Feedback IE indicates that the ARQ block with this BSN and all ARQ 
blocks with lesser BSN values within the transmission window have been 
successfully received. However, the first bit of the sequence acknowledgment 
MAP corresponds to the first BSN of a sequence that is being selectively 
acknowledged, which is the BSN carried in the feedback IE plus one. 
Therefore, the first bit may be a negative acknowledgment, unlike the 
acknowledgment type Ob 10, where the first bit must always be set to one, as it 
corresponds to the cumulative acknowledgment BSN. The length of the each 
BSN sequence is indicated in the two 6-bit sequence length fields that follow. 
The first format can be used to indicate the selective acknowledgment status 
of up to 126 ARQ blocks. 

The second format shown in Figure 6-22 is very similar, except that it has a 
3-bit sequence acknowledgment MAP, where the length of each sequence is 
indicated by the 4-bit sequence length fields. Therefore, a total of up to 45 
ARQ blocks can be selectively acknowledged using this 16-bit compact 
format. 
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Sequence 1 length 
(6 bits) 

Sequence 2 length 
(6 bits) 

Sequence 1 Sequence 2 Sequence 3 
length (4 bits) length (4 bits) length (4 bits) 

Figure 6-22: Block sequence acknowledgment MAP formats 

ARQ feedback payload 

The ARQ feedback information can be either sent as a stand-alone ~C 
management message on the appropriate basic managem_ent connection or 
piggybacked as a special payload on an existing connection. ARQ feedback 
sent in a basic management connection cannot be fragmented. When 
transported in a management connection, more than one ARQ Feedback IE 
may be sent, and the Last bit is used to properly decode the contents. 

HYBRID AUTOMATIC REPEAT REQUEST (HARQ) 

The HARQ is an optional part of the MAC. HARQ is sup~orted ~nly for t~e 
OFDMA PHY HARQ, along with associated parameters, 1s negotl~ted dunng 
initialization of the SS. HARQ defines four basic concepts to efficiently 
support retransmissions: 

• Compact MAP IEs that define access information for both UL and DL 

• HARQ packet construction 

• Reduced connection identifiers (RC IDs) 

• HARQ UL/DL acknowledgments 
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Compact MAP IE 

The Compact MAP IE may include both DL/UL IEs that define the access 
information for the DL and UL burst ofHARQ-enabled SS. One 
distinguishing feature of this message is that it is sent without the generic 
MAC header, unlike all other MAPs, in order to save a few bytes of overhead. 
This is accomplished by setting the first 3 bits of the HARQ MAP message to 
a value that is not valid for a generic MAC header encapsulated management 
or data PDU. Similar to the DL and UL MAPs for TDM and TDMA 
operation, these HARQ MAPs are broadcast by the BS. 

A BS may broadcast multiple HARQ compact MAP messages using multiple 
burst profiles (i.e., modulation and coding rate). The HARQ compact MAP 
always follows the DCD and UCD messages, if present. Otherwise, HARQ 
compact MAPs are sent after other DL/UL MAP messages. When multiple 
HARQ compact MAP bursts are present, they are ordered based on the 
modulation and coding used, starting from the lowest rate to the highest. A 
HARQ MAP Pointer IE is used by the BS to indicate to the SS the number of 
slots allocated to the OFDMA burst containing HARQ MAP messages. 

HARQ Control IE 

HARQ Control IEs that are part of the Compact MAP IEs carry the necessary 
encoding/decoding information of the HARQ-enabled DL/UL bursts. This 
information is used to properly decode the HARQ subpackets. The 
information contained in the HARQ Control IE includes the following: 

• A 1-bit HARQ sequence number, toggled between 1 and O 

• A 2-bit SPID that identifies the subpacket as described in the following 
subsection 

• A 4-bit HARQ channel ID that identifies the HARQ channel 

Since HARQ is a stop-and-wait ARQ, a single bit sequence number is 
sufficient for proper operation. However, more than one HARQ channels may 
be defined per terminal, where each connection may have an encoded packet 
pending. The HARQ Control IE may also be used by the BS to request a 
retransmission of a subpacket. 
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construction of HARQ packets 

The construction of an HARQ packet involves t~e concatenati?n of one or 

MPDUs as shown in Figure 6-23. A CRC 1s added to this concatenated 
more , 
packet to form an HARQ PHY burst. 

After the construction, an HARQ packet is encoded according to the PHY 
·fication and four subpackets are generated from the encoded result. The 

spec11 , · f £ 
subpackets are identified by an SPID. The encoding and generation o our 
subpackets introduce redundancy amon~ the_subpackets. Therefore, t~e 

b ckets can be transmitted one at a time, m sequence, and the receiver can 
SU pa . h · · 11 £ 
correctly decode the original encoder packet without avmg to receive a our 

subpackets. 

MAC PDU 
(variable length) 

MAC PDU 
(variable length) 

MAC 
Header 

H·ARQ packet mapped onto PHY burst 

Figure 6-23: Construction of HARQ packet 

Reduced connection identifier (RCID) 

Figure 6-24 shows the format of a RCID. An OFDMA_BS may use RCID 
instead of a Basic CID or multicast CID to reduce the size of MAP messag~s, 
including HARQ MAP messages. There are three types ofRCIDs defined 1~ 
IEEE Std 802.16: RCID-11, RCID-7, and RCID-3. The type ofRC~D used m 
a specific system is determined by BS considering the range ofB~s1c C!Ds of 
the SSs connected with the BS. The RCID type to be used is specified m the 
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RCID _Type field of the Format Configuration IE that is used in the OFDMA 
PHY to select format configuration. 

Prefix= O, Basic CID 

RDCU ~J ~ 1.0 11 I 1 I o I o 11 I 1 I 1 I 1 I o J . ........ .. .. . .... .. i ,,,, ',, 
o Io I o Io J l 11 o i 1 i 1 I o I o ! 1 l 1 I 1 l 1 I oJ CID 

Prefix= 1, Multicast or Broadcast CID 

RDCU 

CID 

Figure 6-24: RCID decoding 

The RCID is carried in a RCID _IE, whose fields are interpreted based on the 
RCID _ Type field ( from the Format Configuration IE) and the Prefix field in 
the RCID _ IE itself, if applicable. When the RCID _ Type field value is 
nonzero, the RCID _ IE is composed of 1 bit of prefix and n-bits of LSB of the 
SS CID. The prefix is set to one for the Broadcast CID or Multicast Polling 
CID and set to zero for the Basic CID. If the RCID _ Type field value is zero, 
then the RCID _IE consists of a regular 16-bit CID. Therefore, an RCID IE 
can be either 16 bits, 12 bits (RCID-11 ), 8 bits (RCID-7), or just 4 bits -
(RCID-3). Table 6-11 shows the interpretation of the RCID IE fields where 

- ' 
the [R]CID length and RCID _IE length are specified in bits. 
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Table 6-11: RCID field interpretation 

[R]CID RCID_IE 

RCID_Type Prefix length length Comments 
(bit) (bit) 

0 NA 16 16 This is the same as normal 

CID 

NA 1 11 12 11 LSB of Multicast, AAS, 
or Broadcast CIDs 

1 0 11 12 11 LSB of Basic CID 

2 0 7 8 7 LSB of Basic CID 

3 0 3 4 3 LSB of Basic CID 

The RCID cannot be used in place of the Transport CID, Primary 
Management CID, or Secondary Management CID.3 For the purpose ofper­
SS HARQ, an SS is always identified by its Basic CID ( or a corresponding 

RCID for the Basic CID). 

HARQ acknowledgments 

The HARQ acknowledgments are handled differently in the UL and DL. The 
BS uses a Compact MAP IE to send HARQ acknowledgment bitmap 
information for the HARQ UL bursts from the SS. The BS specifies a "frame 
offset" that indicates the offset between the UL HARQ burst and the 
corresponding HARQ bitmap. This frame offset/is communicated in the 
HARQ_ACK _Delay_ for_ UL_ Burst field of the DCD messages. The SS uses 
the frame offset to correlate acknowledgment bitmaps to the HARQ bursts. 
For an HARQ UL burst in the ith frame corresponding to thefh HARQ burst 
in the UL MAP, the BS uses thefh bit (LSB) of the HARQ bitmap sent in the 
(i + J/h frame to indicate the status. The DL Compact MAP IE (type= 5) that 

3 For other uses ofRCID in OFDMA, an exception to this rule is made for the Multicast 

Polling RCID in the DL. If a DL CID with prefix 1 and RCID 11 is in the range of the 

Multicast Polling CID (OxFFOO-OxFFFD), then the DL CID is interpreted as a DL 

Transport CID by subtracting OxFF (OxFEOl-OxFEFE). 
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carries the HARQ bitmap consists of a Length field that indicates the length 
of the bitmap and the actual bitmap. 

The DL HARQ bursts are acknowledged in the HARQ region allocated by the 
BS in a UL Compact MAP IE. The OFDMA subchannels in the HARQ region 
are divided into two half-subchannels, where the (2n)th half-subchannel is the 
first half-subchannel and the (2n + 1 )1h half-subchannel is the second half­
subchannel of the nth subchannel. An HARQ DL burst at the ;th frame is 
acknowledged by an SS through the half-subchannel in the HARQ region at 
the (i + /)th frame, where the frame offset/is defined by the 
HARQ_ACK_Delay_for_DL_Burst field in the UCD message. The order of 
DL HARQ burst defined in the HARQ MAP determines the half-subchannel 
offset in the HARQ region. For an HARQ-enabled burst at the ;th frame that 
is the nth HARQ-enabled burst in the HARQ MAP, the SS transmits the 
HARQ acknowledgment at the nth half-subchannel in the HARQ region that 
is allocated by the BS at the (i + /)th frame. 
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NETWORK ENTRY AND INITIALIZATION 

Once the SS has powered up, it begins the network entry and initialization 
process. After completing the steps of the process, the SS has all the addresses 
and parameters it needs to communicate with the rest of the network. 

Scanning and synchronization to the Dl 

Before the SS can do anything else, it has to first find a BS transmitting a 
signal that it is capable of decoding and understanding. To accomplish this, 
the SS consults the frequency lists with which it shipped, chooses one of the 
channels mentioned in the list, and starts to search for the periodically 
occurring frame preamble. If the SS finds the preamble, it tries to determine 
the DL transmission parameters by looking at the frame control header (FCH) 
and the DCD message, which is transmitted periodically but not in every 
frame. Also, the SS learns the specified UL parameters from the UCD 
messages. Afterwards, it has sufficient knowledge to transmit on the UL, and 

initial ranging may begin. 

Initial ranging 

Initial ranging accomplishes the following: 

• The timing advance of SS transmissions is adjusted to make the SS appear 

collocated with the BS. 
• The transmission power of the SS is adjusted for optimal reception at the 

BS. 
• The SS is allocated its Basic and Primary Management CIDs. 

• In some systems, the frequency of SS UL transmissions is adjusted. 
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Initial ranging occurs in a part of the frame that is set aside for this purpose 
and partitioned into initial ranging slots. The slots need to be large enough to 
accommodate the ranging transmission and twice the propagation delay to the 
edge of the cell, since the distance between SS and BS is not known at this 
time. The exact details of the initial ranging procedure depend on the 
underlying PHY, but in short the process goes as follows: First, the BS signals 
the available initial ranging slots in the UL MAP. After determining the 
location in time of the initial ranging slots, the SS randomly selects a slot and 
sends an RNG-REQ (ranging request) message. If this is received correctly, 
the BS replies with a message specifying the power, timing, and possibly 
frequency adjustments the SS needs to make prior to its next transmission. 
This message can also instruct the SS to repeat the initial ranging process. 
However, the BS would normally want to instead fine-tune the SS 
transmission parameters using one of the maintenance ranging procedures, as 
they are less resource-consuming than initial ranging. 

Now, there is always the possibility that two terminals may send their 
RNG-REQs in the same slot, in which case the BS may be unable to decode 
either transmission. Also, it might be that the SS transmission fails because its 
power is too low (noting that the SS will initially use low power so it does not 
disrupt transmission in neighboring cells). In any case, if the SS does not hear 
from the BS within a certain interval, it will increase the power by a notch and 
try again after waiting for a randomly chosen number of initial ranging slots. 
In addition, for some PHY s, if the BS can detect energy but fails to decode the 
initial ranging message, it can signal for the SS to retransmit and make 
adjustments, identifying the SS in the RNG-RSP (ranging response) message 
by the transmit slot. 

SS basic capability negotiation 

Once the SS timing and transmit power have been adjusted, the SS needs to 
tell the BS which optional functionality it supports. Also, the BS needs to tell 
the SS which of those options the SS is allowed to use. The protocol by which 
the support and use of options are agreed upon is called SS basic capability 
negotiation. As this name suggests, this basic negotiation covers not all 
options, but only those having to do with fundamental MAC and PHY 
features, such as maximum transmit power, modulation schemes, FEC codes, 
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and support of MAC bandwidth allocation schemes. The idea with 
exchanging these parameters at an early stage is to make the rest of the 
network entry process more resource-efficient. 

The protocol itself is a straightforward request-grant exchange, as shown in 
Figure 7-1. The timer Tl 8 has a default value of 50 ms and should be 
significantly less than the registration timeout (i.e., the timeout at the BS for 
the maximum time between a RNG-RSP to an SS upon successful ranging 
and the receipt of an SBC-REQ (SS basic capability request) message from 
the same SS). In the request message (SBC-REQ), the SS will list all the 
"basic capabilities" it supports. The BS inspects the list of capabilities and, in 
the SBC-RSP (SS basic capability response) message, informs the SS of those 

it does not support or does not want to use. 

~ 
Waitfor 
SBC·RSP 

No 

Error: Re-initialize 
MAC 

Wait for 
SBC·RSP 

SS Authorization 
and Key Exchange 

No 

Figure 7-1: SS basic capability negotiation 
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Note that some of the most fundamental parameters of operation are not 
subject to negotiation with this protocol. For example, with different PHY 
system profiles, establishing communication would be challenging or 
impossible. 

Authorization, security association (SA) establishment, and key 
exchange 

At this stage of the network entry process, the SS should be capable of 
c~mmuni~ating efficiently with the BS. The BS, however, does not yet know 
w~th certamty the identity of the SS with which it is dealing. The SS has up to 
this stage provided its IEEE MAC address in the RNG-REQ, but has offered 
no credentials verifying its identity. The authorization phase establishes the 
identity of the SS, the authorization key (AK), and the list of SAs that the SS 
is authorized to use. To achieve this, well-known public key cryptographic 
methods are used. For a treatise on these, consult [B45]. 

The authorization protocol starts with the SS sending the authentication 
information privacy key management (PKM) message. All PKM messages 
are encapsulated in either the PKM-REQ (SS to BS) or the PKM-RSP (BS to 
~S) man~gement message. The authentication information message is strictly 
mformat10nal, but is included to provide a mechanism by which a BS can 
learn the X.509 certificate of the SS manufacturer in a standard way. 
However, the IEEE 802.16 standard says nothing about how the BS can 
authenti_cate the certificate. It is envisaged that the industry will set up the 
needed mfrastructure for this authentication if this method is to be used in 
practice. Meanwhile, the assumption is that the manufacturer certificate ends 
up, by some secure means, in the BS. Immediately after sending the 
authentication information message, the SS sends the Authorization Request 
message e~capsulated in a PKM-REQ management message containing the 
X.509 certificate of the SS together with a list of the SS security capabilities. 
The BS proceeds to authenticate the certificate by checking the signature of 
the manufacturer. Assuming the certificate is in order, the BS generates the 
AK and encrypts it using the public key of the SS contained in the X.509 
certificate. Additionally, the BS determines which SAs the SS is entitled to 
use. The AK, the key lifetime, and the list of SAs along with their parameters 
are sent by the BS to SS in the Authorization Reply message. Also, the BS has 
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the option to send any PKM protocol parameters that are different from the 

default values given in the IEEE 802.16 standard. 

After receiving the Authorization Reply message and decrypting the AK, the 
SS becomes authorized to operate normally in the network. However, it still 
lacks the capability to transmit anything besides MAC management 
messages. Before becoming fully operational, the SS still needs to (a) acquire 
a key for each SA given by the BS using the protocol given in the SA 
parameter perform registration, (b) possibly acquire an IP address, and ( c) 
establish the MAC connections. Each SA's keys, called traffic encryption keys 
(TEKs), are established by the SS sending a digitally signed Key Request 
PKM message and the BS returning the encrypted key in a Key Reply 
message, also signed with a key derived from the AK. The algorithm used in 
the encryption of the TEK is triple data encryption standard (3DES), AES, or 
RSA, depending on algorithm support of the SS and the parameters of the SA. 

Registration 

During the registration phase, the SS and BS negotiate additional operational 
parameters of the MAC. Also, the SS informs the BS whether it will be part of 
the managed network. If the SS is to be managed, the bidirectional secondary 

management connection is established between the SS and BS. The 
registration message exchange also offers the possibility to negotiate the 
version of IP and the QoS parameters for the secondary management 
connection. The registration process is shown in Figure 7-2. The SS may wait 
for up to 3 s (timer T6 in Figure 7~2) for the registration response before 

resending the request or reinitializing the MAC. 

Establish IP connectivity 

A managed SS also needs to acquire an IP address (using DHCP), pull down a 
configuration file (using TFTP), and establish the time of day (using the 
Internet Time Protocol). Afterwards, the SS sends a message to report that the 

tasks were successfully completed. 
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No 

Yes 

~ Error: Re-initialize 
~ MAC 

Wait for 
REG·RSP 

Waitfor 
SBC-RSP 

l REG·RSP 

t 
No 

Figure 7-2: SS registration 

Dynamic service establishment 

Setup 
provisioned 
connections 

The fi?al step before actual data communication can begin is dynamic service 
establishment. In the case of a managed SS entering the network the 

r~ception of the TFTP-CPLT ([configuration file] TFTP complet~) message 
tnggers the BS to start connection setup. When dealing with unmanaged SSs 
the successful completion of registration serves as the trigger. The service ' 
flo~s for a given SS are assumed to have been preprovisioned by the BS. To 
act1~ate the~ or take them to the admitted state, the BS initiates a dynamic 
service add1t10n (DSA) exchange, as illustrated in Figure 7-3. After at least 
one ~e:"ice flow has been activated, the SS is capable of sending and 
rece1vmg user data. The DSA signaling can also support setting up the 
classifiers and PHS on the CS. 
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DSA-REQ 

BS 
DSA·RSP 

SS 
DSA·ACK 

Figure 7-3: DSA message flow (BS-initiated) 

PHY MAINTENANCE 

Using IEEE Std 802.16, the PHY parameters used to communicate between 
the BS and an SS may change rapidly. These changes may be caused by 
myriad events that may differ depending on the operational frequency and 
choice of PHY specification. For instance, at 28 GHz the WirelessMAN-SC 
PHY is susceptible to rain fade, while at 2.5 GHz the WirelessMAN-OFDM 
PHY is susceptible to changes in multipath. How often PHY quality needs to 
be assessed and how often PHY parameters may need to change often depend 
on the environment of the system. For instance, at 28 GHz, the rain region 
may dictate the maximum rain fade, while at 2.5 GHz, population densities 
and urban or rural physical settings may impact multipath change. Many PHY 
adjustments are possible. For instance, power control may be applied, or the 
FEC or modulation scheme may change. Adjustments may occur in real time. 
Some of these changes, most notably FEC and modulation, impact the 
availability of bandwidth in real time. This aspect ofIEEE Std 802.16, 
coupled with a need for true QoS, has blurred the lines between the classical 
partitioning of the MAC and the radio link control (RLC) layer. In the IEEE 
802.16 standard, little has been done to prevent this blurring. In fact, the 
standard does not specifically discuss an RLC layer, but merely handles it as 
an extension of the MAC. Some messages, such as MAPs, span both layers by 
simultaneously allocating bandwidth and modifying PHY parameters. 
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MAPs and channel descriptors 

In IEEE Std 802.16, all four currently defined PHY s share some common 
attributes: 

• They are all framed PHY s, providing deterministic, periodic opportunities 
for resynchronization and centralized scheduling. 

• They can be used in either TDD or FDD mode. 

• In FDD mode, SSs may be half-duplex (H-FDD). 

• They all use MAPs to describe the bandwidth usage and allocations in both 
the DL and the UL. 

• They all use channel descriptors to associate sets of PHY parameters to 

DIUCs and UIUCs allowing a shorthand to make the MAPs more efficient. 

In both the TDD and FDD cases, the PHY frame duration is selected by the 
BS from one of the allowed frame durations. Typical durations, depending 
on the PHY, range from 0.5 ms to 20 ms, with 1 ms being common for 
WirelessMAN-SC systems and 5 ms being typical in the case of 

WirelessMAN-OFDM. The duration is expressed to the SSs or discovered 
by them in a PHY-dependent way. 

The PHY frame is further divided into a DL subframe and an UL subframe. In 
the TDD case, the frame starts with the DL subframe and ends with the UL 
subframe. Between the two is a time gap (TTG) allowing devices the time to 
shift from transmit to receive, or vice versa. Similarly, another time gap 

(RTG) falls between the end of the UL subframe and the start of the next DL 
subframe. When scheduling the end of the DL subframe and the beginning of 
the UL subframe, the BS must take care to respect the half-duplex nature of 
TDD devices. Two additional time durations besides the TTG and RTG are of 
importance, as well, as described in the following two paragraphs. 

First, the BS must be aware of round-trip delay because SSs advance their 
transmissions so that they appear to be collocated with the BS from a timing 
point of view. The BS has two choices, depending on the complexity of the 
scheduling within the BS. Either it may use the concept of a maximum round­
trip delay based on the planned cell size, or it may track the round-trip delay 
of each SS individually and use this when scheduling. The maximum 
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round-trip delay is a useful simplification in fixed systems, but it can c~use 
problems if nomadic or mobile stations are allowed. It may also complicate 

dd. a additional subscriber just beyond the current cell boundary. The use 
a mg n · d. · b ·t 
of a tracked round-trip delay is more robust to changmg con 1t10ns, ut i can 
add complexity to the BS scheduler. 

The second important time duration is Tproc· This is the amount of time 
allowed for an SS to process the UL MAP aft~r receipt. In systems that allow 
the UL MAP to apply to the current frame (WirelessMA~-SC and 

W. 1 MAN-OFDM but not WirelessMAN-SCa or WirelessMAN-ire ess , fi · · t 
OFDMA), the BS further needs to ensure that the SS has had suf_i~1ent time o 

· d ess the UL MAP before it is required to transmit m the UL. receive an proc . . 
More on the time relevance ofMAPs will be given ma few paragraphs. An 

1 f TDD PHY frame for a TDM system, taken from the examp e o a 
WirelessMAN-SCa PHY, is shown in Figure 7--4. 

+-------- MAC frame (n)----------,. 

rn rn 
+--- DL subframe (n)----P•I•_. __ 

Requests 

Initial Maint. BW request 
contention slots contention slots 

,- "" -- .,- ..... o-~·_D __ ::: 
l~T :: I ~;l 

r·BP I Burst~oad 1 ~:1 
rb~I uw I ~:Tu~ I ·1::1 

Figure 7-4: TDD frame format 
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In the FDD case, the PHY frame can be viewed as being the same as the TDD 
case, except that the DL subframe is stretched to end later and the UL 
subframe is stretched to start earlier. Therefore, the two effectively overlap. 
The structure of each subframe stays basically the same as the TDD case. In 
FDD, the standard allows two types of SSs: full-duplex and half-duplex. From 
the BS point of view, full-duplex SSs are relatively easy to schedule since 
there is no need to worry about receive-transmit exclusions. An example of a 
FDD PHY frame for a TDM system, again taken from the WirelessMAN-SCa 
frame, is shown in Figure 7-5. 

I BP I FCH I DLbu~t(s) I RxDs I .:\ p~L2 ... 

I+--DL subframe (n) Ii> I'--- DL subframe (n+1) ---

1+--UL subframe (n-1)---+I---

Initial Maint. 
contention slots contention slots 

...... ., -- ., .... 

D D TOMA 
'' · burst r~~-r:: T;.- 1 

-···~ 

r · BP I Burst payload I ~ I 
l~ipl uw I · ~T~ I ·1=1 

Figure 7-5: FDD frame format 

However, we expect that many FDD SSs will be half-duplex (H-FDD) to save 
cost. The BS scheduler must, as in the TDD case, respect the half-duplex 
nature of the SSs. Therefore, the BS scheduler must be aware of the round-trip 
delay, turn around times, etc., to ensure that an H-FDD SS is not requested to 
transmit and receive at the same time. Additionally, if an H-FDD terminal is 
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scheduled to receive later in the frame than it transmits, it may lose 
synchronization during transmission and, therefore, may req~ire a method 
to resynchronize with the DL prior to reception. Due to certam benefits of 
the OFDM symbol structure, this is usually of concern only for 
WirelessMAN-SC and WirelessMAN-SCa. For these two single-carrier 
PHY s, resynchronization points in the form of additional preambles provide 
the midframe resynchronization. Figure 7-6 shows the modified DL frame 
structure, taken from WirelessMAN-SC, for FDD with a preponderance of 

H-FDD SSs. 

TOM Portion TOMA Portion 

al :a Broadcast TOM TOM TOM TOMA Portion E Control 

! OIUC= 0 
OIUCa OIUCb OIUCc 

.Do 

·~ , , ~· \ ..~ 

~ 

GJ GJ QI\ .s! - i - 1 1 
,Q 

TOM TOM TOM l TOM ••• 
Ill OIUCd i OIUCe OIUCf Ill DIUCg 
! "' ! ! 
G. G. G. Ill. 

t J t 
Burst Start Points 

.!!. 
,Q 

i OL·MAP UL·MAP 

t 
Figure 7-6: FDD DL subframe structure 

For both the DL and UL subframes, the BS transmits MAPs that define the 
allocations of bandwidth in the subframe. The MAPs can take a variety of 
forms depending on the PHY and the options enabled. In the simplest fo~, 
there is a single DL MAP and a single UL MAP for a PHY frame. Certam 
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PHYs may add additional concepts. For instance, private MAPs are used for 
AAS zones, and a number of other PHY- and option-specific MAP variants 
are specified. Some of these MAP variants are caused by PHY-related issues 
concerning whether an SS can hear broadcast MAPs. In all cases, the basic 
concept is that the DL and UL subframes are described by MAPs. 

At first glance, this appears to be merely a scheduling exercise determining 
the timing of the transmissions. But the content of the MAPs reaches beyond 
simply scheduling the time (and subchannels of OFDM-based PHYs) on 
which an SS sends or receives. The MAPs contain content impacting the 
PHY. Exactly what PHY information may be contained in the MAPs depends 
on the PHY and is described in more detail in the PHY-specific chapters, 
Chapter 10, Chapter 11, and Chapter 12; but it may contain fast power 
control, FEC changes, modulation changes, etc. 

In the UL, since most transmissions are from individual SS 's, the MAP 
elements state which SS is to transmit. In every PHY, the SS is also instructed 
which modulation and FEC to use. The SS reacts to any parameter changes, 
using the new information for the time ( and subcarriers) covered by the MAP 
entry. 

In the DL, the DL MAPs for some PHY s may address MAP elements to 
individual SSs, in which case the allocation can act as a quick change ofDL 
burst profile. In these cases, the SS typically has negotiated with the BS a 
most robust DL burst profile to ensure the signal quality it needs for reliable 
operation. For some PHYs, the DL MAP entries are not directed to a specific 
terminal. In these cases, the SSs have a negotiated current DL burst profile 
and listen to all DL portions they can, including those at that negotiated burst 
profile and those that are more robust. 

DL MAPs are always valid for the DL subframe in which they are carried. 
This can require some very fast processing, and PHY-specific features may be 
specified to allow the processing to occur fast enough. For instance, the 
WirelessMAN-OFDM PHY uses a DLFP in each frame, followed in only 
some frames by a DL MAP message. For the WirelessMAN-SC PHY, the DL 
MAP message is always transmitted at the beginning of the DL subframe. The 
start of the WirelessMAN-SC DL subframe is structured so that at least two 
noninterleaved FEC blocks of a well-known modulation and FEC will be 
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present. The first DL burst profile transition that is expre~sed in the DL MAP 
· lways included in the first of these FEC blocks, allowmg the SS the 
isa . daki f 
duration of the second FEC block for decoding, processmg, an t ng ac ion. 

The timing of the UL MAP is more complicated and is related to the b~st 

file the duplexing scheme and possibly the network setup. At the simple 
pro , ' . . · t 
level, the UL MAP describes the UL allocations for a penod startmg at a pom 
called the allocation start time. This is relative to the start of the DL subframe 

in which the UL MAP was received. 

For WirelessMAN-SC and WirelessMAN-OFDM systems, the limits on the_ 
allocation start time are slightly different, depending on whether the system is 

TDD or FDD, but they basically have the same result: The UL MAP can 
describe the allocations in the UL subframe of either the current or the next 
PHY frame. For TDD systems, in other words, the MAP allocates the use of 
the time just after the TDD split of either the current or next frame, as shown 

in Figure 7-7. 

frame 
Control 

DL 
Subframe 

UL 
Subframe 

frame n 

DL·MAP n 

UL min 

frame n+1 

DL-MAP n+1 

/. 
Practical 
UL max 

ATDD 
Split 

Figure 7-7: Practical TDD UL minimum-maximum relevance 

For FDD systems using one of these two PHYs, the situatio~ is a bit more 
complicated. The minimum delay is as small as the round-tnp delay plus 
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Tproc· The latest allocation start time is the beginning of the next frame. Using 
this latest possible start time, the UL subframe period is aligned with the DL 
subframe following the one carrying the relevant UL MAP. With an earlier 
start time, the UL subframe is offset in time from the DL subframe. This is 
shown in Figure 7-8. 

Frame 
Control 

DL 
Subframe 

UL 
Subframe 

Frame n 

DL·MAP n 

alloc start 

Frame n+1 

DL·MAP n+1 

Offset logical UL 
frame 

alloc end 

Figure 7-8: FDD logical offset 

For WirelessMAN-SCa and WirelessMAN-OFDMA, the concept is similar, 
except the UL MAP messages are relevant for the next frame in TDD systems 
and the next one or two frames later in the FDD case. It is also possible that 
the UL MAPs sent in two different frames overlap. In such a case, the most 
recently received UL MAP takes precedence. 

The reasons for the differences in UL MAP relevance between the PHY s are 
historical. The WirelessMAN-SC and WirelessMAN-OFDM systems can 
offer a shorter turnaround time on protocols requiring responses and can offer 
a shorter request/grant cycle. On the other hand, the BS scheduler and the 
implementation of UL MAP processing at the SS must be correspondingly 
more complex in able to respond with due speed. 
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Because there are so many options for how to configure the PHY in a given 
implementation, a shorthand was developed to ensure that the length of the 
UL and DL MAPs did not get out of hand from repeating the PHY 
parameters. As mentioned above, the MAPs contain codes that indicate a set 
of PHY parameters in the compact form of DIUCs or UIUCs. Periodically, the 
BS broadcasts DCD messages and UCD messages. These messages associate 
the chosen set of PHY parameters with a DIUC or UIUC, respectively. Then, 
these DIUCs and UIUCs can be used in MAP messages as if the MAP 
message contained the entire set of PHY parameters. While the sets of PHY 
parameters for a particular network are generally not expected to change, a 
protocol is defined for distributing new sets of parameters and coordinating 
the change from the old set to the new set. 

Periodic ranging 

In order to ensure effective UL communication, ongoing maintenance is 
required regarding the parameters adjusted during initial ranging, such as the 
transmit time advance, the power level, and the burst profile. This process is 
called periodic ranging and is used to compensate for clock drift, changing 
environmental conditions, etc. For most IEEE 802.16 PHYs, this involves the 
BS periodically granting UL bandwidth to the SS. If the BS senses that the 
SSs PHY parameters need to be changed, it can generate an unsolicited 
RNG-RSP message that can direct certain changes. Timing advance and 
power adjustments are fairly straightforward. The actual process for changing 
the burst profile is a bit more complex and is described in the next section. 
The process generally proceeds as follows: 

• The BS must determine how often it needs to hear an UL transmission 
from each SS in order to maintain the UL within limits that allow 
continued communication. This maximum time between UL transmissions 
can be based on a number of factors, such as frequency band of operation; 
the likelihood of change in environmental conditions (e.g., rain region for 
WirelessMAN-SC); whether the setting is urban, suburban, or rural; etc. 

• Any UL transmission from the SS should suffice. Therefore, as long as the 
SS has UL activity for any reason ( e.g., user data, other management 
messages), there is no need for the BS to grant bandwidth specifically for 
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periodic ranging. The BS merely takes measurements from the scheduled 
UL transmissions, resetting its periodic ranging timer for the SS with each 
UL transmission. If, however, the SS has no other need for a UL 
transmission opportunity within the time necessary for UL PHY 
maintenance, the BS grants it UL bandwidth anyway. Since this bandwidth 
is not in response to a direct request to transmit user data or management 
messages in the UL, it is termed an unsolicited grant. The process of using 
normally granted UL bandwidth and unsolicited grants to manage the 
timing of unsolicited grants is shown in Figure 7-9. 

• If, upon analysis of a UL transmission, the BS determines that the SS 's UL 
transmission parameters need to be adjusted, it sends an RNG-RSP 
message to the SS instructing it to adjust its parameters. If this RNG-RSP 
indicates "continue," the SS responds with a RNG-REQ to keep the 
iterative PHY maintenance process in this quick response state until the 
BS issues a RNG-RSP message indicating "success." 

• If the SS has not been granted UL bandwidth in a sufficient amount of time 
or if the BS sends it a RNG-RSP message indicating "abort," the SS must 
fall back to periodic ranging to avoid detrimental impact on the UL 
transmission of other SSs until it gets its UL transmission parameters back 
with a safe window. 

Note: 

SS UL BW 
Scheduling 

At the successful conclusion 
of initial ranging, T27 is started 
with the idle interval. 

Timeout 
T27 

Issue SS 
ranging 

opportunity 

Data grant 
issued to SS 

R~tartT27 ---8 
Figure 7-9: Periodic ranging opportunity allocation at BS 

The BS side of the UL periodic flow is shown in Figure 7-10. The SS side is 
shown in Figure 7-11. 
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Figure 7-10: Periodic ranging receiver processing at BS 

WirelessMAN: Inside the IEEE 802.16 Standard 165 

Ford Motor Co. 
Exhibit 1025 

Page 106



Chapter 7: MAC operation 

,--------~~~-~~rati=--} -------~ 

~+ ·------'-------, L =r=-- t 

166 

[_~---,-T 
r--I~, 

-,-_/ I I l 
I -·~- ~, -L---=~,. J 1~·· 

YES NO 

_l_ 

L
IRNG·REQ 

(lastAnomaly) 

I r=_L__ 
cmaly:noerror 

L ~ NO ·~1-
__I_ 

t~~-· .. 1 

Correctio) _ NO _J ,s --~> _ -1 
F~-~-·~ v 1,.,-~J 

I 

~~,~r-
{ Operationa~ 

~---..) 

L_ 
-~·---

Figure 7-11: Periodic ranging at SS 
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for the WirelessMAN-OFDMA PHY, while the BS can initiate ranging as 
described, the SS also has the option of initiating CDMA-based ranging. This 
allows a distribution of the timer function to the SSs, easing BS requirements 
while taking some control away from the BS in the management of the 
system. In CDMA periodic ranging, the SS sends a randomly chosen ranging 
code in a randomly chosen contention-based ranging slot. Since the BS does 
not know which SS sent the code, it broadcasts a RNG-RSP advertising the 
code rather than directing the RNG-RSP to the specific SS. This method can 
be used to adjust the SS's power and timing advance. However, since the BS 
does not know the identity of the SS, it must still use measurements on the UL 
allocations to determine whether a burst profile change is necessary. The UL 
CDMA periodic ranging process is shown in Figure 7-12. 

Burst profile changes 

When the BS is communicating with an SS, it may use a UL burst profile 
differing from that of the DL. The burst profile used for communication with 
a particular SS is selected by the BS based on a number of considerations, 
such as the carrier to interference-plus-noise ratio (CINR), or the bit error rate 
(BER), or even the packet error rate (PER). The burst profile is always 
selected from the set described by the most recent DCD and UCD messages. 

The initial burst profile is normally negotiated during the initial ranging 
process. The BS and SS determine the initial quality of the link, with the SS 
requesting a DL burst profile using the RNG-REQ message and the BS 
commanding a UL burst profile using the UL MAP. As time goes by, the burst 
profile used for transmissions to or from a particular SS may need to change. 
This may be due to changing environmental conditions such as rain or 
changes in multipath. The change may be either for the better-the conditions 
have improved to where a more efficient burst profile is practical-or for the 
worse-the conditions have degraded to the point where a more robust burst 
profile is necessary. 

How these changes are implemented is different for the UL and the DL. In the 
UL, the BS monitors the UL quality from each of the registered SSs. The BS 
must give each SS a transmit opportunity at least often enough to adjust the 
parameters fast enough to keep up with environmental changes. For instance, 
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t----------UL-MAP·--------11>1 

.--------Ranging Codie---------! 

1<111--------,Ranging Code-----------1 

1--------IRNG-RSP·--------

Figure 7-12: CDMA periodic ranging 
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for WirelessMAN-SC, where rain fade is the biggest physical degradation 
culprit, the BS generally needs to receive something from an SS every 80 or 
so milliseconds; otherwise, it may drop back to the most robust burst profile 
to ensure it can be heard. This monitoring constraint is a small burden, but the 
actual change is easy. Since each allocation in a UL MAP specifies the SS and 
the UWC, the BS commands a change by simply allocating bandwidth for the 
SS using a new UIUC, from the set previously defined in the UCD message, 
in the UL MAP. 

The DL can be more complicated. In the DL, while the SS has the advantage 
( except in certain AAS cases) of always hearing the broadcast portion of the 
DL, it constantly updates its measure of the DL quality from its point of view. 
The problem is informing the BS of a need for a change. Typically, the SS will 
request a change via either a downlink burst profile change (DBPC) message, 
if it has bandwidth allocated on the UL, or using an RNG-REQ message in a 
ranging interval, if it does not have its own UL allocation. For some situations 
with some PHY s, the BS may also periodically request PHY metrics from the 
SS to fine-tune such issues as which subchannels to use. For MAP efficiency 
purposes, the DL MAP, unlike the UL MAP, for most IEEE 802.16 PHYs 
does not direct a DL interval to an individual SS. The SS merely decodes all 
data that are as robust or more robust than the last negotiated DL burst profile. 
This is an important point. It allows the BS to send data to the SS using a 
more robust burst profile before first communicating its intent to switch, as 
shown in Figure 7-13. It also allows the BS to tell the SS to start listening to a 
less robust burst profile and then immediately begin sending data with that 
profile, as shown in Figure 7-14. This avoiqs complicated synchronization of 
the messages and the burst profile changes. In some cases, with some PHY s, 
the DL bursts are identified in the DL MAP as being directed to a specific SS. 
In these cases, the process works much like the UL process. 
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Figure 7-13: Transition to more robust burst profile 
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Figure 7-14: Transition to less robust burst profile 
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QoS AND SERVICE FLOWS 

Dynamic service establishment and deletion 

Besides the BS-initiated DSA described in the network entry and initialization 
section at the beginning of this chapter, other mechanisms are defined for 
SS-initiated DSA, as illustrated in Figure 7-15. 

DSA-REQ 

SS DSX-RVD -
.... 

BS 

DSA-RSP 
.... 

DSA-ACK . 

Figure 7-15: DSA message flow-SS initiated 

The standard does not go into details on what actually triggers the DSA; 
triggering is just assumed to happen, stimulated by the upper layers when 
needed. For example, a nomadic device may be powered on in a network, 
similar to Wi-Fi networks that might be found in an airport or other public 
place today. The SS, being unknown to the network, asks for service. 
Authentication includes validating the user's credit card. Looking forward to 
IEEE Std 802.16e and mobility, another example would be a mobile VoIP call 
initiated at the MS. 

One noteworthy detail in the procedure is the DSX-RVD (dynamic service 
addition, change, or deletion received) message that only acknowledges the 
reception of the DSA-REQ (dynamic servic~ addition request) message by the 
BS. This allows the BS to take its time determining whether to admit the 
service flow without triggering unnecessary retransmissions of the DSA­
REQ. 
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There may also be a need to change the parameters and state of the existing 
service flow in response to external circumstances. This can be done with the 
dynamic service change (DSC) procedure that is almost identical to the DSA. 

Service flows are deleted using the DSD-REQ ( dynamic service deletion 
request) message and the DSD-RSP (dynamic service deletion response) 
message. Deletion can be initiated by either BS or SS. Only one service flow 
can be deleted per message exchange. 

QoS model 

When IEEE Std 802.16 was in its early stages, the primary focus was from 
companies targeting last-mile extension of fiber and the PMP backhaul of 
cellular sites. At that time, IP core networks were considered interesting, but 
ATM core networks were the norm. Furthermore, ATM was highly advanced 
in its QoS support. The result was that QoS in IEEE Std 802.16 was modeled 
after ATM. Some of the concepts were modified based on input from 
proprietary system proposals and based on proposals for "wireless DOCSIS." 
As it turned out, ATM, DOCSIS, and the proprietary systems are compatible 
in their QoS concepts. 

While extension of ATM networks was an early market driver, IP was 
considered to be the future, and the developers ofIEEE Std 802.16 did not 
want to tie the standard too closely to ATM. DOCSIS, as it turned out, was 
forward-looking in its application of QoS and traffic parameters and was 
compatible with both ATM and IP services. Because of this, the QoS 
description and naming conventions from DOCSIS were chosen as the basis 
for describing QoS in IEEE Std 802.16. Other parts of the DOCS IS model 
were adopted as well, including the three-state model in which a service can 
be provisioned, admitted, or active. The state impacts the actual reservation 
state of the resources necessary for the service. 

In order for QoS and traffic parameters to be fully applied to services, IEEE 
Std 802.16 MAPs services, including connectionless services, to an IEEE 
802.16 MAC connection. This is done in basically the same manner as in 
ATM and in the UL ofDOCSIS. Similar concepts are employed in Ethernet 
virtual circuits in metro Ethernet. Typically, a service is bidirectional, 
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resulting in the mapping to separate UL and DL IEEE 802.16 MAC 

connections. 

The benefit of connection-oriented mapping of services is that it provides a 
"handle" with which the MAC, in particular the scheduler and QoS engines, 
can associate a packet with the full realm of QoS and traffic parameters, 
instead of just simple individual packet parameters such as a priority. Since no 
packets are expected until a service is active and no resources are reserved 
until a service is at least admitted, services in the provisioned state are not 
mapped to IEEE 802.16 connections. The services are mapped only when 

they become admitted or active. 

QoS and traffic parameters 

A number of QoS and traffic parameters, which the IEEE 802.16 standard 
calls service flow encodings, are available to help in the implementation of 

QoS within an IEEE 802.16 system. 

SFID and CID 

The SFID and CID are important concepts at the foundation of IEEE 802.16 
QoS. The SFID identifies a service, which in tum identifies the right of an 
IEEE 802.16 SS to certain system resources, and also defines which of a 
user's packets will be mapped to the corresponding IEEE 802.16 MAC 
connection. The CID is then used internally in the IEEE 802.16 MAC for 
determining which SS receives the data on the DL, which service it maps to 
on the UL, and, most importantly, what QoS and traffic parameters are 
associated with the traffic. The mapping of potentially connectionless traffic 
to MAC connections is called classification. It typically involves some 
amount of packet inspection and can work much like a combination of a 
router and a bridge. Classification ofIP, VLAN, Ethernet, and ATM to IEEE 
802.16 MAC Cills is currently defined in the standard. 

Service class name 

The service class name is a parameter that implies a predefined set of other 
QoS parameters. There is not much demand to define such common service 

WirelessMAN: Inside the IEEE 802.16 Standard 173 

Ford Motor Co. 
Exhibit 1025 

Page 110



Chapter 7: MAC operation 

types yet. Once specific methods for handling certain services is agreed upon 
(if ever) by industry, service classes will most likely be used as an efficient 
shorthand for sets of parameters. 

QoS parameter set type 

The QoS parameter set type indicates whether the current set of parameters is 
the provisioned, admitted, or active set, as shown in Figure 7-16 and 
Figure 7-17. 

AuthorizedQoSParamSet = ProvisionedQoS­
ParamSet (SFID) 

AdmittedQoSParamSet 
(SFID &CID) 

ActiveQoSParamSet 
(SFID & Active CID) 

-----------------------------------' 

Figure 7-16: Provisioned authorization model 

The differences between parameter sets are as follows: 

1. The provisioned set is one that is allowed; i.e., when a service-level 
agreement (SLA) was set up, this is what the users paid for. But th.e 
provisioned set is neither reserved nor allocated. Depending on the 
implementation, the provisioned set may be ignored by the BS's call 
admission control (CAC) function. For instance, in a mobile system, the 
users have paid for a service and have a right to certain resources. 
However, if their phones are turned off, they have no resources allocated, 
and the BSs ignore them from a CAC point of view because they may 
never turn on or roam into their field of view. 
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ProvisionedQoSParmaSet 
(SFID) 
----------------------------·-------
AuthorizedQoSParamSet 
(BS only, not known by SS) 

AdmittedQoSParamSet 
(SFID &CID) 

ActiveQoSParamSet 
(SFID & Active CID) 

I ; ------------------------------------.............................................................. 

Figure 7-17: Dynamic authorization model 

2. The admitted set is one that is allocated but not being used. IEEE 
Std 802.16 is a bandwidth-on-demand system in which users gets their 
guaranteed bandwidth only if they ask for it. Allocated but unused 
bandwidth will cause CAC to keep the resources for this service in 
reserve so they are available, but will allow other services that are 
peaking above their guaranteed bandwidth to use the resources on a BE 
basis. This could be useful in a handover situation, with the necessary 
resources "admitted" on the new BS prior to the handover. 

3. The active set is one that is currently reserved and being used by a 
service. For bursty services, there is little to distinguish it from the 
admitted set, since they both consume resources from a CAC point of 
view, but bandwidth is not used until requested. Technically, the service 
can't ask for the bandwidth until it transitions to the active state; 
therefore, the admitted set would rarely be used for bursty services. 
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These parameters have some interesting potential above and beyond simple 
resource reservation. For instance, SIP-based VoIP could be modeled as a 
low-bandwidth (but guaranteed), bursty, nonreal-time polling service (nrtPS) 
for the SIP signaling, coupled with a fixed-bandwidth UGS [ more likely 
extended real-time polling service (rtPS) in IEEE Std 802.16e] that toggles 
between provisioned and active, where the active bandwidth may be modified 
from the provisioned due to choice of codec. 

Traffic priority 

Traffic priority is a value from Oto 7 that describes the priority of traffic. 
Priority alone, in a situation of frequent congestion, does not provide QoS but 
rather causes starvation. Therefore, this parameter should be used sparingly. It 
should not override the minimum reserved traffic rate of a connection. It can 
be useful for determining how to distribute excess bandwidth among 
connections that peak above their minimum reserved traffic rate. Since the 
parameter is on a service-by-service basis, rather than a packet-by-packet 
basis, it cannot be used to differentiate between two packets from the same 
service for the purpose of discard on congestion. 

Maximum sustained traffic rate 

The maximum sustained traffic rate is the peak data transmission rate allowed 
for a service. In the absence of bandwidth demands from other services a 

' 
service would expect to be able to transmit at this rate continuously. Since the 
time base over which this is statistically guaranteed is not specified, it is left to 
vendor design to determine how smoothly this is guaranteed. It is expected 
that client devices will police traffic at the ingress and not request more 
bandwidth than the maximum sustained traffic rate, again statistically 
determined over some period. BSs can generally assume that the traffic has 
been policed before it is received across the backhaul from the core network. 
If the bandwidth demand is greater than the link can bear, services should first 
receive their minimum reserved traffic rate. Excess bandwidth above the sum 
of the minimum reserved traffic rate should be distributed proportional to the 
difference between the minimum reserved traffic rate and the maximum 
sustained traffic rate. Traffic between the minimum reserved traffic rate and 

176 WirelessMAN: Inside the IEEE 802.16 Standard 

Chapter 7: MAC operation 

the maximum sustained traffic rate is not guaranteed to be transmitted and 
may be discarded. Intelligent discard algorithms that understand the relative 
importance of individual packets of a service can enhance the QoS perception 
over general discard methods like weighted random early detection. 

Maximum traffic burst 

The maximum traffic burst is the largest burst expected at the ingress port for 
the service. Its main purpose is to ensure adequate buffering in case of 
temporary congestion or delays between receiving user traffic on the ingress 

and transmission over the air. 

Minimum reserved traffic rate 

The minimum reserved traffic rate is statistically guaranteed to a service over 
time. QoS algorithms should be designed to give services their minimum 
reserved traffic rate before any services receive bandwidth in excess of their 
minimum reserved traffic rate, even if they are a higher class of service (CoS) 
and the traffic is within the bounds of their maximum sustained traffic rate. 
This parameter is used to prevent starvation of data from connections that are 
less real-time than others but have guaranteed rates as part of their SLA. Some 
systems may chose to oversubscribe the minimum reserved traffic rates when 
performing CAC, assuming that not all services will request bandwidth 
simultaneously. Typical QoS algorithms use either a credit or a debit scheme 
with some finite duration memory in determining the bandwidth available to a 
service under this parameter. For instance, a service that is idle for hours 
typically cannot expect to wake up and instantly transmit data equivalent to 
the minimum reserved traffic rate accumulated during those hours. 

Minimum tolerable traffic rate 

The minimum tolerable traffic rate is related to the Minimum reserved traffic 
rate. For certain services, it may be convenient to discuss the service paid 
for-the minimum reserved traffic rate-and the worst service the user will 
tolerate-the minimum tolerable traffic rate. While CAC should normally use 
the minimum reserved traffic rate, there may be circumstances in which 
resource availability changes after a call has been admitted. For instance, the 
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signal quality may degrade due to some interference or, in a mobile system, 
due to the client moving to an area of degraded coverage ( e.g., farther away or 
indoors). Alternatively, a mobile call accepted in one cell may move into the 
neighboring cell that may already be at capacity with respect to minimum 
reserved traffic rates. The minimum tolerable traffic rate allows calls to be 
retained at a degraded level even when the call would not normally be 

accepted by the CAC algorithm. 

Vendor-specific QoS parameters 

The vendor-specific QoS parameters provide a QoS backdoor allowing two 
devices to share proprietary information with the expectation that they can do 
a better job distributing bandwidth without using general algorithms based on 
generic QoS and traffic parameters. Care must be taken, however, to maintain 
the ability to interoperate with devices from other manufacturers that do not 
use the same parameters. In general, an unknown device is handled by 
dropping back to exclusive use of the parameters defined in the IEEE 802.16 

standard. 

Service flow scheduling type 

The service flow scheduling type defines the CoS. 

Converted to ATM terminology, UGS is equivalent to constant bit rate (CBR) 
and usually has a fixed packet size and periodicity. The BS allocates 
bandwidth at the desired rate automatically, without any BW request from the 
client device. Keep in mind that the BS may "clump" the allocation into a 
portion of the PHY frame (unavoidable for TDD links), increasing the jitter 

and possibly causing the need for jitter buffering. 

Real-time polling service (rtPS), nonreal-time polling service (nrtPS), and 
best-effort (BE) service are all variable-rate packet-based service classes. The 
main reason for differentiation is that there are different rules governing how 
a client device is allowed to request bandwidth for the different CoS. Also, 
when resources are tight, rtPSs may receive their minimum reserved traffic 
rate in preference to nrtPSs, which in tum may have priority over BE services. 
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CoS may impact the allocation of bandwidth above the minimum rate 
(generally policed to the maximum sustained traffic rate). 

Generally, a UGS will have minimum reserved traffic rate set equal to 
maximum sustained traffic rate. A BE service will have its minimum reserved 
traffic rate set to zero, but have a nonzero maximum sustained traffic rate. 
rtPSs and nrtPSs will generally have nonzero minimum reserved traffic rates 
that are less than, but not equal to, their maximum sustained traffic rates. 

Request/transmission policy 

The request/transmission policy parameter is slightly misplaced in being 
considered part of the service flow encodings. While these parameters can be 
set on a per-service basis, most are really device capabilities and would 
normally be set to the same values for all services of the same CoS to or from 
an individual client device. They include the use of broadcast BW request 
opportunities, piggybacked requests, fragmentation, PHS, packing, and MAC 
CRC. 

Tolerated jitter 

The tolerated jitter parameter indicates the jitter that is allowed for a given 
service. It is quite often assumed that the receiving application has jitter 
buffering or other means to mitigate the problem. It is not clear from the 
IEEE 802.16 standard whether the tolerated jitter is meant to be total jitter 
from all sources or that due to the IEEE 802.16 link of the data's path. It could 
be used as the basis of jitter buffering but, if other points on the path do jitter 
buffering as well, unnecessary delay can result. This is a worrisome parameter 
because certification bodies may impose tests that would require jitter buffers 
where they may be of little value in the end-to-end system. 

Maximum latency 

Maximum latency is the maximum delay between receipt of a packet from the 
network and forwarding it on the air interface. A system is generally designed 
to minimize latency anyway. This parameter can, however, be used in times of 
congestion to give packets of similar CoS/QoS relative priority with respect to 
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each other. Since the other QoS and traffic parameters have more influence on 
which packets are transmitted and when, it can also be used to age out old 
packets. 

Fixed-length vs variable-length SDU indicator 

The fixed-length vs variable-length SDU indicator specifies whether the 
service carries fixed-length SDUs (like ATM cells) or variable-length SDUs 
(like IP packets). This parameter is usually meaningful only for QoS in the 
case of UGS connections, where the periodic grants should be a multiple of 
the natural fixed packet length of the CBR service, such as an ATM T 1. It can, 
however, be useful in applying packing and fragmentation more intelligently 
for variable-rate services that use a fixed packet size. 

SDUsize 

If the fixed-length vs variable-length SDU indicator parameter is set to fixed, 
the SDU size must be used to indicate the size, allowing scheduling 
algorithms to take advantage of the known fixed size in whatever way is 
appropriate. 

One interesting omission in IEEE Std 802.16 is the equivalent of the cell loss 
ratio (CLR) of ATM systems. This omission probably stems from the fact that 
this parameter is used not so much in the scheduling aspects of QoS, but in the 
link quality aspects. Typical systems would calculate and report a BER or 
PER that could be used to determine the need to transition to a more robust 
PHY mode if and when the loss rate is too great for the ToS. Unfortunately, 
without a parameter, this decision is left to the vendor or to vendor-specific 
parameters. 

A common fallacy is that IEEE Std 802.16 describes only UL QoS. This is an 
unfortunate artifact of the naming conventions for services and the QoS 
model description coming from DOCSIS. DOCSIS assumed that since the 
head end (the cable modem equivalent of a BS) was in control, the cable 
modem didn't need to know how QoS was handled on the DL. This works in 
general but, for some issues like jitter, it's best if the receiving end knows 
what's going on as well. Unlike in DOCSIS, service setup in IEEE Std 802.16 
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associates QoS and traffic parameters with the DL as well. Therefore, even 
though IEEE Std 802.16 uses service names like "rtPS," the QoS concepts 
apply equally to the DL and the UL. 

Interactions between QoS, CAC, and adaptive PHY 

Determining available bandwidth 

BWA systems are normally intended to provide very reliable service, as an 
extension of fiber optics or some other high-reliability network. When BWA 
systems are installed, frequency planning is normally performed to minimize 
interference while maximizing frequency reuse and, therefore, available 
bandwidth. Cell sizes are chosen based on some availability goal such as 
99.99% or 99.999% ( often referred to a "four 9's" or "five 9's"). 

Furthermore, in systems with a subscriber-level adaptive PHY, each SS can be 
assigned a "planned" PHY mode. The SS is expected to be able to operate at 
or above the target BER of the system using the planned PHY mode, or a 
more efficient one, a fraction of time equal to or exceeding the desired 
availability. For example, if the system availability goal is 99.99% and an 
SS's planned PHY mode is 16-QAM, then the SS is expected to operate at 
16-QAM or 64-QAM the entire year except for 52 min and 33.6 s. The choice 
of planned PHY mode for a given availability is generally a function of the 
distance from an SS to the BS and the LOS conditions. Additionally, certain 
SSs, such as those at the edges of sectors, may be capped so that they cannot 
use certain more efficient PHY modes due to interference issues. 

As a system operates, the physical environment may also change. Most of the 
time, most SSs will be able to operate in both the UL and DL in not just their 
planned PHY mode but also in a more efficient one. For LOS systems in the 
10-66 GHz frequency range, rain fade is the main variable in link quality. 
During rain, an SS may not be able to operate above its planned PHY mode. 
In fact, during heavy rains, an SS may need to drop to a PHY mode more 
robust than its planned PHY mode to maintain sufficient link quality to 
communicate with the BS. For lower frequency systems, multipath variation, 
due for instance to moving objects such as vehicles, is the main culprit. 
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The CAC algorithm for modem, third-generation BWA systems must deal 
with the issues created by these dynamic environments. Many fixed BWA 
services are established as permanent connections and remain active (in 
operation) for a long time-months and sometimes years. Rain fades, on the 
other hand, tend to be relatively short in duration. Therefore, the BWA CAC 
need not consider short-term changes in system capacity. Those are best 
handled by the queuing, scheduling, and discard algorithm. CAC must, 
however, consider the planned PHY modes of the SSs, as these determine the 
amount of bandwidth that can be guaranteed while still meeting the system's 
availability goals. The BWA CAC algorithm must address three issues: 

• What aspects of a service's QoS and traffic parameters are mapped to the 
bandwidth availability determined by planned PHY modes to guarantee 
contractual and QoS requirements? 

• What should be done with the additional bandwidth available when a 
terminal can operate at a more efficient PHY mode, which may be most of 
the time? 

• What should be done when a terminal is unable to operate at its planned 
PHY mode and must use a less efficient one? 

Bandwidth on demand setting the basis for CAC 

The solutions to the first two of the problems above are based on the concept 
of bandwidth on demand. While some BWA systems will be expected to carry 
legacy Tl/El TDM voice traffic, demand for variable-rate, bursty services 
such as Internet access is growing. Even for voice, there is a growing interest 
in using compressed voice, which results in variable bit rate rather than CBR 
used by traditional TDM connections. These variable-bit-rate services allow 
more users and more voice calls to be multiplexed into the same bandwidth by 
taking advantage of not only compression but also statistical multiplexing. 

While third-generation BWA systems can interface to a plethora of user 
services, such as Ethernet, IP, TDM voice, and ATM, it is ATM that currently 
has the most mature concept of QoS and the richest QoS and traffic parameter 
terminology. Therefore, while the concepts apply equally well to IP-based 
systems, they will be explained using ATM terminology and mapped to the 
more generic WirelessMAN terminology. 
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The ATM service architecture defines six CoSs, as shown in Table 7-1: 

• CBR: Constant-bit-rate services require a static amount of bandwidth that 
is available for the lifetime of the connection and impose stringent control 
on delay and jitter. CBR services are intended to emulate legacy TDM 
services, such as voice and video, and do not generally support statistical 
multiplexing. 

• rtVBR: Real-time variable-bit-rate services are bursty, but like CBR also 
require tight control of delay and jitter. rtVBR services are a good choice 
for VoIP or streaming video. Because of the bursty nature of rtVBR 
services, statistical multiplexing may be supported. 

• nrtVBR, GFR, UBR, andABR: Nonreal-time variable bit rate, guaranteed 
frame rate, unspecified bit rate, and available bit rate are categorized as 
nonreal-time services. These services may be very bursty and have a large 
difference between average and peak usage rates. GFR, nrtVBR, and ABR 
offer a minimum guaranteed rate while UBR is simply a BE service. 

Table 7-1: Mapping of ATM Cos concepts to WirelessMAN 

ATM Cos WirelessMAN CoS 

CBR UGS (unsolicited grant service) 

rtVBR rtPS (real-time polling service) 

nrtVBR, GFR, ABR nrtPS (nonreal-time polling service) 

UBR BE (best-effort service) 

These service categories relate traffic descriptions and QoS parameters to 
network resources. Queuing, scheduling, and CAC are structured differently 
for each service category. The purpose of CAC is to ensure that the system has 
the necessary resources (e.g., bandwidth and buffers) to support a new 
connection without impacting any preexisting connections. CAC uses the 
following QoS parameters and traffic descriptors to calculate resource 
availability. 
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• QoS parameters 

• End-to-End Transit Delay: This parameter is the amount of delay the 
service can tolerate. Information delayed longer than the specified 
delay is considered to be less useful to the application and thus may be 
discarded by the network. In WirelessMAN, this is the maximum 
latency parameter. 

• Peak-to-peak delay variation (or jitter): This parameter is used to size 
buffers at various multiplexing points within the system. It also impacts 
the overall delay experienced by the application. In WirelessMAN, this 
is the tolerated jitter parameter. 

CLR: The cell loss ratio parameter is used in sizing the buffers 
allocated to the connection and in the level of statistical multiplexing 
gain that can be supported by the BWA system. 

It should be noted that each BWA system has inherent end-to-end 
transit delay and peak-to-peak delay variation characteristics that are 
directly related to system design choices. 

• Traffic description parameters 

• PCR: Peak cell rate (or peak bit rate for non-ATM systems) is the 
maximum data rate allowed for the service. In WirelessMAN, this is 
the maximum sustained traffic rate parameter. 

• SCR: Sustained cell rate is the average data rate expected to be 
available to the service. The minimum cell rate of the GFR service 
would map to this as well. In WirelessMAN, this is the minimum 
reserved traffic rate parameter. 

• MBS: Maximum burst size is used in buffer allocation and statistical 
multiplexing calculation. In WirelessMAN, this is the maximum traffic 
burst parameter. 

The focus of this section is the impact of adaptive PHY s on CAC. Therefore, 
we will ignore for clarity and brevity the impact of CLR and MBS, since they 
affect mostly buffer allocation calculations. Likewise, as long as a system is 
not oversubscribed, the delay requirements of a service are impacted much 
more by the bandwidth allocation scheme and the implementation of fairness 
algorithms. 
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So what does it mean for a system with a subscriber-level adaptive PHY to not 
be oversubscribed? The answer to this question lies in the definition of what is 
guaranteed to a service. For a CAC algorithm to work, certain rules should be 
obeyed. In particular, policing should be performed at the ingress point to the 
network. Services should not, in general, be allowed to transmit more data 
than their maximum sustained traffic rate. Granted, this must be done in a 
constructive way, since the service should not be penalized for the fact that the 
physical line rate of its input port is greater than its maximum sustained traffic 
rate. For BE services, it is not uncommon for the maximum sustained traffic 
rate to equal the line rate of the port. 

SLAs typically stipulate the grade of service the end customer is getting from 
the service provider. The SLA's attribute that is of interest to CAC is the 
minimum reserved traffic rate. The customer is typically guaranteed that this 
rate will be available. This guarantee is, however, a statistical guarantee, 
meaning that, over time, the customer will get the minimum reserved traffic 
rate, but that there may be short periods in which that rate is not available. In 
general, the following holds: 

• For UGSs, minimum reserved traffic rate= maximum sustained traffic 
rate. 

• For rtPSs, minimum reserved traffic rate< maximum sustained traffic rate. 

• For nrtPSs, minimum reserved traffic rate<< maximum sustained traffic 
rate. 

• For BE services, minimum reserved traffic rate= 0. 

Bandwidth demands in excess of the minimum reserved traffic rate can be 
viewed as not guaranteed and are candidates for statistical multiplexing of 
services. For instance, as any cable modem user knows, BE customers can be 
continually added until they complain. 

CAC can determine whether the minimum reserved traffic rate of a service 
can be guaranteed, by comparing that rate against the bandwidth available in 
the airlink after subtracting the minimum reserved traffic rates of the other 
services already admitted. This is easier said than done. First, there is the issue 
of jitter. If a service is at all bursty, even if it uses exactly its minimum 
reserved traffic rate, it will need less at one instance and more at another. 
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Therefore, some additional bandwidth may be necessary to compensate for 
jitter. Alternatively, an operator's policy may be to oversubscribe somewhat 
the minimum reserved traffic rate. Therefore, CAC should base a service's 
guaranteed bandwidth on a function of minimum reserved traffic rate and 
jitter. The actual function used can be tailored to take into account 
oversubscription policy and may also account for the responsiveness of the 
bandwidth allocation algorithm in the BS, since this can affect jitter. 

Second, there is the issue of the adaptive PHY. The same minimum reserved 
traffic rate for two different services, each to a different SS, may use 
substantially different resources. For instance, an SS operating at QPSK will 
use three times as much physical airlink resources for the same amount of 
data as a terminal operating at 64-QAM and the same FEC. Therefore, the 
CAC algorithm must be aware of the planned PHY mode of each SS and 
normalize the bandwidth requirements of services to common units to 
determine actual PHY resources consumed. The planned PHY mode is used 
because the CAC algorithm is concerned with guarantees, and it guarantees 
that contractual obligations can be met, but only within the bounds of system 
availability. The planned PHY modes dictate the bandwidth guaranteed 
available a sufficient fraction of the time to meet the operator's availability 
goals. 

Since SSs quite often have environmental conditions allowing them to operate 
above their planned modulation (just not often enough to meet availability 
goals), there is quite often more airlink bandwidth available than CAC uses in 
admitting services. This bandwidth can be used for BE traffic. It can serve this 
purpose in two ways. For rtPS and nrtPS connections, this excess bandwidth 
is normally available to service demands in excess of the minimum reserved 
traffic rate, up to the maximum sustained traffic rate. Similarly, the excess 
bandwidth is available for BE services. The high probability of excess 
bandwidth in the system allows for substantial oversubscription of maximum 
sustained traffic rate. This can be especially useful for selling services that can 
peak at their port rate (for example, lOOBaseT Ethernet) if bandwidth is 
available. 
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Adaptive CAC philosophies for adverse conditions 

Once a function is determined for allowing services into the system based on 
the planned PHY modes of the terminals, there remains a need for a plan of 
action for when the system is faced with adverse conditions, e.g., when it 
rains hard enough for terminals to drop below their planned PHY modes to 
more robust but less efficient PHY modes. 

First, it must be determined whether a terminal dropping to a more robust 
PHY mode actually causes oversubscription. The airlink on which the 
terminal operates may not be fully subscribed (in the sense defined in the 
previous section) with guaranteed traffic. Also, if the terminal in question has 
only BE services, there is no change in the ability to accommodate the 
guaranteed traffic within the system. Finally, especially in uncorrelated fades, 
some other terminals may be operating at more efficient PHY modes, 
offsetting any bandwidth availability problem. 

Second, if it is determined that the actual PHY mode dropback causes an 
oversubscription problem, some action must be taken to retain some amount 
of services at adequate QoS. This allows the system to maximize the benefit 
of one of the major features of adaptive PHY s-the ability to still retain the 
link, albeit with reduced capacity, even in severe weather conditions. 

Care must be taken in maintaining QoS and system stability on the 
temporarily oversubscribed airlink. Initially, it might be tempting to just let 
the system run with reduced capacity, increased delay, and reduced QoS 
because this condition may exist only a few minutes a year. In systems with 
no UGS or rtPS, this extremely simple approach may be very reasonable. 
Customers can be taught to accept slower response during extreme weather. 
But UGS, and to some extent rtPS, is very intolerant to change. If the system 
has a high enough ratio ofUGSs, the Tl/El TDM systems will start alarming 
due to insufficient bandwidth. A minor oversubscription situation could 
ultimately bring down all the phone lines in the sector. Obviously, this is not 
good. 

Another simple approach is to temporarily suspend the services with 
guaranteed bandwidth for the terminal that is below its planned PHY mode 
(keeping in mind that, for VBR connections, suspending may be merely 
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reducing the SCR). After all, the reason it is in this predicament is that it's 
raining hard enough to be in the 52 min a year (four 9's) when it's not 
guaranteed to be available anyway. This works and meets contractual 
obligations; in fact, the system may not need to suspend all of the services at 
that terminal, but just enough to resolve the oversubscription situation. That 
effectively gives the remaining services an availability slightly higher that the 
system goal. 

This concept can be taken further and can lead to system availability greater 
than the goal, or it can be traded off for additional capacity by slightly 
increasing the size of the higher PHY mode regions within a sector. This is 
especially true in light of the fact that, while affecting only the services on the 
SS at lower modulation meets contractual guarantees, it's not really fair. 

There are two main points that make this simple solution unfair. First, 
consider that the oversubscription situation may have come into being not 
because of this single SS, but because a sequence of SSs dropped below the 
planned modulation. This one just happens to push the system below the 
oversubscription threshold. Why should its customers be the ones to suffer? 
The second reason the solution is unfair is best explained pictorially. 

In Figure 7-18, two SSs withinthe same sector have the same planned PHY 
mode. SS 1 is not quite close enough to the BS to have a more efficient PHY 
mode and still meet availability goals. SS 2 is in the opposite situation; it is 
barely close enough to the BS to meet availability with its planned PHY 
mode. In this situation, SS 2 will normally need to drop to a more robust PHY 
mode long before SS 1. In fact, SS 1 may never need to drop to a more robust 
PHY mode. With the previous simple solution to the temporary 
oversubscription problem, SS 1 will be unfairly penalized for its relative 
geographical proximity to the BS. 

There are numerous methods to make the situation fairer. In applying them, 
the CAC algorithm can rely on the fact that the availability of services has a 
minimum, as expressed by the availability goal, but that many terminals 
actually enjoy much greater availability. So the algorithm can "spread the 
pain," keeping the average availability the same while decreasing the worst­
case availability. One method is to randomly, or in a round-robin fashion, 
suspend services with guaranteed bandwidth until the oversubscription 
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SS2 

SS 1 

QPSK 

Figure 7-18: Two terminals with same planned PHY mode 

problem is alleviated. This is more fair than the previous approach, and it 
exceeds the availability goals of the system. However, it has the drawback 
that some of the suspended services may have been critical. 

The problem of critical services can be handled by assigning services that 
have guaranteed bandwidth a precedence level relative to each other. Those 
with lower precedence are suspended first until the oversubscription problem 
is alleviated. Within a precedence level, the random or round-robin 
suspension algorithms may be used. The tenn precedence is used intentionally 
and should not be confused with CoS or QoS. It may not be acceptable, for 
instance, to suspend nrtPS first, followed by rtPS, with UGSs getting the axe 
last. Take, for instance, the business with both its phone lines and its point-of­
sale (PoS) transactions going over the BWA system. While maintaining some 
phone lines during severe weather may be necessary, it is probably more 
acceptable to have reduced phone capability while retaining PoS capability 
than to retain all phone lines at the expense of PoS. 

Multicast connections 

The IEEE 802.16 standard supports multicast connections that allow a service 
on the DL to be transmitted to multiple SSs on the same airlink without 
duplicating the transmission to each subscriber. The transmission would be 
performed at the lowest common denominator of the PHY modes currently 
used on the DL for the set of subscribers receiving the service. 
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Multicast introduces an additional complication regarding security. IEEE 
Std 802.16 typically uses a pair of encryption keys per client so that one 
client's data cannot be read by another client on the same airlink. For 
multicast data, e.g., a TV program being broadcast to a number of subscribers 
simultaneously, this policy of one set of keys per client would effectively 
require the service to be transmitted individually to each client so it could be 
individually encrypted for each client. The IEEE 802.16 standard, however, 
allows per-service encryption keys shared by all recipients of the service, 
allowing the service to be broadcast once and received by many, but still by 
only those who subscribe. Clients that support this must be able to have 
multiple SAs. The target security association identifier (SAID) parameter 
associated with the service is used to determine which set of keys and which 
encryption method to use. The SSs' control and any unicast services must use 
the SA unique to the client. Any multicast or broadcast services are mapped to 
SAs unique to the service. 

Multicast connections also have a unique interaction with ARQ. For multicast 
service, per-service MAC ARQ is not allowed. Further, since PHY HARQ is 
on a per-client basis, SSs receiving a multicast connection must be configured 
to not enable HARQ. 

BW request/grant 

The BW request/grant mechanism for the IEEE 802.16 standard was chosen 
to be efficient, low-latency, and flexible and to dovetail with QoS. Requests 
are made on a per-connection basis to ensure they can be properly used in 
fairness algorithms in the BS's UL scheduler. But grants are made to the SS, 
not to the connection. This increases efficiency; e.g., the MAPs are smaller 
due to an entry for the terminal, rather than each of the terminal's connections. 
Latency can also be reduced. The terminal can use the bandwidth for the best 
current need rather than for a reason dictated by the BS. For instance, if an SS 
asked for bandwidth for a BE connection, but an urgent need to go to a more 
robust DL PHY mode arises, the SS can use the bandwidth to send a DBPC­
REQ (DL burst profile change request) message. This very important message 
is sent with lower latency than if the SS needed to wait for bandwidth 
explicitly granted for that purpose. 

190 WirelessMAN: Inside the IEEE 802.16 Standard 

Chapter 7: MAC operation 

Also, there are no explicit acknowledgments (positive or negative) of 
requests. Either the SS gets a grant, or it does not. This saves the bandwidth 
that would have been used for the acknowledgments. Latency is reduced 
because the SS does not need to wait for an acknowledgment, just for a grant. 

Giving grants to SSs rather than connections can result in inconsistent 
behavior. Even if the SS does not intentionally use the bandwidth differently 
from its requests, an SS with multiple services does not know exactly how 
much of a grant the BS intended for one service vs the other. Additionally, the 
lack of acknowledgments can cause the BS's perception of the SS's queue 

status to deviate from the actual situation. 

The reality at the SS and the perception at the BS can get out of sync for a 

number of reasons: 

The BS does not hear a BW request (unrecoverable PHY error). 

• The SS does not hear the allocation in the MAP (unrecoverable PHY 

error). 

• The BS scheduler decides it does not have bandwidth right now for the 
particular service for which the SS requested bandwidth. 

• The SS used bandwidth for a purpose different from that originally 

requested. 

To rectify any discrepancy between the SS's reality and the BS's perception, 
the BW request/grant scheme is designed to be self-correcting. After a period, 
potentially based on the QoS of the service in question, if the SS still needs 
bandwidth for a service, it simply asks again. To avoid the BS's perception 
becoming further askew from reality by duplicate requests, the SS issues an 
aggregate request. An aggregate request tells the BS that this is the current 
state of the SS's queue for that service, allowing the BS to reset its perception 

of that service's needs. 

Aggregate requests are necessary to guarantee the self-correcting nature of the 
request/grant scheme. However, there is a chance that a repeated aggregate 
request crosses the grant for that same bandwidth in the same frame. While 
this is very unlikely to happen with any regularity, it can, if the request is 
large, cause wasted allocations to the SS that would have been better served 
going to a different SS. Therefore, while aggregate requests are both 
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necessary and sufficient for the request/grant mechanism to operate,4 there is 
a potential waste that can be easily avoided by adding the concept of 
incremental requests. With an incremental request, the SS is simply saying "I 
need more bandwidth" for a particular service. The BS would add this 
BW request to its current perception of the bandwidth needs for that service 
rather than using the BW request to reset its perception of the services needs. 
In general, the airlink should be reliable. Therefore, most BW requests 
typically would be incremental, with only periodic aggregate requests to 
ensure the BS does not deviate too far from reality. 

If a BS does happen to allocate bandwidth to an SS without a need, the SS 
can be polite and send an aggregate request for zero bandwidth. This 
deterministically informs the BS that the SS does not need bandwidth. 
Alternatively, the SS can just send fill bytes. The BS can key into the presence 
of fill bytes to modify its perception of the SS 's bandwidth needs. Obviously, 
keying in on fill bytes can be dangerous if the SS implementation can 
generate fill bytes when the SS has data queued. But, then again, the 
request/grant scheme is self-correcting, and this situation will correct itself as 
well. 

A few other BW request options exist as well. For UGS connections, which 
would typically be used for such services as legacy TDM voice, there is no 
need for BW requests since both parties know the recurring bandwidth needs 
of the service. However, clock skew can be a problem. To address this, if the 
SS sees UGS data starting to back up, it can set the SI bit in the GMSH, 
thereby requesting the BS to slightly increase the rate at which it 
automatically allocates bandwidth to the SS. This increase would continue 
until the SS stops setting the SI bit. 

If an SS needs more bandwidth for a connection that is currently granted some 
over the airlink, the SS can piggyback an embedded incremental BW request 
in a GMSH of an MPDU for that connection. 

Similarly, if the SS is receiving bandwidth that is sufficient only for its UGS 
connections, the SS can request to be polled, indicating it has a bandwidth 

4 
ETSI BRAN HiperACCESS uses the same request/grant scheme, but with only 
aggregate requests. 
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need on another connection, by setting the PM bit in the GMSH of an MPDU 
of a UGS connection. When the BS sees the PM bit set, it knows the SS needs 
to make a BW request and may choose to short-circuit its polling cycle for 
that SS and poll it immediately. In fact, if an SS has bandwidth needs for its 
UGSs sufficient large that it receives an unsolicited allocation every frame, 
the BS can refrain from polling the SS until it sets the PM bit, saving UL 
bandwidth. 

Scheduling 

Scheduling algorithms were intentionally left outside the scope of the 
IEEE 802.16 standard. The set of service offerings combined with scheduling 
algorithms is a major area for vendor differentiation. However, some concepts 
are common to all implementations, and some ideas were intended even while 
not explicitly made a part of the standard. 

An IEEE 802.16 system has three main scheduling points. The most obvious 
one, and the one that most often comes to mind first, is the scheduling of the 
UL by the BS. The BS receives requests from SSs, processes those requests, 
and then creates and distributes UL MAP messages. This process must 
consider not only the outstanding BW requests but also polling, PHY 
maintenance needs, and the current UL PHY mode for each SS. The current 
UL PHY modes impact the amount of bandwidth, from a data rate 
perspective, available in the UL. 

But, as previously mentioned, the UL MAP messages allocate bandwidth to 
SSs, not connections. This leads to the second scheduling point. Once the SS 
receives an allocation, it must decide which of its data to transmit during that 
allocation. To do this, it runs a scheduling algorithm analogous to that in the 
BS, but limited in scope to its own services, MAC management messages, and 
its individual allocation at its current UL PHY mode. 

The third major scheduling point is the creation by the BS of the DL 
subframe. Like the BS scheduling of the UL, this task must take into 
consideration not only the DL data awaiting transmission but also the current 
DL PHY mode of each SS. DL MAC management messages must be included 
in this scheduling. The end product of this scheduling point is a DL subframe, 
complete with a DL MAP message indicating PHY mode transitions within 
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the DL subframe, and the UL MAP message resulting from the BS UL 
scheduling. 

The intent ofIEEE Std 802.16 was that the DL MAP and UL MAP messages 
be transmitted using the most robust modulation currently in use on the 
airlink. This aids new SSs entering the network, and it guarantees that the 
MAP will be received with an low likelihood of error. Since the DL MAP is of 
variable length, it needs to be relevant to the current PHY frame; i.e., the 
frame containing it. If it instead mapped the PHY mode transitions of the next 
frame, it would need to know the length of the next DL MAP so it could map 
the first PHY transition. This is a nondeterministic problem. It requires an 
FEC structure for transmitting the MAPs that guarantees that the first DL 
PHY mode transition is contained in an FEC block that is not the last FEC 
block of the initial PHY mode. This guarantees at least one FEC block buffer 
for processing the first DL PHY transition. For most practical 
implementations, this will require the DL MAP to be processed in hardware 
or firmware rather than software. 

For TDD systems, the UL MAP message can be for either the current frame or 
the next frame, as shown in Figure 4-7 and Figure 4-8 (in Chapter 4). The BS 
must choose one of these at the start and not change its choice. When the UL 
MAP is for the current frame, the latency of the request/grant cycle is 
reduced. This comes at an expense, however. The UL MAP cannot be for any 
earlier than the round-trip delay of the first SS scheduled in the UL plus the 
time required to be allotted for processing the MAP. This bounds the 
minimum DL subframe duration, reducing flexibility compared to when the 
UL MAP is for the following frame. 

For FDD systems, the UL MAP can map allocations starting as early as the 
start of the current frame plus the time allotted for processing the MAP plus 
the round-trip delay. Alternatively, it can map allocations starting with the 
following frame. Anything within these two extremes is possible, as shown in 
Figure 4-9 and Figure 4-10 (in Chapter 4). 

When an SS has UGSs, it does not need to request bandwidth for those 
services. In fact, it should not make BW requests for those services. The BS 
already knows the bandwidth need of the UGSs and allocates the bandwidth 
unsolicited, hence the name unsolicited grant services. Based on the frame 
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duration and the maximum sustained traffic rate parameter, which should be 
the same as the minimum reserved traffic rate parameter for UGSs, the BS can 
determine how much periodic bandwidth the SS will need each frame. In 
granting the allocations, the BS must also take into account the ToS being 
offered and other parameters of the service. 

For example, assume a WirelessMAN-SC backhaul for a cell site of a global 
system for mobile communications (GSM) network in the United States. The 
IEEE 802.16 system would most likely be backhauling TDM voice circuits 
and using a 1 ms PHY frame. A convenient way to backhaul such cell sites is 
with an ATM adaptation layer virtual circuit. There are various modes for 
such a circuit, but a popular mode generates 4192 ATM cells per second. 
Therefore, the circuit needs bandwidth equivalent to 4.192 ATM cells each 
PHY frame. Since the ATM CS does not allow ATM cells to be fragmented, 
the BS must, over the course of each second, allocate the SS at least 4 ATM 
cells in 808 frames and at least 5 ATM cells in the other 192 frames. How the 
BS distributes these allocations is implementation-dependent and outside the 
scope of the IEEE 802.16 standard, but it should be obvious that doing a 
better or worse job can have a big impact on jitter and on buffer requirements 
at the SS. In general, the BS should try to distribute the allocation of the fifth 
cell evenly across time. 

Even with very good bandwidth allocation algorithms at the BS, extra care 
must be taken with UGS connections. For instance, the bandwidth allocation 
for a UGS connection will likely be grouped into a single burst for each UL 
subframe rather than distributed across the frame. There are a number of 
reasons for this: 

• Reduced complexity of SSs that need to transmit only once per frame. 

• Reduced overhead of a single burst rather than multiple smaller bursts 
(e.g., packing, burst preambles). 

• The fact that, unless all you're doing is nailing up Tls or Els, the 
scheduling algorithm will never be able to perfectly distribute the 
allocations within a frame if there is more than one SS in the system. 

• The fact that, in TDD systems, the allocations must be compressed into a 
partial frame anyway. 
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The "clumping" that results is really the equivalent of adding one PHY frame 
duration of jitter into the connection. In our example, this is 1 ms. Jitter 
buffers at both ends of the airlink should be sufficient to remove at least one 
PHY frame duration of jitter. Be careful, however, because the way to 
eliminate jitter is to tum it into delay. 

Since UGS connections are the preferred choice for transferring constant data 
rate services, it is important to provide mechanisms for each side to maintain 
synchronization. Potential problems may arise. The clock used by the BS for 
PHY frame generation may drift with respect to the clocks used by the 
network to clock the UGS data. This can lead to data in the UGS queues at the 
SS building up at a faster rate than the allocations to the SS can drain the 
queues. When this situation happens, the SS notices that its UGS queues are 
above an implementation-dependent threshold. The SS then sets the SI bit in a 
GMSH, indicating that, due to a clock mismatch, the BS should grant it 
slightly more bandwidth than agreed. Additionally, many types ofUGSs need 
their clock at the SS to match the network clock used for the service on the 
backhaul. The SS has the airlink clock available, but this may not be locked to 
the network clock. Whenever the BS is providing UGSs, it also provides the 
CLK-CMP ([SS network] clock compare) message, which allows the SSs to 
derive the network clock, or multiple clocks, from the airlink timing. The 
method for deriving the network clock is described later in this chapter. 

rtPS, nrtPS, and BE service all differ from UGSs in that they do not expect 
continuous, constant bandwidth allocations. They typically carry bursty traffic 
such as web browsing or VoIP. From the end user's point of view, they 
may be the aggregation of multiple bursty services. For instance, a single 
IEEE 802.16 rtPS may allow some number of simultaneous VoIP calls. For 
rtPS and nrtPS, the minimum reserved traffic rate should be statistically 
guaranteed. The parameters of such a guarantee are outside the scope of the 
IEEE 802.16 standard; but in general, if a service is requesting its minimum 
guarantee, it should receive it. On the other hand, if a service does not use its 
guaranteed minimum for some period of time, it should not build up an 
infinite credit. Care must be taken to strike a balance between guaranteeing a 
minimum rate on average for bursty traffic and building up too much credit, 
which could starve other services. 
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The main difference between rtPS and nrtPS is the expected response time. 
This is especially true once a service becomes active. For instance, a VoIP 
service may tolerate greater delay during initial setup of a call than during the 
life of the call. BE services, however, differ from rtPS and nrtPS in that they 
have no minimum reserved traffic rate. Depending on the CAC, fairness, and 
scheduling algorithms used, the guaranteed part of other CoSs could 
effectively starve BE services. If this condition is more than an infrequent 
transient phenomenon, the system is oversubscribed, and more channels 
should be made available if possible. 

Along with satisfying minimum guarantees and distributing bandwidth in 
excess of guarantees, another aspect of scheduling is policing. In some 
networks, services may be sold under agreement guaranteeing some ( or no) 
minimum rate, bursting to some peak rate. Network operators may not want to 
allow users to become accustomed to having access to all the system's 
bandwidth if no one else is using it. U GSs typically have a fixed data rate, but 
rtPS, nrtPS, and BE service can burst with a peak rate equivalent to the line 
rate of their input port to the SS. For instance, a service connected to the SS 
via a 1 OOBaseT port can burst data upwards of 96 Mbit/s. At ingress points to 
the network, policing algorithms should use a function of the maximum 
sustained traffic rate and the maximum traffic burst parameters to allow 
instantaneous bursts at the line rate of the input port while statistically 
limiting the traffic over time to at most the maximum sustained traffic rate. 
Obviously, if it is desired to have no upper limit on the bandwidth a service 
can use when available, the maximum sustained traffic rate can be set greater 
than or equal to the line rate of the port or the maximum rate of the airlink. 

Unicast polling 

The first thing to understand about unicast polling in IEEE Std 802.16 is 
exactly what it means. The basic intention of unicast polling is to give the SS 
a contention-free opportunity to tell the BS that it needs bandwidth for one or 
more connections. Since the IEEE 802.16 bandwidth allocation scheme 
allows the SS to use any bandwidth allocation as it sees fit, the SS simply sees 
extra, unsolicited bandwidth. If the bandwidth is available, unicast polling is 
generally preferred to broadcast or multicast polling. It can be used to 
minimize delay and jitter as well as to provide more deterministic delay and 

WirelessMAN: Inside the IEEE 802.16 Standard 197 

Ford Motor Co. 
Exhibit 1025 

Page 122



i ! 

'I,,', 
'' ,, ,, 

I ., 

I 

Chapter 7: MAC operation 

jitter than broadcast and multicast polling, both of which have the potential 
for collision between two BW requests. 

In keeping with the main purpose of the unicast poll, the BS has two primary 
options for how much additional bandwidth to give an SS. Which option a BS 
uses is a function of many things, including the SS 's service mix, the 
connection activity, and the complexity of the BS 's polling algorithms. If an 
SS has only a single, active connection, the BS may opt to give the SS only 
the additional 2 bytes necessary to piggyback a BW request in a GMSH. 
Alternatively, if the SS has no outstanding BW request or if it has multiple 
connections, the BS could opt to allocate the 6 bytes necessary for a 
BW request header. These two options represent the minimum necessary 
unsolicited allocations for unicast polling. The BS is free to grant more 
unsolicited bandwidth to an SS. This could allow the SS to transmit multiple 
BW requests for different services. There are additional reasons why the BS 
may want to vary the unsolicited grant size. These additional reasons will 
become more clear when discussing the circumstances that may stimulate the 
BS to grant unsolicited bandwidth. 

In keeping with the main purpose of unicast polling, the BS would 
periodically grant unsolicited bandwidth at a rate it deems sufficient for the 
QoS requirements of the SS's services. The frequency can depend on many 
factors. The BS could merely grant unsolicited bandwidth on a periodic basis, 
such as every n frames. Alternatively, the BS could consider the CoS of the 
SS's services. For instance, an SS with an rtPS may be polled more frequently 
than one that has only nrtPS or BE service. Another factor that could be 
considered is activity. A BE service that has been idle for a few hours has 
much less likelihood of needing bandwidth soon than one that has transmitted 
data within the last second. The BS is free to take into consideration all these 
issues and any others the implementor thinks are important. 

There are a few secondary purposes of unicast polling. First, for MAC 
management message exchanges on the basic or primary MAC management 
connections, the BS can predict the SS's need for response bandwidth. Such a 
predictive ability can greatly speed up MAC management protocols. Of 
course, the SS has the freedom to either use the bandwidth for its part of the 
protocol exchange or request bandwidth for its part of the exchange. The 
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timing of these unsolicited allocations depends on the MAC management 
exchanges in which the BS and SS are engaged. 

Additionally, since IEEE 802.16 systems have subscriber-level adaptive 
PHYs, the BS needs to periodically assess the UL quality from each SS 
individually. Periodic ranging is used for this purpose. Any unicast bandwidth 
allocation is considered a PHY maintenance opportunity for periodic ranging. 
Because the SS must transmit at least filler, even when it has no other data or 
requests to transmit, any unicast allocation gives the BS an opportunity to 
measure the receive signal quality of the SS's UL transmissions. Additionally, 
the SS may use any UL allocation to transmit a DBPC-REQ message for 
maintenance of the DL. Therefore, the BS must periodically send a unicast 
poll to the SS for the purpose of PHY maintenance. The frequency of this type 
of unicast poll is PHY-dependent. For example, to ensure proper PHY 
maintenance with 10 dB/s fading in a WirelessMAN-SC system, the BS 
should give the SS a PHY maintenance opportunity about once every 80 ms. 
If the SS 's services are idle, this PHY maintenance opportunity takes the form 

of a unicast poll. 

Finally, at the BS 's discretion, any unused UL bandwidth in a frame may 
simply be allocated to various SSs, effectively polling them in a unicast 
fashion. This can be particularly effective as a semi predictive way of reducing 
the acknowledgment latency of TCP/IP transfers, resulting in better response 
time, such as faster File Transfer Protocol (FTP) transfer rates. 

Broadcast polling 

During times of congestion, it may be better for certain CoSs to reduce the UL 
overhead associated with unicast polling and poll SSs on a contention basis as 
groups. This is especially true of any SS that has only BE connections. 
Additionally, SSs whose services have been idle for some period would be 
good candidates for being polled as a group. When an SS enters the network, 
it is automatically part of the broadcast polling group. At the discretion of the 
BS scheduling algorithm, the BS may chose to provide contention-based 
BW request opportunities open to the entire set of SSs on the channel. These 
opportunities appear in the UL MAP as a special DIUC indicating a 
BW request opportunity, addressed to the Broadcast CID OxFFFF. 
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The method of sending a BW request in such an allocation, common to all 
PHY s, is the transmission of the BW request header. However, for the 
OFDM and OFDMA PHY s, an additional anonymous BW request method 
exists, for which the allocation must be separately provided by the BS. 
Different techniques are used in OFDM and OFDMA to support anonymous 
BW requests. However, in both cases, in addition to the BW requests being 
anonymous, the techniques allow the transmission of simultaneous 
BW requests from multiple SSs in the same UL allocation. 

For OFDM, this so-called focused contention BWrequest (as compared to the 
full BW request, which uses the BW request header) is achieved by sending a 
randomly selected 4-bit code on four out of all data subcarriers for the 
duration of two OFDM symbols, while sending no energy on all other 
subcarriers. A random selection of a group of four subcarriers by multiple SSs 
allows a low pro~ability of collision within the same BW request opportunity. 
For OFDMA, this so-called contention-based CDMA BW request is achieved 
by modulating a randomly selected spreading sequence over the ranging 
subchannel in the traditional CDMA fashion. 

Upon reception of these codes or sequences, the BS can provide UL 
allocations; however, since the originator is unknown, it indicates in the 
all~cat~on the received code or sequence and the BW request opportunity in 
which it was received rather than the Basic CID of the requesting SS. One 
drawback of this method is that SSs may sometimes select the same code or 
sequence during the same BW request allocation, resulting in a collision 
within the resulting UL allocation. Another is that it is not possible to indicate 
the size of the UL allocation needed in the code or sequence. These 
drawbacks are offset by the efficiency of the requests themselves. 

Multicast polling groups 

Sometimes it may be desirable to used contention-based opportunities for 
gro~p.s o~ S Ss, b~t the entire group may be large enough that the possibility of 
colh~10n is to~ high. For situations such as this, SSs can be divided up into 
multicast pollmg groups. Multicast polling groups should not be confused 
with multicast ~onnections. Multicast connections, as described in Chapter 6, 
are DL connections that are received by multiple SSs simultaneously, without 
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duplicate transmissions on the same airlink channel. Multicast polling groups 
are groups of SSs that may respond to a BW request addressed to their 
multicast polling group address. Effectively, it is the same as the broadcast 
poll, but only selected SSs are members. This allows the BS to limit the 
number of SSs that may respond to a contention-based poll, which it may do 

for a variety of reasons. 

• To reduce the possibility of collisions. 

• To group SSs by like services, allowing certain groups to be polled more 
:frequently than others, thus maintaining some determinism in QoS while 

still taking advantage of group polling. 

• To provide the BS with a smaller set of SSs that it may decide to poll 
individually upon detection (assuming the BS has this capability) of a 

collision. 

CLOCK COMPARISON 

The clock compare function arose from the need to be able to support services 
that transferred data synchronously. In particular, synchronous Tls and Els, 
while gradually being supplanted by asynchronous Tls and Els, were 
relatively common when IEEE Std 802.16 was first approved and are still 
used today for certain voice backhaul applications. Also, the standard's 
developers noted that, since synchronous data transfer is generally faster, 
some future applications are likely to require synchronous transport. Such 
applications may include the streaming of audio to multiple devices. 
However, it is difficult to ensure that the clocks needed for synchronizing 
services across a network and the clocks used for generating the wireless 
transmission are the same or even synchronized with each other. 

In TDD systems and in FDD systems that allow H-FDD devices, information 
is not provided continuously from a transmitter to the receiver, further 
aggravating the problem of synchronization of services. In IEEE Std 802.16, 
we add sophisticated PHY burst profile usage and MAC scheduling that can 
further disrupt the continuity desired by synchronous services. 

Usually, but not always, the synchronous data are synchronized to the network 
clock that is also used to generate the backhaul. Theoretically, the symbol 
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clock for the wireless link could be generated from the network clock but thi 
is typically not done for a variety of reasons: ' 

8 

• :he airlink typically needs a stratum 1 reference. While the network clock 
is probably of high quality, there is no guarantee that the network clock is 
better than stratum 3 because it may have accumulated errors through the 
network. 

• Especially in TDD systems, it is advantageous to synchronize BSs within a 
network. Depending on the network, the backhauls to and from each BS 
may not be synchronized among themselves. 

• Rather than build a variety ofbackhaul synchronization means, it is easier 
for ~S vendors to design airlink synchronization around a known, readily 
available stratum 1 clock source, such as a global positioning system 
(GPS). 

:his create~ a situation such as shown in Figure 7-19. In this example, the BS 
is synchromzed to the 10 MHz reference typically provided by a GPS receiver 
collocated w~th the BS. It may further use the 1 pps (pulse per second) 
reference typical of a GPS receiver to synchronize PHY frame boundaries but 
this is immaterial to the clock compare discussion. The BS generates the ' 
symbol clock for the airlink synchronized to the 1 O MHz reference. The SS 
synchronizes its symbol clock to the airlink, effectively synchronizing to the 
10 MHz reference from GPS. 

... ~r~~des 

Backhaul OC-3, 
GigE, etc. carrying 

synchronous T1/E1. 
Network clock 

Stratum 1-Stratum 3 

202 

\
~g~~~1 
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802.16 BS 

Figure 7-19: Clock comparison 
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However, any network clocks derivable from the backhaul or services on the 
backhaul are not guaranteed to be synchronized with GPS. They could be 
synchronized to a stratum 1 rubidium oscillator clock generator somewhere in 
the network or to some other clock generator of similar or worse quality, or 
they could be synchronized to GPS, but with accumulated errors. But, 
regardless of its quality or its relationship to GPS, one of these network clocks 
is the one to which the Tl/El recreated by the SS must be synchronized. 

The SS must regenerate the network clock for the service from the airlink 
clock. By itself, there is insufficient information to do this with accuracy 
sufficient to prevent bit slips on a synchronous Tl or E 1. Therefore, the BS 
helps out. Every 50 ms, the BS notes the difference between the 10 MHz 
reference used to generate the airlink and an 8.192 MHz clock generated from 
the desired network clock. In the clock compare algorithm, 10 MHz was 
chosen due to the predominance of GPS as the choice for BS reference, and 
8.192 MHz was chosen since it is a commonly occurring divisor of most 
network clocks. 

Now the SS can quantify the difference between the two clocks at known 
intervals. The SS then adjusts the network clock it is regenerating so that the 
difference between the 8.192 MHz reference it creates for the network clock 
and the 10 MHz reference it generates from the airlink symbol clock tracks 
the difference between the two source clocks at the BS. This can be done with 
sufficient accuracy to prevent bit slips on a synchronous Tl or E 1. It has 
applicability to any synchronously clocked services carried over the airlink. 

ARQ OPERATION 

ARQ parameters and timers 

This section describes the set of parameters and timers required for ARQ 
operation. Table 7-2 provides the basic IEEE 802.16 ARQ parameters and 
their usage. An ARQ implementation may also define additional parameters. 
For example, an ARQ block may have a maximum retry limitation in addition 
to its lifetime. The acknowledgment generation at the receiver may also be 
controlled by an acknowledgment frequency parameter (specifying how often 
to generate ARQ feedback) and/or a maximum ARQ feedback size. 
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Table 7-2: ARQ parameters and timers 

Description 

The maximum number of unique BSN values(= 211) 

The maximum number of consecutive ARQ blocks in the sliding 
window maintained by the transmitter and receiver. In order for 
the SR ARQ algorithm to work correctly, this window size 
cannot be greater than half of the ARQ_BSN_MODULUS. 
The transmitter and receiver state machines use the following 
additional variables to manage the ARQ blocks within their 
respective sliding windows: . ARQ_TX_ WINDOW_START: transmitter variable-All 

ARQ blocks with BSNs up to one less than this value have 
been acknowledged by the receiver. Therefore, this is the 
BSN of the first (unacknowledged or not yet transmitted or 
not yet available for transmission) ARQ block in its sliding 
window. . ARQ_ TX_ NEXT_ BSN: transmitter variable-The BSN of 
the next ARQ block to send. Therefore, 
ARQ_TX_ WINDOW _START<= 
ARQ_TX_NEXT_BSN<= 
(ARQ_TX_ WINDOW_START + ARQ_ WINDOW_SIZE) . ARQ_ RX_ WINDOW _START: receiver variable-All ARQ 
blocks with BSNs one less than this value have been 
successfully received. . ARQ_ RX_ HIGHEST_ BSN: receiver variable-The BSN of 
the highest ARQ block successfully received, plus one. This 
variable is related to the window size as follows: 
ARQ_RX_ WINDOW _START<= 
ARQ_RX_HIGHEST_BSN <= 
(ARQ_RX_ WINDOW _START+ ARQ_ WINDOW _SIZE) 

The ARQ block size negotiated during connection setup. 
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Table 7-2: ARQ parameters and timers (Continued) 

Parameter Description 

ARQ_ The maximum amount of time an ARQ block will be held by the 

BLOCK_ transmitter after the initial transmission of the block. A timer 
LIFETIME with this value is typically set for every ARQ block after the first 

transmission. If the block is successfully transmitted before its 
lifetime expires (i.e., upon reception of an acknowledgment), this 
timer is cancelled. If the transmitter is unable to successfully 
transmit the block within its lifetime subject to retransmissions, 
the ARQ block is discarded. 

ARQ_ The minimum time between a transmission ( or retransmission) 
RETRY_ and a subsequent retransmission of an ARQ block. A block is 

TIMEOUT retransmitted ifno acknowledgment is received within this 
timeout and the ARQ block is still eligible for retransmission. 

ARQ_ The maximum time the transmitter or receiver keeps its 

SYNC - respective TX/RX_ WINDOW _START variables at the same 

LOSS - value (i.e., sliding window remains fixed) before declaring a loss 
TIMEOUT of synchronization between the transmitter and receiver. This 

timeout is meaningful only if the connection is actively 
transferring data and the TX/RX_ WINDOW _START has not 
moved. The transmitter and receiver have their own way of 
determining whether a connection is actively transferring data. 

ARQ_RX_ The maximum time interval the receiver waits after successfully 

PURGE - receiving an ARQ block that did not advance the 

TIMEOUT ARQ_ RX_ WINDOW_ START. After this timeout, the 
ARQ_RX _WINDOW_ START is advanced by the receiver. 

ARQ_ If enabled, the ARQ receiver must deliver the MSDUs to the 
DELIVER upper layers in order. If disabled, MSDUs may be delivered to 
IN ORDER the upper layer out of order. -
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ARQ protocol messages 

Apart from a stand-alone message to transport the ARQ feedback, as 
described in Chapter 6, a few additional MAC management messages are 
necessary to exchange state information between the transmitter and receiver 
and keep their ARQ states in sync. These messages are transported in a 
management connection using the TLV format. 

ARQ Feedback management message 

The ARQ Feedback management message (Type 33) may carry any size of 
ARQ feedback up to the maximum allowed by the connection. It is used by 
the receiver when no other piggybacking opportunities are available to 
transport the ARQ feedback payload. 

ARQ Discard management message 

The ARQ Discard management message (Type 34) is used by the transmitter 
to instruct the receiver to skip a certain number of ARQ blocks. This message, 
of fixed size, carries the CID and BSN, where the BSN indicates the last ARQ 
block that the transmitter wants to discard. The receiver should skip up to the 
indicated BSN and update its sliding window variables accordingly. For an 
ARQ receiver, the reception of an ARQ Discard management message is 
equivalent to the successful reception of the ARQ blocks up to the specified 
BSN. Therefore, in response, the receiver generates an ARQ Feedback IE 
with the appropriate acknowledgment (i.e., cumulative acknowledgment with 
the BSN from the discard message). 

ARQ Reset management message 

The ARQ Reset management message may be sent by the transmitter or the 
receiver to reset the transmitter and receiver state machines. This message, 
which resets all variables in the transmitter and receiver to zero, is used when 
all other attempts to synchronize the state machines fail. The reset message 
carries the CID, a two-bit Type field, and a two-bit Direction field. The Type 
field indicates whether the reset message is the original reset message from 
the initiator, the acknowledgment from the responder, or the confirmation 
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from initiator. A three-way handshake is necessary to complete the reset 
operation. The Direction field indicates whether the CID in the message refers 
to an UL or DL CID. For transport connections, the Direction field is 
reserved. However, for the secondary management connection, the same CID 
is used in both the UL and DL for a specific SS. Therefore, if ARQ is enabled 
for the secondary management connection, the Direction field is used to 

identify the source of the reset message. 

BSN comparison 

Both the transmitter and receiver ARQ state machines need to take actions 
based on comparison ofBSNs (e.g., comparing the BSN from a message or 
received MPDU with a locally maintained value). Since a simple numerical 
comparison is inaccurate, due to the size of the BSN space and sliding 
window and the rolling over ofBSN values, the BSN values need to be 
normalized prior to comparison. The normalized BSN, BSN', is defined as 
BSN' = [(BSN -BSN_Base) mod ARQ-BSN-MODULUS], where BSN_base 
is ARQ_TX_ WINDOW _START for the transmitter and ARQ_RX_ 

WINDOW _START for the receiver. 

ARQ transmitter 

The primary functions of the ARQ transmitter are the following: 

1. Determining whether one or more ARQ blocks are qualified for 
transmission and whether any ARQ blocks need to be retransmitted. 

2. Processing ARQ feedback, extracting acknowledgment information, and 
updating the local state variables, including the 
ARQ_ TX_ WINDOW_ START, if necessary. 

3. Generating a discard message when an ARQ block's lifetime is expired 

without a successful transmission. 

4. Generating a reset message whenever the ARQ_ SYNC_ LOSS_ 
TIMEOUT is expired. 

5. Processing reset messages from the receiver. 
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The first three functions of the transmitter state machine can be best 
illustrated using the state transition of ARQ blocks. Figure 7-20 shows the 
ARQ block states at the transmitter. 

ACK 

Not sent 
Transmit 

ACK 

°fpO ARQ_RETRY TIMEOUT 
'<ll or NACK 

<'o 
c+-
\~ 

0, 
% 

Figure 7-20: ARQ block states at the transmitter 

As described in Chapter 6, an MSDU received from the CS is divided into one 
or more ARQ blocks based on the block size negotiated during the connection 
setup. ~ ARQ_ block starts at the not-sent state. An entity outside of the ARQ 
transmitt~r~ typically the scheduler, is responsible for determining transmit 
opportumties for a specific connection, based on the QoS requirements and 
the number of queued ARQ blocks. The exact interface between the scheduler 
and ARQ is not defined in the IEEE 802.16 standard. 

~ased on the maximum number of ARQ blocks that can be transmitted for a 
given ?~portunity, the ARQ transmitter builds an MPDU of ARQ blocks 
compnsmg first transmissions and/or retransmissions. The ARQ transmitter 
~as to follow the packing and fragmentation rules defined for this connection 
m constructing the MPDU. In order to qualify an ARQ block in not-sent 
state for transmission, the ARQ transmitter must make sure that the block 
falls within its window size. Once a block is qualified, it is assigned the 
ARQ-:--T.X_NEXT_BSN as described in Table 7-2 and the ARQ_TX NEXT 
BSN is mcremented by one. - -
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Once an MPDU is constructed and sent for transmission, the ARQ blocks 
carried in that MPDU become outstanding, i.e., enter the outstanding state. 
Once in the outstanding state, the ARQ block remains in that state until one of 
the following four events occurs, whichever happens first: (1) Positive 
acknowledgment (ACK) is received, (2) Negative acknowledgment (NACK) 
is received, (3) ARQ_RETRY_TIMEOUT is exceeded, 4) ARQ_BLOCK_ 
LIFETIME is exceeded. If a negative acknowledgment is received or an 
ARQ_ RETRY_ TIMEOUT occurs, the ARQ block is placed in waiting-for­
retransmission state. If the ARQ_BLOCK_LIFETIME expires, the ARQ 
block is moved to the discarded state, irrespective of the current state (i.e., 
outstanding or waiting-for-retransmission). 

Similarly, if an acknowledgment is received, irrespective of the current state, 
the ARQ block is considered successfully delivered. If the BSN of this block 
is equal to the ARQ_ TX_ WINDOW _START, then the 
ARQ_ TX_ WINDOW_ START is advanced by one. Whenever the ARQ 
transmitter has the opportunity to build a new MPDU, it must give preference 
for retransmissions, i.e., blocks in the waiting-for-retransmission state must be 
transmitted before attempting to transmit any blocks in the not-sent state. If 
there is more than one ARQ block in the waiting-for-retransmission state, the 
block with the lowest BSN must be transmitted first. 

Whenever an ARQ block is marked as discarded (i.e., ARQ_BLOCK_ 
LIFETIME expires), the transmitter sends an ARQ Discard management 
message to the receiver. This message can be cumulative; therefore, multiple 
consecutive discard orders can be aggregated into a single discard message 
that includes the highest BSN to discard. Since it is still possible to receive an 
acknowledgment while in discarded state and the receiver waits up to 
ARQ_RX_ PURGE_TIMEOUT before advancing a stagnant 
ARQ_ RX_ WINDOW_ START (i.e., deciding to discard on its own), a 
discard message may be delayed up to (ARQ_ RX_ PURGE_ TIMEOUT + 
ARQ_ RETRY_ TIMEOUT). In order to quickly recover from possible out­
of-sync or other disconnects between the transmitter and receiver, the 
transmitter repeats discard orders at ARQ_ RETRY_ TIMEOUT intervals 
until an acknowledgment is received for the discarded BSN. 
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ARQ feedback processing 

Whenever an ARQ feedback (ACK or NACK) is received for a specific BSN, 
the transmitter checks to see whether the BSN falls within its window and 
whether it is less than ARQ_TX_NEXT_BSN. If either of those conditions is 
not met, the positive or negative acknowledgment is ignored as invalid. 

All the acknowledgment types supported by the IEEE 802.16 standard can be 
decoded into a cumulative and/or selective acknowledgment. For example, 
the selective with cumulative acknowledgment and the sequence 
acknowledgment messages can be decoded into two separate 
acknowledgments: a cumulative and a selective. 

Whenever a valid cumulative acknowledgment is received, the 
ARQ_ TX_ WINDOW_ START is set to BSN + 1 of the cumulative 
acknowledgment. For a selective acknowledgment bitmap, the 
ARQ_ TX_ WINDOW_ START is advanced for every bit with a positive 
acknowledgment, whose BSN is equal to ARQ_TX_ WINDOW _START. 

There may be a delay between the reception of ARQ blocks at the receiver 
and the actual transmission of the ARQ feedback to the transmitter. This may 
create a situation in which the transmitter receives a negative 
acknowledgment for an ARQ block just after it was transmitted and 
successfully received by the receiver. In order to address this problem, an 
optional parameter RECEIVER_ ARQ_ ACK_ PROCESSING_ TIME 
(specified in milliseconds) is defined. This parameter may be provided by the 
receiver (BS or SS) to the transmitter during connection setup or change. The 
transmitter may use this information to intelligently interpret ARQ feedback 
and make retransmission decisions. 

ARQ receiver 

The primary functions of the ARQ receiver are as follows: 

1. Receiving ARQ blocks within its receive window and updating the 
appropriate state machine variables and timeouts. 

2. Generating ARQ feedback (ACKs and NACKs) whenever necessary. 
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3. Generating a reset message whenever the ARQ_ SYNC_ LOSS_ 
TIMEOUT is expired. 

4. Processing discard messages and generating acknowledgment (ARQ 
feedback) in response to indicate to the transmitter the reception of the 

discard message. 

s. Processing reset messages from the transmitter. 

Figure 7-21 shows the ARQ block reception procedure. As describer earlier, 
the CRC-32 is mandatory for ARQ connections. If the CRC check fails, all 
the ARQ blocks in that MPDU are considered invalid. The CRC check is 
typically performed outside of the ARQ receiver, and only ARQ blocks that 
passed the CRC check are handed over to the ARQ receiver. If the MPDU is 
packed, it needs to be unpacked prior to the examination of ARQ blocks. The 
reassembly occurs after all the blocks for a specific MSDU are received 

correctly. 

Arrival of 
ARQblock 

Add BSN to list of 
BSNl to be ACKed 

No 

No 

Black 
Duplicated 

Yes 

Reset Timer 
ARQ_RX_PURGE_TIMEOUT 

for this BSN 

Update 
ARQ_RX_WINDOW_START 

Discard block 

Reset Timer 
ARQ_SYNC_LOSS_TIMEOUT 

(Re)set Timer 
ARQ_RX_PURGE_TIMEOUT ----­

for this BSN 

Store block 

Figure 7-21: ARQ block reception 
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The first step after the reception of an ARQ block is to add the BSN to the list 
ofBSNs to be acknowledged and to determine whether its BSN is within the 
ARQ receive window. The ARQ receiver also checks to see whether this 
block is a duplicate block and discards duplicate blocks after resetting the 
ARQ_RX _PURGE_ TIMEOUT timer corresponding to that BSN. If this is 
not a duplicate block, then the BSN is checked against the ARQ_ RX_ 
HIGHEST_BSN. If the BSN is greaterthanARQ_RX_HIGHEST_BSN, then 
ARQ_ RX_ HIGHEST_ BSN is set to BSN + 1. Then the receiver checks to 
see whether the BSN advances the ARQ_ RX_ WINDOW_ START. If it is 
equal to the ARQ_ RX_ WINDOW_ START, then the value is updated and 
ARQ_SYNC_ LOSS_TIMEOUT timer is reset. 

Whenever an ARQ block that did not advance ARQ_ RX_ WINDOW_ START 
is received, an ARQ_ RX _PURGE_ TIMEOUT is started for that block. Every 
time anARQ_RX_PURGE_TIMEOUTexpires, the ARQ RX WINDOW 
START is set to the BSN of the next block that has not yet-bee~ received. -

When an ARQ block advances the ARQ_ RX_ WINDOW START, all 
ARQ_RX_PURGE_TIMEOUTtimers setforBSNs lower than this BSN (i.e., 
outside the receive window) are cancelled. 

Only if the ARQ receiver has all blocks corresponding to complete MSDUs is 
the reassembled SDU delivered to upper layers. If only partial blocks are 
available for an SDU and the ARQ_ RX_ WINDOW_ START has already 
moved past the required BSNs, all ARQ blocks in the incomplete SDU are 
discarded. The receiver also discards all blocks up to the BSN specified in an 
ARQ Discard management message and advances the ARQ_ RX_ WINDOW_ 
START to the first BSN not yet received after the BSN specified in the discard 
message. 

If ARQ_ DELIVER_ IN_ ORDER is enabled, the reassembled MSDU s must 
be delivered in order. This requires that all ARQ blocks of all previous 
MSDUs have been either delivered to the upper layers or discarded due to a 
timeout or the reception of a discard message. When ARQ_ DELIVER_ IN_ 
ORDER is disabled, an MSDU may be delivered as soon as all its ARQ 
blocks are received correctly, irrespective of the state of previous ARQ blocks 
and MSDUs. Most higher layer protocols and applications require in-order 
delivery, although some may be able to accept out-of-order delivery. 
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ARQ feedback generation 

The frequency of acknowledgment generation is not defined in the IEEE 
802.16 standard. It is up to implementations to define a frequency or other 
innovative algorithms to decide when to generate an acknowledgment. 
However, all received ARQ blocks must be acknowledged. 

All acknowledgments outside the receive window must be cumulative 
' 

irrespective of whether those blocks were actually received correctly. As 
described in earlier subsections, the ARQ_ RX_ WINDOW_ START may be 
advanced for a variety of reasons: (1) the reception of an ARQ block with 
BSN equal to ARQ_ RX_ WINDOW _START, (2) the reception of a discard 
message, or (3) a purge timeout. In all of these cases, the ARQ receiver 
generates an ARQ Feedback IE with cumulative acknowledgment at least 
once to indicate the reception of all ARQ blocks less than 
ARQ_RX_ WINDOW _START. For all other ARQ blocks received that fall 
within the receiver window, the generated acknowledgments may be 
cumulative (if applicable), or selective, or a combination of both. 

ARQ state machine reset and resynchronization 

The ARQ reset mechanism is used to recover from an out-of-sync state, with 
the transmitter and receiver having lost synchronization due to a sequence of 
lost messages or an incorrect implementation. The reset operation may be 
initiated by the transmitter or the receiver. 

• Transmitter-initiated reset: A reset is initiated by the transmitter when the 
ARQ_ TX_ WINDOW _START has not moved for 
ARQ_ SYNC_ LOSS_ TIMEOUT while the ARQ connection is active. The 
process of transmitter-initiated reset, along with the actions taken by the 
receiver, is given in Figure 7-22. The timer T22 used in Figure 7-22 is 
defined in the IEEE 802.16 standard as the "Wait for ARQ-reset" timer, 
with the default value of 0.5 s. 
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Transmitter Receiver 
Disable Transmission ) ARQ Reset Type = OxO 

Disable Reception 

ARQ_RX_WINDOW_ START= 0 

Discard All Incomplete SDUs 

ARQ Reset Type = Oxl or Ox2 Deliver All Complete SDUs 

ClearT22 Enable Reception 

Discard SDUs with Blocks in Discarded State End ARQ Reset 

Enable Transmission 

Figure 7-22: Transmitter-initiated reset 

• Receiver-initiated reset: The receiver, like the transmitter, can initiate an 
ARQ reset. It does so when the ARQ_ RX_ WINDOW_ START has not 
moved for ARQ_ SYNC_ LOSS_ TIMEOUT while the ARQ connection is 
active. Figure 7-23 shows the process ofreceiver-initiated reset. The timer 
T22 used here is the same timer used in transmitter-initiated reset. 

Both the reset procedures take into account the case where both the 
transmitter and receiver independently initiate a reset. In the case of an ARQ 
reset error, the SS should reinitialize its MAC. The behavior of the BS is 
undefined, and it is left to the implementation to take the appropriate action 
when an ARQ reset error occurs. 
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Transmitter 
ARQ Reset Type = OxO 

Disable Transmission 

Receiver 
ARQ Reset Type = Ox1 

Disable Reception 

Discard incomplete SDUs, 
deliver complete SDUs 

Enable Reception 

Figure 7-23: Receiver-initiated reset 

Interaction with scheduler 

The interactions between a scheduler and ARQ are not defined in the 
IEEE 802.16 standard. It is up to the implantation to define the exact 
behavior, including the following: 

• How to count retransmissions? The ARQ protocol requires that the 
retransmissions be given preference over first transmissions. However, a 
MAC-level QoS scheduler has to decide whether to fully or partially count 
the retransmissions or count only the first transmissions toward the 
connection's specified limit. For a higher layer protocol or application, 
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only the successfully delivered MSDUs count toward its perception of 
QoS. Moreover, delay and jitter management also become challenging 
with retransmissions. 

• How to allocate bandwidth for ARQfeedback? Although ARQ Feedback 
IEs may be piggybacked on another connection, such opportunities are not 
always available or sufficient. In such cases, bandwidth may need to be 
allocated in the opposite direction exclusively for carrying ARQ feedback. 
A BS may be able to allocate and transmit ARQ feedback going toward an 
SS on demand from the ARQ receiver. However, for transporting ARQ 
Feedback IEs from an SS to the BS, either an SS has to make an explicit 
BW request or the BS has to proactively and periodically allocate 
bandwidth for this purpose when ARQ connections are active. 

HARQ OPERATION 

HARQ parameters 

The following HARQ parameters are defined: 

• SPID: Subpacket identifier for the four subpackets of the encoder packet, 
which has a predefined range of ObOO to Ox 11. 

• ACID: ARQ channel identifier, which specifies the subchannel for the 
subpacket transmission. 

• AISN: ARQ identifier sequence number, which is toggled between O and 1 
on successful transmission of an encoder packet. 

The following subsections describe the usage of these parameters by HARQ 
protocol. The HARQ Control IE in the DL MAP or UL MAP is used to signal 
these parameters for a specific DL or UL HARQ burst. 

Subpacket transmission and acknowledgment generation 

When HARQ is enabled, the MAC delivers the constructed MPDUs to the 
HARQ PHY module responsible for concatenation, encoding, and subpacket 
generation. Since HARQ operates at the FEC level, the FEC encoder is 
responsible for generating the subpackets. Once generated, the subpacket with 
SPID ObOO is always transmitted first. Subsequently, any one of the 
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subpackets with SPID ObOO, ObO 1, Ob 10, or Ob 11 may be transmitted based on 
the positive or negative acknowledgment feedback from the receiver. A 
subpacket may be transmitted more than once, and any subpacket may be 
skipped, with the exception of the subpacket with SPID ObOO. 

Upon receiving a subpacket, the receiver's FEC decoder attempts to decode 
the original encoder packet. If the original is successfully decoded, a positive 
acknowledgment is sent to the transmitter; otherwise, a negative 
acknowledgment is sent. The transmitter stops sending additional subpackets 
from the same encoder packet if a positive acknowledgment is received. The 
transmitter may transmit one of the other subpackets if a negative 
acknowledgment is received, and this process may continue until the receiver 
successfully decodes the original encoder packet. A 1-bit HARQ AISN, 
toggled between O and 1, is used to indicate a new encoder packet 
transmission on the same HARQ channel. Therefore, upon successful 
decoding of an encoder packet, the transmitter toggles this bit to indicate this 
fact to the receiver of subpackets belonging to the next encoder packet. 

As described in Chapter 6, the synchronous HARQ positive and negative 
acknowledgment signaling makes use of a dedicated subchannel in the UL 
and a compact DL MAP with acknowledgment bitmap in the DL. However, 
the BS has full control over both UL and DL and may decide not to send an 
acknowledgment bitmap at a fixed frame offset. If no acknowledgment 
bitmap is present in the expected frame, the SS retains the HARQ burst and 
the corresponding subpackets. The BS may explicitly request a retransmission 
later, using the HARQ Control IE in the Compact MAP IE. 

The maximum number ofHARQ retransmissions in the UL and DL is 
advertised in UCD and DCD messages, respectively. The default maximum 
number ofHARQ retransmissions in both DL and UL is set to four. 

Performance and QoS implications 

As described in Chapter 6, the stop-and-wait HARQ protocol uses 
synchronous acknowledgments5 that are sent after a fixed delay specified in 

5 The BS may optionally decide not to send a synchronous acknowledgment and request 

a retransmission using an HARQ Control IE. 
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frame offset in both UL and DL. However, the number of subpacket 
transmissions required for successful decoding may vary, based on channel 
conditions. Moreover, the transmission/retransmission of the subpackets is 
not synchronous. The ability to support multiple HARQ channels per terminal 
does offer some additional performance, as multiple encoder packets may be 
pending at any instant. The ACID, carried in the MAPs, uniquely identifies 
the channels. 

While HARQ may offer some performance improvements due to SNR gain 
and coding gain by incremental redundancy, the lack of control from the 
MAC and the inherent limitations of stop-and-wait ARQ may affect the type 
of QoS that can be guaranteed for an HARQ-enabled SS. 
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PKM protocol and cryptographic methods 

The IEEE 802.16 standard defines security mechanisms affording privacy to 
subscribers and protecting operators from theft of service. These objectives 
are achieved by encrypting the data between the BS and SS, by utilizing 
digital certificate-based authentication of the SS, and by employing an 
authenticated client-server key management protocol called privacy key 
management (PKM). The PKM protocol allows the BS, as server, to control 
the distribution of keying material to the SSs. The security protocols ofIEEE 
Std 802.16-2004 [B20] do not offer authentication of the BS. This leaves open 
the possibility of an SS associating with a malicious BS. However, for a fixed 
wireless system operating in licensed bands, this should not be a grave 
concern since the BS equipment may not be readily available; furthermore, 
operation of a malicious BS can be easily detected by a legitimate operator. 
Nevertheless, BS authentication has been specified in IEEE Std 802.16e. 

SECURITY ASSOCIATIONS (SAS) AND CRYPTOGRAPHIC SUITES 

The packet data encryption function in IEEE 802.16 resides in the security 
sublayer between the MAC CPS and PHY, as shown in Figure 4-1 (in 
Chapter 4). In the transmitter, the MPDUs are mapped to an SA, which 
dictates the processing to be applied to a given plaintext MPDU. The receiver 
uses the CID to determine the correct SA and applies the corresponding 
processing to the received MPDU. 

The SA is a set of security-related information that is shared between the 
transmitter and receiver, with help from the PKM protocol. Each SA contains 
information on the cryptographic suite used for that SA. The SA may also 
contain keys, such as the traffic encryption keys (TEKs ), along with their 
lifetimes and other associated state information. The exact content of the SA 
depends on the algorithm for encrypting and authenticating the MPDUs and 
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on the algorithm used for TEK exchange specified in the cryptographic suite. 
IEEE Std 802.16 defines two main cryptographic suites, as described in more 
detail below. 

An SS entering a network will set up at least one SA, called the primary SA, 
with the BS. The BS may also set up a number of static and dynamic SAs. 
Static SAs are provisioned at the BS, while dynamic SAs are set up and tom 
down along with opening and closing service flows. In contrast to the primary 
SA, the static and dynamic SAs can be shared by the BS and multiple SSs. 

Encrypted MPDUs 

Only the payload part of an MPDU (which, as defined in the IEEE 802.16 
standard, includes the MAC subheaders) is encrypted. The generic MAC 
header is always sent in cleartext. The cleartext header contains the two 
EKS bits indicating the LSBs of the TEK sequence number of the key that 
was used to encrypt the PDU. This allows smooth key transitions in both 
directions. 

Data encryption with DES in CBC mode 

One of the two main cryptographic suites defined in the standard specifies 
data encryption with DES in CBC mode. The MPDU data authenticity is not 
checked when using this method. The exchange of the 64-bit TEK is 
performed using 3DES in code book mode. During the TEK exchange, the BS 
delivers parameter CBC-IV, which acts as the basis for calculating the IV 
required for encryption processing. The encryption process involves the 
following steps: 

1. The IV is derived by calculating the XOR of the CBC-IV and the frame 
number in which the MPDU transmission takes place. For UL 
transmissions, the XOR is taken between the frame number in which the 
UL MAP allocating the transmission was received and the CBC-IV. 

2. The IV is XO Red with the first 8 bytes of plaintext MPDU payload, and 
the result is then DES-encrypted to get the first 8 bytes of ciphered 
payload. 
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3. The ciphertext from the previous step is XORed with the next 8 bytes of 
plaintext payload and DES-encrypted to get the next 8 bytes of ciphered 
payload. 

4. Step 3 above is repeated until less than 64 bits of payload remain 
unciphered. To cipher the n residual bits, the previously attained 
ciphertext is DES-encrypted once more. The XOR between the n MSBs 
of this encrypted result and the n plaintext bits is then computed. The 
n last bits of ciphered payload are made up of the result of this 
calculation. 

In the receiver, the plaintext is recovered by performing a DES decryption of 
the ciphertext block and XORing it with the previous ciphertext block (the IV 
in case of the first 8 bytes). To recover the residual bits, the last full ciphertext 
block is encrypted once more, and the relevant part ofresult (then MSBs) is 
XORed with the ciphered residual to get the plaintext. 

The level of security provided by this suite is not very strong. DES uses keys 
that are considered by security experts to be too short to be secure. Also, there 
are some issues with the predictable way in which the cipher chain is 
initialized. Furthermore, the lack ofMPDU authentication can be considered 
a weakness of the protocol. However, this suite has the benefit of not 
introducing any data expansion. If the weaker security of this mode is a 
concern, then the AES-CCM suite described below should be employed 
instead. 

AES-CCM 

The advanced encryption standard (AES) is the replacement for DES and 
considered to be state of the art. The AES is a block cipher with a block length 
of 128 bits. The keys can be 128 or 256 bits long. IEEE Std 802.16 defines a 
cryptographic suite that utilizes the AES algorithm in the counter with CBC­
MAC (CCM) (see [B40]) mode with 128-bit keys. In addition to data privacy, 
the suite provides integrity protection for the MPDU s. The encryption method 
is the same as the one used in IEEE Std 802.11i6. The TEKs are exchanged 

6 IEEE Std 802.11 and IEEE Std 802.16 construct data fields differently. Also, IEEE 

Std 802 .1 li defines its own protocol for key exchange. 
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using AES in code book mode. The confidentiality and data integrity 
protection provided by the AES-CCM is considered very strong. 

The AES-CCM processing adds two fields to the MPDU payload: a 4-byte 
packet number (PN) and an 8-byte message authentication code. The MPDU 
payload before and after processing is shown in Figure 8-1. 

4 Bytes 
,... ~, 

PN 

Payload before encryption 

l Bytes 

Payload after encryption 

l+12 Bytes 

8 Bytes 

Ciphertext Message 
Authentication Code 

Figure 8-1: Encrypted payload format in AES-CCM mode 

The PN space is split in two-the range 0-7FFFFFFF is used for DL and the 
remainder for UL-because only one MPDU payload should be encrypted 
with a given key and PN. 

The message authentication code is calculated using AES in CBC mode, with 
counter mode encryption. The steps of the AES encryption process are 
described below: 

1. A set of blocks B0, ... ,Br are formed from the MPDU. 

2. A temporary CBC checksum T is calculated over these blocks. 

3. Using the nonce (see Figure 8-2) and a counter incremented by one for 
each block, a set of counter blocks (see Figure 8-3) S0, ... ,Sm is formed. 

4. The first counter block S0 is encrypted and stored. 
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5. Block S1 is encrypted, and the XOR with the first 128 bits of the MPDU 
payload is calculated to gain the first 128 bits of encrypted MAC payload. 
The same is done for the subsequent blocks, if any. If the length MPDU 
payload is not a multiple of 16 bytes, the last block is shortened. 

6. The message authentication code is derived by calculating T XOR S0 and 
keeping only the eight most significant bytes. 

1. The PN, the encrypted payload, and the message authentication code are 
concatenated to form the encrypted MPDU payload. 

The initial block B0 used in the CBC calculation is shown in Figure 8-2. By 
including the generic MAC header (save the redundant HCS) in the nonce, the 
header also will be afforded integrity protection. The remaining blocks are 
formed by splitting the plaintext MPDU payload in 16-byte blocks (padding 
with zeros to the next 16-byte boundary, if necessary). 

Generic MAC header without HCS Reserved Packet number field 

Figure 8-2: Initial CBC block and nonce 

The counter blocks are shown in Figure 8-3, where the nonce is the same as 
above. 

Figure 8-3: Counter blocks 

The processing in the receiver is similar to that in the transmitter, but the order 
of operations is different. The receiver starts by generating the encrypted 
counter blocks and decrypts the payload. After decryption, it calculates the 
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CBC checksum and compares this against the message authentication code. If 
the check fails, the receiver discards the MPDU. 

KEY MANAGEMENT 

Key management is handled by the authorization and TEK state machines in 
the SS. The authorization state machine, initialized on SS power up, handles 
the authorization state and AK management. In the Authorization Reply 
message, the SS receives the AK and the list of SAs from the BS. For each 
SA, the SS starts an instance of the TEK state machine that handles the key 
management of that SA A TEK state machine is also instantiated upon 
reception of the SA Add message that creates a dynamic SA. 

AK management 

The AK is always accompanied by its associated lifetime. Upon reception of 
an AK, the SS starts a timer to measure its remaining lifetime. At the instant 
named "AK grace time," which occurs before the expiration of the AK 
lifetime, the SS initiates a reauthorization procedure to acquire a new AK. 
The reauthorization is almost identical to the initial authorization, but the 
Authorization Information message is omitted. In the BS, assuming the SS 
continues to be authorized, the Authorization Request message will result in a 
new AK being activated with a lifetime that extends beyond the lifetime of the 
AK that is about to expire. In this transition period, the BS will have two 
active AKs for an SS. The transition period and key usage are illustrated in 
Figure 8-4. The AK is used to derive keys for MAC management message 
authentication and TEK exchange. As soon as the new AK is activated, the 
BS starts using the keys derived from the new AK. 
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Authorization Request 
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Figure 8-4: AK management in BS and SS 
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TEK management 

As mentioned above, the establishment of a new SA either during initial 
authorization or after reception of the SA Add message will instantiate a new 
TEK state machine. The TEK state machine will trigger the SS to send a Key 
Request message to the BS to obtain the keying material for the cryptographic 
suite used for the SA. Two TEKs with overlapping lifetimes are maintained to 
prevent interruptions in data transfer due to key expiration. The scheme is 
illustrated in Figure 8-5. There are certain rules that the BS and SS have to 
follow for this scheme to work. These rules are summarized below: 

• The SS is capable of decrypting DL transmissions using either TEK. 

• The SS always uses the newer TEK for UL transmissions. Once it sees the 
SS use the newer TEK, the BS uses this information as an implicit 
acknowledgment that the SS has the new keying information. 

• The BS uses the older TEK to encrypt data in the DL and starts using the 
new key only when the old one expires. 

• The BS is capable of decrypting UL transmissions using either TEK. 

As previously mentioned, the two LSBs of the sequence number of the TEK 
are carried in the generic MAC header to aid the receiver in the TEK selection 
for data received on a given MAC connection using a given SA. 

In IEEE Std 802.16, the TEKs are usually exchanged using the same block 
cipher used for the data encryption; in the case of DES, the cipher is run three 
times with different keys. The symmetric methods are favored over key 
exchange using RSA, as they consume less computational resources than the 
RSA method, which is also specified as an option in the IEEE 802.16 
standard. The symmetric methods use the key encryption key (KEK) derived 
from the AK using the Secure Hash Algorithm 1 (SHA-1 ). 
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figure 8-5: TEK management in BS and SS 
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Chapter 9 Mesh 
MAC and PHY extensions for mesh 

INTRODUCTION 

The concept of mesh radio systems, as an alternative to PMP, has for the last 
decade been a hot topic for commercial communications, evolving from 
earlier military work done by the Defense Advanced Research Projects 
Agency (DARPA) in the United States. Beyond the fixed mesh specification 
already available in IEEE Std 802.16-2004 [B20], the IEEE 802.16 Working 
Group proposed in January 2005 the development of an amendment to 
facilitate mobile multihop relays for fixed and mobile infrastructure. The 
difference between mesh and infrastructure relay is that a mesh network 
allows connectivity between any set of end-user and infrastructure devices 
without manual intervention, where the number and location of end-user 
devices will fluctuate. An infrastructure relay, on the other hand, is 
topologically limited to a tree structure with a BS at its root and infrastructure 
relays as branches. 

Mesh is of interest not only to the IEEE 802.16 community but also to the 
IEEE 802.11 and IEEE 802.15 communities. In particular, the IEEE 802.lls 
Task Group is currently developing a mesh amendment for WLANs, and the 
IEEE 802.15 Task Group 5 is currently developing a mesh amendment for 
WPANs. 

The typical reasons for designing or deploying mesh include the following 
(see [B52]): 

• Communication within a local community: This is where mesh performs 
best, but it is not a very typical scenario. 

• Capacity increase: When the ingress and egress of traffic is distributed 
throughout a mesh network, the capacity increase is easy to comprehend as 
traffic can be sent simultaneously over different links due to the spatially 
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distributed nature of a mesh network. However, when most of the traffic 
within the mesh is being aggregated to a very limited number of egress 
points (such as the core network connection), then increased capacity can 
be difficult to achieve. Compared to the PMP, the capacity of a mesh 
network represents a balance of increased overhead to schedule the mesh 
traffic and forwarding of data over multiple links, both of which reduce 
capacity, vs the substantially increased capacity of each individual link 
with the mesh network resulting from shorter links and the ability to route 
around links severely degraded by obstacles in the transmission path. 

Alternative paths: Mesh systems that can provide alternative paths add 
resilience against link failures in the network. 

• Cost-effective range extension: Because the nodes of a mesh are typically 
at least an order of magnitude less expensive than a BS and comparable in 
cost to PMP SS devices, mesh can be a cost-effective method of range 
extension of a traditional PMP network when the user population is too 
sparse to justify the extra BSs. Keep in mind that, if the node density 
decreases beyond a certain point, the mesh becomes ineffective. This is 
shown in Figure 9-1 and Figure 9-2. The typical mesh deployment hence 
requires so-called "seeding" to ensure an initial minimum coverage of the 
area. 

• Cost-effective deployment: In fixed deployments, coverage is typically 
inadequate to allow a PMP SS to be installed in an arbitrary location. In 
some cases, a directional antenna must be installed and aligned, at 
substantial cost. For logical mesh networks, coverage is omnidirectional, 
and user self-installation may be enabled. 

These tradeoffs can determine whether PMP, a true mesh, or something like a 
multihop relay is most appropriate. 

Two general categories of mesh systems, logical and physical, are considered 
here. Logical mesh uses broad-beam or omnidirectional antennas to form 
logical links to neighbors. These links are considered logical because the 
hardware configuration does not change for different links. Physical mesh, by 
contrast, uses substantially directional antennas to create physical links. Links 
are considered physical because the hardware configuration (via beam 
forming or via switching, for example) changes to form different links with 
different neighbors. Both varieties have challenges and benefits. 
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IEEE Std 802.16 includes both concepts to some extent. The logical mesh is 
completely specified, whereas hooks are in place for the physical mesh, 
known in the standard as directed mesh. Although it was never fully specified 
in the standard, it is worth spending further discussion here on the topic, 
especially since some of the concepts may be reused in the proposed mobile 
multihop relay amendment. 

LOGICAL MESH 

Since the logical mesh was incorporated into the IEEE 802.16 standard 
primarily by the proponents of the OFDM PHY, this mode was defined to 
function only with the WirelessMAN-OFDM PHY. Despite the fact that the 
mesh MAC uses many of the same messages used by the PMP MAC (there 
are only five mesh-specific MAC message formats), specifically in the upper 
MAC, the two architectures are not interoperable. 

The logical mesh architecture is based on the concept of neighborhood, where 
distinction is made among the following: 

• Node: A device participating in the mesh network. Although some devices 
may have a connection to the core network and some may be assigned 
special functions such as centralized schedule controller (Mesh BS) or 
master clock, all devices are equal, and all connectivity is peer to peer at 
the most fundamental connectivity level of the network. 

• Immediate neighborhood: The collection of nodes with which the station 
of reference is capable of establishing direct physical connection. These 
nodes are also referred to as one-hop neighbors. 

• Extended neighborhood: The collection of nodes with which the nodes in 
the immediate neighborhood can establish direct physical connection. 
Stations in the extended neighborhood that are not immediate neighbors 
are referred to as two-hop neighbors. 

• Cell: The collection of nodes that are associated with the same coordinated 
( distributed and/or centralized) scheduler. Between cells, only 
uncoordinated distributed scheduling can take place. A node that has an 
interface to the core network or controls the centralized scheduler is 
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termed Mesh BS. Typically these nodes include both functionalities. All 
other nodes are also termed SSs for the sake of simplicity. 

• Network: A collection of cells where nodes may arbitrarily associate with 
the cell of choice and where synchronization takes place between the cells. 

This concept is graphically depicted in Figure 9-3. 

R - Reference node 
I - Immediate neighbor 
T - Two-hop neighbor 
M - Multihop neighbor 

Figure 9-3: Neighborhood definitions 

The definition of the mesh architecture consists of essentially four aspects that 
are different from PMP: PHY frame format network entry network 

' ' 
configuration/maintenance, and scheduling of data exchanges. The first aspect 
is dealt with in Chapter 11; the others are explored below. 
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Mesh connections and addressing 

Beyond these aspects, the single most substantial difference between logical 
mesh and PMP is the usage of the concept of CIDs. In PMP, each 16-bit CID 
represents a unique, logically numbered connection to an SS with a defined 
set of QoS parameters. In a logical mesh network, the CID is used to convey a 
Link ID, unique only in the local neighborhood, and a set of broadcast/unicast 
service parameters. To uniquely identify the destination node, a 16-bit Node 
ID, unique within the network, is appended to the MAC header. The mesh 
system is hence not connection-oriented, but applies priority on a packet-by­
packet basis. As a packet moves through the network, the Link ID in the CID 
will change with each transmission, whereas the service parameters typically 
do not. The mesh CID and mesh Broadcast CID are shown in Figure 9-4. 

Mesh broadcast CID 
Logical Network ID 

(8-bits) 
OxFF (Link ID) 

(8-bits) 

Mesh CID 
Type 

I~ (2-bits) 

R Priority Drop P 
~ 

1

~

1 

__ c_2-_bits_> __ 

1

,. (2-bits) 

I I I 
Figure 9-4: Mesh CIDs 

Link ID 

I (8-bits) • 1 ~·~---..... 

I I 

Network configuration 

Network configuration is achieved by means of broadcasting the MSH-NCFG 
(mesh network configuration) message. It contains both physical information 
of the device itself, such as the transmit power as well as network time­
synchronization information, nearness to known Mesh BSs, a list of all known 
neighbors with which connections exist, and information about the next 
transmission of the MSH-NCFG from the node. MSH-NCFG is also used to 
assist with network entry, which is explained later. 
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The time-synchronization information consists of frame number, the control 
slot number, and the synchronization hop count. Because control slots have a 
fixed length, nodes are able to determine from this number when the frame 
must have started. Fine time synchronization is not done with this method; for 
this, the PHY is responsible. The synchronization hop count provides the 
number of hops by which the node is removed from the master 
synchronization node, which is typically a Mesh BS. Nodes will defer in their 
synchronization timing to nodes with a lower synchronization hop count. In a 
system that consists of multiple cells, it is possible to have only one master 
synchronization node so that all cells are synchronized. 

Nearness to a Mesh BS is computed with two metrics. The first is a 
straightforward hop-count, which for any node is the lowest value reported by 
any of its physical neighbors, plus one. The second metric is the required 
energy per bit across all hops to the BS, which is computed by all nodes as the 
minimum of the value reported by its physical neighbors plus the ratio of the 
transmit power and achievable physical data rate to that neighbor. This second 
metric allows a better capacity tradeoff as it balances the number of hops vs 
the data rates over those hops. 

Connections are split into two categories: physical and logical. A physical 
connection exists merely by means of being able to decode the MSH-NCFG 
message of the other nodes. Neighbors with which only a physical connection 
exists cannot be addressed for data transmissions. Logical connections require 
an underlying physical connection and are addressable for data exchanges. 

When listing its physical neighbors with the MSH-NCFG message, a node 
indicates, for each neighbor, whether a logical link is present. It can also flag 
that, for this link, a logical link is desired, or, when a neighbor put up such a 
request flag, that the request is accepted. The physical connection information 
also contains schedule information for the next transmission opportunity as 
reported by the neighbor. For logical connections, the list also contains 
information such as link quality, used burst profile, and transmit power. 

Transmissions ofMSH-NCFG are scheduled in a distributed fashion. A 
substantial computational burden would result if, in a single control slot, all 
nodes compete to transmit a MSH-NCFG. Therefore, a method is provided to 
limit the control slots in which a node can compete as well as the number of 
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nodes that can compete in any particular slot. This method depends on the 
broadcasting by each node of two values, Xmt H oldoff Exponent (XHE) and 
Next Xmt Mx (NXM), and on reporting these values to each neighbor within 
the physical neighborhood so that the entire two-hop neighborhood of a node 
has access to the values for this node. 

Xmt Holda.ff Exponent is used to compute the number of control slots 
following the next MSH-NCFG transmission during which the node will not 
be eligible to transmit another MSH-NCFG as being 2XHE + 4. Both 
Xmt Holda.ff Exponent and Next Xmt Mx are used to compute the eligibility 

interval for the next MSH-NCFG as 

2XHE(NXM) < Next Xmt Times 2XHE(NXM + 1) 

For any control slot that falls within an eligibility interval, a node computes 
the list of nodes in its two-hop neighborhood whose eligibility intervals also 
contain this control slot. Each node then applies an algorithm to see whether it 
wins the election among this list of nodes. This guarantees that nodes 
transmitting MSH-NCFG simultaneously are at least three hops apart, which 
is generally enough to avoid mutual interference. 

Network entry 

Network entry for mesh devices consists of five steps: 

• Scanning for active networks and coarse synchronization. 

• Obtaining network parameters. 

• Opening sponsor channel. 

• Negotiating basic capabilities. 

• Performing node authorization, registration, IP connectivity establishment, 
time-of-day establishment, and operational parameters transfer. 

The first three are PHY and lower MAC functions that are substantially 
different from PMP behavior and are described below. The capabilities 
negotiation is identical to that performed under the PMP architecture, with the 
new node sending the SBC-REQ to the sponsor node (the node assisting the 
new node with network entrance). This capability exchange will be performed 
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with any node with which a new logical connection is established ( contrary to 
the entire network entry process, which is performed only once). The last step 
is similar to behavior under the PMP architecture, with the main difference 
being that the new node tunnels the message exchanges over UDP between 
itself and the mesh BS through the sponsor node. Because this process is 
transparent to the sponsor node, the sponsor node cannot determine when the 
upper MAC initialization is successful; therefore, it is the new node that, as 
shown in Figure 9-5, indicates completion of this phase to its sponsor node. 

Scanning for active networks and coarse synchronization 

Scanning is a lower PHY functionality and hence architecture independent. A 
node will listen to the medium cycling through all available channels until it 
detects energy and a strong correlation between the known preamble sequence 
and the received signal. This correlation allows the PHY to synchronize itself 
to the timing of the start of that burst. The new node will then continue 
listening to subsequent bursts until its MAC detects MSH-NCFG messages. 
This synchronization process is termed coarse synchronization and should not 
be confused with the coarse and fine timing synchronizing the lower PHY 
performs when synchronizing the PHY to the burst itself. 

Obtaining network parameters 

A new node is required to continue monitoring the channel for MSH-NCFG 
messages until it hears the same node at least twice, ensuring that the new 
node has collected a reasonable subset of potential neighbors. It also will have 
to wait until it receives at least one MSH-NCFG with a Network Descriptor 
subfield, which is one of the five defined subfields to the MSH-NCFG. The 
network descriptor contains such parameters as the number of control slots, 
the scheduling methods used, information on used channels, and criteria for 
the use of burst profiles as well as the Operator ID; and it is only occasionally 
attached to the MSH-NCFG by each node. The entire process of obtaining 
network parameters may take seconds, but in a fixed system, it is required 
only when the system is turned on (the neighbor list and network parameters 
can be maintained across losses of synchronization that make reentry 
necessary). 
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Opening sponsor channel 

Once the collection of network parameters is completed, the node starts its 
request to join the network, as outlined in Figure 9-5. 

Sponsor node 

Nodes in network routinely 
advertise network with Network 
Descriptor. 

Node can decide to respond 
negatively with NetEntryReject or 
can respond positively with 
NetEntryOpen reporting new node's 
MAC address and schedule 
allocation for higher layer 
authentication and configuration 
exchange. 

MSH-NCFG: 
Network Descriptor )II,, 

MSH-NENT: 
1111111( NetEntryRequest 

MSH-NCFG: 

New node 

New node at startup searches 
for MSH-NCFG messages with 
Network Descriptor. Selects 
one with all-zero NetEntry 
MAC address 

___ N_e_tE_n_tr_,,y_O-"p_en __ ,..._ New node sends ACK to 
MSH-NENT: 

1111111( NetEntryACK confirm schedule. 

Security sublayer and basic capability exchange operations 

Sponsor ACK's closure of 
sponsorship. In following MSH­
NCFG packets, node sends all-zero 
NetEntry MAC address (indicating 
ready to sponsor new node) or sets 
NetEntry MAC address flag to 0. 

MSH-NENT: 
NetEntryClose 

MSH-NENT: 
NetEntryACK 

After authentication and 
configuration have been 
completed, node closes the 
entry procedure. 

)II,, Node is now regular node in 
the network. 

Figure 9-5: Mesh network entry: Opening a sponsor channel 

For the purpose of joining the network, the node selects any of its neighboring 
nodes that are not currently assisting another node in network entry and 
transmits a MSH-NENT (mesh network entry) message with the 
NetEntryRequest subframe in the control slot reserved for network entry (see 
Chapter 11 ). The solicited node indicates its acceptance of the request by 
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setting the new node's MAC address in the next MSH-NCFG and publishing 
an arranged schedule for data transfer in the data portion of the frame to this 
new node; the solicited node then takes on the role of sponsor. (A solicited 
node that is currently assisting another candidate node in network entry will 
signal this fact by setting that candidate's MAC address in its MSH-NCFG 
messages until its role as sponsor is terminated.) Upon reception of the 
MSH-NCFG and schedule, the new node confirms the schedule with a 
MSH-NENT message with the NetEntryAck subfield and proceeds with the 
fifth step of network entry by use of the facilitated schedule. Upon completion 
of this fifth step, an exchange ofMSH-NENT messages with NetEntryAck, 
initiated by the new node, terminates the sponsor's role and adds the new 
node into the network. Due to the tunneling, this last exchange is initiated by 
the new node. 

Distributed scheduling 

Distributed scheduling is also based on the assumption that if a node is not 
part of the extended neighborhood, the probability of interference is 
sufficiently low to be irrelevant. The distributed scheduling mechanism, 
therefore, ensures that the entire two-hop neighborhood is aware of the 
pending data transmission to ensure a near-collision-free transmission. The 
distributed scheduling protocol uses only the MSH-DSCH (mesh distributed 
scheduling) message format to execute a three-way handshake for 
exchanging: requests (in which data slots in which the medium is free to fill 
those requests are indicated), grants, and grant confirmations. This handshake 
occurs in the control portion of the frame, which is collision-free using the 
distributed algorithm also used for MSH-NCFG, with the two parameters (as 
for MSH-NCFG) sent with every coordinated MSH-DSCH message. The 
transmitting party sends out a request, consisting of a demand level and a 
persistence ranging from 1 to 128 frames, and the status of the medium of 
which it is aware. The status consists of "busy," "free for transmission and 
reception," "free for transmission," or "free for reception." This effectively 
notifies its immediate neighbors that the medium will be busy during the time 
indicated as free for the indicated direction of the transmission and during the 
time indicated as busy due to other known scheduled transmissions among the 
one-hop neighbors. The receiving party responds with a grant in some or all of 
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the requester's indicated free time, effectively notifying its immediate 
neighbors that the medium is reserved for the particular transmission during 
that period, which those neighbors will then mark as busy in their own 
schedules. The requester then confirms the indicated grant. The free medium 
time is computed as the period that none of the immediate neighbors has 
indicated as busy. 

The only difference between coordinated and uncoordinated distributed 
scheduling is that for uncoordinated distributed scheduling, the handshake 
takes place in the data portion of the frame, making it susceptible to collisions 
due to attempts by other stations to set up an uncoordinated schedule. 

The method is depicted in Figure 9-6, where node 1 is the node requesting the 
schedule, and node 2 is the node at which the request is directed. Node 3 is an 
immediate neighbor of node 1, but not of node 2; node 4 is an immediate 
neighbor of node 2, but not of node 1. Node 5 is a two-hop neighbor (i.e., 
within the extended neighborhood) of node 1. 

When node 1 issues the request including an indication of potential free slots 
for the allocation to meet the request, it is received both by node 2 and node 3. 
Until it receives the grant confirmation sent by node 1, node 3 will assume the 
request will be granted in the explicitly indicated free slots and mark those 
temporarily as busy in its schedule. Node 2 will reply to node 1 with a grant in 
some or all of the indicated free slots, which also notifies node 4 of the 
allocation, and node 4 will mark those free slots as busy in its own schedule. 
The grant confirmation sent by node 1 finalizes the handshake between 
node 1 and node 2 and also serves to notify node 3 of the exact slots being 
used, as a result of which node 3 may mark the unused slots as free again. 
Because node 3 will advertise its availability before node 1 sends its grant 
confirmation (because of the cyclic way the control schedule is designed), 
node 5 (and any other node in the two-hop neighborhood) will effectively 
avoid any transmissions within the two-hop neighborhood during the same 
slots because they know from the free slots advertised by the one-hop nodes 
that those slots are being used by one of their two-hop neighbors. 
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I - Immediate/one-hop neighbors of either transmit or receive node 
T - Two-hop neighbor 
M - Multihop neighbor 

Figure 9-6: Distributed scheduling 

Centralized scheduling 

The concept of centralized mesh is based on the notion that most traffic passes 
the gateway into the core network and that the node immediately connected to 
this core network, the Mesh BS, determines the flow of traffic throughout the 
entire cell. To achieve this, the BS dynamically splits the mesh-connected 
nodes up into a tree structure, which, by means of a schedule decided by the 
BS, is then used to arrange upstream and downstream traffic allocations. In a 
pure OSI model, knowledge of the routing tree would exist only at the routing 
layer. However, the IEEE 802.16 mesh specification defines knowledge of the 
tree at the MAC, which enables higher MAC efficiency. 
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To be able to decide how to update the tree structure (which at network 
initiation consists only of the BS itself), the current tree structure is used for a 
fixed schedule to pass down the tree MSH-CSCF (mesh centralized 
scheduling configuration) messages, which contain the number of nodes 
attached to the BS and for each of those nodes its ID and the IDs of all its 
child nodes. An example of a MSH-CSCF list is shown on the right-hand side 
in Figure 9-7, where the ID of each node is indicated with a single character, 
and the burst profile indicators in both directions are omitted. The order in 
which the nodes are listed in the MSH-CSCF is irrelevant, but it is used to 
indicate the child-parent relationship from which each node can reconstruct 
the entire tree. 

MSH-CSCH (upstream) 
~ 

E:C:F 

K:I:D:G:J:H 

c 
F 
I:B:J 

D 
G:H 

B 
J 

H 

MSH-CSCF 

~ 
11 

A2:{2,3} ~ 

E2:{4,5} I\ 
~i:{6,7,8} 1~ 
FO 
I 2:{9,10} ~ 

DO I 
Gl:{11} ) 
BO 
JO 
HO 

Figure 9-7: Centralized scheduling 

The transmission rule for MSH-CSCF is that the BS transmits it first, 
followed by all its immediate children in list order, followed by the children 
of the first listed child in list order, etc. In the example in Figure 9-7, the 
transmission order is, therefore, identical to the list order; note that nodes 
without children do not rebroadcast the schedule. Due to its overhead burden, 
MSH-CSCF is used only occasionally, depending on the volatility of the 
network, whereas incremental changes can be distributed through the 
frequently sent MSH-CSCH (mesh centralized scheduling) message. 
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The MSH-CSCH messages serves three purposes: 

• To distribute BW requests and grants up and down the tree, respectively. 
The requested and granted bandwidth is indicated as a function of 
instantaneous bits per second. The BS and all other nodes use their 
knowledge of the burst profile on each branch of the tree to translate this 
into an allocation of time. To facilitate the requests, each node uses a table 
the size of its branch in the MSH-CSCF list and fills, in MSH-CSCF list 
order, the BW requests for itself and all nodes down its branch. For 
example, in Figure 9-7, node K transmits a table with six entries, 
containing the BW requests of itself and the five nodes (I, D, G, J, and H) 
in its branch. The list order within the table is dictated by the list order in 
the MSH-CSCF, shown also in Figure 9-7, which all nodes including 
node K received from the BS. The transmission order for the requests, 
shown on the left side of Figure 9-7 starting with node H, is the reverse of 
the MSH-CSCF message, resulting in the table growing in size until the 
BS finally combines the pieces of the table into the full table. In their own 
request (for example, the entry for node K in the request table sent by 
node K), nodes indicate only the bandwidth needed for traffic that 
terminates in the node itself, not the cumulative traffic from the nodes 
downstream. In Figure 9-7, the upstream order of transmissions for 
MSH-CSCH with the request content of each transmission is shown on the 
left-hand side. 

• To allow a node to request the BS to facilitate bandwidth to add a new 
node to the cell. The node initiating the request is termed a sponsor node. 

• To enable the BS to notify the nodes of changes to the tree structure or 
changes in burst profile, which may be necessitated by changes in the 
propagation conditions. In this case, nodes and their new parent ( or old 
parent, if only the burst profile changes) are identified with their respective 
list number in the last MSH-CSCF, which are 1-byte IDs. 

Note that MSH-CSCH currently does not allow a node to send up a request 
for a downstream flow starting in the node, as the indication for this is limited 
to grants (which are issued by the Mesh BS). Hence, this requires that all 
downstream traffic be routed through the Mesh BS. As a result, the Mesh BS 
would need to inspect traffic to predict the required downstream flow grants, 
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and, although this need does not break the specification, it is impractical. This 
should, therefore, be considered an error in the specification, which is 
correctable by the removal of a single "if' statement in the MSH-CSCH frame 
format. 

Note also that there is no facility for nodes to pass up changes to the tree 
except for the facilitation to add new nodes. This is done because deciding the 
tree structure is primarily a routing layer function, and hence the indication of 
the parameter set used by the Mesh BS to decide the tree is left to this layer. In 
other words, in practice, if a node loses the physical connection with its parent 
node in the tree, it would have to use the distributed scheduling mechanism 
using MSH-DSCH to achieve an update to the tree through another neighbor. 

DIRECTED MESH AND POINT-TO-POINT (PTP) 

Directed mesh in IEEE Std 802.16 can be thought ofto some extent as 
transient PtP links from devices that could act as repeaters for the BS. The 
hooks for both directed mesh and PtP have been added for systems that use 
the WirelessMAN-SC PHY, but neither has been completely developed in the 
standard. 

While a BS talking to a single SS in PMP mode is in principle a PtP link, it 
carries a significant amount of MAC overhead that is essential in the PMP 
case, but simply adds inefficiency to PtP operation. Furthermore, PtP range 
can be quite long through the use of highly directional antennas. This concept 
is shown in Figure 9-8. 

The basic PtP link illustrated is a single-path link between the BS and an SS. 
With directed mesh, the concept is expanded; the SS has some ability to 
repeat all or some of the BSs transmission on another beam, in a different 
direction, and possibly on a different frequency. Such a system might appear 
as shown in Figure 9-9. 

Physical or directed mesh can have many benefits. The reduced beam width 
can significantly improve the carrier to interference ratio (C/I) and improve 
frequency reuse. This gives high spectral efficiency. Conversely, network 
entry is greatly complicated, and the antenna systems are more expensive than 
with a standard PtP SS. 
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Figure 9-8: Addition of PtP 
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Interference impact on reuse reduced due 
to a smaller arc of impact 

intramesh interference 

Figure 9-9: Physical or directed mesh 
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Single-carrier PHY for 10-66 GHz 

The WirelessMAN-SC PHY specification is intended for operation in the 
10-66 GHz frequency range. At these frequencies, LOS operation is a 
practical necessity due to the propagation characteristics. This makes mobility 
infeasible. While radios operating at these frequencies are typically 
expensive, highly directional antennas of practical size are available; 
therefore, given a LOS, multipath propagation can be negligible. This allows 
for a low-complexity, single-carrier PHY with good performance, even over a 
broadband channel. This is compatible with the large spectrum allocations in 
these frequency bands and the user data rates necessary to justify the radio 
costs with today's technologies. 

As the original IEEE 802.16 PHY specification, WirelessMAN-SC set some 
precedents. For instance, both TDD and FDD configurations are supported in 
order to allow operation in worldwide spectrum allocations. Care was taken to 
make the FDD and TDD systems as similar as possible to minimize the 
impact of implementing both variants. Both have the same basic frame 
structure supporting adaptive burst profiling. The main difference is whether 
the DL subframe and UL subframe are sequential or simultaneous in time. 
The FDD case looks very much like the TDD case, but with the DL and UL 
subframes "stretched" toward each other so that they overlap. The FDD 
configuration also has special features to support half-duplex SSs. 

The allocation of channel time (generally known in the IEEE 802.16 standard 
as bandwidth allocation) at the PHY is based on a combination of time 
division multiple access (TDMA) and demand-assigned multiple access 
(DAMA). In the UL, the channel is divided into a number of time slots (i.e., 
PSs) that are assigned to various purposes on a frame-by-frame basis by the 
BS MAC, based on demand. Time slots are available for ranging, contention­
based BW requests, and user traffic. In the DL, the data bound for each SS are 

WirelessMAN: Inside the IEEE 802.16 Standard 247 

Ford Motor Co. 
Exhibit 1025 

Page 147



Chapter JO: PHY: WirelessMAN-SC 

multiplexed in a TDM fashion into a single stream of data and available for 
reception by all SSs within the same sector. This stream may change its PHY 
burst profile on QAM symbol boundaries within the frame to allow a tradeoff 
of robustness for efficiency. To support H-FDD SSs, provisions are made for 
resynchronization to the DL in midframe. 

FRAME STRUCTURE 

The WirelessMAN-SC PHY, like the other IEEE 802.16 PHY s, operates in a 
framed format. The frame structure eases the task of PHY synchronization. 
Within each frame, in the TDD case, are a DL subframe and an UL subframe. 
The DL subframe begins with information necessary for frame 
synchronization and control. While the DL data PDUs are addressed to 
individual SSs or to a broadcast address, the DL MAPs describing the DL 
merely indicate the occurrences of DL PHY burst profile changes; they do not 
indicate to which SS a series of time slots is directed. So each SS attempts to 
receive all portions of the DL except for the bursts whose profiles either are 
not implemented by the SS or are less robust than its current operational DL 
burst profile. The SS filters the data by CID, retaining only the data intended 
for it. Encryption ensures it cannot make use of data destined for other SSs 
anyway. 

The WirelessMAN-SC PHY allows three different frame durations: 0.5 ms, 
1 ms, and 2 ms. While not strictly required, the different frame durations are 
typically associated with different channel bandwidths, allowing a tradeoff of 
overhead vs protocol latency, with 1 ms frames being the most typical. Frame 
durations of 0.5 ms might typically be used for large channel bandwidths of 
50 MHz or 56 MHz, while 2 ms frame durations might be preferred for 
channel bandwidth less than 20 MHz. 

To keep the MAPs compact and to ensure that allocations are on byte 
boundaries, the building blocks for allocation are PSs of four QAM symbols 
each, yielding 1, 2, or 3 bytes, respectively, for QPSK, 16-QAM, and 64-
QAM modulations. In the DL, the allocations are at this PS granularity. 
Because the number of QAM symbols in a 2 ms frame on a 56 MHz wide 
channel is greater than can be represented by the fields in the UL MAP ( a 
2 ms frame on a 56 MHz channel is allowed, but not recommended), the 
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granularity of the UL allocations are 2~ PSs (m ranging from Oto 7). The 

typical value form is O (1 PS granularity). 

The basic structure for the DL subframe is taken from the TDD config_uration 
of the system and is shown in Figure 10-1. The DL subframe starts ':ith_a 
frame start preamble used by the PHY for synchronization and equalization. 

Th. is followed by the frame control section, consisting of the DL MAP and 
is . . b t 

UL MAP, broadcast to all SSs indicating the PSs at which t~e vanou~ urs s 
begin. The frame control section is followed by a TDM section carrymg data 
and organized into burst profiles ordered by decreasing burst robus~ne~s. For 
example, assuming the FEC parameters do not change, data transmission 
b ins with QPSK modulation, followed by 16-QAM, followed by 64-QAM. 
~~e case of TDD, a TTG follows the DL subframe, allowing time fo~ the BS 
to switch from transmit to receive and for the first SS of the UL to switch 

from receive to transmit mode. 

'af· 
ii Broadcast 
Ii· Control 

11:t PJ DIUC = 0 
'e:l.i" 

TOM 
DIUCa 

TDM Portion 

TOM 
DIUCb 

Figure 10-1: TDD DL subframe structure 
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The structure of the DL subframe for the FDD case can be quite similar to that 
of TDD operation, but becomes more complex with the introduction of 
H-FDD SSs. In the FDD case, the BS is full-duplex, but both full-duplex and 
half-duplex SSs are allowed. Although a full-duplex SS is capable of 
functioning as a half-duplex device, the IEEE 802.16 standard assumes that 
H-FDD SSs differ in being incapable ofreceiving while transmitting. This 
assumption allows for simplicity and cost savings in designing the H-FDD 
SS. When only full-duplex SSs are used, the FDD DL subframe is identical in 
structure to the TDD DL subframe except for the lack of a TTG. H-FDD SSs 
complicate matters, however, because whenever they are directed to transmit 
in the UL, they potentially lose synchronization (in particular, phase 
synchronization) with the DL. This makes it difficult or impossible for them 
to receive more DL data until resynchronized. As discussed below, a special 
preamble is specified for this purpose. 

The FDD DL subframe structure is shown in Figure 10-2. As can be seen, the 
initial TDM portion is identical in structure to that of the TDD DL subframe. 
During this portion of the DL subframe, the BS can transmit data to the 
following: 

• Full-duplex SSs. 

• H-FDD SSs scheduled to transmit on the UL later in the frame than when 
they receive in the DL (the SSs that do not lose synchronization). 

• H-FDD SSs not scheduled to transmit on the UL in this frame. 

Unfortunately, in a system that has primarily H-FDD SSs, use of only the 
TDM portion could waste upwards of half the channel bandwidth, due to SS 
loss of synchronization. 

To allow H-FDD SSs to transmit earlier than they receive in a frame, a TDMA 
section was introduced that differs from the TDM section in two important 
respects. First, extra preambles are inserted to allow resynchronization with 
the DL. The positions of these are described in the DL MAP. Second, given 
the extra preambles for resynchronization, there is no longer a need to 
smoothly transition through progressively less robust PHY burst profiles; 
therefore, the burst profiles used may occur in any order convenient to the 
BS 's scheduling algorithm. 
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Figure 10-2: FDD DL subframe structure 

Since the H-FDD SSs are nearly synchronized with the BS, the 
resynchronization preambles are shorter than the frame start pream~le. The 
frame start preamble is 32 bits, created from the repetition of a 16-bit_ co~stant 
amplitude zero autocorrelation (CAZAC) sequence. The re~ynchromzat10n 
preambles are 16 bits, created from the repetition of an 8-b1t CAZAC 

sequence. 

For WirelessMAN-SC, the frame control section of the DL always contains a 
DL MAP and a UL MAP, encoded with an especially robust well-known 
modulation/FEC combination (using QPSK). The DL MAP and UL MAP are 
structured so that the frame control section is always at least tw~ FE~ blocks 
in duration, but the first DL PHY transition will always be identified m t~e t 
first FEC block of the frame, even if the DL MAP message does not termma e 
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in that block. This ensures that the SS will be warned of the upcoming PHY 
burst change at least one FEC block in advance. 

While the frame control section is tr.ansmitted with a well-known burst 
profile, the remainder of the burst profiles used can be any of the over 
4000 possible combinations of modulation and FEC allowed by the 
WirelessMAN-SC PHY Since a practical number of PHY burst profiles is 
closer to four than to 4000, and also to avoid ballooning the DL MAP with 
numerous PHY parameters, the frame control section periodically contains 
DCD messages that describe the four or so (up to 13) burst profiles used in the 
DL. These burst profile descriptions contain all necessary information, such 
as FEC, modulation, SNR thresholds, etc. These parameter sets are then 
identified by a 4-bit DIUC. This 4-bit value is used in the DL MAP as a 
shorthand for the numerous bytes of data that would otherwise be required to 
describe each PHY burst. 

Similarly, for the UL, the UCD message appears periodically in the frame 
control section of the DL. It describes the parameters of the UL PHY burst 
profiles in use and identifies them by a 4-bit UIUC that appears in the UL 
MAP as a shorthand for the actual parameter sets describing the burst profiles. 

DL CHANNEL ENCODING 

The DL data sections are used to transmit data and control messages to 
specific SSs. The data are always FEC coded and are transmitted at the 
current DL operating modulation of each SS. In the TDM portion of the DL 
subframe, the data are transmitted in decreasing order of burst profile 
robustness. Within a particular burst, the data transmitted at a given burst 
profile may contain data for multiple SSs multiplexed together. It is the 
responsibility of the SS to extract its data from data destined for other SSs 
sharing a common operational DL burst profile. In the TDMA section, the 
data are grouped in separate burst profiles that need not be in order of 
robustness. The BS may, but is not required to, segregate the data by SS as 
well as by burst profile. However, the DL MAP generally does not indicate 
the target SS; therefore, SSs listen to all bursts for which they are capable. 
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While a new DL burst always starts on a PS boundary, the choice ofFEC 
parameters and modulation may cause FEC blocks to end in the middle of a 
PS or even in the middle of a QAM symbol. However, they always end on bit 
boundaries. The next FEC block starts on the next available bit, without 
padding to the next symbol or PS boundary. The last data for a burst may not 
be sufficient to fully fill an FEC block. In this case, the last FEC block of the 
burst may be shortened. Unused bits in an unshortened FEC block or the bits 
used to allow realignment of the next DL burst to a PS boundary are padded 
with all ones. Figure 10-3 illustrates the allocation of data to a DL burst. If the 
burst contains a preamble, as is the case for the frame control section and 
TDMA bursts, the preamble is considered part of the burst and precedes the 
first FEC block of the burst. 

Number of modulation symbols = 4 f 

n 
~,~ 

n 
~,~ 

n 
~,~ ~,q 

~ 

Shortened 
Remainderq 

FEC FEC FEC (fraction of 

Codeword Codeword Codeword 
FEC +a PS)4q 

Codeword padding 
symbols 

t t 
r redundancy ~its Mapentrym Map entry 

starts on m + 1 starts 
PS =x 

j PSs = b bits 
on PS= y 

Figure 10-3: DL MAP usage with shortened FEC blocks-TDM case 
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Within each FEC block, additional information is added to help resynchronize 
the MAC to the next MPDU within the bit stream in the case of an 
unrecoverable error in an FEC block. This capability is handled by the 
transmission CS. Since MPDUs are variable in length, while the FEC blocks 
of a burst are of fixed length, it is common for MPDUs to begin or end in the 
middle of an FEC block. The MAC header contains the length of the MPDU, 
which is required for extracting the MPDUs from the received bit stream. 
Unfortunately, if an FEC block has unrecoverable errors, this length 
information may be lost or erroneous, causing difficulty in finding the start of 
the next MPDU. To avoid the risk of the SS losing all data until the end of the 
PHY burst, each FEC block uses the first byte of its payload not for data but 
for a field indicating where, if anywhere, within the FEC block the next 
MPDU starts. This allows the SS to quickly resynchronize to the next MPDU 
rather than losing the remainder of the burst. This FEC payload structure is 
shown in Figure 10-4. The same mechanism is employed in the UL. 

MAC PDU that has 
started in the 

previous TC packet 

First MAC PDU 
that starts in 

this TC packet 

Second MAC 
PDU that starts 
in this TC packet 

I ~ Transmission convergence sublayer (TC) PDU ---·~ I 
P= 1 byte pointer field 

Figure 10-4: Format of DL transmission CS POU 

In addition to FEC and modulation, the data go through a randomization 
process and pulse shaping. The processing chains for transmit and receive are 
shown in Figure 10-5. 
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Figure 10-5: Conceptual block diagram of DL PHY 

There are four basic types of FEC used in WirelessMAN-SC. These can be 
further parameterized to give many possible combinations. 

The first type, which is specified as mandatory, is a Reed-Solomon (RS) outer 
code over Galois field (GF) 256 with no inner code. It is generally used for 
user data except when, even with QPSK modulation, a stronger coding is 
desired. It can be parameterized with the information block length K variable 
from 6 to 255 and with error correction capability to correct errors from T = 0 
to 16 bytes, depending on the number of parity bytes R = 2T. 

The second type ofFEC, also mandatory, is used for the frame control section 
and for transmissions that need to be very robust. The RS is used with an inner 
(24, 16) block convolutional code (BCC) derived from a four-state, 
nonsystematic punctured (7, 5) convolutional code. In this case, the number of 
information bytes K for the outer RS code must be an even number so that the 
total size (K + R) is also even, since the inner BCC operates on pairs of bytes. 
In the frame control section, the parameters are set to K = 26 and R = 20. 
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The third FEC type is optional and combines the RS outer code with a (9, 8) 
parity check code. In this case, a parity bit is calculated for each RS symbol 
individually and inserted as the LSB of the resulting 9-bit word. The parity bit 
is the XOR of all 8 bits in the symbol. 

The fourth and final FEC type is an optional block turbo code (BTC). If 
implemented, both (39, 32) x (39, 32) and (53, 46) x (51, 44) codes are 
required. Shortening can apply to the last FEC block of a BTC-encoded burst, 
as in the RS case. 

To maximize the spectral efficiency of the airlink, the WirelessMAN-SC PHY 
uses a multilevel modulation scheme. The modulation is optimized for each 
SS based on the quality of the RF channel. If link conditions permit, a more 
efficient modulation is used to maximize the tradeoffbetween bandwidth and 
robustness. If the RF quality degrades, the BS changes to a more robust 
modulation for that subscriber. If it improves, it changes to a more efficient 
modulation. 

The WirelessMAN-SC PHY supports QPSK, 16-QAM, and 64-QAM 
providing 2 bits, 4 bits, and 6 bits per QAM symbol, respectively. Two power 
adjustment rules can be used when transitioning from one modulation to 
another: constant peak power and constant average power. In the constant 
peak power scheme, corner points are transmitted at equal power levels 
regardless of modulation. In the constant average power scheme, the signal is 
transmitted at constant average power regardless of modulation. The power 
adjustment rule is communicated via the DCD message. If a burnt at a specific 
modulation does not end exactly on a PS boundary, the remainder of the burst 
is filled with zero bits. 

Prior to modulation, the I and Q signals are filtered by square-root raised 
cosine filters with the excess bandwidth factor a set to 0.25. 

UL CHANNEL ENCODING 

In the WirelessMAN-SC PHY, three types of bursts may be transmitted in the 
UL subframe: 

• Contention-based initial ranging bursts. 
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• Contention-based multicast or broadcast BW requests. 

• Dedicated data bursts in response to unicast bandwidth grants allocated to 
individual SSs. 

In a given UL subframe, any of these burst types may be present ( or absent) 
and may occur in any order and quantity. The scheduler at the BS indicates 
which bursts are present via the UL MAP message. The bursts are separated 
by subscriber station transition gaps (SSTGs), allowing for the ramping down 
of the previous burst and the ramping up and preamble of the next burst. The 
preamble allows the BS to fine-tune its synchronization to the transmission 
of the individual SS. As in the DL, the preambles maybe 16- or 32-bit 
repetitions of 8- or 16-bit CAZAC sequences. The UCD message 
communicates the gap and preamble lengths. Figure 10-6 illustrates an 
example of the UL subframe. 

Initial 
Ranging 

Opportunities 
(UIUC = 2) 

Access 
Burst 

Request 
Contention 

Opps 
(UIUC = 1) 

Access 
Burst 

+ 
SSl 

Scheduled 
Data 

(UIUC = i) 

t 

SSTG 

Bandwidth 
Request 

II Ill II 

t ' 

TTG 
(TDD} 

SSN 
Scheduled 

Data 
(UIUC = j) 

+ 

Collision Bandwidth 
Request 

Figure 10-6: UL subframe structure 

Request bursts always use UIUC = 1, which always uses QPSK modulation 
and FEC type 1 or type 2 as defined for the DL. Request bursts are always at 
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least as robust as the most robust unicast UL data bursts. Initial ranging bursts 
always use UIUC = 2, which specifies burst characteristics identical to those 
used in the DL in the frame control section. The UL MAP entries of 
WirelessMAN-SC are directed to the Basic CID ( or multicast group or 
Broadcast CID) of a specific SS and are relative to the previous MAP entry. 
They specify the start of the burst, but the next MAP entry implies the end of 
the burst. The last burst of a UL subframe has an end symbol indicated by an 
end-of-MAP entry allocated to CID= 0 with UIUC = 10 (decimal). 

The UL uses the same FEC and the same transmission convergence subframe 
as the DL. Also, like the DL, in addition to FEC and modulation, the UL data 
go through a randomization process and pulse shaping. The processing chains 
for transmit and receive are shown in Figure 10-7. 

Data 

t 

Figure 10-7: Conceptual block diagram of UL PHY 

As in the DL, the I and Q signals, prior to modulation, are filtered by square­
root raised cosine filters with the excess bandwidth factor a set to 0.25. 
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This 0.25 roll-off factor defines the symbol rate, which, for a 25 MHz 
channel, would be 20 Mbd. This would give bit rates for QPSK, 16-QAM, 
and 64-QAM of 40 Mbit/s, 80 Mbit/s, and 120 Mbit/s, respectively. Other 
channel sizes scale linearly. For example, a 28 MHz channel has a 22.4 Mbd 
symbol rate. 

CONTROL MECHANISMS 

The DL demodulator must provide an output reference clock derived from the 
DL symbol clock. This reference is then used by the SS to provide timing­
critical interfaces. One would expect that the BS reference is locked to an 
accurate (stratum 1) reference such as GPS. This highly accurate timing is 
used to provide frequency tuning to within ± 10 * 1 o-6. 

The WirelessMAN-SC PHY requires accurate UL time-slot synchronization 
and UL transmit time advance to ensure that multiple users do not interfere 
with each other's transmissions. The ranging procedure outlined in Chapter 7 
allows the fine-tuning of timing required for robust operation with efficient 
burst profiles. 

For WirelessMAN-SC, the predominant dynamic impairment is rain fade. The 
typical extent of the fade varies geographically based on rain region and is 
affected by both carrier frequency and range. For a desired link availability 
and given set of transmission parameters, the rain region dictates the 
maximum cell radius. Additionally, uncorrelated rain fade between an 
interfering signal and the desired signal may also affect cell radius. 

Power control is applied statically in the DL to effectively set cell size and 
dynamically in the UL to account for fading due to rain and foliage. This 
dynamic UL power control must handle fades ofup to 20 dB/s with 
dynamic range of at least 40 dB. The specific algorithm is left for 
vendor differentiation. The BS's EIRP spectral density is capped by 
+28.5 dBmi/MHz or a lower limit if established by local regulations. The SS 
is limited to an EIRP spectral density of +39.5 dBmi/MHz or local regulation. 

Received signal strength indicator (RSSI) and CINR signal quality 
measurements and associated statistics are used in burst profile selection. 
RSSI measurements do not necessarily require receiver demodulation lock 
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and are, therefore, used for measurement of low signal levels. CINR requires 
receiver lock, but provides better information on the actual operating 
condition of the receiver, including interference and noise levels as well as 
signal strength. 

WIRELESSMAN-SCA 

This chapter concludes with a brief description of the WirelessMAN-SCa 
PHY specification, which is targeted at operation below 11 GHz. In many 
respects, it is very similar to the WirelessMAN-SC PHY It was originally 
added to the standard in IEEE Std 802.16a-2003, with the tacit assumption 
that it would be used in conjunction with frequency-domain equalization. It 
has not found subsequent industry support and, at this time, appears to be an 
orphan. 

The WirelessMAN-SCa FEC specification is similar to, but slightly different 
from, WirelessMAN-SC. The basic FEC is a concatenated FEC, with an outer 
RS code derived from a systematic RS (N = 255, K = 239) code using 
GF(256). The block may be shortened. An inner trellis-coded modulation 
(TCM) code derived from a K = 7, rate 1/2 convolutional code is used. 
Optionally, an interleaver may be placed between the inner and outer codes. 

In addition to QPSK, 16-QAM, and 64-QAM, the WirelessMAN-SCa PHY 
also requires the implementation of spread binary phase shift keying (BPSK) 
and BPSK modulations. 256-QAM modulation is optional. Block turbo codes 
(BTC) and convolutional turbo codes (CTC) are also optional. When ARQ is 
implemented, the FEC can be disabled (through the "no FEC" option), and the 
ARQ can be used as a sole method for error correction. 

Like WirelessMAN-SC, the WirelessMAN-SCa PHY is defined for both FDD 
and TDD operation. The WirelessMAN-SCa PHY includes explicit support 
for beam forming. 

The system must handle fade rates of 30 dB/s with depths of 10 dB. Both 
RSSI and CINR are used for measurements of signal quality. Frequency 
accuracy must be within ± 15 * 1 o-6. 
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Multicarrier PHY for frequencies below 11 GHz 

WirelessMAN-OFDM is one of the three PHY specifications defined in 
IEEE 802.16 for applications below 11 GHz. For brevity and convenience, the 
PHY of a WirelessMAN-OFDM system is abbreviated as the "OFDM PHY" 

WAVEFORM CONSTRUCTION 

Selection of the OFDM waveform 

The choice of OFDM for use below 11 GHz was in general based on two 
considerations. The first of these was that, among the IEEE 802.16 members, 
a fair number had experience with OFDM systems due to the approval of the 
IEEE 802.11 a amendment in 1999. In addition, a small number of participants 
were involved with companies developing proprietary OFDM-based systems 
for BWA. Selecting OFDM was for these members a natural choice. Aside 
from these external issues, however, OFDM was supported because of its 
favorable technical characteristics. 

As noted in Chapter 3, robust BWA systems in spectrum below 11 GHz must 
deal with multipath without resorting to highly directional antennas, which 
would make deployment costly. As noted, one approach is to use redundant 
samples preceding transmitted symbols to ensure that any received samples 
affected by energy from the previous symbol can be discarded. This process is 
efficient only if the duration of the transmitted symbols is considerably longer 
than that of the expected multipath; otherwise, the redundancy would be 
constituting an unacceptably large relative overhead. In addition, the method 
used to modulate data onto these large symbols must be computationally 
simple. This is important because the number of bits per symbol will have to 
be very large to maintain a given data rate. 
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The data rate, in bits per second, can be expressed as [(bits/symbol) x 

(symbol/s)]. The symbol rate, (symbol/s), is the inverse of the symbol 
duration so that increasing the symbol duration requires modulating more bits 
per symbol to maintain the data rate (assuming a given channel bandwidth). 

The preferred method of creating such symbols is the use of the IFFT, which 
effectively transforms a set of orthogonal narrowband transmissions into a 
single waveform. An additional advantage of the IFFT is that it is cyclical in 
the time domain so that when the redundant samples are copied from its tail, 
the transmitted symbol remains continuous in phase. OFDM provides for the 
subcarriers to be orthogonal and separable. When the subcarrier spacing is 
sufficiently small, the channel characteristics can be safely assumed to be 
constant across the subcarrier. This assumption drastically simplifies channel 
estimation because it can be performed independently for each subcarrier and, 
for each subcarrier, the channel can be represented by a single amplitude and 
phase. 

Selection of FFT size 

The FFT size is a critical parameter with implications in the time domain as 
well as the frequency domain. The designer must take into consideration a 
extraordinarily wide range of system factors, including the multipath 
propagation environment, the cost of precision electronics, and the nature of 
the network traffic. This job requires system-level thinking; it is not for 
narrow specialists. 

The most fundamental frequency domain characteristic is the channel 
bandwidth. IEEE Std 802.16 is designed to accommodate a number of 
channel bandwidths, depending on the local regulatory environment and the 
operator requirements. For the purpose of this discussion, we will assume that 
the channel bandwidth is fixed. 

In a given channel bandwidth, the subcarrier spacing is inversely proportional 
to the number of subcarriers and, therefore, to the FFT size. Meanwhile, the 
duration of the OFDM symbol is set to be the inverse of the subcarrier 
spacing. This setting is the necessary and sufficient condition to ensure that 
the subcarriers are orthogonal. As a result, the OFDM symbol duration is 
proportional to the FFT size. 

262 WirelessMAN: Inside the IEEE 802.16 Standard 

Chapter 11: PHY: WirelessMAN-OFDM 

The choice ofFFT size is inextricably tied to assumptions about the physical 
environment in which the propagation takes place. This is because, to ensure 
that multipath propagation does not corrupt the received signal, a copy of the 
last Tg s of the symbol waveform with duration Tb is prefixed to the symbol 
before transmission (see Figure 11-1). This copy is termed the cyclic prefix. 
The receiver will sample only an interval Tb within this extended interval 
Tb + Tg. The prefix has no impact on the received symbol due to the cyclic 
nature of the FFT. Multipath components shorter than Tg s need not negatively 
affect the performance as long as the sampling interval is chosen correctly. 
How much smaller the multipath components need to be depends on the 
accuracy of sampling timing and the symbol windowing used because both 
negatively affect the protection against multipath. Multipath components in 
excess of the effective multipath protection duration, however, will 
significantly degrade the performance (see [B55]). It is, therefore, desirable to 
choose the cyclic prefix large enough to encompass the expected multipath of 
the application. 

Figure 11-1: OFDM symbol structure 

The addition of the cyclic prefix adds overhead due to the redundancy. It also 
increases the energy per symbol, resulting in an SNR drop of 
10log10 ( 1 - Tgl (Tb+ Tg)) dB. With the duration of the cyclic prefix dictated by 
the multipath, choosing a shorter OFDM symbol duration hence increases 
the proportion of time and energy lost on the cyclic prefix. 
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The designer must also consider the network traffic requirements. To 
understand why, begin with the fact that the FFT size determines the number 
of available subcarriers. Each subcarrier is modulated to carry data. For this 
discussion, assume QAM modulation, with each subcarrier delivering one 
QAM symbol during the duration of the OFDM symbol. The total number of 
bits carried in one OFDM symbol by all the subcarriers, therefore, scales with 
the FFT size ( as does the symbol duration). This is where the network factors 
enter the problem. As the data capacity per symbol gets larger, the granularity 
may grow too coarse to efficiently carry variable-length data packets, 
particularly when the traffic consists of many small data packets that do not 
fill the symbol. For instance, if the UL is transmitting a few small packets, as 
typically found in VoIP and most other IP traffic, without a sufficient packet 
rate to take advantage of packing, then large symbols may need to be 
transmitted without a full load of data. In this case, a shorter symbol would be 
more efficient. 

Finally, a longer OFDM symbol duration translates into narrower subcarriers 
in the frequency domain. This closer spacing makes the receiver performance 
more susceptible to phase noise, which corrupts the orthogonality of the 
subcarriers. With current technologies, the phase noise requirements have a 
direct and substantial impact on the cost of the system. 

The above considerations all came into play during the discussions on the 
FFT size NFFT, an issue complicated substantially by the targeted support of a 
large range of bandwidths (up to 28 MHz). In the early stages of development, 
the IEEE 802.16 Working Group considered many different FFT sizes, 
particularly 64 and 256 for OFDM and both 2048 and 4096 for OFDMA. 
Although it was realized that 64-FFT was suitable only to short links due to its 
low multipath protection capabilities, the opportunity to reuse IEEE 802.lla 
implementations was a strong consideration for many participants. 
Eventually, the 64-FFT option was dropped as an OFDM alternative, as 
performance issues outweighed issues regarding the reuse of legacy 
components; and OFDMA was restricted to 2048. With the IEEE 802.16e 
amendment, additional sizes of 128, 512, and 1024 were added for OFDMA. 
To provision in a more optimum fashion for deployments with short links and 
deployments with relatively little multipath, the IEEE 802.16 standard allows 
for several different cyclic prefix durations. 
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The OFDM waveform 

The OFDM waveform as a function of time can be described as follows: 

l N.,,e/2 jln·k·n·BW_(t-T) 
j21tf,t NFFT g 

s(t) = Re e L ck· e 

k = -N.,,,/2 
k;eO 

0 < t< Ts 

where 

ck is a data point out of the modulation constellation to be mapped 
onto the frequency offset index k 

fc is the RF 

BW is the transmission bandwidth 

n is the oversampling factor 

Nused is the number of nonsuppressed subcarriers 

In the early stages of the development of the OFDM and OFDMA PHYs, the 
working group attempted to maintain as much commonality between the two 
specifications as possible. This, along with the fact that IEEE Std 802.1 la 
used 48 data subcarriers per OFDM symbol and the fact that 48 data 
subcarriers conveniently allowed mapping whole bytes to a single OFDM 
symbol for almost all modulations, led to a symbol structure containing a 
multiple of 48 data subcarriers. For the case of the 256-FFT, the working 
group settled on 192 data subcarriers. Eight additional "pilot subcarriers" are 
used mainly to track phase changes during a burst, making for a total of 
Nused = 200 subcarriers. The resulting frequency domain description is shown 
in Figure 11-2. 

Data Subcarriers Pilot Subcarriers 

Figure 11-2: OFDM frequency description 
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At this point, it would have been possible to use the 200 subcarriers, along 
with a de subcarrier in the center and guard subcarriers on either side (28 on 
one side and 27 on the other). However, the resulting spectral shape would 
end up unnecessarily conservative with regards to spectral masks established 
by relevant regulatory agencies; the result would be akin to a waste of 
spectrum. To take advantage of the opportunity to fully utilize the spectrum 
within the mask, the sampling factor n was introduced to create a sampling 
bandwidth somewhat larger than the actual bandwidth B W. This stretches the 
spectral shape of the signal to more fully fill the space with the spectral mask, 
shortening the symbol duration and hence leading to slightly higher 
throughput. The allowed values of n are as follows: 

• 8/7 for BW multiples of 1.75 MHz 

• 86/75 for BW multiples of 1.5 MHz 

• 144/125 for BW multiples of 1.25 MHz 

• 316/275 for BWmultiples of2.75 MHz 

• 57/50 for BWmultiples of2 MHz 

• And again 8/7 for any other bandwidth 

These specific values ensure that there is an integer number of samples per 
frame for all likely bandwidths less than 28 MHz. 

Subchannelization 

The access method for the OFDM PHY is TDMA. This is, however, not an 
entirely complete description, as the PHY also provides an integrated optional 
OFDMA component. To avoid confusion between this component and the 
OFDMA PHY described in Chapter 12, the OFDMA component in the 
OFDM PHY is referred to as subchannelization. 

In late 2002, the IEEE 802.16 Working Group was completing the 
IEEE 802.16a amendment, which added the new PHY specifications for 
frequencies below 11 GHz. The working group recognized the importance of 
specifying profiles as the basis of compliance testing for these alternatives, 
but the group was anxious to complete IEEE Std 802.16a. Therefore, it 
decided to develop an amendment, IEEE P802.16d, to add the missing 
profiles; the same project could be used to address any errors identified in 
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IEEE Std 802.16a. At about the same time, the working group, following 
formal study group activity, was initiating activities to expand IEEE 
Std 802.16 from a fixed-only to a fixed-and-mobile system, beginning with 
the opening of the IEEE P802.16e PAR in late 2002. Within the IEEE 802.16e 
effort, it was soon realized that the OFDM PHY as defined did not provision 
sufficient UL link budget to move from a fixed deployment with relatively 
large SS antenna gain to a mobile platform with typically very low SS antenna 
gain, while maintaining a reasonable cell size. Subchannelization was a 
known tool to extend the link budget. While it made sense for mobile 
terminals, the working group began to accept the idea that it would be 
applicable to fixed terminals also. 

Another important factor in introducing subchannelization into the 
IEEE 802.16 OFDM PHY was the ETSI BRAN HiperMAN project. ETSI 
BRAN HiperMAN, insisting on the need to minimize alternatives in the 
standard, had at one point reached agreement on a standard that was fully 
compatible with WirelessMAN-OFDM. However, as IEEE Std 802.16a 
concluded, ETSI BRAN HiperMAN continue to progress with the 
introduction and development of subchannelization, even though ETSI 
BRAN HiperMAN was not chartered to consider mobile operation. The desire 
to maintain compatibility with ETSI BRAN HiperMAN was one reason that 
the IEEE 802.16 Working Group sought to introduce the feature. In 2003, the 
amendment project IEEE P802. l 6d was converted into a full revision project. 
This expanded the scope of the work and allowed for the introduction of 
features like subchannelization. 

After the idea of adding subchannelization gained acceptance, the main 
contention point was how many subchannels to use. Some sought small 
subchannels to maximize the link-budget gain, while others sought larger 
subchannels due to concerns with the minimal achievable throughput 
per subchannel, losses due to the scrambling and encoding blocks getting 
very small, and the general increase in receiver complexity. 

Eventually, the number of subchannels was chosen to be 16, each consisting 
of 12 data subcarriers. Subchannels may be combined in a predetermined 
fashion so that an SS can be allocated all of the data subcarriers or one-half, 
one-fourth, one-eighth, or one-sixteenth of them. Only eight pilot subcarriers 
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are available for all of the subchannels. Therefore, for allocations of one­
sixteenth of the data subcarriers, phase estimation must rely solely on data­
driven approaches. The subchannel structure is shown in Figure 11-3. 

Allocated Frequency offset indices of 
subcarriers: 

pilot data 
subcarriers subcarriers 

full octal ; quadruple ; dual 

{-100:-98, -37:-35, 1 :3, 64:66} 
{-38} 

{ -97:-95, -34:-32, 4:6, 67:69} 
{ -94:-92, -31 :-29, 7:9, 70:72} 

{13} 
{ -91 :-89, -28:-26, 10:12, 73:75} 
{-87:-85, -50:-48, 14:16, 51:53} 

{-88} 
{ -84,-82, -47:-45, 17: 19, 54:56} 
{ -81 :-79, -44:-42, 20:22, 57:59} 

{63} 
{ -78:-76, -41 :-39, 23:25, 60:62} 
{ -75:-73, -12:-10, 26:28, 89:91} 

{-13} 
{ -72:-70, -9: -7, 29:31, 92:94} 
{ -69:-67, -6: -4, 32:34, 95:97} 

{38} 
{ -66:-64, -3: -1, 35:37, 98:100} 
{ -62:-60, -25:0 23, 39:41, 76:78} 

{-63} 
{ -59:-57, -22:-20, 42:44, 79:81} 
{-56:-54, -19:-17, 45:47, 82:84} 

{88} 
{ -53:-51, -16:-14, 48:50, 85:87} 

bandwidth ' subchannel • subchannel • subchannel • 
allocation • allocations : allocations : allocations 

single 
subchannel 
allocations 

Figure 11-3: Subchannel subcarrier allocations 

The OFDM PHY can be applied to make use of the increased UL link budget 
provisioned by subchannelization, by limiting the maximum number of 
subchannels that are assigned in the UL to a given SS. This increased link 
budget is available from subchannelization because an SS can distribute its 
available power to fewer subcarriers, achieving a power gain per subcarrier 
( and hence link budget) of 3 dB every time the number of excited data 
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subcarriers is halved. With a division into 16 subchannels, a total gain of 
12 dB is hence possible (although implementation losses will somewhat 
reduce this gain). To exploit this opportunity, an SS with insufficient link 
budget to establish a link using full bandwidth can establish a link using less 
than the full bandwidth at the cost of peak throughput (but not at the cost of 
system capacity). To support this, special provisions allow efficient initial 
ranging and BW requesting for these cases. In order to make full use of this 
feature, however, sufficient link budget must be achieved on the DL, 
generally through to the use of a higher gain BS amplifier, to enable 
establishment of a connection. Especially in license-exempt bands, where 
allowed EIRP may be fairly restrictive, this may not be possible. 

Aside from link range extension, subchannelization may additionally be used 
to exploit the lower overhead of the subchannelized preamble and to increase 
the modulation/coding efficiency. This may be easily understood from a 
simple example. A full bandwidth transmission of data filling x OFDM 
symbols requires x + 1 OFDM symbols (the extra OFDM symbol resulting 
from the preamble). The overhead ratio is hence ll(x + 1 ). Transmitting that 
same data over eight subchannels (one-half the bandwidth) using the same 
data rate results in an overhead ratio of l/(2x + 1) within those subchannels 
because the data now occupy eight subchannels of twice as many OFDM 
symbols, but the preamble only occupies eight subchannels of a single OFDM 
symbol. Because the remaining eight subchannels remain free for another SS, 
no loss of system capacity occurs (in fact, the reduced overhead slightly 
increases the system capacity). Because of the 3 dB gain achieved by using 
only half the subchannels, the SS may additionally be able to increase the data 
rate by increasing the modulation/coding efficiency, requiring less OFDM 
symbols ( e.g., 1.6x) to transmit the data. The total system resources used is 
then (1 + l.6x)/2 = 0.5 + 0.8x, compared to the full-bandwidth 1 + x. 

The data subcarriers assigned to a single subchannel are distributed over the 
entire OFDM symbol, in four blocks of three subcarriers each. This spreading 
was introduced as a frequency diversity technique to reduce the suspectibility 
to partial band fading, whereas the grouping in blocks of three subcarriers 
results in slightly lower phase noise and frequency offset sensitivity. The 
allocation of blocks is such that combining subchannels still results in an 
evenly spread allocation of subcarriers. During a single OFDM symbol 
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interval, it is possible to assign different numbers of subchannels to individual 
SSs as long as the frequency offset indices of the subchannels do not overlap. 

One of the four major changes introduced in WirelessMAN-OFDM by the 
IEEE 802. l 6e amendment is the capability for provisioning subchannelization 
in the DL (the other three changes are the additions of private MAPs, private 
initial ranging opportunities, and open-loop power control). This DL 
subchannelization is provided as a separate zone, similar to the zone concept 
of the OFDMA PHY (see Chapter 12), with its own subchannelized preamble, 
FCH, and MAPs so that it is completely independent of the remainder of the 
frame. The DL subchannelization is restricted to the use of quadruple 
subchannel allocations (see Figure 11-3). The DL MAP in this construct 
provides allocations only for future frames, not for the current one, as it is 
assumed that mobile devices do not have the computational power necessary 
to decode this MAP quickly enough to efficiently avoid receiving data not 
intended for the station itself; this would unnecessarily drain the battery. 

The addition ofDL subchannelization is motivated by the desire for a larger 
coverage area for mobile devices, which have comparatively low antenna 
gain. 

Preambles 

The OFDM PHY specifies two 200-element sequences from which all 
preambles are derived. One sequence is used for all DL preambles and full­
bandwidth UL preambles; the other is for UL allocations spanning less than 
the full channel. These two sequences are termed mother sequences. 
Computing an actual preamble from a mother sequence involves operations 
no more complex than multiplication with a constant, conjugation, and 
puncturing. This makes it practical to store only the two mother sequences. 

All preambles are one OFDM symbol long, with exception of the DL 
preamble, initial ranging preambles, and mesh preamble, which consist of two 
OFDM symbols. 

The first symbol of the two-symbol preambles, shown in Figure 11-4, 
consists of a cyclic prefix (CP) followed by four repetitions of a frequency 
domain derivative of the first mother code. Each repetition is said to be 
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length 64, which means that it contains 64 samples and has a duration four 
times shorter than that of the 256-FFT OFDM symbol. This symbol primarily 
allows the receiver to perform large-gain adjustments of its amplifier, as well 
as coarse frequency and time correction. This is necessary on the DL to allow 
new SSs to properly track and adjust to the BS signal. On the UL, it is 
necessary for initial ranging, as the new SS 's transmit gain and frequency/ 
timing offsets have not yet been adjusted to within an acceptable range for the 
BS receiver. For other transmissions in the UL, the BS directs each SS to 
adjust its transmit power and frequency/timing offsets to within a desired 
range so that the preamble need not facilitate this functionality for these 
transmissions. 

CP 64'64' 64: 64 CP 128 128 

Figure 11-4: DL and network entry preamble structure 

The second symbol of the long preambles as well as all of the one-symbol 
(short) preambles consists of a cyclic prefix followed by two repetitions of a 
length 128 :frequency domain derivative of the mother codes, which is 
transmitted on the even subcarriers. Special cases exist for the DL STC­
encoded region and for DL AAS transmissions. For the former, alternate 
subcarriers are transmitted from the two different antennas. For the latter, two 
identical "regular" OFDM symbols (each with cyclic prefix) are transmitted, 
where each beam (not each antenna) transmits on every fourth carrier. If a BS 
has more than four simultaneously active beams, the fifth beam transmits the 
same symbol as the first antenna, etc. This is possible because of the spatial 
separation. 

For UL allocations smaller than the full bandwidth, subcarriers not part of the 
allocated subchannels are not excited when transmitting the preamble. If 
midambles are transmitted, they are identical to the short preamble or the 
second symbol of the long preamble that was used for the burst. Midambles 
are generally not necessary in fixed deployment, but the OFDM PHY 
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provisions them to enable extension to mobile applications as defined in IEEE 
Std 802.16e. The purpose of the short preamble and the second symbol of the 
long preamble is to allow fine frequency/time estimation and channel 
estimation. 

In the UL, SSs can be ordered through the UL MAP to cyclicly rotate the 
preamble by a given factor between O and 255. The idea behind this is to 
allow better simultaneous detection of preambles by AAS-enabled BSs. This 
is achieved by the concept that, if preambles are sufficiently rotated, 
correlation of the received signal with the nonrotated preamble and with the 
rotated preamble will result in two better estimates due to low cross­
correlation of the preambles. Because this shift must be substantially larger 
than the main multipath components of any of the channels of involved SSs, 
the number of shift possibilities is limited. For the UL, the BS has a receiving 
beam in the direction of the individual SSs, which suppresses signals from 
other simultaneously transmitting SSs with substantially different angles of 
arrival (AoAs). However, this feature is only marginally useful for SSs that 
have relatively similar AoAs. Despite the fact that the cyclic shift method is a 
mandatory specification, it is of little use for non-AAS devices. 

FRAME STRUCTURE 

The OFDM PHY supports two noncompatible frame structures: a mandatory 
one for PMP architectures and an optional one for mesh-based architectures. 
Either frame structure allows for a number of frame durations between 2.5 ms 
and20 ms. 

Point-to-multipoint (PMP) 

For PMP architectures, the duplexing method may be either TDD or FDD 
(with H-FDD SSs supported), except in license-exempt bands where only 
TDD is provisioned to ensure better coexistence with other IEEE 802 
standards. 

The TDD structure for PMP architectures is shown in Figure 11-5. The FDD 
structure is similar, except that TTG and RTG are omitted and the DL and UL 
subframes exist in parallel on different frequencies. 
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Figure 11-5: 'Example OFDM structure with TDD 

The DL PHY PDU is initiated by the DL frame preamble, as previously 
described, followed by the FCH, which only contains the DLFP. The DLFP 
contains the lower 4 bits of the BS ID and the frame number (the full fields 
are present in the following DL MAP); this helps SSs with synchronization 
and identification of the right burst. The DLFP also contains a list ofup to 
four DL bursts, indicating for each burst the DIUC (indicating, among other 
parameters, the modulation and coding methods), the existence of a preamble, 
and the length of each burst in OFDM symbols. For the first burst (Burst #0), 
the DIUC field is replaced by the Rate _ID, which indicates only the 
modulation and coding method. Lastly, the DLFP contains an HCS to identify 
errors in the FCH. It may also contain the start time of an STC-encoded 
region, if present, which lasts till the end of the DL frame. The FCH uses the 
most robust modulation method and coding (BPSK-1/2). The FCH hence 
allows the SS to individually demodulate each DL burst correctly. 

WirelessMAN: Inside the IEEE 802.16 Standard 273 

Ford Motor Co. 
Exhibit 1025 

Page 160



I 
I 

Chapter II: PHY: WirelessMAN-OFDM 

time 

I Preamble I FCH I 
. ~: ............ 

. 
1\-----,----~~~~~~~~~--·~·- . .._~~~~~~~-
I DL burst #0 I • • • I DL burst #m (m<4) 

IDLMAP, .... l {CID, start-time, preamble present, DIUC} 

. -·::: :·:·:·~~~ =~::: ~ ... ~ 
~···~ ... ~ ... ~ 

Figure 11-6: DL burst and MPDU mapping 

The first DL burst subsequently contains the DL MAP, the UL MAP, the 
DCD, and the UCD. Transmission of each of the messages is optional 
(although insertion ofDL MAP and DCD is mandated periodically to ensure 
that synchronization is maintained); but, when any of these four messages is 
present, the order is mandatory. The DL MAP may also contain markers to 
indicate that, from a certain starting point until the end of the DL subframes, 
STC, AAS, or DL subchannelization is enabled. These are the so-called STC, 

AAS, and DL subchannelization zones, respectively. If these zones are used to 
extend the cell range for devices, then all broadcast messages must be 
transmitted in these zones as well. Specifically, in the case of AAS, which has 
no broadcast PHY method, the FCH and unicast versions of the broadcast 
messages must be repeated on as many beams as necessary to reach all SSs. 
Similarly, in the UL, separate allocations must be inserted in these zones for 
the contention-based methods (ranging and BW requests). 

The remainder of the first DL burst, as well as any subsequent DL burst 
within the frame, carries other MPDUs as indicated by the DL MAP. 

The UL may contain contention slots for initial ranging and full and focused 
BW requests ( explained later in this chapter). UL bursts may be received in 
parallel on nonoverlapping sets of subchannels ( or on overlapping sets when 
exploiting the space division component through an antenna array). The main 
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difference between the allocation mapping on the DL and UL is that on the 
DL, the duration of a burst is implicit from the start time of the next burst, 
whereas on the UL, the duration is explicitly stated. This was introduced to 
avoid the need to derive the duration from multiple parallel subchannelized 
subsequent allocations (i.e, the duration of an allocation could be derived 
from the earliest subsequent start time of any other allocation in any of the 
subchannels assigned to the allocation). 

Mesh 

For the mesh architecture, only TDD is specified. Each frame consists of two 
configurable fixed-duration subframes. The first period is the control 
subframe, which is used for network and schedule control, whereas the 
second is used for data transfer. 

As illustrated in Figure 11-7, network and schedule control are fully 
separated, in that one out every few control subframes is dedicated to network 
control, whereas the remaining control subframes are dedicated to scheduling. 
Each control subframe consists of a number of transmission slots. 

The first slot of a network control subframe is dedicated to contention-based 
network entry. The message used for network entry (MSH-NENT) is 
substantially shorter than the duration of the slot. This provides robustness 
with respect to timing errors due to unknown propagation durations, similar to 
the technique discussed later in this chapter for initial ranging ( and is only 
used in PMP architectures). The remainder of the slot in the network control 
subframe is used for contentionless distribution of network configuration 
parameters (including neighbor lists) by the devices already part of the mesh 
network. 

Three different messages are used in the scheduling control subframe, which 
manage the scheduling of bursts in the data subframe. The MSH-CSCF 
message is used to distribute the connectivity tree for centralized scheduling, 
whereas the MSH-CSCH contains the actual centralized transmission 
schedule. MSH-CSCF and MSH-CSCH messages are not bound by slot 
boundaries. MSH-DSCH is used to establish distributed schedules. MSH­
DSCH may also occur during the data subframe to establish contention-based 
schedules. 
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Figure 11-7: Mesh frame structure 
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Each control message is terminated by a guard period. This is because, 
although all devices are synchronized, propagation durations will still vary 
between devices. The additional symbol avoids the end of a burst received 
over a long link suffering interference by the start of a subsequent burst 
received over a short link. Relying only on the cyclic prefix of the OFDM 
symbol for this would not have been sufficient. 

Each of the (broadcast) control message formats, not only the network entry 
message, starts with a long preamble. This is because a device may, 
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contention-free, conclude whether it is its time to transmit, but it cannot 
always determine who has the right to transmit otherwise. This is handled 
differently in the data subframe, where the transmission schedule is known. 
Although they use the long preamble by default, links can establish use of the 
short preamble in the data subframe. 

The mesh architecture cannot make use of the subchannelization 
functionality. Although there is principally no obstruction to its use, the 
complexity of the scheduler would be prohibitive with current technology. 
The architecture does allow the use of patch antennas or antenna arrays, either 
with up to eight distinguishable directions. This allows for a substantially 
higher spacial reuse and hence substantial system capacity increases during 
the data subframe, at the cost of higher scheduling complexity. Extending link 
range through AAS as previously defined is, however, not possible due to the 
reliance on broadcasting for network control. 

BW requesting is performed by use of the scheduling messages. The 
contention-based methods as described earlier are hence not used when using 
the mesh architecture. 

CHANNEL ENCODING 

The OFDM PHY channel encoding, which precedes the IFFT, consists of four 
steps; randomization, FEC, interleaving, and modulation. 

Randomization 

A specific sequence of data modulated on an OFDM symbol results in a given 
peak to average power ratio (PAPR) for that symbol. With a small probability 
of occurrence, this PAPR can be quite large (e.g., more than 7 dB). It is 
generally inefficient to back the transmitter power amplifier off far enough to 
avoid unrecoverable nonlinear distortion at the worst possible PAPR. Practical 
designs instead back off the amplifier only far enough to keep the probability 
of unrecoverable distortion acceptably low. However, retransmitting a data 
sequence with a high PAPR would result in a repeated receiver error. To avoid 
such persistent errors, the data are passed through a randomizer at the 
transmitter. 
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Randomization is performed by passing the block of data to be transmitted 
through a pseudo-random binary sequence (PRES) with polynomial 
1 + x14 + x15. For every data burst, the initial state of the PRES memory is 
reset with a combination of the BS ID, the IUC for the allocation, and the 
frame number, except at the start of the frame, where it is reset with a fixed 
value, and on the first DL burst (i.e., the burst following the FCH), where it is 
not reset at all. Due to the fact that the FCH is fixed in duration, the state of 
the PRES will always have the same value at the start of the first DL burst. 
Hence not resetting the PRES at this point is equivalent to resetting it with a 
fixed value. 

Forward error correction (FEC) 

The OFDM PHY specified three methods of channel coding: Reed-Solomon 
concatenated with convolutional coding (RS-CC), block turbo coding (BTC), 
and convolutional turbo coding (CTC). RS-CC is mandatory, whereas BTC 
and CTC are optional. Although BTC and CTC generally provide on the order 
of 2 dB to 3 dB better coding gain, their substantial complexity made them 
less attractive as a mandatory requirement. The performance of BTC and CTC 
relative to each other varies slightly as a function of the coding rate and the 
size of the data to be encoded. 

Reed-Solomon concatenated with convolutional coding (RS-CC) 

The RS-CC encoding consist of a systemic RS(255,239,8) code over GF(28), 

which can be shortened and punctured to appropriate block sizes followed by 
a native rate 1/2 constraint-length 7 convolutional encoder (identical to the 
encoder defined in IEEE Std 802.1 la), which can be punctured as well. 

The randomized burst of data to be encoded is first appended by a byte of 
zeroes, as shown in Figure 11-8, in order to facilitate zero-tail termination of 
the CC encoder. Given the constraint length of 7, the usage of 6 tail bits would 
suffice (the last 2 bits will always remain zero after encoding). However, 
since data are generally passed to the PHY in whole bytes, the byte appendage 
is simpler. During development of the IEEE 802.16 standard, the use oftail­
biting, which does not require the tail-byte overhead, in combination with per­
OFDM symbol encoding, was favored. However, the disadvantage of having 
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to process a substantial portion of the data twice was deemed to outweigh the 
incurred zero-tailing overhead. A separate RS block is computed for each 
OFDM symbol. The parity bits for each block are sent to the CC encoder 
before the block itself, ensuring that the added tail byte is passed last to the 
CC encoder. The CC encoder is employed over the entire burst. The RS 
encoder is bypassed entirely when less than the entire channel is allocated 
(i.e., when eight or fewer subchannels are allocated). This avoids performance 
deterioration due to the weakness of RS codes for small blocks. 

data burst 
tail byte 

<------+------'-----'--'?( 
•', 

~CC encoder 

RS parity bits 

Figure 11-8: RS-CC encoding process 

Block turbo codes (BTCs) 

Unlike RS-CC, where the data are treated as a long string, BTC encodes the 
data in block form, where the block is filled row by row. Subsequently, a code 
polynomial is used to encode each row, with check bits added to the row. 
Subsequently, another code polynomial is used to encode each column, 
including the columns consisting of the row check bits. The polynomials are 
selected from a set of three extended Hamming codes and three parity check 
codes. The block (see Figure 11-9) may be shortened by not filling the firstlx 
rows, Iy columns, and B bits and zero-filling the Q bits until the next byte 
boundary. An encoding is hence fully described by its two constituent codes 
and the four parameters Ix, Iy, B, and Q. To specify blocks that fit into each of 
the five possible allocation sizes per OFDM symbol (see Figure 11-3), each 
of the four possible modulations and each of the two code rates per 
modulation-a total of thirty different encodings-are provided. The 
performance of BTC for an allocation of only a few subchannels was never 
thoroughly studied during the development of the subchannelization option. 
The performance may tum out to be problematic due to the small block sizes. 
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Figure 11-9: BTC encoding block 

Convolutional turbo codes (CTCs) 

The CTC encoder is most easily described from its depiction in Figure 11-10. 

A-.~~~~~~~~.-~~~~~~~~~~~~ 

B ~+.-~~~~~~.--l-~~~~~~~~~~~~ 

onstituen 
uncturing 

y 

Constituent encoder 

Figure 11-10: CTC encoder 

Bits are alternately fed into A and B (MSB first), with the switch in position 1 
as shown. The encoding process must be performed twice: one with the 
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memory elements initialized to ObOOO with the switch in position 1 and one 
with the memory elements initialized with a value computed by passing the 
final value of the first run through a lookup table and the switch in position 2. 

The final encoded stream is achieved by the sequence of alternated bits from 
A and B, followed by all punctured parity bits from the first encoding (switch 
position 1 ), followed by all punctured parity bits from the second encoding 
(switch position 2). 

Interleaving 

The interleaver is defined by a two-step permutation. The first ensures that 
adjacent coded bits are mapped onto nonadjacent subcarriers. The second 
permutation ensures that adjacent coded bits are mapped alternately onto less 
or more significant bits of the constellation, thus avoiding long runs oflow­
reliability bits. The interleaver is virtually identical to that used in IEEE 
Std 802.lla and IEEE Std 802.llg™, except that it uses 12 as computational 
base, rather than 16. The reason for this is that each subchannel has 12 data 
subcarriers. A base-12 permutation hence ensures that adjacent bits are 
mapped not only to different subcarriers but to different subchannels as well 
(if multiple subchannels are allocated). 

Block sizes for the interleaver are defined so that the number of bits in a block 
fits into all allocated subchannels within an OFDM symbol. There is hence 
exactly one interleaving block per OFDM symbol for each transmitter. 

Modulation 

The OFDM PHY mandates BPSK as well as Gray-mapped 4-QAM (QPSK), 
16-QAM, and 64-QAM constellations. The Gray-mapped 64-QAM 
constellation is optional for license-exempt bands, mostly to allow the use of 
IEEE 802.11 RF components that would typically not meet the 64-QAM 
performance requirements of IEEE Std 802.16. 

Pilot tones are modulated with a BPSK signal. The values to be used are 
derived from passing fixed initialization sequences ( one each for UL and DL) 
through a PRES with polynomial x11 + x9 + 1 clocked with the OFDM 
symbol rate. The values of the individual pilots within a single OFDM symbol 
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are then defined as being either equal or the negative of the BPSK-modulated 

PRBS output. 

CONTROL MECHANISMS 

Of all control mechanisms that are available to the BS to control SS behavior, 
three have special provisions in the PHY: ranging, BW request, and power 
control. 

Ranging 

Ranging consists of two types: initial and maintenance. The first serves to 
initiate registration ( or re-registration) of an SS with a BS. The second serves 
to periodically readjust PHY parameters of the SS and to verify that the SS is 

still on line. 

Maintenance ranging is predominantly a MAC process, for which the PHY 
makes no special provisions in terms of scheduling or waveform creation. 
From the PHY's perspective, maintenance ranging is treated like any other 
data exchange. 

Initial ranging is different in this respect in that it is, by necessity, a 
contention-based protocol with a nonzero probability of collision. The time 
period scheduled for initial ranging must be at least the total duration of the 
round-trip propagation delay and the transmission time of the initial ranging 
message, as a new SS is not yet able to correct its clock for propagation 
delays. The round-trip propagation delay is a function of the maximum cell 
size. An initial ranging attempt uses the long preamble. The initial ranging 
data fit in one OFDM data symbol (using the most robust modulation/coding) 
so that the total duration of an initial ranging allocation must be at least 
3 + I (n · BW)/(256(1 + Tg/Tb)) · (2r)/ cl OFDM symbols, where r is the 
cell radius in meters and c the speed oflight. For typical deployments, this 
turns out to be a four-OFDM-symbol allocation. In fixed systems, contrary to 
mobile applications, registration is a relatively rare occurrence. It is, 
therefore, not necessary to facilitate initial ranging slots in every frame, and, 
as a result, the incurred overhead is negligible. The different initial ranging 
formats are shown in Figure 11-11. 
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Figure 11-11: Initial ranging formats 

As mentioned before, the PHY provides special provisions to allow SSs with 
insufficient link budget to use less than the full bandwidth. As a consequence 
of this design, a method is specified for these stations to start initial ranging 
with a slightly different method than the one described above. When an SS 
deduces, from estimating the required transmit power (for which the BS 
provides the necessary data in the UCD message), that it will not be able to 
close the link or when it has failed initial ranging attempts multiple times, it 
may replace the RNG-REQ message with the subchannelization preamble on 
one random subchannel so that the total initial ranging burst consists of the 
long preamble followed by the subchannelized preamble. The long preamble 
has sufficient inherent gain to be detected, whereas only an energy detect is 
needed to establish on which subchannel the subchannelization preamble was 
sent. Because the same total power is used, the spectral density of the single 
subchannel preamble will be roughly 12 dB higher, further improving the 
accuracy of the energy detect. Upon detection, the BS can issue a 
subchannelized UL allocation referencing the SS by the ranging slot and 
subchannel. For efficiency, SSs using the full bandwidth as well as those 
requiring a subchannelized initial ranging are using the same ranging 
opportunities. This avoids duplication of allocations. 

An exception to this exists when the BS operates using AAS. Under the 
assumption that the cell range for AAS devices may be much larger than that 
of non-AAS devices, it cannot be assumed that AAS-enabled SSs can receive 
the broadcast DL MAP. They may, therefore, have no knowledge of the UL 
schedule, including initial ranging slots. To get around this problem, a BS 
must schedule an AAS initial ranging slot of eight OFDM symbols, the first 
symbol of which the BS uses to transmit the AAS network entry preamble, 
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which has sufficient gain to be detected by AAS-enabled SSs. Following a 
TTG, an AAS-enabled SS may then transmit the long preamble and 
RNG-REQ message. The sum of SSRTG and round-trip delay may hence not 
exceed four OFDM symbols. 

One of the few changes provided by the IEEE 802.16e amendment for the 
OFDM PHY is, as mentioned previously, the capability of the BS to allocate 
an SS-specific (and hence noncollision-based) initial ranging opportunity. 
This feature is useful when the BS receives notice (for example, from a 
network controller) that a MS will be attempting a handover to the BS in 
question. This shortens the handover time and avoids the possibility that many 
collision-based initial ranging opportunities need to be allocated because of 
handover frequency. 

BW requests 

There are multiple ways in which bandwidth can be requested: through 
polling, through piggybacking, and through two contention-based methods. 
From the PHY perspective, only the latter two are of interest. These two 
methods, of which only the first is mandatory, are full contention and focused 
contention. 

Full contention may be used both with full bandwidth allocations and with 
subchannelized allocations. The only difference is that, using full bandwidth, 
the request is limited to two OFDM symbols to be filled with the short 
preamble and one data symbol containing the BW request, whereas using 
subchannelization, the width (in subchannels) and length (in OFDM symbols) 
is announced in the UCD. The BS may provide multiple request opportunities 
within a single allocation. The BS can identify the SS by the Basic CID in the 
BW request. 

Focused contention is an optional feature. To request bandwidth using 
focused contention, an SS selects randomly a contention channel index out of 
the 48 available. This maps to four unique data subcarriers. These are 
arranged to form three sets of contention channels within each subchannel. On 
these four subcarriers, the SS transmits one of eight BPSK contention codes. 
On the following OFDM symbol, the SS again transmits the same contention 
code on the same subcarriers, with the difference that, for all subcarriers with 
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contention element -1, the phase is inverted. The BS is now able to identify 
the SS by the contention channel index and contention code and can issue an 
UL allocation on that basis. The advantage of this scheme is that many SSs 
can simultaneously indicate a need for bandwidth with a low probability of 
collision (same contention channel) and an even lower probability of 
undetectable collisions (same contention channel and same contention code). 
A minor drawback of this scheme is that it introduces a single frame of delay, 
as the focused contention indication does not provide the BS with any 
knowledge about the size of the bandwidth needed. When a BS supports 
subchannelization, it may indicate through the UCD that a certain amount of 
the contention channel indices are reserved to indicate the SS needs a 
subchannelized allocation. In the case that it receives one of these codes, the 
BS does not know the identity of the requesting SS; therefore, it has no choice 
but to allocate the lowest number of subchannels required by any of its 
associated SSs. 

Power control 

Power control is needed and specified only in the UL, where it serves to 
ensure that the received signal power density at the BS falls within a narrow 
range. The SS transmit power level is adjusted under control of the BS. To 
allow this, each SS reports, during initialization, its current transmit power 
level and the maximum transmit power level for each of the modulations as 
part of its basic capabilities. This allows the BS to compute the feasibility of 
an SS changing its power level for full bandwidth allocations with the current 
modulation. It also allows the BS to compute the effects of a change in 
modulation and subchannelization. This can be used to improve bandwidth 
efficiency. 

The BS can use both the maintenance ranging and fast power control MAC 
messages to force an SS to adjust its power levels. The SS must be capable of 
changing power at a rate of at least 30 dB/s. 
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An SS must maintain the same power spectral density when changing 
between transmissions with different numbers of subchannels. In other words, 
if the number of subchannels is double that of the previous allocation, the total 
transmit power, when feasible, must be doubled. Reciprocally, if the number 
of subchannels is halved compared to the previous allocation, the total 
transmit power, when feasible, must be halved. 
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Multicarrier PHY for frequencies below 11 GHz 

WirelessMAN-OFDMA is one of the three PHY specifications defined in 
IEEE Std 802.16 for applications below 11 GHz. This PHY has attracted 
much attraction in the past few years, particularly because of the expansion of 
the scope of the IEEE 802.16 standard, through the IEEE 802.16e 
amendment, to include mobile stations (MSs). IEEE Std 802.16e includes the 
expansion of all three of the lower frequency PHY specifications into the 
mobile arena (WirelessMAN-SC is excluded due the IEEE 802.16e upper 
limit of 6 GHz). However, the primary interest has centered around 
WirelessMAN-OFDMA, which is abbreviated as the "OFDMA PHY." 

WirelessMAN-OFDMA uses orthogonal frequency-division multiple access 
(OFMDA), which is an extension of orthogonal frequency-division 
multiplexing (OFDM). The multiple access feature makes OFDMA 
considerably more complex. In OFDM, all of the transmitter's subcarriers are, 
at any given time, addressed to a single receiver; multiple access is provided 
solely by TDMA time slotting. OFDMA divides the subcarrier set into 
subsets, each of which can address a different receiver at any given time. This 
provides for a number of performance advantages, as discussed below, at the 
cost of considerable complexity. The complexity comes not only in the air 
interface, as defined in the IEEE 802.16 standard, but also in the control 
functionality outside the standard. For example, the design and optimization 
of an efficient scheduler will prove an interesting engineering challenge. 

The description ofWirelessMAN-OFDMA here is less comprehensive than 
those of the other PHYs. This is due to the large number of features and 
options present in the specification, as well as by the substantial changes and 
additions that have recently been added through IEEE Std 802.16e (which, as 
published, also includes an approved corrigendum to the base standard). This 
book is not intended to thoroughly cover IEEE Std 802.16e, but, on the other 
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hand, neither do we wish to spend time explaining features that have changed 
significantly by virtue of that amendment. Therefore, while this chapter 
excludes a substantial number of features, mainly optional and mobility 
features added in IEEE Std 802.16e, care has been taken to ensure that the 
features described here are consistent with the changes in IEEE Std 802.16e. 

INTRODUCTION 

Selection of OFDMA waveform 

As compared to the OFDM case discussed in the previous chapter, OFDMA 
involves different considerations regarding the complexity and 
implementation cost tradeoffs. Although WirelessMAN-OFDM has a limited 
capability for OFDMA through its subchannelization feature, its basic 
premise is TDMA with fairly large intercarrier spacing, which allows for an 
implementation hardly more challenging that the well-known Wi-Fi 
IEEE 802.11 a or IEEE 802.11 g OFDM products that have been readily 
available in the market since 2001. Those IEEE 802.11 amendments are based 
on a 64-FFT. Recall that WirelessMAN-OFDM uses a 256-FFT. 
WirelessMAN-OFDMA, as defined in IEEE Std 802.16-2004 [B20], uses a 
2048-FFT. Therefore, for a given channel bandwidth, the OFDMA PHY 
presumes smaller intercarrier spacing and places more stringent demands on 
the hardware. 

The issue of intercarrier spacing is made more complex by the decision, 
embedded in IEEE Std 802. l 6e, to move toward a "scalable" OFDMA 
providing for multiple FFT sizes: 2048, 1024, 512, and 128 (leaving out 256 
presumably to maintain distinctiveness from WirelessMAN-OFDM). The 
idea of scalability is to match the FFT size to the channel bandwidth (i.e., 
larger FFT size with larger bandwidth), optimizing the subcarrier spacing. 
This idea of scalability was discussed earlier in the IEEE 802.16 Working 
Group, during the early Task Group 3 development of IEEE Std 802.16a-
2003, but was rejected in order to simplify the interoperability problem. The 
IEEE 802.16 standard is rather ambiguous about channel bandwidth, as it is 
about carrier frequency, because of the lack of specific, harmonized 
worldwide spectrum in which to deploy. 
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In the remainder of this chapter, the 2048-FFT will be assumed, unless stated 
otherwise. 

The OFDMA PHY using 2048-FFT is slightly more efficient than the OFDM 
PHY under the same conditions because the larger FFT size allows for a 
relatively smaller cyclic prefix (T /1's)-

The number of subchannels within the OFDMA PHY depends both on the 
FFT size and the time-frequency mapping (discussed below). As shown in 
Table 12-1, the number of data carriers per subchannel (per OFDM symbol) 
varies with the permutation method ( discussed later in this chapter) and is 48 
for full usage of subchannels (FUSC), optional full usage of subchannels 
(0-FUSC), and adaptive modulation and coding (AMC) and on average 24 
and 16 for partial usage of subchannels (PUSC) and optional partial usage of 

subchannels (0-PUSC). 

Table 12-1: Subchannel allocations 

Method I FFT size 2048 1024 512 128 

DLPUSC 60 30 15 3 

ULPUSC 70 34 17 4 

ULO-PUSC 96 48 24 6 

DLFUSC 32 16 8 2 

DLO-FUSC 32 16 8 2 

AMC 32 16 8 2 

As can be seen from Table 12-1, the power concentration that can be 
achieved, which is easily computed as 10 • loglO(subchannels), varies widely 
with the time-frequency mapping and FFT size selected. 
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Time-frequency mapping 

In the OFDMA PHY, the mapping of data to physical subcarriers occurs in 
two steps. In the first step, dictated by the scheduler, data are mapped to one 
or more data slots (in the time domain) on one or more logical subchannels. In 
the second step, for each data slot, each logical subchannel is then mapped to 
a number of physical subcarriers (in the frequency domain), with a mapping 
that may vary from one OFDM symbol to the next. 

The first step, the logical mapping, makes use of certain basic terms in its 
description: 

• Slot: The smallest unit of allocation in the time-frequency domain ( except 
for mini-subchannels, which split a UL subchannel allocation further into 
two, three, or six pieces in the frequency domain). A slot always consists 
of a single subchannel, but, depending on the physical mapping, consists 
of one to three OFDM symbols. 

• Data region: A contiguous allocation of slots in the time-frequency 
domain. 

• Subchannel group: A single set of contiguous subchannels. The 
allocation of subchannels to subchannel groups is fixed. 

• Segment: One or more subchannel groups that are controlled by a single 
instance of the BS MAC. As an example, a BS might segment the 
available subchannels among different sectors. There can be up to three 
segments where segment O must always contain subchannel group O; 
segment 1, when present, must always contain subchannel group 2; 
and segment 2, when present, must always contain subchannel group 4. 

Figure 12-1 displays these concepts in an example for 1024-FFT DL PUSC 
with three segments. 
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OFDMA Symbol Index subchannel 
group index k k+l k+2 k+3 k+4 k+5 k+6 k+7 k+8 k+9 

0 

1 

2 
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4 

5 

subchannel 
index 

segment O 

segment 1 

segment2 

Figure 12-1: Schematic indication of logical mapping elements 

The second step, the mapping of logical subchannels to physical su~carriers, 
is termed permutation. The OFDMA PHY specifies seven permutat10n 
mechanisms: FUSC, PUSC, 0-FUSC, 0-PUSC, AMC, TUSCl, and TUSC2. 
A set of OFDM symbols over which the same permutation method is used 
(using more than one method in an OFDM symbol is not possible) is ~ermed a 
permutation zone. A single frame may contain one or more permutation 
zones. These permutation alternatives are described below. 
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• FUSC (DL only): FUSC consists of a single segment containing all 
subchannel groups. Each subchannel is mapped onto physical subcarriers 
distributed throughout the entire physical channel as a function of IDCell 
(a number specific to the sector or cell). This mapping changes with each 
OFDM symbol. An example of this mapping is shown in the next section. 
Besides IDCell, which is used for the first DL zone in a frame, the BS may 
alter the permutations through the use of the PermutationBase parameter. 
A data slot consists of one subchannel over one OFDM symbol. 

The concept behind this method is that of interference mitigation through 
classical frequency hopping. Under light load, this allows the FEC to 
correct the few subcarriers on which a collision has occurred. As with 
classical frequency hopping, this scheme starts to lose its effectiveness if 
roughly one-third or more of the subchannels become occupied. The 
efficiency is hence roughly equal to that of system with frequency reuse 
of 3 ( although some claim that it is comparable to a frequency reuse of 1 ), 
but the allocation of the instantaneous capacity (i.e., subchannels) to the 
individual sectors is more flexible. The disadvantage is that the BS needs 
to obtain a reasonable understanding (through network intelligence or 
channel measurements) of instantaneous load on other BSs, as throughput 
degradations are not a measure of only system load, but also of many other 
factors. 

• PUSC: On the DL, each physical channel is split into clusters of fourteen 
subcarriers, which are then mapped to six major groups as a function of the 
IDCell. Subsequently, up to three segments are created out of these major 
groups. Within each group, pilots are allocated to each cluster in fixed 
locations that differ for odd and even symbols. The mapping of the 
remaining physical subcarriers within each major group to subchannels is 
similar to that of the FUSC case. A DL slot is defined as one subchannel 
over two OFDM symbols. On the UL, the subcarriers are split into groups 
of four consecutive physical subcarriers over a period of three OFDM 
symbols. Such a group is termed a tile. Six of those tiles are allocated to 
one subchannel, after which a UL slot is defined as one subchannel over 
that period of three OFDM symbols. The comers of each time-frequency 
tile are fixed for use as pilots. Except for subchannels allocated to 
UIUC 12 (CDMA BW request/CDMA ranging) and UIUC 13 (PAPR 
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reduction allocation/safety zone), the mapping between subchannels and 
slots on the UL is rotated by a fixed number of slots every slot duration 
within each segment. A UL mini-subchannel is mapped to either one, two, 
or three tiles for the duration of the slot. 

PUSC is in effect a compromise between the above, completely :flexible 
subchannel allocation and the traditional frequency reuse schemes. It has 
as disadvantages both the load-balancing intelligence requirement and a 
somewhat large granularity in capacity allocation. This flexible method is 
hence valuable mostly when frequent, large shifts in capacity demand from 
one sector to the next are expected (which for WirelessMAN systems may 
not be typical) or when the deployment necessitates permanent unequal 
capacity per segment. PUSC is also claimed by some to be equivalent to a 
frequency reuse of 1, but segmenting the channel in three is similar in 
deployment to having a traditional reuse of 3 with one-third of the channel 
size. PUSC is, however, substantially advantageous over such a scheme 
due to the lack of need for guard bands between the segments. 

• O(ptional)-FUSC (DL only): 0-FUSC differs from FUSC solely in the 
manner by which pilots are allocated. Whereas FUSC's pilots are 
distributed in a pseudo-random way throughout the frame (after which the 
data subcarriers are pseudo-randomly allocated to subchannels), 0-FUSC 
spaces the pilots always eight data subcarriers apart, rotating the locations 
three subcarriers for each OFDM symbol. After this, the data subcarriers 
are pseudo-randomly allocated to subchannels with the same algorithm 
used by FUSC. In synchronized networks, this setup has the effect of 
completely colliding the pilots when the same logical subchannel is used 

in nearby sectors. 

• 0-PUSC (UL only): 0-PUSC differs from PUSC solely in the size of the 
tile and the allocation of pilots within it. PUSC in the UL has tiles sized 
four subcarriers by three OFDM symbols, where the four tile comers are 
used as pilots. 0-PUSC instead uses tiles sized three subcarriers by three 
OFDM symbols, where only the center is allocated as a pilot. 

• AMC (AAS only): The abbreviation AMC is not defined in the 
IEEE 802.16 standard, but it appears to have been derived from 
adaptive modulation and coding. It is also called acijacent subcarrier 
permutation. Using AMC, the entire channel is split in nonoverlapping 
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groups of nine contiguous physical subcarriers. Subchannels are then 
mapped to a single such group over six contiguous OFDM symbols or to 
two such contiguous groups over three contiguous OFDM symbols. The 
middle subcarrier of each group is used as a pilot in each of the symbols. 
The allocation of physical subcarriers to these groups is the same on each 
OFDM symbol. Because AMC is used only with AAS, which inherently 
provides interference mitigation due to directionality, having such larger 
groups of carriers susceptible to group collision should not cause any 
degradation as compared to the use of smaller groups (where group 
collision would be substantially less recoverable by the FEC). 

AMC allows for a somewhat simpler transceiver design than PUSC or 
FUSC. It is tailored specifically to AAS, where one can easily calculate a 
single weight per group, rather than having to compute individual weights 
for each carrier. 

TUSCJ & TUSC2 (DLAAS only): TUSCl and TUSC2 (i.e., variations of 
tile usage of subchannels) are both optional and are similar to DL PUSC 
and 0-PUSC, respectively. The sole difference is that pseudo-random 
allocation of subcarriers to subchannels follows a different equation. 

The above permutation methods can in principle be combined at random into 
a single frame by indicating switches between permutation methods in the DL 
MAP (which, together with the FCH preceding, it is always transmitted with 
PUSC permutation). 

Permutation examples 

Because the above permutation mappings may be hard to visualize, a few 
example allocations are depicted. The allocation is derived for 128-FFT. 

FUSC 

The example given below assumes IDCell = 0, PermutationBase0 = [1 OJ, and 
SymbolNumber = 0. 

1. Map physical carriers to logical data carriers by removing from the 
physical list all DC carriers, guard carriers, and pilots. Note that the pilots 
are specified relative to the first nonguard carrier. In Figure 12-2, the 
mapping of the first 40 physical carriers is shown. 
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2. Partition logical data carriers into subchannels using the subcarrier(k,s) 
formula. In Figure 12-2, the mapping is shown for the second subchannel 

(s = 1) 

3. Map the logical data carriers k of the subchannels to physical carriers by 
combining step 1 and step 2. In Figure 12-2, the mapping of the logical 
indices k of subchannel 1 are shown for the first 40 physical carriers. It 
shows, for example, that physical subcarrier 12 is the 35th logical 
subcarrier of subchannel 1 because physical subcarrier 12 is logical 
subcarrier 0, which is the 35th element of subcarrier(k, 1 ). 

4. Repeat step 1 through step 3 for the next OFDM symbol. The different 
allocation for SymbolNumber = 1 is shown as the last subplot in 
Figure 12-2, which is the result of the variable pilots being located in 

different places for odd and even symbols. 
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Figure 12-2: FUSC mapping example 
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PUSC, DL 

The example given below assumes that this is the first DL zone and that there 
is only one segment. It also assumes that the PermuationBase3 = [0,1,2] since 
this parameter is not specified in the relevant table in the IEEE 802.16 

standard. 

1. Map the physical clusters consisting of 14 consecutive carriers to logical 
clusters, which are then assigned to the major groups and from there 
assigned to segments. The principle is shown in Figure 12-3. However, it 
is irrelevant to the subsequent mapping, as only one segment is used in 
this example containing all clusters. 

2. Partition logical data carriers within the segment into subchannels, by use 
of the subcarrier(k,s) formula. In Figure 12-3, the mapping is shown for 
the second subchannel (s = 1 ). 

3. Map the logical data carriers k of the subchannels to physical carriers by 
combining step 1 and step 2. In Figure 12-3, the mapping of the logical 
indices k of subchannel 1 is shown for the first 57 physical carriers. It 
shows, for example, that physical subcarrier 24 is the 11th logical 
subcarrier of subchannel 1 because physical subcarrier 24 is logical 
subcarrier 1, which is the 11th element of subcarrier(k, 1 ). 

4. Repeat step 1 through step 3 for the next OFDM symbol. The different 
allocation for Symbo!Number = 1 is shown as the last subplot in 
Figure 12-3, which is the result of the variable pilots being located in 
different places for odd and even symbols 
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Figure 12-3: PUSC DL mapping example 
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PUSC, UL 

The example given below assumes UL _PermBase = 0. 

1. Map the physical tiles consisting of four consecutive carriers to per­
subchannel logical tiles. The principle is shown in Figure 12-4, in which 
the carriers belonging to a single physical tile are stacked vertically. As 
shown, subchannel 1 's six logical tile indexes I through 5 point to 
physical tiles 2, 4, 11, 13, 18, and 20, respectively. 

2. Allocate the pilots within each tile and sequentially number the logical 
data carriers, starting with the lowest carrier in the lowest numbered 
logical tile in the earliest OFDM symbol. Number all carriers within that 
tile in the same OFDM symbol, and then do the same in the next to lowest 
logical tile. Repeat until all data carriers within that OFDM symbol for 
that subchannel have a logical number, and then repeat for the other two 
OFDM symbols in the slot. The resulting numbering is shown in the 
second subplot of Figure 12-4, where crossed-out locations are pilot 
locations. 

3. The last step is the mapping of data symbols. Rather than mapping the 
first data modulation symbol to logical subcarrier 0, an offset of 13 times 
the subchannel number is applied. This data mapping rotation is shown in 
the third subplot of Figure 12-4. 

4. Repeat step 1 through step 3 for the next slot. The different data mapping 
for Symbo!Number = {3,4,5} is shown as the last subplot in Figure 12-4. 
This is the sole result of the data subchannel rotation mechanism that 
must be applied on the UL, which in this case results in the previous 
subchannel O being renumbered subchannel 1. 
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Figure 12-4: PUSC UL mapping example 
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FRAME STRUCTURE 

Point-to-multipoint (PMP) 

The only network configuration currently supported for the OFDMA PHY is 
PMP. It is, however, likely that the amendment project IEEE P802.16j, on 
mobile multihop relay (see Chapter 9), will target WirelessMAN-OFDMA 
only. 

An example of the logical layout of a frame is shown in Figure 12-5, where 
the segment spans logical subchannels s through s + L. As in the OFDM PHY, 
the FCH, which has a fixed location and duration in the frame and contains 
only the DLFP, follows the DL preamble. The DLFP specifies the subchannel 
groups of which the segment is constructed, the length of the DL MAP, how 
much repetition coding is used on the DL MAP, and whether there is any 
change to the ranging allocation from the previous frame. 

The MAPs in this example specify, among other things, that the frame spans 
two permutation zones on the DL, the first of which (PUSC) is mandatory. 
The MAPs also specify the location and content of all bursts (including burst 
profile; destination, if applicable; and so on). 

As in the OFDM PHY, UL and DL bursts are separated by RTGs and TTGs to 
ensure that the transceiver at the BS has the time required to switch between 
receive and transmit. Furthermore (also as in the OFDM PHY), when 
establishing the MAPs, the BS must take into account the SSTTG and 
SSRTG, which is the minimum time in which an SS can switch between 
receive and transmit. Using Figure 12-5 as an example, the BS may be 
prohibited from providing an allocation to the station addressed in burst #6, as 
its SSTTG may exceed the BS 's TTG. Similarly, the BS may be prohibited 
from addressing, in the next frame's DL, the station addressed in UL burst #1, 
as its SSRTG may exceed the BS's RTG, making it impossible for the SS to 
receive the necessary preamble of the following frame. Problems like these 
may result from the use of inexpensive SSs. The inability to address some SSs 
in a DL frame must be taken into account when scheduling broadcast 
messages. 
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Figure 12-5: Frame structure (TDD) 

Preambles 

In order to enable channel estimation at the receiver, two steps are taken: 

• Preceding each burst with a preamble, as in the OFDM PHY 

• Embedding pilots in the data stream, as in the DVB-RCT standard [B16] 

In comparison to the OFDM PHY, therefore, the OFDMA PHY pilots are 
more abundant because they are not intended only for phase tracking. 

To generate the preambles, the OFDMA PHY uses a series of 114 binary PN 
sequences oflength 568. The sequence to be used is decided by the segment 
number and the JDCell. It is mapped to every third subcarrier except the DC 
carrier, starting with the subcarrier that equals the segment in number. In each 
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segment, the SS can derive the complete channel response by interpolation 
and can augment this by updating the estimate with information derived from 
the constant and variable location pilots. 

Each DL burst must be initiated with such a preamble. However, on the UL, 
no preambles are used except during AAS zones. In that direction, the BS 
derives the needed channel information solely from the pilots embedded in 
each tile. 

CHANNEL ENCODING 

The OFDMA PHY channel encoding consists of randomization, FEC, 
interleaving, and modulation. 

Randomization 

The randomization process is, apart from initialization, identical in definition 
to that of the OFDM PHY The only notable difference is that, for each FEC 
block, the same fixed initialization value is used. Regardless of when and 
from where it is transmitted, the result for a given input sequence is hence 
always the same. The remnant value of the randomizer specified in this 
fashion is, therefore, limited. It is, however, worth noting that the PAPR 
concerns that stimulate the traditional use of randomizers is substantially 
mitigated in the OFDMA PHY due to the logical to physical subcarrier 
permutations and the different time-frequency allocation that may be used 
when retransmitting the data. Also note that a fixed randomizer seed is 
necessary with the use of HARQ to allow prerandomizer combining. When 
using chase combining, the transmitted bursts are hence necessarily identical. 
When incremental redundancy is used, the transmitted bursts are naturally 
different. 

Forward error correction (FEC) 

The OFDMA PHY specifies five methods of channel coding: convolutional 
coding (CC) with tail-biting, block turbo coding (BTC), convolutional turbo 
coding (CTC), low-density parity check coding (LDPCC), and CC with zero­
tailing. Tail-biting CC is mandatory; the others are optional. 
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Convolutional coding (CC) 

The CC encoder is identical to that used in the OFDM PHY and the IEEE 
802.lla amendment. In the optional zero-tailing case, a single byte OxOO is 
appended before encoding, as in the OFDM PHY. In the mandatory tail-biting 
case, the input data are used cyclically in that the first 6 data bits are fed into 
the encoder a second time to compute the last 6 output bits. This practice 
avoids the 1 byte of tail overhead employed by optional zero-tailing; however, 
the decoder needs to compute a substantial portion of the received sequence 
twice, mandating a faster decoder. This is an unusual example in that the 
optional specification is less complex than the mandatory implementation, but 
requires ( slightly more) overhead. The motivation to specify this option is not 
entirely obvious. 

In the IEEE 802.16a specification, the mandatory implementation required 
concatenation of RS-CC as in WirelessMAN-OFDM. However, it requires the 
use of tail-biting, rather than the zero-tailing used in the OFDM PHY. The 
small blocks into which the IEEE 802.16e amendment evolved the OFDMA 
specification made this concatenation less attractive due to the poor 
performance of small RS code words. 

BTCs and CTCs 

The BTC and CTC specifications in the OFDMA PHY are very similar to 
those in the OFDM PHY, with the minor differences stemming from the need 
to enable a finer granularity of blocks. 

LDPCC 

The low-density parity check (LDPC) is a coding method that has received 
substantial attention in the past few years, both academically and in industry. 
It is no surprise then that LDPC codes were also introduced into the OFDMA 
PHY through the IEEE 802.16e amendment. Some industry groups, however, 
appear to be leaning toward the CTC encoder as the primary optional codec. 

The LDPC encoding process is the equivalent of the encoding of a data vector 
of size n - m so that parity check matrix H multiplied by the resultant code 
word equals an all-zero vector. H is of size m x n , where n is the length of 
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the code and m indicates the number of parity bits. This results in a code rate 
of ml n . The matrix H is constructed out of submatrices of size 
(n/24) x (n/24), each ofwhich is identified by a single rotation index. A 
value of-1 indicates an all-zero submatrix, whereas any larger value indicates 
an identity matrix right-rotated by the indicated number of times equal to the 
index. The IEEE 802.16 standard hence provides specifications of the H 
matrix by means of the reduced size (m/24) x 24 rotation index matrix, also 
commonly termed the shift index matrix. 

Specifically, the standard indicates the shift index matrix for the largest 
possible block size n = 2304. The shift index matrix for smaller block sizes 
nt is obtained by replacing each non-negative rotation index p(i,j) by 
lp(i,j) · nt !nJ for all but one particular index matrix (for rate 2/3, code A) 
where mod(p(i,j), (nt /24)) is used. The standard specifies five index 
matrices; one for rate 1/2 and two each for rate 2/3 and rate 3/4. The required 
dual implementation of index matrices for a particular rate has no technical 
advantages; it is purely a result of the political process. 

The shift index matrix has the general structure shown in Figure 12-6. 

x 0 
-1 0 0 -1 

0 0 
0 

y . ··o 
-1 -1 0 0 

0 0 
x 0 

Figure 12-6: General shift index matrix structure 

Whereas the left side of the matrix may have almost any entries (subject only 
to column and row weight preferences), the remaining portions are strictly 
structured. The right side of the matrix consists of a so-called dual diagonal 
staircase construction, where the O indexes (which indicate identity 
submatrices) and the "-1" indexes (which indicate all-zero matrices, as 
previously explained) create an all-zero section in the H with two all-unity 
off-diagonals. The column in the shift index matrix preceding this section is 
defined so that the first and last indices (indicated by x) are identical, with 
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only one non-"-1" entry (indicated by y) in the remainder of the column. This 
construction results in the last column in the H identified by this column in 
the shift matrix being of weight three. 

The purpose of this strict general definition of the shift matrix ( and hence of 
the H matrix) is that, for encoding schemes based on the general Richardson­
Urbanke method (some specific implementations of which are explained as 
informative in the IEEE 802.16e amendment), a matrix that requires inversion 
results in the identity, making the inversion unnecessary. 

Interleaving 

The mandatory interleaver follows the IEEE 802.lla/g interleaver, with the 
identical base 16 (unlike WirelessMAN-OFDM, which uses base 12). 

Because, as explained in the previous chapter, the interleaver's first step is 
intended to map adjacent coded bits to nonadjacent subcarriers, this does 
create an additional permutation on top of the logical to physical carrier 
mapping. In the late stages of the development of the IEEE 802.16e 
amendment, it was discovered (see [Bl2]) that the net effect of this 
combination of permutations could result in a performance loss as high as 
5 dB. To resolve this problem, an optional interleaver was added. It has 
the same structure, but it uses as its base 16 times the number of slots per 
FEC block. 

Modulation 

As for the WirelessMAN-OFDM PHY, the modulation of the OFDMA PHY 
consists of square BPSK through 64-QAM constellations for all data. 
Exceptions exist for special channel feedback messages, which are encoded 
with various forms of circular constellations. 
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CONTROL MECHANISMS 

Fast-feedback 

The OFDMA defines two fast-feedback methods for the UL. These can be 
used to relate time-critical PHY parameters. Parameters for which this 
feedback is defined are SNR, specific MIMO coefficients for two antennas, 
and MIMO configuration parameters [space-time transmit diversity (STTD) 
vs spatial multiplexing, open- vs closed-loop spatial multiplexing, the 
permutation type, antenna selection, and precoding matrix selection]. 
Fast-feedback subchannels can be allocated by the use of a special MAC 
subheader or by the use of various DL MAP IEs. 

The data to be transmitted within the fast-feedback channel are not 
encapsulated in an ordinary PDU message, but are instead in an orthogonal 
encoding of only a few bits of data using QPSK modulation. Each of the 
possible bit combinations is mapped to a sequence with one octal value per 
tile in the subchannel. This octal value represents a QPSK sequence for each 
of the eight data carriers per tile. 

The specification allows for both full- and half-subchannel fast-feedback 
channels. The full subchannel can transfer 4 bits or 6 bits, depending on 
whether the fast-feedback is regular or enhanced. The half subchannel 
transfers 3 bits of data per slot. Although the IEEE 802.16 standard does not 
explicitly state so, the orthogonality of this setup allows for multiple SSs to 
transfer parameters during the same slot. 

CDMA ranging and BW requests 

To allow for initial ranging, maintenance ranging, handover ranging, and 
BW requests, the OFDMA PHY provides a collision-based method using 
PN sequences. The mandatory ranging allocation ( called ranging channel) 
consists of six (and optionally eight) contiguous subchannels. Multiple 
channels may be allocated contiguously as well. The ranging and bandwidth 
channel are specified in the UL MAP. 

306 WirelessMAN: Inside the IEEE 802.16 Standard 

Chapter 12: PHY: WirelessMAN-OFDMA 

Note that the specification of a minimum of six subchannels for initial ranging 
makes operation of this PHY with 128-FFT currently impossible, as, for 128-
FFT, only four subchannels are defined in the uplink. 

The initial ranging and handover ranging transmission may, on instruction 
from the BS, span either two or four OFDM symbols. When the two-symbol 
type is to be used, the transmission follows the depiction of Figure 12-7. This 
depicts the dual transmission of the same BPSK-modulated PN sequence, 
with the cyclic prefix (CP) and cyclic postfix replacement as indicated. 

time guard 
interval 

. _______________ ".~PY_ s~~p!e_s ____________ [l 
CP ' CP 

n· n 
~~~~~~~~ 

: - - - - - _C?P¥ ~~~pl~~ - - - - : : - - - - - _C?P¥ ~~~pl~~ - - - - : 

OFDM symbol period OFDM symbol period 

Figure 12-7: Single-slot initial ranging transmission for OFDMA 

The transmission of the PN sequence in this fashion results in a phase­
contiguous symbol and provides an addition gain on top of the spreading gain 
due to the repetition. To provide even more gain, the BS can instruct the use 
of the four-symbol alternative, in which the SS transmits two of the above 
symbols built from consecutive PN sequences out of the list of available 
sequences (in which the first PN sequence must be an even-numbered choice). 
Due to the spreading gain, this method can resolve multiple initial ranging 
transmissions simultaneously and is hence called CDMA ranging. In contrast 
to traditional CDMA, the PN sequences are modulated on the carriers in the 
frequency domain, rather that transmitted sequentially in the time domain. 
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For periodic (maintenance) ranging and BW requests, the same ranging 
channel is used, but the symbols are transmitted with the regular cyclic prefix 
instead ofby the method shown in Figure 12-7. For these two methods, the 
transmission may be one or three OFDM symbols in duration (remember 
that a UL slot is three OFDM symbols in duration), but in the case of 
BW requests, three consecutive PN sequences must be used. 

All PN sequences are created by a PRBS with generator polynomial 
1 + x + x4 + x7 + x15 and an initial state that is partially fixed and partially 
consists of the IDcell so that different BSs can distinguish between the 
sequences. This PRBS results in 256 unique PN sequences, each 144 bits in 
length, a consecutive set of which is allocated to a BS through configuration. 
The BS can then divide its allocated sequences among the four functions 
(initial ranging, periodic ranging, BW requests, and handover ranging) by 
means of the UCD message. 

Because the sequences for these methods are known, they can be used not 
only to identify the transmitting SS by the received sequence but also as a 
preamble, allowing extraction of ( among other things) channel response for 
the used subchannels and timing and frequency offset information. 
Specifically, in response to an initial ranging sequence, the BS can 
immediately provide power, timing, and frequency offset corrections in its 
response. 

PAPR reduction/safety zone 

As discussed previously, a PAPR that exceeds the backoff of the amplifier 
results in nonlinear distortion at the transmitter that is unrecoverable at the 
receiver. Typically, this is tolerated by randomizing the data and backing the 
amplifier off until the error probabilities are tolerable. WirelessMAN­
OFDMA also provides another method to minimize PAPR and allow for 
reduced backoff (and, therefore, higher average power or less expensive 
amplifiers). This method consists of allocating of subchannels, both in the DL 
and UL, in which the BS and SSs, respectively, can modulate arbitrary data to 
reduce the overall PAPR of their transmissions. These subchannels are filled 
with, in effect, random energy that can be freely ignored by the receiver. 
Naturally, this method comes with a cost: the transmitting party must first 
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pass the data to be transmitted through the IFFT, compute the PAPR, and 
determine additional data that, when transmitted in the PAPR reduction 
subchannel, will ensure a low overall PAPR. 

Note that the specification does not preclude the use of other PAPR reduction 
mechanisms, such as windowing and time-domain peak cancellation (see, for 
example, [B55]) as long as the transmitter relative constellation error does not 
exceed the required values. 

The BS may also provide safety zones. These are gaps in the UL and DL 
schedule. To be used, they must be explicitly indicated because the MAPs 
specify only the duration of an allocation, with the remaining positioning 
information being implicit from the sequence of allocation. Gaps can be 
specified in coordination with other BSs to reduce interference on the 
indicated subchannels for the other BS or BSs. 

HARQ support 

To support HARQ feedback, the BS may allocate one or multiple pairs of UL 
acknowledgment channels, each of which consists of the even- or odd­
numbered tiles that make up half a subchannel. As with the fast-feedback 
channel, data are QPSK-modulated directly on the channel, without 
packetization. The data consist of only a NACK or ACK bit, each of which is 
expanded to a specific orthogonal sequence to fill the three tiles. The location 
in the acknowledgment channels in which an HARQ-enabled SS returns its 
positive or negative acknowledgment is determined by the number of 
preceding SSs in the DL MAP that are to return such a signal. 

HARQ is defined to support chase combining (implying simple 
retransmission of the data) for all coding methods as well as incremental 
redundancy methods for both the CC and CTC codec. For CC, the 
incremental redundancy is achieved through retransmission of the data using 
a different puncturing sequence. 
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Support for advanced antennas 

For operations below 11 GHz, the IEEE 802.16 standard provides support for 
advanced multi-element antenna systems, including adaptive antenna systems 
(AAS), space-time coding (STC), and multiple-input, multiple-output 
(MIMO) systems. These techniques are not supported above 11 GHz as they 
exploit spatial diversity not substantially present above 11 GHz. This chapter 
provides an overview of the IEEE 802.16 MAC and PHY support for these 
multiple antenna systems. This chapter subsequently discusses AAS, open­
loop transmit diversity methods (i.e., all methods not requiring feedback), and 
closed-loop transmit diversity methods (i.e., all methods requiring feedback). 
AAS is also a closed-loop method, but it is described separately in this 
chapter, due to the fact that its use has, unlike all other methods, systemwide 
consequences. 

The descriptions in this chapter refer to specific numbers of antenna elements, 
but should not be construed as limiting the number of physical antennas a 
system may have. A system may use more than the specified number of 
physical antennas as long as the resultant signal waveform meets the 
standard's specification. It is, for example, possible for a compliant system to 
use cyclic delay diversity (CDD) with multiple transmit antennas, resulting in 
a signal comparable to a single antenna's signal passed through a multipath 
channel. On the receive side, the number of antennas beyond the minimum 
(for example, four in the case of 4x4 MIMO) is completely transparent to the 
air interface and hence permissible as well. 

ADAPTIVE ANTENNA SYSTEMS (AAS) 

AAS technology, popularly known as a smart antennas (see [B2], [B32], and 
[B3 7]), accommodates the spatially diverse location of energy sources by 
discriminating signals based on their !lngles of arrival (AoAs) and angles of 
departure (AoDs) at an antenna array. In very general terms, the 
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discrimination of signals, which is outside the scope of the IEEE 802.16 
standard, is achieved by computing a complex weighted sum of the signals of 
all antenna elements, where the weights may be computed according to 
various metrics. 

Through the AAS options, the IEEE 802.16 standard supports the use of smart 
antennas to perform beam forming. Beam forming can effectively create a 
narrower signal beam, resulting in increased gain and, therefore, higher range. 
This in turn increases capacity by increasing the range at which a particular 
PHY burst profile can be received. In addition, if a BS is capable of multiple 
simultaneous beams, capacity can be increased through spatial diversity. 
Theoretically, the spectral efficiency can be increased linearly with the 

, number of antenna elements at the BS. This can lead to an in-cell frequency 
reuse proportional to the number of antennas. 

AAS also allows for the suppression of noise sources, improving the SNR at 
the receiver; and discrimination on the AoD allows energy to be concentrated 
in the direction of the intended recipient, enabling larger cell ranges. In 
addition, nulls can be steered in particular directions, enhancing the 
interference resistance of the system. An example beam-forming network is 
shown in Figure 13-1. Obviously, beam forming toward mobile devices adds 
challenges. 

312 

~ .• ~ 
Figure 13-1: Example beam-forming network 
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Drawbacks of these approaches include the increased system complexity and 
the inability to broadcast messages, reducing the spectral efficiency due to 
repetition of broadcast MAC messages to the various recipients. 

AAS support in IEEE Std 802.16 

While the AAS option requires some AAS-specific capabilities in an SS, the 
actual beam forming is defined only at the BS side of the link. Therefore, 
AAS systems in the context of the IEEE 802.16 standard are discussed purely 
as a BS feature, with both DL and UL AAS components. This limits the 
complexity of the AAS requirements in the SS to such functions as 
understanding the AAS zones, implementing AAS-specific preambles and 
permutations, and using AAS-specific messaging such as private DL MAPs 
and UL MAPs. At the BS, the algorithms and hardware designs necessary for 
AAS support are implementation-specific and left to vendor differentiation. 

An AAS-enabled SS is an SS capable of establishing and maintaining 
connectivity with a BS that is actively using an antenna array. This 
predominantly requires synchronization and MAC capabilities. It does not 
pose any requirements on the number of SS antenna elements. An SS may 
also employ an antenna array, and could do so transparently from the 
standard's perspective, but SS arrays are unlikely due to complexity and size 
constraints. If AAS is used to extend the range of the cell, both the SS and BS 
need to be prepared to take additional steps to allow the SS to enter the 
network. The frame start preamble is a repetitive, well-known pattern. The SS 
may take advantage of processing gain associated with that preamble to 
synchronize with the DL in time and frequency, even if it is receiving the DL 
too weakly to decode the DL MAP and DCD messages. 

The AAS option supported by IEEE Std 802.16 is defined so that a single BS 
can support both AAS-enabled and non-AAS SSs simultaneously. The key 
difference between pure PMP and AAS is that some AAS SSs may be outside 
the coverage area of some beams of an AAS BS. The basic framing needs to 
be modified to accommodate this; a single broadcast cannot be used to 
communicate information to all AAS SSs. For an IEEE 802.16 system, this 
results in a challenge, as IEEE Std 802.16 relies on broadcast data (UCD, 
DCD, DL MAP, UL MAP) to communicate the transmission schedules and to 
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schedule contention slots. These messages must either be repeated to each 
individual SS or repeated to SS clusters in the same general direction, 
although the MAPs need contain only the schedule elements relevant for the 
targeted SS(s). 

As AAS is optional, the BS must always support non-AAS SSs and, therefore, 
support broadcast transmissions. The coexistence of AAS and non-AAS SSs 
is achieved by partitioning the IEEE 802.16 frame in time into AAS and non­
AAS zones, where the AAS zone is dedicated to AAS-capable SSs. In the 
AAS zone, AAS-capable SSs receive or transmit, knowing that the BS is 
directing a beam in their direction. This partitioning can be adjusted 
dynamically by the BS, as with dynamically asymmetric TDD. The IEEE 
802.16 MAC and PHY also support additional functions necessary to support 
and manage AAS SSs, such as the ability to dynamically choose the best 
"beams" for each AAS SS and to support ranging of AAS-capable SSs. Since 
the AAS zone of the frame is explicitly indicated in the broadcast MAP by the 
BS, non-AAS SSs would not be confused by AAS-specific messages sent in 
the AAS zone. 

We noted above that AAS in the IEEE 802.16 context has both a DL and UL 
component and provides range extension. However, the structure of the UL 
MAP allows for scheduling simultaneous or time-overlapping transmissions 
on the UL, as each scheduled transmission has both a start time and duration. 
Therefore, a BS may exploit this property to achieve spatial division multiple 
access (SDMA) transmissions in the UL. This approach can be used to 
substantially increase the UL capacity, with or without an increase in the 
range. Strictly speaking, these simultaneous transmissions can be achieved 
with non-AAS SSs, as it does not require the use of AAS zones or any other 
AAS-specific messages. On the DL, however, this is not possible, as each 
allocation implicitly ends with the start of the next allocation. 

DL and UL framing 

Figure 13-2 shows the TDD framing with AAS support, with both non-AAS 
and AAS zones. In the OFDM case, the AAS DL zone starts with an AAS­
specific preamble; and, in the UL, all SSs require a separate preamble. Also, 
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again in the OFDM case, the allocation start time in the UL MAP transmitted 
in an AAS zone is always relative to the start of that AAS zone. 

It should be noted that the UL MAPs transmitted in the mandatory broadcast 
and in the AAS zone may overlap. Whenever such overlap occurs, the most 
recently received UL MAP with overlapping IE takes precedence. 

Regular UL Bursts 

AASDL 
Zone 

~ 

AAS UL 
Zone 

Figure 13-2: TDD framing for AAS Systems 

The partitioning concept is very similar for FDD systems. Figure 13-3 shows 
the FDD framing of AAS systems. 

Downlink 

Regular UL Bursts 

Uplink 

Figure 13-3: FDD framing for AAS systems 
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MAC service and control functions 

The IEEE 802.16 MAC supports the following functions for AAS-capable 
SSs: 

• The ability to transmit private management messages (such as UL MAP, 
DL MAP, UCD, and DCD) that may be sent directly to the AAS SS Basic 
CID, instead of to the Broadcast CID as in generic PMP. It is still possible 
for an AAS SS to receive broadcast information in certain deployments. 
During the initial ranging process, the AAS SS communicates to the BS its 
ability to receive broadcasts. 

• Dynamic allocation of specific regions within the frame for initial ranging 
and BW requests for AAS SSs. The initial AAS ranging is achieved using 
a separate CID in order to avoid conflicts with the regular Initial Ranging 
CID used by non-AAS SSs. 

• A set of AAS MAC management messages, such as those required for 
obtaining feedback from an AAS SS for channel estimation and for 
selecting the most optimal beam for an AAS SS. 

AAS MAC management messages 

The following AAS MAC management messages are defined: 

• The AAS-FBCK-REQ ( AAS feedback request) message is used to request 
channel measurement for a specific :frequency. This may be used to adjust 
the direction of the adaptive array. 

• The AAS-FBCK-RSP (AAS feedback response) message is sent in 
response to AAS-FBCK-REQ and contains the channel measurements. 

• The AAS _Beam_ Select (AAS beam select) message is used by an AAS­
capable SS to indicate the preferred beam. The BS may use this 
information in deciding on the optimal beam for communication with 
this SS. 

• The AAS_ BEAM_ REQ (AAS beam request) message is used to request 
channel measurement for a specific beam in order to adjust the adaptive 
array at the BS. 
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• The AAS_ BEAM_ RSP (AAS beam response) message is sent by an SS in 
response to an AAS_BEAM_REQ. 

Channel state information 

The adaptive array operation depends on the estimation of the channel state in 
both directions. The BS can estimate the UL channel state directly. In TDD 
systems, the BS may use this UL channel information to estimate the DL 
channel. However, for FDD systems this method is not accurate due to the 
different frequencies used for UL and DL. Therefore, for the FDD case, an 
AAS-FBCK-REQ message is used by the BS to instruct the SS to measure 
and send channel state estimation using an AAS-FBCK-RSP message. The 
BS may automatically allocate UL slots for transmitting AAS-FBCK-RSP 
messages after the measurement period. 

AAS DL synchronization and initial ranging 

Since a new SS trying to join the system may lie outside all beams, special 
measures are required to support DL synchronization of AAS SSs. Some SSs 
with high processing gain may be able to decode the broadcast DL frame 
boundaries for timing and frequency synchronization. The BS may also 
periodically perform active scanning by aiming at different directions or may 
use some PHY-specific diversity methods to support DL synchronization of 

such SSs. 

An AAS-enabled SS that is outside broadcast range and wants to perform 
initial ranging has no information on the BS. It must, therefore, wait until it 
receives the AAS network entry preamble, which provides substantial 
processing gain, and respond immediately. The cell range in which SSs can 
join the BS is, therefore, limited by the directional gain of the AAS, which is 
related to the number of antenna elements, by the broadcast link budget, and 
by the processing gain of the AAS network entry preamble. 
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As with DL synchronization, some AAS stations may be able to decode MAP 
and channel descriptor information from the broadcast frame. If an SS is able 
to reliably decode this information, the initial ranging process can be 
performed as in the non-AAS case. Adjustments to the adaptive arrays can be 
made by the BS during this process. In order to support SSs that cannot 
decode the broadcast portion of the frame, a BS may use PHY-specific 
predefined AAS contention regions for the various general directions in order 
to allow AAS SSs to alert the BS of their presence. This approach has 

substantially higher overhead. 

The SS always attempts initial ranging by trying to decode the broadcast DL 
MAPs and DCD. If it is unable to decode that broadcast, it tries the AAS slots. 
These AAS alert slots are similar to the regular contention slots for initial 
ranging. However, an AAS SS uses all contention slots, as opposed to just one 
slot used by a regular SS, so that the BS has sufficient time and processing 
gain to aim the beam at the SS's direction. If the BS is able to receive the alert 
message with sufficient processing gain, it may focus a beam on the SS and 
transmit the MAPs and channel descriptors. If the SS receives the DL 
parameters, it continues with the rest of the network entry process. If no DL 
MAP and DCD are received, the AAS SS performs an exponential backoff 
identical to the non-AAS case to select the next frame to send the alert. 

AAS BW requests 

An SS that wants to request bandwidth may lie outside a beam. When an SS 
performs ranging, its ability to receive broadcast allocations is communicated 
in the RNG-REQ message. The BS can instruct the SS to use broadcast 
allocations for BW requests, just like non-AAS SSs. If the SS is not capable 
ofreceiving broadcast or if the BS does not want the SS to use broadcast 
allocation, the BS is responsible for polling in the general direction of the SS 
to allow BW requests. The BS may modify the BW request method 
dynamically by instructing the SS in a RNG-RSP. 
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AAS support in OFDM PHY 

Similar to DL subchannelization, AAS is supported in a zone logically 
separated from the remainder of the frame. Within the AAS zone, the BS can 
create what can be conceptualized as parallel instances of the PHY and lower 
MAC, each active on one or more beams in both SDM(A) and TDM(A) 
fashion. Each instance has its own preambles, FCH (termed AAS-FCH), and 
MAPs, with periodic use of a dedicated UCD and DCD. The IEEE 802.16e 
addition of private MAPs is particularly useful for this feature. Within each 
AAS-FCH, the BS transmits an AAS-DLFP that is different from the regular 
DLFP in that some of the functionality of the MAPs, such as provisioning UL 
allocations and contention-based opportunities, is embedded in it. 

Two MAC management messages are specified to support the AAS PHY The 
first allows the exchange of channel feedback information, which consists of 
CINR, RSSI, and the complex channel coefficient for a regularly spaced ( on 
either side of the DC carrier) set of carriers with intervals of 4, 8, 16, or 
32 carriers, depending on the request. The measurements are to be performed 
on a specific indicated burst. The second message is a similar exchange of 
channel information except that measurement information is requested and 
provided on one or more beams 

For initial ranging, two separate messages are provided, one to be used with 
full channel AAS initial ranging opportunities and one to be used with 
subchannelized AAS initial ranging opportunities. Both messages violate the 
IEEE 802.16 MAC architecture in that they have no MAC header. It is unclear 
whether this omission is by design or by error; but, because they are the only 
responses allowed in the respective allocation, it is not a fatal violation. 

The full channel initial ranging message allows the SS to provide the BS with 
measured amplitude values ofup to four beams, providing the BS with in 
initial indication of which beam may best be used for the SS in question. The 
subchannelized initial ranging message, which may be used only if full 
channel initial ranging repeatedly failed, must be filled with the measured 
phase offset of three beams relative to a first beam (i.e., four beams total), 
providing the BS a measure of directionality for the SS and the average RSSI 
over those beams. In both messages, the SS sets a randomly selected network 
entry code, which the BS will use in its response to identify the SS. 
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AAS support in OFDMA PHY 

AAS is supported by the OFDMA PHY for FFT sizes larger than 128 by 
means of the creation of an AAS diversity MAP zone (DMZ). The AAS DMZ 
can be allocated only on a specific set of subchannels of the DL: the highest 
two numbered subchannels in the segment (N - 1 and N) for FUSC and 
PUSC; and the fourth and (N - 4)1h subchannel for AMC. The reason for this 
difference is that FUSC and PUSC provide frequency diversity through their 
permutations (logical subchannel to physical subcarrier mapping), whereas 
AMC does not. 

The AAS DMZ contains pairs of the AAS DL preamble followed by the 
AAS-DLFP, each sent on a (directional) beam. The AAS-DLFP contains 
some configuration information (the beam used and type and presence of 
preambles) as well as a pointer to an initial ranging opportunity and a pointer 
to a DL allocation. The latter pointer may point to the broadcast DL MAP or 
to a private DL MAP or may constitute a private DL MAP in the form of a 
single allocation depending on the CID and DIUC in the pointer. 

In addition to provisioning AAS as a zone within the general frame, the 
OFDMA PHY allows the use of so-called super.frames. A superframe is a 
period ofup to 1 s that must meet the following requirements: 

• It must start with at least 20 regular frames, each containing UCD, DCD, 
UL MAP, and DL MAP, and ranging channel. 

• It contains AAS-only periods no longer than 200 ms followed by at least 
one regular frame containing UCD, DCD, and DL MAP. 

The motivation for this construct is that it allows the BS to spend up to 
95.2% of its time in AAS-only mode, which is advantageous from a capacity 
and range perspective, without violating the timeout limitations on 
synchronization, which are defined as the ability to receive the DL MAP 
and the DCD. Because those timeouts have a maximum limit of 600 ms, the 
superframe construct provides at least three synchronization opportunities in 
that period and provides at least 20 regular frames to reacquire 
synchronization and network entry for non-AAS devices. 

In terms of MAC support, the OFDMA PHY makes use of the same channel 
feedback message as discussed in regard to the OFDM PHY 
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OPEN-LOOP TRANSMIT DIVERSITY 

An "open-loop" transmit diversity method exploits the diversity provided by 
multiple antennas, but requires no knowledge at the transmitter of the 
channel. These methods require no MAC support. 

The OFDM PHY specifies STC as its sole open-loop transmit diversity 
scheme. The OFDMA PHY, on the other hand, specifies three such methods. 
Although the IEEE 802.16 standard describes all these methods broadly as 
STC, a distinction is made in the proceeding between actual STC,frequency­
hopped diversity coding (FHDC), and spatial multiplexing (SM), which is 
more popularly known as open-loop MIMO. The basic transforms for these 
methods are summarized in Figure 13--4. 
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Figure 13-4: Open-loop transmit diversity schemes 

Each of the methods shown in Figure 13--4 requires two antenna elements at 
the transmitter or, if the BS is sectorized, two elements per sector. 

STC uses the optimal space-time block code presented by Alamouti [Bl], 
which achieves channel capacity (see [B44]). This STC is also known by the 
abbreviations STTD (space-time transmit diversity) or STBC (space-time 
block coding) and is, for example, also defined as part of the wideband 
CDMA (W-CDMA) standard [Bl 7] (although in transposed form, which does 
not change its properties). This method requires that the channel be constant 
during the two-symbol interval over which the code is defined. 
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STC support in OFDM PHY 

In the OFDM PHY, STC specifications are provided only for the DL. 

The method is applied as follows: Data for two subsequent OFDM symbols s0 
and s1 are collected after the modulation stage, where the pilot modulations 
are copied from the first symbol to the second. During the first OFDM symbol 
of the STC block, s0 is transmitted from the first antenna and s1 from the 
second antenna. During the second OFDM symbol of the STC block, the first 
antenna transmits -s1 * and the second antenna s0 *. 

The SS will hence receive r0 = h0 · s0 + h1 · s 1 during the first OFDM symbol, 
where h0 and h1 are the channel responses from antenna O and 1 to the SS 
antenna, respectively, and r1 = -h0 · s/ + h1 · s0*. 

The reception of this post modulation transform can be denoted as follows: 

Because the preamble for this PDU is transmitted on alternate subcarriers 
from the two antennas ( even subcarriers for antenna O and odd subcarriers for 
antenna 1 ), the SS has knowledge of the channel responses h0 and h1 through 
simple frequency interpolation. 

The receiver then applies the following transform to achieve the estimates 
{s

0

0, s
0

1} using the channel estimates: 

The above equation shows the diversity combining on the diagonal terms and 
shows that the off-diagonal interference terms go to zero if the channel 
estimates are accurate. Note that this transform is also used for the modulated 
pilots. 

The STC codec gain can be used to increase modulation/coding efficiency 
within the broadcast range. Also, to extend the cell range beyond the 
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broadcast range, a separate STC zone is allocated, in which the BS sends an 
STC-encoded preamble and FCH as well as the MAPs and DCD/UCD, as 
needed. The inclusion of broadcast messages in the STC zone is necessary 
since a station outside broadcast range will be unable to decode the FCH and 
MAPs outside the STC zone. 

STC, FHDC, and MIMO support in OFDMA PHY 

The OFDMA PHY provides the same method of STC as the OFDM PHY for 
deployments in which the BS has two antennas ( or four, where the second pair 
transmit the same signal as the first pair but with a respective phase rotation 
received through the fast-feedback mechanism so that directional gain is 
achieved). The method is defined only for FUSC and PUSC. 

Using FUSC, the permutation during an STC zone changes only once per two 
OFDM symbols; an FUSC slot using STC can, therefore, be said to last two 
OFDM symbols. Within those two symbols, data are modulated from both 
antennas, as described for the OFDM PHY. For the pilots, different sequences 
apply to odd and even OFDM symbols, but the pilots are placed on the same 
subcarriers in both symbols. This method can be represented by the transfer 
matrix shown on the left in Figure 13-4. Because it encodes two data symbols 
over two OFDM symbols, this method is classified as a rate one encoding 

method. 

Another method allowed by the OFDMA PHY is spatial multiplexing, in 
which a separate data symbol is transmitted from each antenna without 
repetitions in the subsequent OFDM symbol. Spatial multiplexing provides 
increased capacity, but provides no diversity gain and requires a more 
complex receiver including multiple receiver chains. 

Another variant allowed is FHDC, which is conceptually the same as STC, 
but with encoding over two subchannels instead of over two OFDM symbols. 

Unlike in the case of the OFDM PHY, STC and SM are also defined for the 
UL, specifically for PUSC. Recall that a tile for UL PUSC is defined as four 
contiguous carriers over a span of three OFDM symbols, with the comers 
reserved for pilots. Using STC and SM on the UL, this tile definition is 
slightly modified so that the pilots on the diagonal are not transmitted on 
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antenna O and the pilots on the cross-diagonal are not transmitted on 
antenna 1. The STC encoding is subsequently applied per two subcarriers 
within the same OFDM symbol, as shown in Figure 13-4, where each vector 
indicates the encoding of the four subcarriers within the tile for a specific 

OFDM symbol per antenna. 

PUSC also allows what is termed virtual MJMO, in which antenna O and 
antenna 1 belong not to the same SS but to completely different SSs. This 
allows SSs to transmit simultaneously with near certainty of the channels 
being uncorrelated and without requiring any additional complexity. 

Lastly, a provision is established for STC and SM where the transmitter has 
four antennas, the matrices for which are shown in Figure 13-5. 

OFDMsymbol OFDMsymbol OFDMsymbol 

k k+l k+2 k+3 k k+l k+2 k+3 k 

* 0 0 so -si* S4 -s6 * Sl antenna O so -s1 

s * 0 0 * S5 -s/ Sz antenna 1 s1 0 s1 so 

antenna 2 0 0 Sz -S3 * * sz -s3 s6 s * 4 S3 

0 0 s * * S7 s * S4 
antenna 3 S3 2 S3 Sz 5 

rate 1 FHDC rate 2 FHDC rate 4 FHDC 

Figure 13-5: Four-antenna STC and SM 

CLOSED-LOOP TRANSMIT DIVERSITY 

In addition to the open-loop schemes, the IEEE 802.16e amendment adds 
closed-loop transmit diversity methods for the OFDMA PHY. These methods 
rely on channel state information sent back by the SS on command fro~ the 
BS. For this purpose, the BS uses the UL_Sounding_Command_IE, which 
provides a large array of possibilities for how the SS should parse the 

measurements it made. 
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Precoding 

One of the closed-loop methods is so-called precoding, which is similar in 
application and motivation to STC but exploits knowledge of the channel. The 
coding in this case maps the orthogonal MIMO streams to the physical 
antennas. 

There are principally two methods of conveying, from the SS to the BS, 
which precoding matrix to use. Using the first method, the SS simply returns 
quantized versions of the channel metrics. In the second method, both sides of 
the link have access to a set of so-called codebooks, each containing an 
indexed set of coding matrices. For each channel rank, which never exceeds 
the number of transmit antennas and dictates the number of spatial streams the 
channel can support, a different codebook is specified in the standard. The 
receiving station computes a precoding matrix to optimize throughput for the 
current channel rank, finds the nearest matrix in the codebook of the current 
channel rank, and sends the index of the selected matrix as well as the channel 
rank back to the transmitting station. 

For each rank, the codebooks are designed so that the chordal distance 
between the code matrices is maximal. They are specified with 3-bit indexes 
(8 code matrices per codebook) and 6-bit indexes (128 code matrices per 
codebook). The choice allows the implementer a trade-off between 
complexity and performance. The receiver's decision about which index to 
select is implementation-dependent and may make use of various distance 
metrics between the computed optimal matrix and the available matrices in 
the codebook. 

With the introduction of high-speed mobility as a consideration during the 
development of IEEE Std 802.16e, it wa1> observed that, despite the use of the 
fast-feedback channel as discussed in Chapter 12, the protocol delays could in 
some cases exceed the coherence time of the channel. This would make the 
instantaneous channel metrics outdated by the time they were applied. To 
resolve this issue, a method was introduced to feed back not only the 
instantaneous channel metrics but also (long-term) first- and second-order 
statistics of the channel. The first-order statistic used is the LOS component of 
the Ricean fading channel approximation. The second-order statistics consist 
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of the channel's spatial correlation information. These statistics may be used 
to improve the estimate of the channel condition at the time of transmission. 

Antenna selection 

Using antenna selection, the receiving SS can use the fast-feedback channel to 
identify the group of antennas it prefers the transmitting BS to use for full-rate 
transmissions. The spatial multiplexing is performed by the selection of a 
single vector (similar to the rate 4 FDHC shown in Figure 13-5) where one or 
more elements are nulled (the vector being of a length equal to the number of 
transmit antennas, wherein the number of non-nulled elements is equal to the 
number of spatial streams desired). Antennas for which the element reads null 
are not used during the transmission. This method is defined only for systems 
with three or four transmit antennas. 

Antenna grouping 

The antenna grouping method uses the methods described in the open-loop 
section of this chapter. These methods are less than full-rate. Instead of 
disabling antennas as with antenna selection, the antenna grouping method 
groups antennas into STC pairs. This may be most trivially visualized as row 
permutations of the space-time coding matrix. For example, for four transmit 
antennas, these are row permutations of the rate 1 and rate 2 FHDC shown in 
Figure 13-5. The receiving SS uses the fast-feedback channel to indicate the 
index of the preferred permutation to use. This method is also defined only for 
systems with three or four transmit antennas. 
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MAC and PHY performance and throughput 

INTRODUCTION 

This chapter reviews several published simulations that assess the 
performance ofWirelessMAN systems. Such simulations are complex and 
depend on a vast number of parameters, assumptions, and algorithms that are 
typically not fully detailed in the publications. However, due to the great 
interest among both industry and academia in the WirelessMAN technology, 
the research base is growing as the community has more time to study and 
evaluate the IEEE 802.16 standard. As more research becomes available, 
confidence in the results will begin to grow. 

Due to the complexity of the simulations and the time required to run them, 
most studies chose to treat certain aspects of the system in a general way, 
while modeling other aspects in great detail. While simulation results may 
indicate potential performance, they cannot do so definitively. 

WIRELESSMAN-OFDM, FIXED OPERATION 

Capacity analysis 

A 2005 paper by Ghosh, et al., [B18] reports the performance of the 
WirelessMAN-OFDM system with different :frequency reuse patterns and cell 
sectorization. Figure 14-1, reproduced from that paper, illustrates the 
aggregate MAC-level throughput with a 3 km cell radius and a 50 W BS 
transmitter. The traffic model is not detailed, but the marginal differences 
between the PHY and MAC throughput presented suggest a full-buffer model. 
The calculations use three and six sectors per cell, with reuse factors 1 and 3. 
The reuse factor in this case is defined from cell to cell; for example, with 
six sectors per cell and a reuse factor of 3, a set of six channels, chosen from 
among three available sets of six channels, is used at each cell. According to 
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the paper, the results show the "average throughput over an entire cell per 
5 MHz carrier." However, it appears that, in calculating the average, the 
throughout has been divided by the number of channels per cell, not the total 
number in all cells. This is suggested by the paper's conclusion that "if at all 
possible, 1/1 reuse (frequencies reused every cell) should be employed since 
the gain from going to 1/3 reuse (frequencies reused every third cell) does not 
come close to compensating for the associated tripling of consumed 
bandwidth." To calculate the throughput per channel used in the system, it 
appears that the bars labeled "1/3 reuse" in Figure 14--1 should be divided by 
a factor 3. 
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Figure 14-1: WirelessMAN-OFDM throughput per 5 MHz channel 

The figure also shows the effect of adding a second receiver in the SS, with 
half a wavelength (7 cm) separation. 

The performance of the system can also be improved by the use of STC. The 
paper shows that, in the three-sector case (with 1/1 reuse) and one receive 
antenna, adding STC with a second transmit antenna provides performance 
similar to the six-sector single-in, single-out (SISO) case, but with only half 
the channels. 
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Figure 14--2 shows the outage relative to 1.5 Mbit/s; that is, the fraction of cell 
area with maximum data rate less than this value. This figure indicates that 
narrower sectorization cuts down drastically on bad channel conditions and 
interference. Also the use of receive diversity improves the outage 
substantially. 
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Figure 14-2: WirelessMAN-OFDM outage relative to 1.5 Mbit/s 

MAC performance 

MAC performance is assessed under more realistic traffic conditions 
( although less realistic environmental conditions) in a 2006 paper by 
Cicconetti, et al., [BIO]. It considers an interference-free FDD WirelessMAN­
OFDM system with 7 MHz bandwidth and 10 ms frame duration. The UL 
allocation start time is chosen to be 10 ms, meaning that all UL allocations 
point at a minimum to the next frame. This introduces a minimum delay of 10 
ms, but it provisions terminals with very low processing power. The analysis 
is performed on a single cell (i.e., no interference) and assumes no 
transmission errors apart from contention-based collisions.The authors 
assumed that the SSs employ the following modulation methods and coding 
rates, which are evenly partitioned among SSs: QPSK 3/4, 16-QAM 3/4, and 
64-QAM 3/4. 
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Two scenarios are studied in the paper. In the residential scenario, the authors 
consider offering broadband Internet access. The Internet traffic is modeled as 
a Web traffic source (see [B39]). Packet sizes are drawn from a Pareto 
distribution with cutoff (shape factor= 1.1, mode= 4.5 kB, cutoff threshold= 
2 MB), while packet interarrival times are distributed exponentially (average 
= 5 s), which yields an average load of 25 kB/s. The resulting throughput 
delay curves are shown in Figure 14-3. In addition to the residential scenario, 
the paper covers a small- and medium-enterprise scenario. For details, please 
consult the paper. 
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Figure 14-3: Average throughput delay vs offered load 

The following sections deal with previously unpublished results generated by 
the authors of the previously discussed paper using the same simulator. The 
assumption for these results are, however, slightly different. In this set of 
results, a frame duration of 5 ms was used. The allocation start time was set to 
be equal to the length of the frame. The channel bandwidth is 7 + 7 MHz. 
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The system is loaded with a number of applications spanning all four defined 
service types (UGS, rtPS, nrtPS, BE) and resulting in eight connections in 
each direction: 

• DL 

MPEG video: 128 kbit/s 

IP traffic: 200 kbit/s [10% gaming, 9% mail, 9% FTP, 4.5% Telnet, and 
67.5% Hypertext Transfer Protocol (HTTP)] 

Videoconference: 80 kbit/s 

VoIP: 16 kbit/s 

• UL 

MPEG video: 128 kbit/s 

IP traffic: 50 kbit/s (same mix as DL) 

Videoconference: 80 kbit/s 

VoIP: 16 kbit/s 

The UL allocation start time is chosen to be 5 ms, meaning that all UL 
allocations point at a minimum to the next frame. This introduces a minimum 
delay of 5 ms, but it provisions terminals with very low processing power. 
The analysis is performed on a single cell (i.e., no interference) and assumes 
no transmission errors apart from contention-based collisions (except in the 
ARQ analysis, where a fixed 1 o-6 BER is assumed on each link). 

Full-duplex with single burst profile 

The SSs in this example are all full-duplex, and all use the same 64-QAM-5/6 
burst profile, which implies a 28.23 Mbit/s raw PHY data rate. The DLFP and 
MAPs are transmitted at their required rates. 

The most interesting delay curve is that for the IP traffic. Because this traffic 
is BE, it provides a good indicator of behavior as a function ofload. This is 
because an increase in load increases the demand for the other services and 
hence reduces the capacity left over for BE traffic. In Figure 14-4 and 
Figure 14-5, an example of this performance is shown for the DL and UL, 
respectively. 

WirelessMAN: Inside the IEEE 802.16 Standard 331 

Ford Motor Co. 
Exhibit 1025 

Page 189



Chapter 14: Performance analysis 

10 I 

Ftp --

9 
Gaming ------· 

Mail -·+·-

U) 8 
§. 
>, 
Ill 7 
Gi c ... 

6 .! rn . 
c 
~ 5 I-
c 
Ill 
Cl) 

4 :::i!: 

3 

T=~~_:_: 
Tl/;, I}/' 
.L,j 

~ . 
' 

.,,. 

-
p1/· .. 

~~-r ~ 
.--' 

,.., 

~ ~-· 

'f 

2 
0 10 20 30 40 50 

Number of SSs 

Figure 14-4: DL, IP traffic mean transfer delay 
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Figure 14-5: UL, IP traffic mean transfer delay 
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Besides the data transfer, the UL must carry contention-based request transmit 
opportunities. The absolute number of these, as well as the the utilization (S) 
and load ( G) of request transmit opportunity (UIUC = 2), is shown in 
Figure 14-6 and Figure 14-7, respectively. Notice that only the mandatory 
full contention method is used. 
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Figure 14-6: UL, Average transmit opportunities per frame 

Lastly, the MAC overhead within a frame is of interest. This overhead, which 
consists of the FCH and MAPs, is shown in Figure 14-8. It can be seen that 
the overhead increases to 4.7% (7 OFDM symbols per frame) when 
supporting 400 connections (50 SSs) in both directions. 

The loads of the DL and UL are roughly linear with the number of SSs. For 
50 SSs, the load on the DL is roughly 75%, whereas the load on the UL 
approaches 90%, driving the UL faster into saturation than the DL, despite 
carrying only two thirds the net throughput. 
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Figure 14-7: UL load and utilization of transmit opportunities 
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Figure 14-8: FCH + MAP overhead 
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Mixed full-duplex/half-duplex with burst profiles case 

In this scenario, the DIUC and UIUC span the QPSK-1/2 to 64-QAM-5/6 
range. Performance is evaluated for SSs having the same DIUC and UIUC, 
respectively. Half the SSs are full-duplex, and half are half-duplex. As the 
average PHY rate is substantially lower ( on average around 10.8 Mbit/s) than 
in the previous case, simulations are limited to 30 SSs. Because the overhead 
is not depended on the used IUC and whether an SS is full-duplex or half­
duplex, the overhead shown in Figure 14-8 remains valid for these cases. 

Figure 14-9 and Figure 14-10 show the difference between full-duplex and 
half-duplex SSs with regard to the transfer delay for the VoIP application. It 
shows that the transfer delay for half-duplex SSs is around 20% higher than 
that of full-duplex devices, which is predictable as the uplink cannot be used 
by these devices while actively listening to the DL and during SSRTG and 
SSTTG. 
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WirelessMAN: Inside the IEEE 802.16 Standard 335 

Ford Motor Co. 
Exhibit 1025 

Page 191



25 

'iii' 24 
.§, 
~ 23 
"i6 c 

22 ... 
.! 
f/1 c 

21 E 

~ 20 ... 
G) 

~ 
j 19 

~ 18 

17 
0 5 

Chapter 14: Performance analysis 

. _____ ce·-~:::.~ 
. :-...:· ... -·· ---· .. 

10 15 20 25 

ave~age (ILIC 5) 
average (IUC 6) 
average (IUC 7) 
average (IUC 8) 
averaae (IUC 9\ 

----

30 35 
Number of SSs 

I 

40 45 

Figure 14-10: UL, half-duplex SSs, VoIP mean transfer delay 

Figure 14-11 and Figure 14-12 show the transfer delay difference between 
DL and UL for the same best effort HTTP service. Figure 14-11 shows that, 
on the DL, the traffic is on average allocated either to the immediately 
following frame or to the next frame after that. On the UL, shown in 
Figure 14-12, an SS may first have to use a contention slot to request 
bandwidth or, if it has other data scheduled for transmission, can use piggy­
backing. The allocation for the burst will then appear in the DL MAP no 
sooner that the next frame with an allocation for the frame following that. 
Because of this, the average transfer delay for any service will typically 
exceed 10 ms. Lastly, in Figure 14-13, the same scenario is shown with ARQ 
enabled, assuming a 1 o-6 BER on each link. It can be seen that the transfer 
delay roughly doubles, which is to be expected from retransmissions and the 
increase in system load. For 30 SSs, the UL can be seen to go rapidly into 
saturation. 
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Figure 14-11: DL, half-duplex SSs, HTTP mean transfer delay 
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Figure 14-12: UL, half-duplex SSs, HTTP mean transfer delay 
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Figure 14-13: UL, half-duplex SSs, HTTP mean transfer delay w/ARQ 

WIRELESSMAN-OFDM, MOBILE OPERATION 

Basic PHY performance 

In this section, we present unpublished calculations regarding the 
WirelessMAN-OFDM performance with limited mobility. Figure 14-14 
shows the coded block error rate (CBLER) for WirelessMAN-OFDM 
using the ITU Vehicular A (VehA) 3 km/h channel model [B30]. These results 
include all of the synchronization loss, which comes to 1 dB to 2 dB. 
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Figure 14-14: OFDM CBLERs-lTU VehA 3 km/h 

35 

Figure 14-15 shows the CBLER as a function ofOFDM symbol index and 
SNR using the ITU VehA 30 km/h channel model with QPSK modulation and 
1/2 rate coding. The symbol index is the count of data OFDM symbols 
following the preamble within the same burst, and the CBLER is computed 
individually over each OFDM symbol (as the outer RS code is a per-OFDM­
symbol block code). Due to the rapidly varying channel condition, the 
channel estimate computed from the preamble will be increasingly less 
accurately matched to the instantaneous channel condition for the OFDM 
symbol as the OFDM symbol index in the burst increases. For BPSK 1/2, the 
degradation will be slower, while for higher order modulations, it will be 
more severe. This figure shows that, even at this modest speed, the 
degradation is severe due to the changing channel conditions. For this reason, 
the nonsubchannelized bursts in mobile operation must be relatively short. To 
address the problem, midambles, for subchannelized operation, have been 
added through IEEE Std 802.16e. The degradation can also partially be 
mitigated by updating the channel estimates by means of data-driven decision 
feedback, which is not included in Figure 14-15. 
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Capacity analysis 

In a 2005 paper, Ball, et al., [B5] report a study of a mobile network using 
WirelessMAN-OFDM in a 3.5 MHz channel at 3.5 GHz with cell radius of 
300 m. The 2 W BS uses three sectors with 17.5 dBi antennas. The analysis 
considers a full-buffer FTP model with up to 300 randomly distributed 
nomadic clients per sector. The analysis is performed with reuse factors of 
both 1 and 3. 

Figure 14-16 depicts the channel utilization of each sector utilization as a· 
function of the offered load, showing a limit of around 3 Mbit/s for a reuse 
factor of 1 and at 4.25 Mbit/s for a reuse factor of 3. This corroborates the 
findings of Ghosh, et al., [B 18] that the spectral efficiency is higher with a 
reuse factor of 1. Figure 14-17 shows, as a function of the offered load ( which 
is varied identically in each cell), the fraction of SSs served with each 
modulation/coding rate in this simulation. For reuse factor 1, the 
modulation/coding rate efficiency is substantially lower due to the increased 
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interference (lower C/I); roughly 80% of the SSs are using modulation/coding 
no more efficient than QPSK-3/4. 
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The Ball paper further analyzes (see Figure 14-18) the occurrence of call 
blocking (i.e., rejection by admission control due to insufficient C/I). In the 
reuse factor 1 scenario, a cell load of 1 Mbit/s results in 10% of call blocking, 
whereas the reuse factor 3 scenario experiences no substantial call blocking 
up to the channel utilization limit shown in Figure 14-16. The spectral 
efficiency is hence 1 Mbit/s I 3.5 MHz= 0.29 (bit/s)/Hz per sector for the 
reuse factor 1 case and 4.25 Mbit/s I (3 * 3.5 MHz)= 0.40 (bit/s)/Hz per 
sector for reuse factor 3. The reuse factor 3 scenario hence provides higher 
spectral efficiency when both channel utilization and call blocking limitations 
are observed. It should be noted that the analysis considers none of the 
optional WirelessMAN-OFDM features to improve C/I performance, such as 
STC, diversity techniques, advanced coding, and subchannelization. Applying 
these options would likely provide a substantial performance improvement, 
particularly for the reuse factor 1 scenario. 
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WIRELESSMAN-OFDMA, MOBILE OPERATION 

Overhead and capacity 

In a 2005 paper, Lee, et al., [B35] report on studies of a system considered for 
"WiBro" services. The system studied is "somewhat similar" to a draft of 
IEEE Std 802.16e at some stage prior to approval. According to the paper, the 
differences include "the structure and performance of preamble" and 
"subcarrier permutation in FCH/DL MAP." The results may shed some light 
on WirelessMAN-OFDMA performance. Recall that WirelessMAN-OFDMA 
is defined in IEEE Std 802.16-2004 [B20] using a 2048-FFT. The system 
under study uses a 1024-FFT, which is an option for WirelessMAN-OFDMA 
in IEEE Std 802.16e. 

The system studied uses a channel of 8.447 MHz and a 10 MHz sampling 
bandwidth. The system is TDD, with a 2/1 DL/UL ratio. The overhead, 
including all PHY overhead as well as control subchannels for channel quality 
information ( channel feedback), acknowledgment, and initial ranging, was 
found to be between 22% and 31 %. 

This paper also analyzes performance as a function of cell radius. It assumes a 
fixed modulation/coding and maximizes the number of subchannels to satisfy 
the CINR required to achieve a 1 % PER. Figure 14-19, redrawn from the 
published data, illustrates the results. Combining the results by selecting the 
maximum capacity at a given range, the solid line in Figure 14-19 shows the 
DL sector capacity if the only modulation/coding options available for the 
link adaptation algorithm to choose were the three indicated in this figure. 
Introducing the remaining modulation/coding combinations would have the 
effect oflargely removing the jaggedness of the curves. 

Figure 14-20 is the parallel to Figure 14-19 for the UL. 

Figure 14-19 and Figure 14-20 suggest that, in order to guarantee a single 
user 512 kbit/s DL and 256 kbit/s UL, the cell radius must be limited to 2.3 
km. 

Using the same approach with an outdoor-to-indoor channel model, 
Figure 14-21 and Figure 14-22 show the 512 kbit/s DL I 256 kbit/s UL cell 
radius to be limited to approximately 0. 7 km. 
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A 2005 paper by Kwon, et al., [B34] presents an alternative study of the 
system capacity. The modeled system is TDD using a 1024-FFT, 9 MHz 
bandwidth, 5 ms frame duration, and a 2/1 DL/UL frame split. The network is 
loaded with a number of applications spanning all four service types (UGS, 
rtPS, nrtPS, and BE) defined in IEEE Std 802.16-2004 as well as the extended 
rtPS ( ertPS) introduced in IEEE Std 802.16e for real-time flows generating 
variable packet sizes on a periodic basis, such as VoIP with silence 
suppression. The traffic load per user is as follows: 

DL 

Video: 32 kbit/s, 10 frames/s 

IP traffic: -90 kbit/s FTP and -15 kbit/s HTTP traffic ( according to 
lxEV-DV traffic models; see [B8]) 

VoIP: 9.6 kbit/s with 0.403 activity factor 

• UL 

VoIP: 9.6 kbit/s with 0.403 activity factor 

IP traffic: As needed to support UL FTP, HTTP, and video traffic 

The analysis is performed in a hexagonal cellular environment considering 
interference from first and second tier cells with identical traffic distributions. 
Figure 14-23 shows the delay in transmitting VoIP data using rtPS, UGS, and 
ertPS. On the DL, the number of VoIP calls is limited to 92 when the delay 
limit is 60 ms. This figure shows that the introduction of ertPS in IEEE 
Std 802. l 6e is justified for voice with silence suppression since the call limit 
is similar to the DL limit using ertPS, but is significantly lower using rtPS and 
UGS. 
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Figure 14-23: Delay for VoIP using rtPS, UGS, and ertPS 

Figure 14-24 shows the average cell throughput both for UL and DL using 
various scheduling mechanisms, permutations, and feedback. 
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WirelessMAN-OFDMA vs high-speed DL packet access (HSDPA} 

A 2005 paper by Shin, et al., [B48] compares the capacity of a WiBro­
compatible version ofWirelessMAN-OFDMA (based on a preapproved draft 
ofIEEE Std 802.16e) with that ofHSDPA. The study concludes that the 
OFDMA approach has "much better performance." In particular, it finds that 
the spectral efficiency ofWirelessMAN-OFDMA is close to double that of 
HSDPA for the ITU VehA channel model and also for the ITU Pedestrian A 
(PedA) channel at 10 km/h [B30]. For the ITU PedA channel model at 
3 km/h, the spectral efficiency ofWirelessMAN-OFDMA is found to be 
about one third greater than that ofHSDPA. The authors ascribe the 
WirelessMAN-OFDMA advantage to two main factors: 

• TDD vs FDD: Both systems work within a system bandwidth of 10 MHz. 
However, the OFDMA system under study uses TDD (with a fixed 2/1 
DL/UL ratio) with signal bandwidth of 8.3 MHz. HSDPA uses FDD 
carried in two 5 MHz channels, but its effective signal bandwidth is just 
3.84 MHz times two. The wider bandwidth of OFDMA is naturally not all 
positive, as it can result in a shrinkage of the coverage area due to the 
3.4 dB higher thermal noise. In a noise-limited scenario, this coverage 
shrink is estimated at 19%, but the real situation may be interference­
limited in both cases. 

• Multipath performance: As discussed in Chapter 3 and Chapter 11, 
OFDM is very robust to multipath due to the use of the cyclic prefix and 
the cyclical nature of the FFT. Multipath channels that do not exceed the 
cyclic prefix duration will not significantly deteriorate the system 
performance (provided the sampling is adequate). CDMA, on the other 
hand, typically makes use of a rake receiver to extract the multipath 
energy. This results in deteriorated performance. The paper by Shin reports 
as much as 40% HSDPA capacity loss going from a single-path 
(multipath-free) channel to a three-path channel. Naturally, the move away 
from conventional rake receivers to more advanced receiver designs 
provides a means to reduce that capacity loss. 
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Basic WirelessMAN-OFDMA PHY performance 

This section reports on unpublished studies of the basic WirelessMAN­
OFDMA PHY performance. It assumes 10 MHz channelization at 2.5 GHz 
with a 1024-FFT; a 1/8 cyclic prefix; and practical levels of phase noise, 
mixer I/Q imbalance, and frequency offset. The reported EsNo is equivalent to 
the SNR per subcarrier. For the repetition codes, postdetection combining of 
soft decisions is employed. All simulations shown use the mandatory CC. 

Figure 14-25 and Figure 14-26 present the CBLER for the OFDMA 
modulation using the ITU VehA 3 km/h channel model. The first figure 
represents ideal synchronization and channel estimation, whereas the second 
represents a practical system of moderate complexity. The poor performance 
of QPSK-3/4 is a result of the mandatory interleaver problem discussed in 

Chapter 12. 
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Figure 14-25: CBLER, UL PUSC, ITU VehA 3 km/h, CC, ideal 
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Figure 14-26: CBLER, UL PUSC, ITU VehA 3 km/h, CC, estimated 

Figure 14-27 and Figure 14-28 provide similar data using the ITU VehA 
120 km/h channel model. The ideal performance suffers only moderately as a 
result of the higher speeds, even for the higher modulation orders. However, 
the practical challenges of synchronization and channel estimation cause the 
performance at the higher modulation orders to degrade substantially, with 
error floors developing. For the lower order modulations, including the 
omitted repetition rates, the PHY is fairly robust to the rapidly changing 
channel. 

Similar analysis for VehA 30 km/h channel shows no significant degradation 
compared to the VehA 3 km/h model, showing that the OFDMA PHY is 
substantially robust to practical speeds. On the other hand, the performance 
degrades substantially using the VehB IO km/h model due the insufficient 
cyclic prefix duration compared to the impulse response in that model. 
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Figure 14-29 shows the ideal performance using the optional CTC codec, 
which is the optional codec of choice within the WiMAX profiles. The 
improvement over the CC codec varies from 1 dB to 1.5 dB although it need 
be noted that in this analysis only the longest code word is used. Use of 
shorter code words can result in a loss of up two 2 dB ( compared to the 
longest code word). 
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Figure 14-30 shows the ideal performance of the DL modulations, including 
that of the DLFP. It is best to protect the DLFP since it constitutes a single 
point of failure within the frame. 
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Figure 14-30: CBLER, DL PUSC, ITU VehA 3 km/h, CC, ideal 

In Figure 14-31, the performance of the DL repetition coding as a function 
of channel impulse response (CIR) is shown. This result is important to 
determine which repetition code can be used at the cell edge. As may be 
observed from the figure, the use of QPSK-1/4 (QPSK-1/2, repetition rate 2) 
or QSPK-1/8 (QPSK-1/2, repetition rate 4) has sufficient CIR performance to 
make usage at the cell edge feasible. The large gap between the solid (ideal 
synchronization) and dashed (practical synchronization) curves is the result of 
the general difficulty of achieving good synchronization under low signal to 
noise-plus-interference ratio, regardless of the method used. 
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CIR 

Figure 14-31: CBLER, DL PUSC, ITU VehA 3 km/h, CC, ideal 

Finally, Table 14--1 shows the cell ranges that may be achieved with the DL 
modulations with a 20 W transmitter, 10 dB backoff, 15 dB antenna gain, and 
a 10 dB noise figure. For this case, the mobile is assumed to have two 
antennas on which it performs MRC. Achievable cell ranges are shown both 

. i with and without a 10 dB shadowing margin using the Cost 231 Hata channel 
model [Bll]. 

Table 14-1: Cell-ranges DL PUSC 

Modulation/ Max. PHY SNR@ 
Cell range Cell range 

code rate throughput 0.01 CBLER 
(m) with fade 

(Mbit/s) (dB) margin (m) 
QPSK-1/12 1.19 -1.1 1586 825 
QPSK-1/8 1.79 0.7 1410 733 
QPSK-1/4 3.57 2.0 1259 674 
QPSK-1/2 7.14 6.0 997 512 
QPSK-3/4 10.71 9.2 809 421 
16-QAM-1/2 14.28 10.3 753 392 
16-QAM-3/4 21.42 14.9 557 290 
64-QAM-1/2 21.42 15.5 536 279 
64-QAM-2/3 28.56 19.0 426 222 
64-QAM-3/4 32.13 21.2 369 192 
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MIMO capacity 

This section discusses the capacity gain achieved by the use ofMIMO. The 
capacity is analyzed at link level for a full-buffer FTP stream in an OFDMA 
network with 19 cells, each having three sectors, using 10 MHz bandwidth at 
2.5 GHz. The channel models are a mix of stationary/pedestrian, pedestrian, 
mobile, and highly mobile models in analogue to the lxEV-DV evaluation 
methodology (see [B8]). Some capacity results, in megabits per second, are 
shown in Table 14-2, where the notation mxn indicates m transmitter chains 
and non the receiver. Note that the results are indicative only of the relative 
capacity gain, as a full-buffer FTP analysis provides an overly optimistic 
result for achievable capacity. The use of 2xl STC on the DL, for which no 
simulation data were available for this specific scenario, would be expected to 
result in values between those of lxl SISO and 2x2 MIMO, but relatively 
closer to the 2x2 MIMO results. 

Table 14-2: Relative performance benefit of MIMO and virtual MIMOa 

DL UL 
DL/UL 
ratio 2x2 2x4 1x2 1x2 2x2 

Reuse 1x1 
MIMO MIMO MRC V-MIMO MIMO 

1/2 1 3.80 7.97 11.76 3.20 7.04 6.72 

3 1.52 3.98 7.06 

1/1 1 5.75 12.08 17.83 2.40 5.28 5.04 

3 2.30 6.04 10.70 

2/1 1 7.67 14.00 20.67 1.60 2.40 3.36 

3 3.07 7.00 12.40 

a Data courtesy of Nortel Networks. 
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In Table 14-3, the spectral efficiency and capacity are shown for various 
antenna configurations in the same system, withDL/UL ratio of2/l and using 

the ITU PedA 3 km/h channel model. 

Table 14-3: Performance using MIMOa 

1x1 1x2 2x2 2x4 4x2 4x4 

(bit/s)/Hz per sector 1.2 1.8 2.8 4.4 3.7 5.1 

Aggregate sector 7.6 11.6 17.8 27.7 23.6 32.6 

throughput (Mbit/s) 

a Data courtesy of Nortel Networks. 
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Conformance standards and testing 

In this chapter, we discuss the IEEE 802.16 conformance standards and the 
WiMAX Forum® interoperability and certification procedures. The 
conformance standards are essentially comprehensive test plans to evaluate 
whether a particular vendor's implementation meets the requirements defined 
in IEEE Std 802.16. The WiMAX Forum is an industry alliance, analogous to 
the Wi-Fi Alliance for IEEE Std 802.11, that defines interoperability tests and 
certifies IEEE 802.16 BSs and SSs that pass these tests. 

THE W1MAX FORUM 

By the end of 2000, even before the original IEEE Std 802.16-2001 was 
approved, it became clear that the standard would include a plethora of 
options. For instance, the high-frequency WirelessMAN-SC mode has 
literally more than 4000 possible combinations ofFEC and modulation 
alternatives, while in practice four or five would suffice. While most options 
have at least one corresponding proponent who can argue for its benefits 
under certain circumstances, implementing all of the options would clearly be 
an onerous and expensive task. Conversely, if equipment vendors 
independently chose which options to implement, full interoperability would 
be precluded, and IEEE Std 802.16 would be a standard in name only. 
Systems would be, for all intents and purposes, proprietary through the choice 
of options. In March of 2001, the outline of Clause 12 was added to the IEEE 
802.16 draft standard. 

It also became clear that full interoperability would require proper 
conformance testing, lest two vendors pick the same profile but interpret it 
differently. In IEEE 802, standards rarely include test specifications; in most 
cases, they stop with functional specifications. In the 2000 time frame, intense 
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debate surrounded IEEE Std 802.16 versus ETSI BRAN HiperACCESS as 
the standard of choice for PMP broadband wireless access above 10 GHz. 
ETSI BRAN HiperACCESS was a simpler but less efficient standard than 
IEEE 802.16 WirelessMAN-SC. ETSI BRAN HiperACCESS advocates 
criticized IEEE Std 802.16, citing the plethora of options and the impact on 
interoperability. They also cited the ETSI mandate for a full set of test 
documentation based on the ISO/IEC 9646 standards series (identical to the 
ITU x.290 series) specifying test documentation. In response, several 
companies involved in IEEE Std 802.16 were determined to eliminate this as 
a source of discredit to IEEE Std 802.16 so the two standards could be 
compared on a head-to-head technical basis. 

These companies decided to take the concept a step further and initiate a 
certification body and process modeled as a hybrid ofWi-Fi and GSM 
type approval. In April 2001, representatives of Nokia, Ensemble 
Communications, Harris Corporation, and Crosspan ( a division of Raytheon) 
met in Antibe, France, alongside an ETSI BRAN HiperACCESS meeting in 
neighboring Sophia Antipolis; and the WiMAX Forum was born. Unlike the 
WiMAX Forum of today, the original group was concerned with single-carrier 
systems above 11 GHz. This was due to the facts that this aspect of IEEE Std 
802.16 was much further developed than the lower frequency specifications 
and that it was ETSI BRAN HiperACCESS to which they were reacting. 

By the way, "WiMAX" is derived from the expression worldwide 
interoperability for microwave access. Jay Klein, who chaired the 
WirelessMAN-SC PHY Task Group, has been credited with creating the 
name. 

The initial task of the early WiMAX Forum was to develop system profiles 
for WirelessMAN-SC operation. These were submitted during the 
development ofIEEE Std 802.16c, which specified detailed system profiles in 
Clause 12. Following draft development and balloting, these profiles, with 
minor changes, were approved; and IEEE Std 802.16c was approved in 
December 2002. The WirelessMAN-SC profiles are shown in Table 15-1. 
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Table 15-1: WirelessMAN-SC system profiles 

Identifier Description 

profMl Basic ATM MAC profile 

profM2 Basic packet MAC profile 

profPl 25 MHz channel PHY profile 

profPlf 25 MHz channel PHY profile-FDD 

profPlt 25 MHz channel PHY profile-TDD 

profP2 28 MHz channel PHY profile 

profP2f 28 MHz channel PHY profile-FDD 

profP2t 28 MHz channel PHY profile-TDD 

Once this task was accomplished, the next step was to deal with the issue of 
test specifications. With the aid of other companies such as Nera, Intracom, 
Hewlett-Packard, and Hughes Network Systems, the founders of the WiMAX 
Forum started to create the test specification necessary to be on par with the 
ETSI test specifications. Four documents were identified: 

1. Protocol implementation conformance statement (PICS) proforma: 
A document that serves two purposes. First, it lists the features that are 
mandatory, optional, conditionally mandatory, forbidden, etc., for each of 
the system profiles. Second, it serves as a form that vendors fill out to 
specify which features they implement and for what sets or ranges of 
allowed values. 

2. Test suite structure and test purposes (TSS&TP): A test plan for covering 
the features outlined in the PICS proforma. 

3. Abstract test suite (ATS): Equipment-independent test procedures for 
implementing the tests identified in the TSS&TP. 

4. Radio conformance test (RCT) specification: Tests for the radio portion of 
the system that could not be specified as protocol tests. 
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CONFORMANCE TEST STANDARDS FOR WIRELESSMAN-SC 

The WiMAX Forum played a key role in the development of PICS proforma, 
TSS&TP, and RCT documents in IEEE Std 802.16. In each case, a new IEEE 
802.16 project was proposed and initiated for each test specification, each to 
lead to an independent published standard. Once the project was underway, an 
open call for contributions was issued; in each case, a single proposal, 
developed within the WiMAX Forum, was received. 

These proposals were unchallenged primarily because of the involvement of 
the same participants in both the WiMAX Forum and the IEEE 802.16 
Working Group. Nonetheless, the documents proceeded through the official 
IEEE 802 process of working group review, working group letter ballot, and 
sponsor ballot, with comments addressed along the way. The result was 
three official IEEE standards: IEEE Std 802.16/ConformanceOl-2003 [B21], 
IEEE Std 802.16/Conformance02-2003 [B22], and IEEE Std 802.16/ 
Conformance03-2004 [B23], each in accordance with ISO/IEC 9646. 

By the time the RCT document was initiated, relations between companies 
participating only in ETSI BRAN HiperACCESS and those interested in both 
ETSI BRAN HiperACCESS and IEEE Std 802.16 had improved, and the 
ETSI BRAN HiperACCESS RCT was used as the foundation of the 
WirelessMAN-SC RCT document. Unfortunately, before the ATS document 
could be initiated, the bottom fell out of the market for high-frequency 
broadband wireless access equipment. Consequently, the WirelessMAN-SC 
ATS standards project was never initiated. 

THE WIMAX FORUM'S MOVE TO LOWER FREQUENCIES 

In April 2002, as the specifications for systems below 11 GHz were 
solidifying, entities interested in operation below 11 GHz began to join the 
WiMAX Forum. The first was the OFDM Forum in April, followed by 
Wi-LAN and Fujitsu in November 2002. Then, in January of 2003, the 
WiMAX Forum jumped to twelve "charter member" companies and, fueled 
by the efforts oflntel Corp., started expanding rapidly. The WiMAX Forum, 
with well over 300 member companies, is now certifying fixed-access 
WirelessMAN-OFDM systems through independent laboratory conformance 
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testing and overseeing interoperability "plug-fests." The WiMAX Forum 
is devoting great energy to the development of system profiles and test 
specifications for mobile systems based on the enhancements in IEEE 
Std 802.16e. 

LOWER FREQUENCY PROFILES AND TEST SPECIFICATIONS 

The WirelessMAN-OFDM, WirelessMAN-OFDMA, and WirelessMAN-SC 
PHY specifications were the first foray ofIEEE Std 802.16 into the lower 
frequencies (less than 11 GHz). These were first defined in IEEE Std 802.16a. 
In late 2002, as IEEE Std 802.16a was nearing completion, the IEEE 802.16 
Working Group opened the amendment project IEEE P802.16d, which was 
intended to develop profiles in support of the low-frequency modes. 
Eventually, IEEE P802.16d was dropped as a project to amend IEEE 
Std 802.16, replaced by a broader revision project that eventually led to IEEE 
Std 802.16-2004 [B20]. That revised standard does include the low-frequency 
profiles. 

IEEE Std 802.16-2004 specifies profiles for all three PHY mode alternatives. 
However, for this fixed-access case, WirelessMAN-OFDM was of the 
greatest interest for two reasons: 

1. The parallel ETSI BRAN HiperMAN standard initially supported a mode 
compatible with WirelessMAN-OFDM only. 

2. The WiMAX Forum contributed only to the development of the 
WirelessMAN-OFDM and developed fixed-access interoperability tests 
only for that mode. 

The low-frequency profiles are considerably more complex set than those for 
WirelessMAN-SC. In the case ofWirelessMAN-OFDM, a system profile 
consists of four components: a MAC profile, a PHY profile, a duplexing 
selection, and a power class. The IEEE 802.16 standard defines two MAC 
profiles (PMP and mesh), six PHY profiles (1.75, 3.5, 7, 3, 5.5, and 10 MHz 
channel bandwidth, with the last one specified in the license-exempt case 
only), two duplexing alternatives (TDD and FDD), and five power classes. 

In the case ofWirelessMAN-OFDMA, only one MAC profile (PMP-based) 
is specified, along with nine PHY profiles (1.25, 3.5, 7, 8.75, 14, 17.5, 28, 
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10, and 20 MHz channel bandwidth, with the last two specified in the 
license-exempt case only), two duplexing alternatives (TDD and FDD), and 
four power classes. 

The ATM CS is not included in either the WirelessMAN-OFDM or the 
WirelessMAN-OFDMA profiles. In both cases, RF profiles are mentioned, 
but not specified except in the license-exempt case. 

The IEEE P802.16/Conformance04 project, to specify PICS proforma for the 
low-frequency modes, was initiated in March 2004. Draft 6, which entered 
IEEE-SA sponsor ballot in January 2006, includes no specification for 
WirelessMAN-SCa, which had lost support by the time the project got 
underway. The draft does include a detailed PICS specification for 
WirelessMAN-OFDMA. It should be noted that this PICS proforma concerns 
only fixed systems, not any mobile systems. In the case ofWirelessMAN­
OFDM, the draft simply makes normative reference to ETSI 102 385-1 
Vl.2.1, entitled "Broadband Radio Access Networks (BRAN); HiperMAN; 
Conformance testing for the Data Link Control Layer (DLC); Part 1: Protocol 
Implementation Conformance Statement (PICS) proforma." Since ETSI 
BRAN HiperMAN has long supported a PHY compatible with 
WirelessMAN-OFDM and since ETSI is recognized for its expertise in 
conformance test specifications, it is natural to defer to the ETSI standard on 
this issue. It is worth noting, however, that ETSI defers to IEEE standards as 
well. In fact, the ETSI test specifications have, in many cases, pointed not to 
ETSI air interface standards but to IEEE Std 802.16 for their references. 

WIMAX FORUM CONFORMANCE TESTING FOR FIXED ACCESS 

The only publicized industry activities related to the testing of conformance to 
IEEE Std 802.16 have been developed in the WiMAX Forum. In January 
2006, the WiMAX Forum announced that four products (two BSs, one BS 
"solution," and one SS "solution") had been certified for 3.5 GHz operation 
following testing at its laboratory in Malaga, Spain. It also announced plans to 
test an additional 26 products. Protocol conformance, radio conformance, and 
basic interoperability were certified. Some additional capabilities, including 
QoS and security, were not tested. Certification testing of these features is 
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expected later in 2006. Testing of systems operating in the 5. 8 GHz bands is 

also in development. 

W1MAX FORUM AND MOBILE BROADBAND WIRELESS ACCESS 

With the progress of the amendment project IEEE P802.16e, the WiMAX 
Forum developed an interest in this work also. The WiMAX Forum 
eventually came to the conclusion that it would strongly support the evolution 
of the IEEE 802.16 standard from fixed to mobile applications and would 
commit itself to the development oftest specifications for mobile systems 
defined in IEEE Std 802.16e. Most of the WiMAX Forum effort on mobility 
has been directed at the WirelessMAN-OFDMA mode. Work to create the test 
specifications is well underway. This work is being undertaken jointly 
between ETSI and the WiMAX Forum based on agreement between the two. 
An activity related to the mobile enhancement of WirelessMAN-OFDM is 
also underway, but this has seen considerably less support among the member 

companies of the WiMAX Forum. 

WirelessMAN: Inside the IEEE 802.16 Standard 363 

, I 

I 

Ford Motor Co. 
Exhibit 1025 

Page 205



r-
1 

Chapter 16 Related standards 
Other wireless standards with similar applications 

This chapter opens by comparing the IEEE 802.16 (WirelessMAN) standard 
to the IEEE 802.11 (WLAN) standard. It next overviews progress in two 
IEEE 802 working groups, IEEE 802.20 and IEEE 802.22, that are engaged in 
developing standards, but have not at this time completed any. The chapter 
reviews some history and the status ofrelated projects in ETSI's BRAN 
activity, briefly adding reports on the relation between the IEEE 802.16 
Working Group and two other regional standardization activities: the Korean 
Telecommunication Technology Association (TTA) and the China 
Communications Standards Association (CCSA). We close the chapter with a 
review of the important relationships between IEEE Std 802.16 and the ITU, 
particularly those leading to the international recommendation of IEEE 
Std 802.16 through the ITU. 

IEEE STD 802.11 

The IEEE 802.11 standard defines MAC, PHY, and management protocols for 
WLAN s. A LAN typically has a range on the order of 100 m and serves a 
space the size of a home, an office building, or a small campus. The 
distinction between LANs and MANs is especially important in the wireless 
case because the choices for MAC and PHY protocols and parameters 
essentially dictate the type of network that can be built. WLANs and wireless 
MANs have widely different requirements, and a MAC or PHY designed for 
one type of network may be unsuitable for the other. 

Since its initial ratification in 1997, IEEE Std 802.11, and its later 
amendments, have become the foundation for a large and growing market. 
WLAN s based on IEEE Std 802.11 are an essential network technology. With 
their standardization and subsequent widespread adoption in homes and 
enterprises, IEEE 802.11 devices-known as Wi-Fi to the general public, due 
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to the certification mark of the Wi-Fi Alliance-have become commodities 
in recent years. The following subsections summarize the IEEE 802.11 
MAC and PHY and discuss the similarities and differences between 
IEEE Std 802.11 and IEEE Std 802.16. 

IEEE 802.11 MAC 

Medium access control layer (MAC) 

The IEEE 802.11 MAC is based on the carrier sense multiple access with 
collision avoidance (CSMA/CA) protocol, in which IEEE 802.11 devices 
primarily follow a "listen before talk" rule, with random backoff to avoid 
collisions. The fundamental premise of CSMA is that all devices sharing the 
channel can hear each other. Most IEEE 802.11 devices have omnidirectional 
antennas and, in the local area of primary application, can hear each other. 
Some mechanisms [ e.g., the request to send and clear to send (RTS/CTS) 
mechanism] do exist, albeit at a higher overhead, to partially address the 
"hidden node" case in which some nodes are within range of the AP 
( analogous to an IEEE 802.16 BS), but not within range of each other. 

The IEEE 802.11 CSMA/CA protocol is similar to the CSMA/CD protocol of 
Ethernet. In the wireless case, carrier sensing is possible, except in the hidden 
node situation. However, collision detection (the "CD" of Ethernet) is not. An 
Ethernet node continues to sense the medium during transmission and is 
thereby able to detect collisions. IEEE 802.11 devices are half-duplex and, 
therefore, cannot listen while transmitting. In fact, given the fact that IEEE 
Std 802.11 uses the same frequency for UL and DL, it would be a significant 
challenge to design an IEEE 802.11 device that could accurately sense the 
medium for collisions during transmission. 

In lieu of collision detection, IEEE 802.11 's collision avoidance process uses 
a physical carrier sense and a virtual carrier sense mechanism are used to 
avoid potential collisions. The physical carrier sense mechanism listens for 
the presence of any other transmissions on the channel before attempting a 
transmission of its own. The virtual carrier sense mechanism utilizes the 
explicit indication from another transmitter that essentially reserves the 
channel for a specific amount of time. 
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Since CSMA/CA is a fully distributed scheme with no central coordinator, 
collisions are still possible. The absence of collision detection makes it 
essential to use an acknowledgment scheme to ensure successful reception. 
IEEE Std 802.11 uses immediate MAC acknowledgments to confirm that an 
IEEE 802.11 frame has reached its destination. This is essentially a stop-and­
wait ARQ scheme with synchronous acknowledgment, where the transmitter 
waits for the acknowledgment before attempting the next transmission or 
repeating the previous one. In the IEEE 802.11 MAC, the immediate 
acknowledgment is mandatory for all unicast frames 7. Note that, in IEEE 
Std 802.11, the word frame is used in both the MAC sense (as a single MAC 
PDU, carrying data, management, or control content) and in the PHY sense 
(as a unit of PHY transmission) because each PHY frame carries one MAC 
frame. In contrast, IEEE Std 802.16 uses frame only as a PHY transmission 
unit; an IEEE 802.16 frame may carry one or more MAC PDUs or partial 
MAC PDUs. Although IEEE Std 802.11 supports fragmentation, it is optional 
and seldom implemented by IEEE 802.11 devices. The optional 
fragmentation is not dynamic and uses a fixed, configurable fragment size. 

The duplexing method used in IEEE Std 802.11 is TDD, which is half-duplex 
by definition. However, in IEEE Std 802.11, no centralized coordinator 
allocates time slots; instead, transmission decisions are taken independently at 
each transmitter. The IEEE 802.11 AP, which is analogous to the IEEE 802.16 
BS, has no special rules for accessing the media. The AP has to contend for 
the media just like any other IEEE 802.11 client communicating with it. 

MAC overhead 

The IEEE 802.11 MAC requires a minimum of 24 bytes of MAC header 
information per frame. Note that an IEEE 802.11 MAC frame can carry only 
one higher layer SDU; i.e., multiple higher layer SDUs such as IP packets 
cannot be packed into a single MAC frame. For example, each 40 byte TCP 
acknowledgment would require at least 42 bytes of MAC overhead (24 bytes 
of MAC header+ 4 bytes ofCRC + 14 bytes of acknowledgment) in addition 
to the per-frame PHY overhead. The PHY rates must be considered in this 

7 IEEE Std 802.lle™-2005 includes an option to omit immediate acknowledgments in 
favor of delayed acknowledgments. 
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MAC discussion because the IEEE 802.11 acknowledgment is typically sent 
at one of the more robust PHY rates. A large frame sent at a lower rate can 
occupy the channel for a significant amount of time. 

The transmission rate to be used is also chosen independently by the 
transmitters. The standard does not specify an algorithm to choose the 
transmission rate, and vendors implement their own rate-selection algorithm. 
However, an IEEE 802.11 AP can restrict the number of transmission rates 
that can be used in the network. 

The IEEE 802.11 MAC supports two alternative channel access modes, the 
distributed coordination function (DCF) and the optional point coordination 
function (PCP). The DCF is the fully distributed scheme discussed in the 
previous paragraphs. PCP offers some centralized polling, although it is not 
scalable and the polling does not take the frame size or transmission rate into 
account. For these reasons, PCP is not widely supported and is rarely used. 

MAC summary 

The CSMA/CA protocol with DCF works reasonably well in a WLAN 
environment. However, it is not without problems in some situations. The 
following is a partial list of concerns in CSMA/CA WLAN: 

• Nondeterminism: CSMA/CA is nondeterministic, and the stop-and-wait 
ARQ can make successful reception significantly unpredictable if frames 
need to be resent often. The situation can become drastically worse as the 
network load increases. Deterministic behavior is required for many QoS­
sensitive applications. 

• Hidden nodes: Two CSMA devices that cannot hear each other may 
simultaneously initiate transmission. A collision will result. 
Retransmission will take time and waste future transmission opportunities. 
This problem is somewhat addressed by the RTS/CTS-based reservation 
protocol, but its effectiveness declines with a large number of hidden 
nodes. 

• Near-far problem: The near-far problem refers to a scenario in which 
devices closer to an IEEE 802.11 AP can overpower devices farther away, 
thus unfairly affecting the performance of those devices. 
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• Slowest node: Since transmission decisions are taken independently, one 
or more nodes choosing to transmit at the lowest rate will, by using a less 
efficient communication scheme, occupy a disproportionate fraction of 
airtime. This adversely affects other devices that can communicate at a 
higher rate. 

• Capture effect: The capture effect is a fundamental problem in any CSMA 
protocol, including wired networks such as Ethernet. Since the CSMA 
devices make independent decisions on transmissions and backoff, the 
device that successfully completes a transmission resets its contention 
window and starts afresh for the next contention. This provides an unfair 
advantage to the device with a successful transmission when multiple 
device are contending for access. 

• Overhead: In general, the IEEE 802.11 MAC has high overhead, 
especially for smaller frames such as voice or TCP acknowledgments. 

IEEE 802.11 PHY 

IEEE Std 802.11 has standardized several PHY modes, including the 
following: 

• Frequency-hopping spread spectrum (FHSS), up to 2 Mbit/s 

• Direct sequence spread spectrum, up to 11 Mbit/s, in IEEE Std 802.11 b™ 

• OFDM, up to 54 Mbit/s, in IEEE Std 802.lla™ and IEEE Std 802.llg™ 

The quoted data rates are raw PHY rates. For instance, the maximum 
IEEE 802.lla PHY rate is 54 Mbit/s, but the highest actual UDP throughput 
with maximum packet size is only about 30 Mbit/s due to the MAC and PHY 
overheads. 

The OFDM PHY of IEEE Std 802.lla and IEEE Std 802.llg is based on a 
64-FFT. The channel size is approximately 20 MHz. The maximum delay 
spread is about 800 ns, which is sufficient for a LAN with reasonable 
multipath. 
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IEEE 802.11 extensions 

The IEEE 802.11 Working Group has recently developed and is currently 
developing many amendment projects, including the following: 

• IEEE Std 802.lle: IEEE Std 802.lle-2005 defines MAC extensions to 
CSMA/CA in order to improve QoS. Some MAC efficiency improvements 
are also included. The QoS extensions improve both DCF and PCF by 
defining a new hybrid coordination function (HCF), which includes 
enhanced distributed channel access (EDCA) and the HCF coordinated 
channel access (HCCA) functions. Both EDCA and HCCA schemes are 
backward compatible with IEEE 802.11 DCF and frame formats. HCCA 
offers some centralized scheduled functions. Some of the efficiency 
improvements include the option of not having immediate 
acknowledgments and allowing block (i.e., delayed) acknowledgments. 
IEEE Std 802.lle works for any of the underlying PHY modes. 

• IEEE P802.lln: The primary objective of the amendment project 
IEEE P802.lln is to improve the throughput ofIEEE Std 802.11 beyond 
100 Mbit/s, using techniques such as SDMA and MIMO. Both PHY and 
MAC enhancements are under consideration. This project is expected to 
make use of most of the IEEE 802.11 e features and to define additional 
efficiency mechanisms. The project is expected to achieve most of the 
throughput improvements by doubling the channel size. Completion of the 
standard is expected in 2007. 

• IEEE P802.llp: The objective of the amendment project IEEE P802.llp 
is to support communication between vehicles, and from vehicles to the 
roadside, while operating at speeds up to 200 km/h for communication 
ranges up to 1000 m. This is specifically targeted for the 5 GHz bands and 
in all forms of surface transportation. Both MAC and PHY enhancements 
are being considered, including a smaller channel size of 10 MHz. 

• IEEE P802.lls: The amendment project IEEE P802.lls is working on 
defming a mesh MAC extension to IEEE Std 802.11. The objective is to 
use the existing IEEE 802.11 addressing format ( especially the four­
address format) to fully define a multihop network with autoconfiguration 
capabilities. 
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Using IEEE Std 802.11 as a MAN 

Although IEEE Std 802.11 and its extensions were designed to operate in a 
LAN environment, many IEEE 802.11 systems, sometimes with 
modifications, are being operated in long-range outdoor MAN environments. 
To extend the range, most of these systems make use of high-gain directional 
antennas to support clients communicating with a (standard or modified) 
IEEE 802.11 AP. This situation massively exacerbates the hidden node 
problem, forcing every terminal to be hidden from every other. MAC 
customization becomes particularly important. Many proprietary and 
nonstandard extensions to IEEE Std 802.11 have been applied, including the 
following: 

• IEEE 802.16-like MAC over IEEE 802.11 PHY: Some IEEE 802.11 
chipsets allow an implementor to use the IEEE 802.11 PHY, but bypass the 
IEEE 802.11 MAC. Some vendors have used such an approach to 
implement a TDMA scheme. However, the PHY overhead and some of the 
MAC overhead cannot be eliminated using this approach. Similarly, the 
limitations of the IEEE 802.11 PHY s, such as the limited ability to address 
the delay spread typical oflong-range outdoor environments, cannot be 
eliminated either. 

• Modified IEEE 802.11 MAC: Some of the proprietary modifications 
include modification of basic IEEE 802.11 timing or channel access 
parameters, the turning off of acknowledgments, and modification of the 
acknowledgment timeout. The IEEE 802.11 standard requires that the 
immediate acknowledgment be received within a specific time. This time 
is sufficient to deal with smaller propagation delays in a LAN. However, 
long-range communication such as a MAC requires longer propagation 
delays. 

• FDD: Some systems use an FDD-like approach, with communications in 
opposite directions using different IEEE 802.11 channels. 

Quantitative comparison of IEEE Std 802.11 and IEEE Std 802.16 

In general, the IEEE 802.11 and IEEE 802.16 technologies are 
complementary, as one is targeted for LANs and the other for MANs. 
However, we need to summarize the differences between the two standards in 
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order to stress the differences in the target markets, which is reflected in the 
design choices made. Table 16-1 shows some of these differences. 

Table 16-1: Comparison of IEEE Std 802.11 and IEEE Std 802.16 

Feature IEEE Std 802.11 IEEE Std 802.16 

Medium access CSMA/CA TDM/TDMA 

Some TDMA-like functions in OFDMA ( optional) 

IEEE Std 802.lle 

Channel size -22 MHz (IEEE Std 802.llb) 1.25-28 MHz 

20 MHz (IEEE Std 802.lla and 
IEEE Std 802.llg) 
10 MHz (IEEE Std 802. llj™) 

Maximum PHY data 54 Mbit/s 72 Mbit/s 

rate (10 MHz channel) 

Maximum (bit/s)/Hz -2.7 -5 

Delay spread tolerance Up to 800 ns Up to 10 µs 

Minimum MAC 28 bytes (header + CRC) 6 bytes 

overhead 

QoS Limited QoS support (up to Per-connection QoS 

eight priorities per system) in 
IEEE Std 802.lle 

Although IEEE Std 802.1 le supports a form of QoS, with eight priorities ( or 
classes), the addition of QoS to IEEE Std 802.11 is an afterthought. On the 
other hand, the IEEE 802.16 MAC is a QoS-centric MAC that has been 
designed with QoS as an integral part of the MAC functions. Moreover, the 
IEEE 802.16 MAC is much more efficient than IEEE Std 802.11 for outdoor 
applications, with packing, ARQ, dynamic fragmentation, and smaller header 
overhead. The problems associated with the IEEE 802.11 CSMA/CA 
protocol, such as hidden nodes, capture effect, and the near-far problem, are 
eliminated by the use of a centrally scheduled IEEE 802.16 MAC with 
TDM/TDMA (and optionally OFDMA). 
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Ultimately, IEEE Std 802.11 and IEEE Std 802.16 are two parts of a team that 
can form the basis of a flexible network with an extensive range of 
applicability. 

IEEE 802.20 WORKING GROUP 

The IEEE 802.20 Working Group, chartered to develop a standard for mobile 
broadband access supporting vehicular speeds, first met formally in March 
2003. The goal is to support operation in licensed bands below 3.5 GHz 
allocated to the mobile service. The main performance targets given in the 
IEEE P802.20 PAR are shown in Table 16-2. 

Table 16-2: IEEE 802.20 performance targets 

Characteristic Target value 

Mobility Vehicular mobility classes up to 250 km/h 
(as defined in ITU-R M.1034-1) 

Sustained spectral > 1 (bit/s)/Hz per cell 
efficiency 

Peak user data rate > 1 Mbit/s in paired 1.25 MHz channel 

Peak aggregate data rate >4 Mbit/s in 1.25 MHz channel 
per cell in the DL 

Peak aggregate data rate > 800 kbit/s 1.25 MHz channel 
per cell in the UL 

Airlink MAC round-trip < lOms 
time 

Duplex FDD, TDD 

Channel bandwidth 1.25 MHz, 5 MHz 

At the moment, very little can be said about the technology itself, and whether 
it meets the targets, as the group has addressed mostly the technology 
selection process and system requirements rather than developing draft 
specifications. The working group first considered proposals for draft text in 
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November 2005, but the process is in its early stages. It is too soon to 
speculate on the content of the future standard. 

IEEE 802.22 WORKING GROUP 

The IEEE P802.22 PAR on wireless regional area networks (WRANs) was 
approved in September 2004. The PAR covers "Cognitive Wireless RAN 
Medium Access Control (MAC) and Physical Layer (PHY) specifications of 
fixed point-to-multipoint wireless regional area networks operating in the­
VHF /UHF TV broadcast bands between 54 MHz and 862 MHz." This range 
of operation is based on U.S. frequency allocations and implies 6 MHz 
channelization. For other scenarios, the broader frequency range of 41 MHz 
to 910 MHz may be considered a target, with 6 MHz, 7 MHz, or 8 MHz 
channelization. However, the PAR specially addresses U.S. rules promulgated 
by the FCC. 

The aim of the project is to develop a fixed broadband access standard for use 
in licensed but unused broadcast television spectra. Such a network is 
envisioned to have a long range, yet prevent interference with incumbent 
licensed services within the same spectrum. A primary objective is to provide 
rural, low-population markets with performance levels similar to those of 
broadband access technologies servicing urban and suburban areas. The 
WRAN must support QoS, enabling simultaneous support for data, voice, and 
audio/video applications, and must be available 99.9% of the time. 

The target markets to be addressed by such a system are residential, small 
office/home office (SOHO), small business, multitenant dwellings, and 
campuses. IEEE P802.22 is intended to provide these customers with 
capabilities similar to those provided by digital subscriber line (ADSL) and 
cable modems, but more economically in sparsely populated rural settings. 
The system is expected to have a typical range of 33 km, with a maximum 
range of 100 km. The minimum peak throughput at cell edge is required to be 
1.5 Mbit/s per subscriber in the DL and 384 kbit/s per user in the UL. To 
achieve this, the PAR proposes a spectral efficiency goal of 5 (bit/s )/Hz. 

Use of the VHF/UHF TV broadcast frequency range is possible in near-LOS 
and NLOS situations. In the rural settings targeted, operation may include 
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partial or complete blockage by foliage, contributing to multipath and 
attenuation of the signal. We may expect that macrodiversity, repeaters, and 
other techniques will be combined with the natural propagation characteristics 
of the frequency band to solve the issues of range, multipath, and blockage. 

The problems faced by systems operating in this spectrum are compounded 
by the fact that they are operating in an license-exempt mode in spectrum that 
technically is licensed to other uses. These other uses are not limited to 
broadcast TV services that would be relatively easy to map and avoid. They 
also include FCC Part 7 4 devices, such as licensed wireless microphones, 
wireless intercoms, etc. Regulations require that license-exempt users detect 
these licensed users and avoid interfering with them by moving to a different 
frequency. This may, however, be very challenging because some of the 
licensed users are transient and low power in nature. 

To better ensure the proper avoidance of incumlJents, designers envision that 
subscriber devices (and repeaters) will be in a master-slave relationship with 
the BS, with the BS providing centralized power and spectrum management 
and centralized scheduling control. They also imagine distributed sensing of 
the RF environment by the subscriber devices for the purpose of detecting 
incumbents, with the sensing also controlled by the BS. 

In terms of services supported, the clear intent of the IEEE P802.22 functional 
requirements document (see [B46]) is to support variable-length IP-based 
services with some level of QoS. 

There is currently some interest in using a version of IEEE Std 802.16, 
modified to provide the intended detection and avoidance of incumbents in 
order to meet the needs of the IEEE P802.22 PAR. ' 

ETSI BRAN 

Within the European Telecommunications Standards Institute (ETSI), the 
Broadband Radio Access Networks (BRAN) Technical Committee has been 
active since 1997. Its three primary activities include ETSI BRAN 
HiperLAN/2 (a WLAN standard that is, in effect, defunct) and two broadband 
wireless access standards: ETSI BRAN HiperACCESS and ETSI BRAN 
HiperMAN. 
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The IEEE 802.16 Working Group has had an active liaison relationship with 
ETSI BRAN since 1999; for example, the two groups have exchanged over 
60 documents and reports. The initial collaboration strove for harmonization 
between the WirelessMAN-SC and ETSI BRAN HiperACCESS projects, in 
which ETSI was the first mover. Although this effort made some progress, it 
ultimately failed. Later, the attention turned to the lower frequency work, in 
which IEEE Std 802.16 went first. In this case, the harmonization results were 
remarkably successful. ETSI BRAN HiperMAN, as discussed below, is 
compatible with the WirelessMAN-OFDM and WirelessMAN-OFDMA 
modes in IEEE Std 802.16. 

ETSI BRAN HiperACCESS 

ETSI BRAN HiperACCESS defines PMP broadband wireless for use in the 
frequency bands between 11 GHz and 66 GHz. In this respect, it attempts to 
fill the same niche as IEEE 802.16 WirelessMAN-SC. 

The ETSI BRAN HiperACCESS standard was developed by many of the 
same participants involved in creating WirelessMAN-SC. Some parties, 
however, participated in only one. The result was less harmonization than 
would ultimately have been desirable. Both standards assume LOS operation 
and specify a single-carrier PHY Many other similarities exist also. However, 
the two also have significant differences and are not compatible. 

ETSI BRAN HiperACCESS shares the following features with IEEE 802.16 
WirelessMAN-SC: 

• Single-carrier modulation, with QPSK, 16-QAM, and 64-QAM 

• Similar FEC 

• Same basic request/grant scheme 

• Same Coss and QoS concepts 

• Same basic ranging, power control, and PHY maintenance 

• Similar UL and DL MAP structure 

• Similar frame structure, including support for TDD, FDD, and H-FDD 

• Similar RCT specification 
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ETSI BRAN HiperACCESS differs from IEEE 802.16 WirelessMAN-SC in 
the following ways: 

• Fixed-length packet ATM cell transport only 

• No packing 

• No fragmentation 

• Far fewer options ofFEC combinations (a few options are defined, 
tailored for the size of an ATM cell) 

• No incremental BW requests 

• No piggybacked BWrequests 

The result was a standard that is simpler to implement than WirelessMAN­
SC, but considerably less efficient ( even for ATM cells) and not forward 
looking to IP as the preferred network protocol. 

ETSI BRAN HiperMAN 

When ETSI BRAN initiated the HiperMAN activity to consider fixed 
broadband wireless access below 11 GHz, the amendment project 
IEEE P802.16a was well on its way to adding the new PHY specifications 
WirelessMAN-OFDM, WirelessMAN-OFDMA, and WirelessMAN-SCa, all 
operating under the IEEE 802.16 MAC, first defined in IEEE Std 802.16-
2001. Thanks to active cooperation between the IEEE 802.16 Working Group 
and the ETSI BRAN HiperMAN activity, a unified solution was obtained. 
One key player in this success was Mariana Goldhamer, who served as the 
IEEE 802.16 Working Group's liaison official to ETSI BRAN while also 
chairing the ETSI BRAN HiperMAN activity and later serving as vice chair 
of the ETSI BRAN Technical Committee. Another key player was Nico van 
Waes, the technical editor of the IEEE 802.16a and ETSI BRAN HiperMAN 
drafts as well as the area coordinator (ETSI terminology for chair) of ETSI 
BRAN HiperMAN during that period. 

Rather than adapting the MAC from ETSI BRAN HiperACCESS, the ETSI 
BRAN HiperMAN group came to the conclusion that it would instead adopt 
the IEEE 802.16 MAC. However, it sought a single PHY solution, rather than 
three of them. It came to choose WirelessMAN-OFDM, eventually supporting 
a standard that was a subset ofWirelessMAN-OFDM. The ETSI project was 
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not passive in the collaboration; it contributed ideas and comments to 
IEEE Std 802.16 during the refinement of that standard. Notably, ETSI moved 
first to specify UL subchannelization; this was not added into WirelessMAN­
OFDM until IEEE Std 802.16-2004 [B20]. 

More recently, in 2005, the scope of the ETSI BRAN HiperMAN proj.ect was 
extended to include nomadic wireless access. At this stage, ETSI BRAN 
HiperMAN moved to extend its support of IEEE Std 802.16 and incorporated 
not only WirelessMAN-OFDM but also WirelessMAN-OFDMA. 

As discussed in Chapter 15, ETSI is very active in the development of 
conformance test specifications for IEEE Std 802.16, particularly through its 
agreement with the WiMAX Forum. ETSI conformance test documents have 
referenced IEEE Std 802.16 as their source standards. IEEE Std 802.16 has 
already moved to accept the notion of making normative reference to ETSI 
conformance test documentation. 

OTHER REGIONAL STANDARDS ACTIVITIES 

Beyond its active relationship with ETSI, the IEEE 802.16 Working Group 
has developed and maintained relationships with some other regional 
organizations that are interested in broadband wireless access standardization. 

Korean Telecommunication Technology Association (TTA) and 
WiBro 

The Korean TTA approached the IEEE 802.16 Working Group in January 
2004 with information concerning its effort to develop a parallel standard in 
the PG05 project, later renamed PG302. Unlike the ETSI BRAN interest, 
which was on fixed access, the TTA focus was on mobile access. Also, in 
contrast to ETSI BRAN HiperMAN's interest in WirelessMAN-OFDM, it 
was clear that the TTA focus was on WirelessMAN-OFDMA. Early in the 
process, it appeared that the TTA was headed toward a standard similar to, but 
different from, the WirelessMAN-OFDMA that was eventually approved in 
IEEE Std 802.16e. However, a number of letters and reports were exchanged, 
and meetings were held to coordinate activity. Eventually, the two projects 
began to see significant alignment. 
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In July 2004, the Korean Ministry oflnformation and Communication 
announced that service in the 2.3 GHz spectrum, which had been set aside for 
portable Internet service, "must comply with IEEE 802.16-2004 and IEEE 
802.16e/Draft3 or later versions." The Korean regulations also stipulate some 
additional specifications, including use of the WirelessMAN-OFDMA mode 
with a 1024-FFT. The Korean government named this service WiBro, for 
wireless broadband. It is important to understand that WiBro is a service, not a 
technology. The regulations required that the technology be WirelessMAN­
OFDMA. 

In retrospect, the IEEE 802.16 Working Group's decision to support multiple 
modes turns out to have been well justified. The working group, in trying to 
develop a single standard for worldwide use, had a major challenge because 
the world includes many diverse interests. In this case, the Europeans leaned 
toward an OFDM solution and the Koreans toward OFDMA. The multimode 
decision included in IEEE Std 802.16a formed a basis to satisfy both. 

China Communications Standards Association (CCSA} 

The CCSA has been pursuing broadband wireless access standards 
through Working Group 3 of its Technical Committee 5. CCSA has been 
communicating actively with the IEEE 802.16 Working Group since 
IEEE Std 802.16's Session #31, which was held in Shenzhen, China, in 
May 2004. Since then, the organizations have remained in contact through 
letters, reports, and liaison exchanges. In November 2005, CCSA reported 
a number of standards projects in fixed access related to IEEE Std 802.16, 
including test specifications. Work regarding mobile broadband wireless 
access was at ari earlier stage. 

INTERNATIONAL TELECOMMUNICATIONS UNION (ITU) 

Historically, some of the IEEE 802 standards have been entered into the 
more formal arena of"international" standardization through IEEE 802's 
engagement with Joint Technical Committee 1 (JTCl), the committee on 
information technology standards administered by two private Geneva-based 
organizations, the International Organization for Standardization (ISO) and 
the International Electrotechnical Commission (IEC). Although the original 
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collaborations covered only wired networks, the partnership was extended 
to wireless networks also by the adoption of IEEE Std 802.11 as 
ISO/IEC 8802-1 in 1999. 

In spite of the successful relationship between IEEE 802 and ISO/IEC JTC 1, 
the IEEE 802.16 Working Group has never shown an interest in following that 
precedent. The working group has always recognized the value of engaging 
with the formal international process in Geneva. However, instead of 
ISO/IEC, IEEE Std 802.16 looks to partner with the ITU, particularly the 
ITU Radiocommunications Sector (ITU-R). This is partly because IEEE 
Std 802.16 is the only IEEE 802 standard expected to operate significantly in 
licensed spectra, the administration of which is significantly dependent on 
the ITU. It is also because the ITU has always been a focal point of the 
telecommunications industry. IEEE Std 802.16 is a convergent technology, 
drawing significantly from the data communications community, but targeting 
applications that have historically been supported by the telecommunications 
establishment. Many of the potential customers for IEEE 802.16 systems have 
a natural home in ITU. The IEEE 802.16 community naturally seeks to 
engage that community and encourage its participation. 

From the beginning, IEEE Std 802.16 has looked to engage with ITU. The 
original IEEE 802.16 PAR, submitted in March 1999, in answering the 
question "Is this standard planned for adoption by another international 
organization?" responded "Yes," referencing ITU. Since then, IEEE 802.16 
PARs have done so consistently. 

Central to building the IEEE 802.16 Working Group's relationship with 
ITU-R was Dr. Jose Costa, who has served since Session #1 in 1999 as the 
working group's ITU-R liaison official. Dr. Costa originally helped to connect 
the working group with ITU-R's Joint Rapporteurs Group 8A/9B, on Wireless 
Access Systems, where Dr. Costa served as one of two principle rapporteurs. 

The relationship strengthened significantly in October 2003, when ITU-R 
named IEEE as a Sector Member, under the same membership classification 
as ISO. Shortly before, the ITU-R's Strategy and Policy Unit had published its 
seminal document The Birth of Broadband [B28], which made numerous 
references to the role of IEEE Std 802.16, particularly regarding the 
expansion of Internet access in rural and developing areas. ITU, perhaps as a 
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consequence, invited the IEEE 802.16 Working Group chair to speak at its 
major conference, ITU Telecom World, in Geneva during October 2003. 
During that meeting, the working group chair, with the assistance of ITU-R 
Counsellor Fabio Leite, met with staff and various study group officials, 
discussing opportunities to develop the relationship and, in particular, on 
drafting new ITU-Rrecommendations based on the IEEE 802.16 standard and 
its amendments, which were seen to be valuable because ofITU-R's "global 
approach and visibility." Following those discussions, the working group 
began to pursue contacts with several ITU study groups, including some in 
ITU's Telecommunications Bureau (related to network access and cable 
modem technology). 

In November 2003, the IEEE 802.16 Working Group followed up these 
discussions with a letter to ITU-R indicating its support for the idea of 
developing ITU-R recommendations referring to IEEE Std 802.16. This work 
was slightly delayed by the termination of Joint Rapporteurs Group 8A/9B. 
However, with the assistance of Dr. Costa (who had assumed the 
chairmanship of Working Party 8A), the work progressed. IEEE, using its 
ITU-R membership, contributed a series of documents to Working Party 9B, 
coordinated with ETSI, on the development of a recommendation on "radio 
interface standards for broadband wireless access (BWA) systems in the fixed 
service operating below 66 GHz," pointing to IEEE Std 802.16 and the 
compatible ETSI BRAN HiperMAN standard. After many discussions and 
coordination actions, Study Group 9 approved this recommendation in 
December 2005. The ITU-R recommendation awaits a formal written 
consultation of the member administration in mid-2006. 

In March 2005, the IEEE contributed a parallel proposal to ITU-R Working 
Party 8A, proposing a preliminary draft new recommendation on 
"radio interface standards for broadband wireless access systems in the 
mobile service operating below 6 GHz." The proposal would point to IEEE 
Std 802.16, including the IEEE 802.16e mobility amendment. The proposal 
has not progressed rapidly in Working Party 8A, mainly because supporters 
of a number of alternative technologies have become vocal. It is far from 
certain where this will lead. 
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Appendix A IEEE 802.16 headers, 
subheaders, and management 
messages 

The list of IEEE 802.16 MAC headers, subheaders, and MAC management 
messages is provided here for quick reference. Table A-1 shows the list of 
MAC headers, subheaders, and special payloads. 

Table A-1: MAC headers, subheaders and special payloads 

Description Size in 
bytes 

Generic MAC header 6 

BW request header 6 

Fragmentation subheader (FSH) 1 

FSH (ARQ) 2 

FSH (Extended) 2 

Grant management subheader (GMSH) 2 

Packing subheader (PSH) 2 

PSH (ARQ) 3 

PSH (Extended) 3 

Mesh subheader (MSH) 2 

Fast-feedback allocation subheader (FFSH) 1 

Table A-2 lists the management messages and the type of connections that 
may be used to send them. 
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Table A-2: Management messages Table A-2: Management messages (Continued) 

Type Name Description Connection Type Name Description Connection 

0 UCD UL channel descriptor Fragmentable 15 DSC-RSP Dynamic service change Primary 
Broadcast response Management 

1 DCD DL channel descriptor Fragmentable 16 DSC-ACK Dynamic service change Primary 
Broadcast acknowledgment Management 

2 DL-MAP Downlink access definition Broadcast 17 DSD-REQ Dynamic service deletion Primary 

3 UL-MAP Uplink access definition Broadcast request Management 

4 RNG-REQ Ranging request Initial Ranging 
or Basic 

18 DSD-RSP Dynamic service deletion Primary 
response Management 

5 RNG-RSP Ranging response Initial Ranging 
19 Reserved 

or Basic 20 Reserved 

6 REG-REQ Registration request Primary 21 MCA-REQ Multicast assignment request Primary 
Management Management 

7 REG-RSP Registration response Primary 22 MCA-RSP Multicast assignment Primary 
Management response Management 

8 Reserved 23 DBPC-REQ DL burst profile change Basic 

9 PKM-REQ Privacy key management Primary request 

request Management 24 DBPC-RSP DL burst profile change Basic 

10 PKM-RSP Privacy key management Primary response 

response Management 25 RES-CMD Reset command Basic 

11 DSA-REQ Dynamic service addition Primary 26 SBC-REQ SS basic capability request Basic 
request Management 

27 SBC-RSP SS basic capability response Basic 
12 DSA-RSP Dynamic service addition Primary 

response Management 
28 CLK-CMP SS network clock Broadcast 

comparison 
13 DSA-ACK Dynamic service addition Primary 

acknowledgment Management 
29 DREG-CMD De/Re-register Command Basic 

14 DSC-REQ Dynamic service change Primary 
request Management 

30 DSX-RVD DSx received message Primary 
Management 
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Type 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50-
255 
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Table A-2: Management messages (Continued) 

Name Description Connection 

TFTP-CPLT Config file TFTP complete Primary 
message Management 

TFTP-RSP Config file TFTP complete Primary 
response Management 

ARQ-Feedback Stand-alone ARQ Feedback Basic 

ARQ-Discard ARQ Discard Basic 

ARQ-Reset ARQReset Basic 

REP-REQ Channel measurement report Basic 
request 

REP-RSP Channel measurement report Basic 
response 

FPC Fast power control Broadcast 

MSH-NCFG Mesh network configuration Broadcast 

MSH-NENT Mesh network entry Basic 

MSH-DSCH Mesh distributed schedule Broadcast 

MSH-CSCH Mesh centralized schedule Broadcast 

MSH-CSCF Mesh centralized schedule Broadcast 
configuration 

AAS-FBCK-REQ AAS feedback request Basic 

AAS-FBCK-RSP AAS feedback response Basic 

AAS Beam Select AAS beam select Basic - -

AAS_BEAM_REQ AAS beam request Basic 

AAS_ BEAM_ RSP AAS beam response Basic 

DREG-REQ SS SS deregistration message Basic 

Reserved 
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Index 
NOTE-When phrases have been 
abbreviated in the text of this book, the 
abbreviations have generally been used when 
creating this index. See the Acronyms and 
Abbreviations list at the beginning of the 
book for the complete phrase for each 
abbreviation. 

A 
AAS, 45-46, 95, 311-320 
AAS subchannelization zone, 274 
ABR, 183 
ACID, 216, 218 
acknowledgments, 64-65 
active networks, 237 
adaptive CAC, 187-189 
adaptive modulation and coding, 293 
adaptive PHY, interactions with QoS and 

CAC, 181-189 
adjacent subcarrier permutation, 293 
admission control and provisioning (QoS 

function), 59 
AES-CCM, 96, 221-224 
aggregate request, 191 
AISN, 216 
AK management, 224 
allocation start time, 161 
AMC, 293 
angle diversity of antennas, 45 
antenna 

adaptive systems of, 45 
basic concepts of, 40-48 
design, 47 
directional and sectorized, 42 
diversity, 42-45 
grouping method, 326 
impact on protocol design, 47 
MIMO, 46 . 
parameters, 41 

selection, 326 
ARQ 

basic concepts of, 64-66, 90-92, 97 
blocks, 127, 137-139 
BSN, 128 
cumulative acknowledgments, 141 
feedback, 64, 92, 125-126, 134, 143, 

210, 213 
fragmentation and, 129-131 
GBN retransmission policy, 65, 91 
immediate acknowledgment, 64 
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