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Next Generation Wireless LANs

I you've been searching for a way to get up to speed quickly on IEEE 802.1 In without
having to wade through the entire standard, then look no further. This comprehensive
overview describes the underlying principles, implementation details, and key enhancing
features of 802.11n. For many of these features, the authors outline the motivation and
history behind their adoption into the standard. A detailed discussion of the key through-
put, robustness, and reliability enhancing features (such as MIMO, 40 MHz charnels,
and packet aggregation) is given, in addition to a clear summary of the issues surrounding
legacy interoperability and coexistence. Advanced topics such as beamforming and fast
Hink adaption are also covered. With numerous MAC and physical layer examples and
simulation results included to highlight the benefits of the new features, this is an ideal
reference for designers of WLAN equipment, and network managers whose systems
adopt the new standard. It is also a useful distillation of 802.1 In technology for graduate
students and researchers in the field of wireless communication.

Eldad Perahia is a member of the Wireless Standards and Technology group at Intel
Corporation, Chair of the IEEE 802.11 Very High Throughput Study Group, and the
TEEE 802.11 liaison to JEEE 802.19. Prior to joining Intel, Dr. Perahia was the 802.11n
lead for Cisco Systems. He was awarded his Ph.D. in Electrical Engineering from the
University of California, Los Angeles, and has fourteen patents in various areas of
wireless communications,

Robert Stacey is a member of the Wireless Standards and Technology group at Intel
Corporation. He was a member of the IEEE 802.11 High Throughput Task Greup (TGn)
and a key contributor to the various proposals culminating in the final joint proposal
submission that became the basis for the 802.11n draft standard, and has numercus
patents filed in the field of wireless communications.
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Foreword

The first version of the 802.11 standard was ratified in 1997 after seven long years of
development. However, initial adoption of this new technolegy was slow, partly because
of the low penetration of devices that needed the “freedom of wireless.”

The real opportusity for 802.11 came with the increased poputarity of laptop comput-
ers just a few years later, This popularity brought a rapidly growing user base wanting
network connectivity not only while connected to an Ethernet cable at home or at
work, but also in between: in hotels, airports, conference centers, restaurants, parks, etc,
802.11 provided a cheap and easy way to make laptop mobility a reality for anyone who
wanted it.

However, technology by itself is rarely sufficient, particularly in the networking
space, where interoperability of devices from multiple vendors is almost always the key
to market success. Having been formed as WECA in 1999, the Wi-Fi Alliance was ready
to provide certification of multi-vendor interoperability.

‘With the right technology from the TEEE 802.11 Working Group, certified interop-
erability from the Wi-Fi Alliance, and a real market need based on a growing installed
base of laptops, the conditions were ripe for the Wi-Fi market to take off, and indeed
it did. By 2007 virtually every new laptop contains Wi-Fi as standard equipment. More
importantly, and unlike some other “successful” wireless technologies, many of these
devices are used regularly. With this wide use came a growing understanding of the
power of cheap, easy-to-deploy, and easy-to-manage interoperable Wi-Fi networks.

The natural next step was for people to ask, “What else can we use Wi-Fi for?”
The answer is increasingly becoming “everything, everywhere!” Not just laptops, but
now almost anything mobile and even many fixed devices contain Wi-Fi, and they are
used in a phenomenal range of applications, including data, voice, games, music, video,
Iocation, public safety, vehicular, etc. In 2007, more than 300 million Wi-Fi devices
were shipped. By 2012, some analysts are forecasting that more than one billion Wi-Fi

devices will be shipped every year.

The 2.4 GHz 802.11b 11 Mb/s DSSS/CCK PHY and the basic 802.11 contention-
based MAC provided the basis for a great industry. However, the rapid growth of the
Wi-Fi market challenged the capabilities of the technology. It was not long before better
security (802.11i certified by the Wi-Fi Alliance as WPA/WPA2™) and better Quality
of Service (802.11e certified by the Wi-Fi Alliance as WMM™ and WMM Power Save)
were defined, certified, and deployed.
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Foreword

It was also not long before higher data rates were demanded for greater data density
and to support the many new and exciting devices and applications. 802.11a, providing
54 Mbps based on OFDM in the 5 GHz band, failed to gamer significant support
because two radios were required to maintain backward compatibility with 2.4 GHz
802.11b devices; the cost of two radios was often too high. The real success story was
802.11g, which provided 54 Mbps based on OFDM in the 2.4 GHz band in a way that
was backward-compatible with 802.11b.

The success of 802.11g drove the use of Wi-Fi to new heights and expanded the
demands on the technology yet again; everyone wanted more. Fortunately, the technology
continued to develop and in 2002 the IEEE 802.11 Working Group started defining the
next generation of PHY and MAC features as part of 802.11n, 802.11n will define
mechanisms to provide users some combination of greater throughput, longer range
and imcreased reliability, using mandatory and optional features in the PHY (including
MIMO technology and 40 MHz channels) and the MAC (including more efficient data
aggregation and acknowledgments).

Interestingly, 802.11n operates in both the 2.4 GHz and 5 GHz bands. Tt is expected
that 5 GHz operation will be more popular than when 802.11a was introduced, because
2.4 Gz is now more congested, the number of available channels in the 5 GHz band has
been expanded with the introduction of DFS and TPC technology, there is more need
for high throughput 40 MHz channels, and the cost of dual-band radios has decreased.

The 802.11n standard is not yet complete, and is untikely to be ratified by the JEEE
until at least mid 2009. Until August 2006, the Wi-Fi Alliance had a policy to not
certify 802.11n products until the standard was ratified. However, some vendors decided
the market could not wait for ratification of the 802.11n standard and started releasing
pre-standard products, These products were often not interoperable at the expected
performance levels becanse they were not based on a common interpretation of the draft
802.11n specification. The problem for the Wi-Fi Alliance was that these products were
adversely affecting the reputation of Wi-Fi. The Wi-Fi Alliance decided the only way
forward was to ceriify the basic features of 802.11n from a pre-standard draft. Stch
a decision is not without precedent. In 2003, certification of WPA started before the
802.11i standard was ratified and in 2004 certification of WMM started before 802.11e
was ratified. The Wi-Fi Alliance commenced certification of 802.11n draft 2.0 on 26
June 2007.

The decision has tumed out to be the right one for the industry and for users. The
Wi-Fi CERTIFIED 802.11n draft 2.0 programme has been remarkably successful, with
more than 150 products certified in less than five months, This represents a significantly
higher number of certified products than for the 802.11g programme during & similar
period after launch. The Wi-Fi Alliance’s certification program has helped ensure
interoperability for the many products that will be released before the ratification of
the 802.11n standard, This is particufarly important given that the likely ratification date
of the 802.11n standard has been extended by more than a year since the decision to start
a certification program was announced by the Wi-Fi Alliance. The next challenge for
the Wi-Fi Alliance is to ensure a backward-compatible transition path from the 802.11n
draft 2.0 as certified by the Wi-Fi Alliance to the final ratified standard.

Foreword Xxi

Standards are never the most accessible of documents. The 802.11 standard is partic-
ularly difficult to understand because it has been amended so many times by different
groups and editors over a long period, A draft amendment to the standard, such as
802.11n D2.0, is even harder to interpret because many clauses are still being refined
and the refinement process often has technical and political aspects that are only visible
to those participating full time in the IEEE 802.11 Working Group.

Books like this one are invaluable because they provide the details and the background
that allow readers to answer the questions, “What is likely to be in the final standard
and how does it work?” Eldad and Robert should be congratulated on taking up the

challenge.

Dr. Andrew Myles
Chairman of the BoD
Wi-Fi Alliance

6 December 2007
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Preface

Having worked on the development of the 802. 1 1n standard for some time, we presented
afull day tutorial on the 802.11n physical layer (PHY) and medium access conirol (MAC)
layer at the IEEE Globecom conference held in San Francisco in December 2006. Our
objective was to provide a high level overview of the draft standard since, at the time,
there was very little information on the details of the 802.11rn standard available to those
not intimately involved in its development. After the tutorial, we were approached by
Phil Meyler of Cambridge Univessity Press and asked to consider expanding the tutorial
into a book.

‘Writing a book describing the standard was an intriguing prospect. We felt that a book
would provide more opportunity to present the technical details in the standard than was
possible with the tuterial. It would I} the gap we saw in the market for a detailed
description of what is destined to be one of the most widely implemented wircless
technologies. Whiie the standard itself conveys details on what is needed for interop-
erability, it lacks the background on why particular options should be implemented,
where particular aspects came from, the constraints under which they were designed, or
the benefit they provide. All this we hoped to capture in the book. The benefits various
features provide, particuiarly in the physical layer, are quantified by simulation results.
We wanted to provide enough information to enable the reader to model the physical
layer and benchmark their simulation against our results. Finally, with the amended
standard now approaching 2500 pages, we hoped to provide an accessible window mto
the most important aspects, focusing on the throughput and robustness enhancements
and the foundations on which these are built.

The book we came up with is divided into three parts. The first part covers the
physical layer (PHY), and begins with background information on the 802.11a/g OFDM
PHY on which the 802.11n PHY is based and interoperates, and proceeds with an
overview of spatial multiplexing, the key throughput enhancing technology in 802.11n.
This is followed by details on exactly how high throughput is achieved in 802.11n using
spatial multiplexing and wider, 40 MHz channels. This in turn is followed by details on
robustness enhancing features such as receive diversity, spatial expansion, space-time
block codes, and low density parity check codes.

The second part covers the medium access control (MAC) layer. This part provides
background on the criginal 802.11 MAC as well as the 802.1 1e quality of service {QoS)
enhancernexts. It gives an overview of why changes were needed in the MAC to achieve
higher throughput, followed by details on each of the new features introduced. Given the
large installed base of 802.11 devices, coexistence and interoperability are considered
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crucial to the smooth adoption of the standard. To this end, the book provides a detailed
discussion on features supporting coexistence and interoperability.

In the third part we provide details on two of the more advanced aspects of the standard,
transmit beamforming and link adaptation. These topics are covered in a section of their
own, covering both the PHY and the MAC.

Writing this book would not have been possible without help from our friends and
cotleagues. We would like to thank Thomas (Tom) Kenney and Brian Hart for review-
ing the PHY portion of the book and Solomon Trainin, Tom Kenney, and Michelle
Gong for reviewing the MAC portion of the book. They provided insightful comments,
suggestions, and corrections that significantly improved the quality of the book.

One of the goals of this book is to provide the reader with a quantitative feel of the
benefit of the PHY features in the 802.11n standard. This would have been impossible
without the extensive simulation support provided to us by Tom Kenney. He developed
an 8§02.11n PHY simulation platform that includes most of the 802.11n PHY features
and is also capable of modeling legacy 802.13afe. The simulation includes all the
802.11n channel models. Furthermore, Tom modeled receiver functionality such as
synchronization, channel estimation, and phase tracking, The simulation also included
impairments such as power amplifier non-linearity and phase noise to provide a more
realistic measure of performance.

The simulation supports both 20 MHz and 40 MHz channel widths. With the 40
MHz simulation capability, Tom generated the resuits given in Figure 5.8 in Section
3.1.5 modeling MCS 32 and Figure 5.9 in Section 5.1.7 which ilfustrates the range
and throughput improvement of 40 MHz modes. With the MIMO/SDM capability of
the simutation in both AWGN channel and 802.11n channel models, Tom produced
the results for Figures 5.12-5.15 in Section 5.3. By designing the simulation with the
flexibility to set the transmitter and receiver to different modes, he also produced the
results given in Figure 5.18 in Section 5.4 modeling the behavior of a legacy 802.11a/g
device receiving a GF transmission. Tom also incorporated short guard interval into
the simulation with which the results for sensitivity to time synchronization efror in
Figures 5.20-5.22 in Section 5.5 were generated.

Tom designed the simulation with the ability to select an arbitrary number of trans-
mitter and receiver antennas independent from the number of spatial streams, Using
this capability he produced the results for receive diversity gain in Figures 6.2-6.4 in
Section 6.1 and spatial expansion performance in Figures 6.5 apd 6.6 in Section 6.2.
Tom also incorporated space-time block coding and low density parity check coding
into the simulation and generated the results given in Figures 6.8, 6.9, 6.14, 6.15, and
6.16 in Section 6.3 and Figure 6.24 in Section 6.4.

To accurately model the performance of a transmit beamforming system, it is impor-
tant to include aspects like measurement of the channel state information, beamforming
weight computation, and link adaptation. Tom incorporated all of these functions into the
simulation to generate the waterfall curves in Figures 12.11-12.16 and the throughput
curves in Figures 12,17 and 12.18 in Section 12.18.

We sincerely hope our book provides you with insight and a deeper understanding
of the 802.11n standard and the technology upon which it is built.

Abbreviations

1S microseconds

2G second generation (cellular)

3G third generation (cellular)

AC access category

ACK acknowledgement

ADC analog-to-digital converter
ADDBA add block acknowledgement
ADDTS add traffic stream

AGC automatic gain control

AID association identifier

AIFS arbitration inter-frame space
A-MPDU aggregate MAC protocol data unit
A-MSDU aggregate MAC service data unit
AocA angle of arrival

AoD angle of departure

AP access point

APSD automatic power save delivery
A-PSDU aggregate PHY service data unit
AS angular spectrum

ASEL antenna selection

AWGN additive white Gaussian noise
BA block acknowledgement

BAR block acknowledgement request
BCC binary convolution code

BF beamforming

BICM bit inferleaved coded modulation
bps bits-per-second

BPSCS coded bits per single carrier for each spatial stream
BPSK binary phase shift keying

BSS basic service set

BSSID BSS identifier

BW bandwidth

CBPS coded bits per symbol

CBPSS coded bits per spatial stream
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xovi List of Abbreviations
CBW channel bandwidth
CCA clear channel assessment
CCDF complementary cumulative distribution function
CCK cormplementary code keying
CFP contention free period
cp contention period
CRC cyclic redundancy code
cs carrier sense
CSD cyclic shift diversity
CS1 channel state information
CSMA carrier sense multiple access
CSMA/JCA  carrier sense multiple access with collision avoidance
CSMA/CD  carrier sense multiple access with collision detection
CTS clear to send
cwW contention window
bA destination address
bAC digital-to-analog converter
dB decibels
dBe decibels relative to carrier
dBi decibels isotropic relative to an antenna
dBm decibel of measured power referenced to one milliwatt
DBPS data bits per OFDM symbol
dBr dB {relative)
DC direct current
DCF distributed coordination function
DELBA delete block acknowledgement
DIFS DCF inter-frame space
DLS direct link session
DS distribution system
DSL digital subscriber line
DSSS direct sequence spread spectrum
DTIM delivery traffic indication message
DvD digital versatile disc
EDCA enhanced distributed channel access
EIFS extended inter-frame space
ERP enhanced rate PHY
ESS extended service set
ETS1 Buropean Telecommunications Standards Institute
EVM error vector magnifude
EWC Frhanced Wireless Consortium
ECC Federal Communications Commission
FCS frame check sequence
FEC forward ertor correction
FFT fast Fourier transform

FHSS
FS

FTP
GF
GF-HT-STE -
GHz
GI

GIF
GPS
HC
HCCA
HCF
HEMM

HTC
HT-DATA
HT-LTF
HTSG
HT-SIG
HT-STF
HTTP

IBSS
1C
IDFT
IEEE
IFET
IFS

Pvé

151
ISM
JPEG

km/h
LAN
LDPC
LLC
L-LTF
LNA
LOS
LSB
L-S1G

frequency hopped spread spectrum
free space

file transfer protocol

Greenfield

Greenfield High Throughput Short Training field
gigahertz

guard interval

graphics interchange format

global positioning system

hybrid coordinator

HCF controlied channel access
hybrid coordination function

HCCA, EDCA mixed mode

high throughput

high throughput control

High Throughput Data field

High Throughput Long Training field
High Throughput Study Group

High Throughput Signal field

High Throughput Short Training field
hypertext transfer protocol

Hertz

independent basic service set
integrated circuit

inverse discrete Fourier transform
Institute of Electrical and Electronic Engineers
inverse fast Fourier transform
inter-frame space

Internet Protocol

Internet Protocot version 6

infrared

inter-symbol interference

industrial, scientific, and medical
Joint Photographic Experts Group
kilohertz

kilometers per hour

local area networking

low density parity check

logical link control

Non-HT (Legacy) Long Training field
low noise amplifier

line-of-sight

least significant bit

Nen-HT (Legacy) Signal field
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i List of Abbreviations
L-STF Non-HT (Legacy) Short Training field S PHY physical layer
LTE Long Training field o PIES PCF inter-frame space
m meters - PLCP physical layer convergence procedure
MAC medium access control o PPDU PLCP protocol data unit
MAI MRQ or ASEL indication - ppm parts per million
MAN metropolitan area networking PSD power speciral density
Mbps megabit per second PSDU PLCP service data unit
MCS modulation and coding scheme PSMP power-save multi-poll
MF mixed format PSMP-DTT PSMP downlink transmission time
MFB MCS feedback PSMP-UTT PSMP uplink transmission time
MFSI MCS feedback sequence indication QAM quadrature amplitude modulation
MHz megahertz QoS quality of service
MIB management information base QPSK quadrature phase shift keying
MIMO multiple-input multiple-ountput R code rate
ML maximum likelihood RA receiver address
MMPDU MAC management protocol data unit RD reverse direction
MMSE minimum mean-square-error RDG reverse direction grant
MPDU MAC protocol data unit RE radio frequency
MPEG Moving Picture Experts Group RIFS reduced inter-frame space
MRC maximal-ratic combining RMS TeOt-mean-square
MRQ MCS request RSSI received signal strength indication
Msample/s  mega-samples per second RTS request to send
MSB most significant bit Rx receive
MSDU MAC service data unit SA source address
MSE mean-square-error SAP service access point
MSFI MCS feedback sequence identifier SCP secure copy protocol
MSI MCS request sequence identificr SDM spatial division multiplexing
NAV network allocation vector SDU service data unit
NDP null data packet SE spatial expansion
NF noise figure SIFS short inter-frame space
NLOS non-line-of-sight SIG Signal field
nsec nanosecond . SIMO single-input, multiple-output
OBC output back-off SISO single-input, single-output
OBSS overlapping BSS SMTP simple mail fransfer protocol
OFDM orthogonal frequency division multiplexing SNR signal-fo-noise ratio
OSI open systems interconnection SQHO small-office, home-office
PA power amplifier S8 spatial stream
PAR project authorization request S8C starting sequence control
PAS power angular spectrem SSID service set identifier
PC point coordinator SSN starting sequence number
PCF point coordination function STA station
PCO phased coexistence operation STBC space-time block coding
PDU protocol data unit STF Short Training field
STS space-time sirearn

FER packet error rate

Hewlett Packard, et al. v. Cobblestone Wireless
Exhibit 1006
Page 000016



X% List of Abbrevialions

SVD singular value decomposition I d 1

SYM symbol ntro uctlon

TA transmitter address

TBTT target beacon transmission time

TC traffic category

TCLAS traffic classification

TCM tretlis coded modulation

TCP transmission control protocol

DD time division duplexing

TGn Task Group n

TGy Task Group y Wireless local area networking has experienced tremendous growth in the last ten years

TiD traffi¢ identifier with the proliferation of IEEE 802.11 devices. Its beginnings date back to Hertz’s dis-

TIFF tagged image file format covery of radic waves in 1888, followed by Marcont’s initial experimentation with

TRQ training request transmission and reception of radio waves over long distances in 1894. In the following

TS traffic stream century, radio communication and radar proved to be invaluable to the military, which

TSID traffic stream identifier included the development of spread spectrum technology. The first packet-based wire-

TSPEC traffic specification less network, ALOHANET, was created by researchers at the University of Hawaii in

vV television 1971. Seven computers were deployed over four islands communicating with a central

Tx transmit computer in a bi-directional star topology.

TxBF transmit beamforming A milestone event for commercial wireless Jocal area networks {WLANs) came

TXOP transmit opportunity about in 1985 when the United States Federal Communications Commission (FCC)

TXTIME transmit time allowed the use of the experimental industrial, scientific, and medical (ISM) radio bands

UDP user datagram protocol for the commercial application of spread spectrum technology. Several generations of

USA United States of America proprietary WLAN devices were developed to use these bands, including WaveLAN by

VolP voice over IP Bell Labs. These initial systems were expensive and deployment was only feasible when

VPN virtual private network runmning cable was difficult,

WEP wired equivalent privacy Advances in semiconductor technology and WLAN standardization with TEEE 802.11

WFA Wi-Fi Alliance led to a dramatic reduction in cost and the increased adoptior: of WLAN technology.

WLAN wireless local area network With the increasing commercial interest, the Wi-Fi Alliance (WFA) was formed in

WM wireless medium 1999 to certify interoperability between IEEE 802.11 devices from different manu-

WNG SC Wireless Next Generation Standing Committee facturers throngh rigerous testing. Since 2000, shipments of Wi-Fi certified integrated

WWiSE world wide spectral efficiency circuits (IC) reached 200 million per year in 2006 (ABIresearch, 2007). Shipments are

XOR exclusive-or expected to exceed a billion units per year by 2012 (ABTresearch, 2007}, as illustrated in

ZF zero-forcing Figure 1.1.

7P ZIP file format Such large and snstained growth is due to the benefits WLANs offer over wired
networking. In existing homes or enterprises, deploying cables for network access may
involve tearing up walls, floors, or ceilings, which is both inconvenient and costly,
In contrast, providing wireless network connectivity in these environments is often as
simple as installing a single wireless access point. Perhaps more tmportantly though, the
proliferation of laptops and handheld devices has meant that people desire connectivity
wherever they are located, not just where the network connection is located. Network
connectivity in a conference room or while seated on the sofa in: the living room are just
two examples of the fiexibility afforded by WLANS.
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2 Next Generation Wircless LANs Introduction 3
1200 publication. This set a precedent for the flurry of “pre-n” or “draft-n” products in 2005
S and 2006, as industry players rushed to be first to market. Most of these products were
1100 . cither proprietary implementations of MIMO, or based on draft 1.0 of 802.11n, and thus
1000 . unlikely to be compliant with the final standard,
+ i ‘ Through early 2007, major improvements and clarifications were made to the 802.1In
5 % ; draft resulting in IEEE 802.1 1n draft 2.0. To continue the market momentum and forestall
% 800 L i interoperability issues, the IEEE took the unusual step of releasing 802.11n D2.0 to the
2 e public while work continued toward the final standard. This allowed the WFA to begin
g 700 . interoperability testing and certification of devices based on a subset of the 802.11n
£ 600 ’,’ D2.0 features in May 2007. WFA certified 802.11n D2.0 products provide consuners
8 L the assurance of interoperability between manufacturers that was not guaranteed by
T 500 7 previous “pre-n” or “draft-n” products. These were major steps in speeding up the
£ a0 — standardization and certification process of new technology.
300 W "
200 /“/,- - R History of IEEE 802.11
100 :
r—-"‘"'/?( . The IEEE 802.11 working group began development of a common mediumn access con-
trol (MAC) layer for multiple physical layers (PHY) to standardize wireless local area

Q T
2000 2001 2002 2003 2004 2005 2006 2007 2008 200¢ 2010 2011 2012

Year

networking. As a member of the IEEE 802 family of local area networking (LAN) and
metropolitan area networking (MAN) standards, 802.11 interfaces with 802.1 archi-
tecture, management, and interworking, and 802.2 logical link control (LLC), The
combination of 802.2 LLC and 802.11 MAC and PHY make up the data link and phys-
ical layers of the Open Systems Interconnection (OSI) reference model, as described in
Table 1.1.

Figure 1.1 Wi-Fi IC shipments. Scurce: ABEresearch (2007).

Building on the convenience of mobility from the cellular world, WLANs are now
enabling Internet access at little or no cost in public wireless networks. In 2005, Google
offered to deploy a free Wi-Fi service covering San Francisco at no cost to the city. There

has alsc been a proliferation of small scale deployments providing Internet access in Table 1.1 OS] reference model (Zimmerman, 1980; Teare, 1999)

coffee shops, airports, hotels, etc., which have come to be known as hotspots. Addition-
ally, when these networks are used in conjunction with virtal private network (VPN) OSI Reference » .
B Model layers Description Examples Layer categories
technology, employees can securely access corporate networks from almost anywhere. — - —
The vast majority of WLAN products and systems today are based on the 802.11b, Application ,Ime{a“s ":‘ﬂ’ software agphcanons Lhatt Telnet, FTE, SMTP
802.11g, and 802.11a standard amendments, which provide throughput enhancements - P vemﬂn 2 comfmca ng_comp onen — o
over the original 802.11 PHYs. Progress in WLAN technology contimues with the Presentation COd];ni :md co;;ve[t:szm; funcgo;s that are g;‘ﬂgj‘i"g' MPEG, | Application
development of 802.11n. Increased data rates are achieved with the multiple-input - AP el 0 Appication ‘ayer cal - : !
multiple-output (MIMO) concept, with its origins by Foschini {1996) at Bell Labs, In Session EStathh‘es’ mAnages, and terminates ZIF, AppleTalk. SCP,
. - communication sessions DECnet Phase IV

2004, Atheros demonstrated that 40 MHz devices could be produced at almost the same - ct
cost as 20 MHz devices. During a similar time frame, the FCC and ETSI adopted new Transport Acceptstsd;:a iogf&he;:[slsxm;lay er mg; TCP, UDP

C ' " . segme
regulations in the 5 GHz band that added an additional 400 MHz of unlicensed spectrum N eirvn 0;;{ © or transport acrass fhe
for use by cnmmgrmal WLA‘Ns‘ These events paved the way for‘ the brf)ad acceptance Network Defines the network address . v6 Data transport
of 40 MHz operating modes in 802.11n. When spectrum is free, increasing the channel - - - .

C s s . . . Data link Transit of data across a physical 8022 LLC
bandwidth is the most cost effective way to increase the data rate. network link R

Typically product development lags standardization efforts and products are released - - - _
after the publication of the standard. An interesting event occurred in 2003 when Broad- Physical Eleaotrical, mechanical, procedural, and
functional specifications

com released a chipset based on a draft version of the 802.11g amendment, prior to final
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The initial version of the 802.11 standard was completed in 1997. Influenced by the
huge market success of Ethernet (standardized as IEEE 802.3), the 802.11 MAC adopted

irtroduction 5

Table 1.2 Overview of 802.11 PHYs

the same simple distributed access protocol, carrier sense multiple access (CSMA;). With 802.11 802.11b 802.11a 802.11g 802.11n
CSMA, a station wishing to transmit first listens to the medium for a predetermined PLEY techoology  DSSS DSSS/CCK. OFDM OFDM DSSS/CCK  SDM/OFDM
period. If the medium is sensed to be “idle” during this period then the station is Data rates 1,2Mbps 55,11 Mbps 654 Mbps 154 Mbps 6-600 Mbps
permitted to transmit. If the medium is sensed to be “busy,” the station has to defer its Frequency band  24GHz 24 GHz 5GHz 2.4 GHz 24 and 5 GHz
Channel spacing 25 MHz 25 MHz 20 Mz 25 MHz 20 and 40 MHz

transmission. The original (shared medium) Ethermnet used a variation called CSMA/CD
or carrier sense multiple access with collision detection. After determining that the
medium is “idle” and transmitting, the station is able to receive its own transmission and
detect collisions. If a collision is detected, the two colliding stations backoff for a random
period before transmitting again. The random backeff period reduces the probability of
a second collision.

With wireless it is not possible to detect a collision with one’s own transmission
directly in this way: thus 802.11 uses a variation called CSMA/CA or carrier sense
multiple access with collision avoidance. With CSMA/CA, if the station detects that the
medium is busy, it defers its transmission for a random period following the medium
going “idle” again. This approach of always backing off for a random period following
another station’s transmission improves performance since the penalty for a collision
is much higher on a wireless LAN than on a wired LAN. On a wired LAN collisions
are detected electrically and thus almost immediately, while on wireless LAN collisions
are inferred through the lack of an acknowledgement or other response from the remote
station once the complete frame has been transmitted.

There is no doubt that the simplicity of this distributed access protocol, which enables
consistent implementation across all nodes, significantly contributed to Ethernet’s rapid
adoption as the industry LAN standard. Likewise, the adoption by the industry of 802.11
as the wireless LAN standard is in no small part due to the simplicity of this access
protocol, its similarity to Ethernet, and again the consistent implementation across all
nades that has allowed 802.11 to beat out the more complex, centrally coordinated access
protocols of competing WLAN technologies such as HyperLAN.

The original (1997) 802.11 standard included three PHYs: infrared (IR), 2.4 GHz
frequency hopped spread spectrum (FHSS), and 2.4 GHz direct sequence spread spec-
trum (DSSS). This was followed by two standard amendments in 1999: 802.11b built
upon DSSS to increase the data rate in 2.4 GHz and 802.11a to create a new PHY in 5
(GHz. 802.11b enhanced DSSS with complementary code keying (CCK), increasing the
data rate to 11 Mbps. With higher data rates, JEEE 802.11b devices achieved significant
market success, and markets for IR and FHSS PHYs did not materiatize,

The development of 802.11a introduced orthogonal frequency division multiplexing ’

(OFDM) to 802.11. Even though 802.11a introduced data rates of up to 54 Mbps, it
is confined to the 5 GHz band and, as a result, adoption has been slow. New devices
wishing to take advantage of the higher rates provided by 802.11a but retain backward
compatibility with the huge installed base of 802.11b devices would need to implement
two radios, one to operate using 802,11b in the 2.4 GHz band and one to operate
using 802.11a in the 5 GHz band. Furthermore, international frequency regulations in
the 2.4 GHz band uniformly allowed commercial use, whereas in 1999 and 2000 the
non-military use of the 5 GHz band was limited to select channels in the United States,

1.2
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Figure 1.2 Increase in 802.11 PHY data rate.

In 2001, the FCC permitted the use of OFDM in the 2.4 GHz band. Subsequently,
the 802.11 working group developed the 802.11g amendment, which incorporates the
802.11a OFDM PHY in the 2.4 GHz band, and adopted it as part of the standard in
2003. In addition, backward compatibility and interoperability is maintained between
802.11g and the older 802.11b devices. This aliows for new 802.1 g client cards to work
in existing 802.11b hotspots, or older 802.11b embedded client devices to connect with
anew 802.11g access point (AP). Because of this and new data rates of up to 54 Mbps,
802.11g has experienced large market success. A summary of the high Ievel teatures of
each PHY is given in Table 1.2,

With the adoption of each new PHY, 802.11 has experienced a five-fold increase in
data rate. This rate of increase continues with 802.11n with a data rate of 300 Mbps
in 20 MHz and 600 Mbps in 40 MHz. The exponential rate of increase in data rate is
illustrated in Figure 1.2.

History of high throughput and 802.14n

The High Throughput Study Group

Interest in a high data rate extension to 802.11a began with a presentation to the Wire-
less Next Generation Standing Committee (WNG SC) of IEEE 802.11 in January 2002.
Market drivers were outlined, such as increasing data rates of wired Ethernet, more data
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6 Next Generation Wireless LANs Intraduction 7
rate intensive applications, non-standard 100+ Mbps products entering the market, and members of the task group would make partial or complete technical proposals, with the
the need for higher capacity WLAN networks (Jones, 2002). The presentation men- complete proposals proceeding through a down-selection process culminating in a single
tioned technigues such as spatial multiplexing and doubling the bandwidth as potential proposal upen which the standard amendment would be based. Partial proposals would
approaches to study for increasing data rate. be informative and could be incorporated in a complete proposal along the way. To that

After many additional presentations, the High Throughput Study Group (HTSG) was end, the task group began development of the functional requirements (Stephens, 2005)
formed with its first meeting in September 2002. The primary objective of HTSG was to and comparison eriteria (Stephens, 2004) documents. These two documents would pro-
complete two documents necessary for the creation of the High Throughput Task Group vide, respectively, the technical requirements complete proposals must meet and criteria
(TGn). These are the project authorization request (PAR) form and five criteria form, by which complete proposals would be compared.

The PAR defined the scope and purpose of the task group as follows: The task group began with nine functional requirements. One of the functional require-
The scope of this project s o define iment that shall define standardized modifications i ments was a catch-all, requiring that proposals meet the PAR and five criteria. A second
] Irg [rl ejine sia, {7i¥e 0 - . . . .
both Ihf 802.11 piy;;cal layers {PH;;:r:ZegienéZZ‘H midi'um ucce; cZniiollI;yeT?MlAz‘L; :'Zn;zar requirement was a reiteration of the PAR x:equn.'ement to achieve 100 Mbps through-
modes of operation can be enabled that are capable of much higher throughputs, with a maximum put at the top of the MAC. Furthermore, since it was expected that not all regulatory
throughpur of ar least 100 Mbps, as measured at the MAC data service access point (SAP}. TEER domains would allow a single device to use multiple 20 MHz channels (an easy way
(2006) to achieve the throughput objective}, the second requirement added a restriction that
. 100 Mbps throughput be achieved in a single 20 MHz channel. To enforce efficient use
By this statement, the standard arendment developed by TGn must contain modes of of spectrum, another requirement was added for a mode of operation with a spectral
operation that are capable of achieving at Jeast 100 Mbps throughput. Throughput is the efficiency of at least 3 bps/Hz.
measure of “useful” information delivered by the system and by using throughput as the Four functional requirements addressed operational bands and backward compatibil-
metric, both MAC and PHY overhead must be considered. 802.11a/g systems typically ity. One of these requirements was that the protocol should support operation in the
achieve 2 maximum throughput of around 25 Mbps; thus this statement required at least 5 (iHz band due to the large availability of spectrum there. Another requirement was
a four fold increase in throughput. Meeting this requirement would in essence mandate that at least some modes of operation be backward compatible with 802.11a systems.
PHY data rates well in excess of 100 Mbps as well as significant enhancements to MAC Noteworthy was the fact that there was no requirement to support operation in the
efficiency. 2.4 GHz band. However, if a proposal did support 2.4 GHz band operation, it was

Additional explanatory notes were included with the PAR outlining many evaluation Tequired that there be modes of operation that were backward compatible with 802.11g
metrics. These incinde throughput at the MAC SAP, range, aggregate network capacity, systems. In this context, some flexibility was given, allowing an 802.11n AP to be
power consumption, spectral flexibility, cost complexity flexibility, backward compati- configured to accept or reject associations from legacy stations.
bility, and coe).cist.ence (IEEE, 2006). The 802.11e amendment to the standard, nearing completion at the time, added many

The five criteria form requires that the study group demonstrate the necessity of features for improving the quality of service (QoS$) in 802.11 systems. Many of the
creating an amendment to the standard. The criteria include (1) broad market potential, perceived applications for 802.11n involved real time voice and video which necessitate
(2) compatibility with existing IEEE 802.1 architecture, (3) distinct identity from other QoS, Therefore a functional requirement was included which mandated that a proposat
IEEE 802 standards, (4) technical feasibility, and (5) economic feasibility (Rosdahl, allow for the implementation of 802.11e features within an 802.11n station.

2003). The goal is to create a standard amendment which results in marketable products, The comparison criteria in Stephens (2004) outlined metrics and required disclo-
but that will also be differentiated from other potentially similar products. sure of results which would aliow for comparison between proposals under the same

In addition to completing the PAR and five criteria forms, HTSG also began devel- simulation setup and assumptions. The comparison criteria incorporated the simulation
opment of new multipath fading MIMO channel models (Breeg ef al., 2004) and usage scenarios and usage models defined in Stephens er al. (2004). During the development
models (Stephens er al., 2004). The channel models and usage models were used to of the comparison criferia, the task group realized that members of the task group
create a common framework for simulations by different participants in the standard * did not always share the same definitions for common terms. Therefore definitions
development process. for goodput, backward compatibility, and signal-to-noise ratio (SNR) were provided.

The comparison criteria covered four main categories: marketability, backward com-

122 Formation of the High Throughput Task Group {TGn) pa‘tibi.lity and coexistence with legacy devices, MAC related criteria, and PHY related
criteria.

The PAR was accepted and approved by the 802 working group, creating Task Group Under marketability, the proposal must provide goodput results for residential, enter-

n (TGn) with the first meeting of the task group held in September 2003. The stan- prise, and hotspot simulation scenarios. Goodput is defined by totaling the number of

dard amendment developed by the task group would be proposal driven, meaning that bits in the MAC service data units (MSDU) indicated at the MAC service access point
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8 Next Generation Wireless LANs
(SAP), and dividing by the simulation duration {Stephens, 2004). Two optional criteria 350
included describing the PHY and MAC complexity. The PHY complexity was to be
given relative to 802.11a. 300
To ensure backward compatibility and coexistence with legacy devices, a proposal
was required to provide a summary of the means used to achieve backward compatibility g 250
with 802.11a and, if operating in 2.4 GHz, 802.11p. Simulation results demonstrating g
interoperability were also required. The goodput of a legacy device in an 802.11n =
network and the impact of a legacy device on the goodput of 802.11n devices were also é 200
to be reported. £
The MAC related criteria included performance measurements and changes that were % 150
made fo the MAC. In the residential, enterprise, and hotspot simulation scenarios a 2
nuniber of different metrics were to be captured and reported. These included the ability 106
to support the service requirements of various applications, including QoS requirements.
Measurements of aggregate goodput of the entire simulation scenaric were required to 50
indicate network capacity. MAC efficiency was to be provided, which is defined as
the aggregate goodput divided by the average PHY data rate. To ensure reasonable . I .
range for the new modes of operation, throughput versus range curves were also to 2006 2007 2008 | 2010 2011
be provided. Year
The PHY related criteria included PHY rates and preambles, channelization, spectral Figure 1.3 Worldwide converged mobile device shipments. Source: IDC (2007).
efficiency, PHY performance, and PHY changes. In addition, the comparison criteria
also defined PHY impainnents to be used in combination with channe! models for PHY
simulations. Each proposal was required to generate simulation results for both additive A series of proposal down-selection and confirmation votes took place between
white Gaussian noise (AWGN) and non-AWGN channels. Furthermere, simulation September 2004 and May 2005. During that time, mergers between proposals and
conditions to analyze the impact on packet error rate (PER) of carrier frequency offset enhancements to proposals took place. The TGn Sync proposal won the finaf down-
and symbol clock offset were also defined. selection vote between it and WWiSE, but failed the confirmation vote in May 2005.
1.23 Call for proposals

The TGn call for proposals was issued on May 17, 2004, with the first proposals presented
in September 2004. Over the course of the process two main proposal teams emerged,
TGn Sync and WWiSE (world wide spectral efficiency). The TGn Sync proposal team
was founded by Intel, Cisco, Agere, and Sony with the objective of covering the broad
range of markeis these companies were involved in, including the personal computer
(PC), enterprise, and consumer electronics markets. The WWiSE proposal team was
formed by Broadcom, Conexant, and Texas Instruments. These semiconductor compa-

nies were interested in a simple upgrade to 802.11a for fast time to market. Many other

companies were involved in the proposal process and most ended up joining one of these
two proposal teams.

The key features of atl the proposals were similar, including spatial division multiplex-
ing and 40 MHz channels for increased data rate, and frame aggregation for improved
MAC efficiency. The proposais differed in scope (TGn Sync proposed numerous riner
improvements to the MAC while WWiSE proposed limiting changes) and support for
advanced features such as transmit beamforming (initially absent from the WWiSE
proposal).

1.24

Handheld devices

During this period interest arose in a new emerging market of converged Wi-Fi and
mobile handsets. The shipment of dual mode Wi-Fi/cellular handsets had grown sig-
nificantly from 2005 to 2006. Some participants in the proposal process believed that
handsets would be the dominant Wi-Fi platform within a few years (de Courville ef al.,
2005). A projected world wide growth of converged mobile devices was given in IDC
(2007) and is illustrated in Figure 1.3.

A contentious issue for handheld proponents was the high throughput requirement
for 100 Mbps throughput. This, in essence, would force ail 802.11n devices to have
multiple antennas. This is a difficult requirement for converged mobile devices, since
they already contain radios and antennas for cellular 2G, 3G, Bluetooth, and in some
cases GPS. Concern was raised that mandating 802.11n devices to have multiple antennas
would force handset manufacturers to continue fo incorporate single antenna 802.11afg
into handsets and not upgrade to 802, 11n. Not only does this diminish the capabilities of
the handset device, it burdens all future 802.11n deployments with continued coexistence
with 802.11a/g embedded in these new handset devices.
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For this reason an ad hoc group was formed to create functional requirements sup- voting members in IEEE 802.11, the sponsor ballot pool may include members from
porting single antenna devices. Two new requirements were added to the functional all of the JEEE 802 standard association, providing a broader review of the draft.
requirements document in July 2005. The first requirement mandated that a proposal The IEEE 802.1 In standard amendment is expected to be completed with final IEEE
define single antenna modes of operation supporting at least 50 Mbps throughput in a 802 working group and executive committee approval in March 2009. The IEEE stan-
20 Mtiz channel. The second requirement dictated that an 802.11n AP or station inter- dards board is expected to approve the amendment in June 2009. Publication of the
operate with client devices that comply with 802.1 In requirements but incorporate only amendment would occur shortly after.”
a single antenna. This requirement resulted in 802.11n making mandatory at least two The submissions contributed by the task group participants in the development of the
antennas in an AP, but only one antenna in a non-AP device. standard are publicly available on the World Wide Web.? The drafts of the standard are
only available to voting members of 802.11, but, draft 2.0 of 802.11n was released to
i the pubtic. Draft 3.0 is currently available for purchase from the TEEE.? Once approved,
125 Merging of praposals the final standard amendment would be available there as well.
After the failed confirmation vote, a joint proposal effort was started within the task Of great value to someone investigating the 802.11n PHY is the transmit wave-
group to merge the two competing proposals. Due to entrenched positions and the large form generator developed by Metalink. The description of the generator, developed in
membership of the group, the joint propesal effort proceeded very slowly. As a resutt, MATLAB®, is given in Anholt and Livshitz (2006). The actual source code is pub-
Intel and Broadcom formed the Enhanced Wireless Consortium: (EWC) in October 2005 licly available and is included in Anholt and Livshitz (2007). Most, if not all, transmit
to produce a specification outside the JEEE that would bring products to market faster, waveform features are supported by the generator,
With much of the task group membership ultimately joining the EWC, this effort had
the effect of breaking the deadlock within the TEEE, and the EWC specification, which
was essentially a merger of the TGn Sync and WWiSE proposals, was adopted as the Environments and applications for 802.11n
joint proposal and submitted for confirmation to TGn where it was unanimously passed
in January 2006. The basic service set (BSS) is the basic building block of an 802.11 LAN. Stations that
remain within a certain coverage area and form some sort of association form a BSS. The
126 802.11n amendment drafts most basic form of association is where stations communicate directly with one another

The joint proposal was converted to a draft 802.11 standard amendment for higher
throughput (TGn Draft 1.0), and entered ietter ballot. In Jetter ballot, [FEE 802.11
working group members (not just task group members) vote to either adopt the draft as
is or reject it with comments detailing changes needed. The draft requires at least a 75%
affirmative vote within the IEEE 802,11 working group in order to proceed to sponsor
ballot where it is considered for adoption by the broader IEEE standards association.
TGn Draft 1.0 entered letter baliot in March 2006 and, not unusually, failed to achieve

the 75% threshold for adoption. Comment resolution began May 2006 on the roughly

6000 unique technical and editorial comments submitted along with the votes.
With resolution of the TGn Draft 1.0 comments, TGn Draft 2.0 went out for letter
ballot vote in February 2007 and this time passed with 83% of the votes. However, there

were still 3600 unique technical and editorial comments accompanying the letter ballot

votes. It is typical for the task group to continue comment resclution until a minimum
number of negative votes are received; thus comment resolution for TGn Draft 2.0
continued between March 2007 and September 2007, resulting in TGn Draft 3.0 Since
TGn Draft 2.0 passed, TGn Draft 3.0 and possible later drafts only require a recirculation
ballot in which comments may only address clauses that changed between the drafts.
At the time this book went to press, the standard amendment was in recirculation battot
and would continue there until a minimum number of negative votes and comments
were received. It will then proceed to sponsor ballot. Whereas letter ballot inchudes only

in an ad-hoc network, referred to as an independent BSS or IBSS. This is illustrated as
BSS 1 in Figure 1.4.

More typically though, stations associate with a central station dedicated to managing
the BSS and referred fo as an access point (AP). A BSS built around an AP is called an
infrastructure BSS and is itlustrated by BSS 2 and BSS 3 in Figure 1.4. Infrastructure
BSSs may be interconnected via their APs through a distribution system (DS).

The BSSs interconnected by a DS fori an extended service set (ESS). A key concept
of the ESS is that stations within the ESS can address each other directly at the MAC
Iayer. The ESS, being an 802.11 concept, encompasses only the 802.11 devices and does
not dictate the nature of the DS. In practice, however, the DS is typically an Ethernet
(802.3) LAN and the AP functions as an Ethernet bridge. As such, stations in a BSS can
also directly address stations on the LAN at the MAC layer,

In the development of 802.11n, three primary environments were considered for study-
ing system performance and capabilities: residential, enterprise, and hotspot. Within each
of these environments a different mix of existing and new applications was envisioned.
Use cases were defined (Stephens er al., 2004) that describe how an end user uses an

! The reader is referred to hitp:/fgrouper.icee.orgigroups/802/11/Reports/802.11_Timelines htm for the latest
update on the timeline of 802.11n.

2 hitp://grouper.icee.org/groups/302/11/

3 hitp:ffstandards,icee.orp/eetieee802/
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Figure 1.4 BSS, DS, and ESS concepts.

application in a specific WLAN environment. Examples include watching television
remotely from the cable or set-top box within the home, or tatking on the telephone
remotely from one’s desk at work. Additionally, usage models were developed for each
environment which combined multiple use cases and applications.

Finally, a simulation scenario was created for each usage model and envircnment.
These simulation scenarios were used to stress MAC capability when comparing propos-
als. Each simulation scenario includes a channel model associated with the particutar
environment. In addition, the location of the AP and stations were defined, giving a
spatial component to the usage model in terms of the distance between the AP and
the stations, For each application, system parameters were defined such as packet size,
maximum packet loss rate tolerated by the application, maximum delay, network-layer
protocol nineing (e.g. UDP or TCP), and offered load.

The residential usage model consists of a single BSS, as illustrated in Figure 1.5,
This model typically includes only one AP and many client stations. In a typical AP-
station configuration, applications include Internet access and streaming audio and
video. Furthermore, user experience with applications like intra-networking for local
file transfer, backups, and printing is enhanced with higher data rates. New applications
such as voice over IF (VolP) and video phones were also incorporated into the residential
usage model. ’

The high throughput task group envisioned an AP that could also take the form of a
wireless home media gateway. Such a device would distribute audio and video content
throughout the home, such as DVD and standard and high definition TV. Other residential
applications benefiting from higher wireless data rates include content download from

Figure 1.5 Residential usage model.

a video camera or photo camera. Interactive gaming has recently begun to incorporate
wireless technology. Gamers benefit from the freedom of not being tethered by wires
when the connections between the controller and the console, the conscle and the display,
and the console to internet access are made wireless,

The usage model for an enterprise environment emphasizes network connectivity
supported by multiple BSSs to cover larger buildings and floor plans, as illustrated in
Figure 1.6. The BSSs are interconnected via the distribution system, fypica]]y Ethernet,
creating an extended service set {ESS). As in a cellular deployment, each additional AP
increases the total network coverage and capacity.

Networking applications such as file transfer and disk backup will benefit greatly
from the higher data rates of 802.11n. Higher darta rates will increase network capacity
providing support for a larger number of clients. Higher throughputs will also enable
new applications such as remote display via a wireless connection between a laptop and
projector, simplifying presentations in conference rooms. Additionally, wireless video
conferencing and VoIP may be supported {Stephens et al., 2004).

The hotspot model envisions locations such as an airport lounge (illustrated in
Figure 1.7), coffee shop, library, hotel, or convention center. Some municipalities have
also blanketed downtown areas with Wi-Fi coverage. A hotspot could be located either
indoors or outdoors and could cover a large open area, Therefore the propagation modet
could be substantially different from either residential or enterprise. In & hotspot, most
traffic goes through the Internet and a session is fypically limited to less than two hours
{Stephens er al., 2004). Applications include web browsing, Internet file transfer, and
email. Also, new hotspot applications are envisioned such as the ability to watch a TV
program oI movie on a laptop or other display. This would involve the streaming of andio
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and video content over the Internet or the redistribution of standard or high definition
TV signals.

14 Major features of 802.11n

PHY datarates in 802.11n are significantly improved over 802.11a and 802.11g primarily
through the use of spatial multiplexing using MIMO and 40 MHz operation. To take
advantage of the much higher data rates provided by these techniques, MAC efficiency
is also improved through the use of frame aggregation and enhancements to the block
acknowledgment protocol. These features together provide the bulk of the throughput
enhancement over that achievable with 802.11a and 802.11g.

Robustness is improved inberently through the increased spatial diversity provided
by the use of muitiple antennas. Space-time block coding (STBC) as an option in
the PHY further improves robusmess, as does fast link adaptation, a mechanism for
rapidly tracking changing channel conditions. More robust channel codes are adopted
in the form of low density parity check (LDPC) codes. The standard amendment also
introduces transmit beamforming, with both PHY and MAC enhancements to further
improve robustness.

A number of other enhancements provide further gains. In the PHY, these include
a shorter guard interval, which may be used under certain channel conditions. The
’ ! : PHY also includes a Greenfield preamble, which is shorter than the mandatory mixed
Figure 1.6 Hnterprise usage model. : format preamble. However, unlike the mixed format, it is not backward compatible
with existing 802.11a and 802.11g devices without MAC protection. In the MAC,
the Teverse direction protocol provides a performance improvement for certain traf-
fic patterns, by allowing a station to sublease the otherwise unused portion of ifs
allocated tramsmit opportunity to its remote peer and thus reducing overall chan-
nel access overhead. A reduced interframe space (RIFS) used when transmifting a
burst of frames reduces overhead in comparison to the existing short interframe space
(SIFS). '

An overview of the mandatory and optional features of the 802.11n PHY is given in
Figure 1.8. At the time this book went to press, two generations of so called pre-n or
draft 2.0 products have been released. The first generation of products typically operate
in the 2.4 GHz band only, with up to two spatial streams and 40 MHz channel width.
In this book the term spatial streams is used to refer to one or more independent data
streams transmitted from the antennas. A device requires af least as many aniennas as
spatial streams. When using the short guard interval, these initial products are able to
achieve a PHY data rate of 300 Mbps. With second generation products, we begin to
see dual-band 2.4 GHz and § GHz products. These preducts also achieve 300 Mbps, but
several incorporate an extra receive antenna chain for additional receive diversity. Some
products also support the Greenfield preamble format. We expect that third generation
devices will add another transmit antenna chain to support three spatial streams and

ESS

Figure 1.7 Hotspot usage model.
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Figure 1.8 Mandatory and optional 802.11n PHY features.

450 Mbps. For robustness, these devices may begin employing STBC and transmit
beamforming (TxBF).

An overview of the features added to the MAC in 802.11n is given in Figure 1.9.
In addition to the throughput and robustness enhancing features already mentioned, the
MAC is extended in'a number of other areas.

The numerous optional features in 802.11n mean that extensive signaling of device
capability is required to ensure coexistence and interoperability. For example, whether
a device supports certain PHY features such as the Greenfield format preamble or MAC
features such as the ability to participate in a reverse direction protocol exchange.

The existence of 40 MHz operation also creates 2 number of coexistence issues, The
AP needs to manage the 40 MHz BSS so that 40 MHz and 20 MHz devices, both
legacy and high throughput, are able to associate with the BSS and operate. Because
40 MHz operation uses two 20 MHz channels, mechanisms are needed to mitigate the
effect this might have on neighboring 20 MHz BSSs operating independently on those
two channels. Coexistence is primarily achieved throngh careful channel selection, i.e.
choosing a pair of channels that have little or no active neighborhood traffic. To this end,
the amendment adds scanning requirements to detect the presence of active neighborhood
BSSs as well as the ability to actively move the BSS to another pair of channels should a
neighboring 20 MHz BSS become active. If neighboring BSSs cannot be avoided then a
fallback technique called phased coexistence operation (PCO) may be used. This allows
the BSS to alternate between 20 MHz and 40 MHz phases of operation, with the 40
MHz phase entered after a frame exchange on the two 20 MHz channels has silenced
devices operating there.

Irtroduction 17

1.5

40 MHz Coeexistence

k = .,.J

Figure 1.9 Summary of 802.11n MAC enhancements.

Finally, in recognition of the growing importance of handheld devices, a channel
access scheduling technique called power-save multi-poll (PSMP) has been added to
efficiently support a large number of stations,

Qutline of chapters

The book is divided into three parts. The first part, Chapters 2-6, covers the PHY and
provides a comprehensive review of all mandatory and optional PHY features in 802.11n.
The second part, Chapters 711, covers the MAC, an overview of existing MAC features,
and a detailed review of the new features infroduced in 802.11n. Transmit beamforming
is presented in the last part, Chapter 12, with a description of both PHY and MAC
aspects.
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Chapter 2 gives a brief overview of orthogonal frequency division multiplexing
(OFDM). Chapter 3 begins with a description of multiple-input multiple-output (MIMO)
basics and spatial division multiplexing (SDM). This is followed by a discussior of the
MIMO environment and the 802,11 MIMO multipath fading channel and propagation
maodels. The chapter concludes with an explanation of linear receiver design and high-
lights of maximum likelihood estimation. Included in the discussion of MIMO and
receiver design are capacity based performance curves,

Chapter 4 details the design of the mixed format (MF) preamble used for interop-
erability with legacy 802.11afg OFDM devices. The chapter begins with a review of
802.11a preamble design. Included in the review are ilustrations of the waveform. A
description of the 802.11a/g packet encoding process and receive procedure is presented,
which includes a receiver block diagram. This leads into a discussion of the legacy part of
the MF preamble. Next, the high throughput (HT) portion of the preamble is described.
Following this, the encoding of the Data field is presented. The chapter ends with a
discussion of the receive procedure and a block diagram for basic modes of operation.
Tables of parameters of the modulation and coding scheme (MCS) for basic modes of
operation are given in an appendix.

Chapter 5 outlines afl the PHY techniques employed in the 802.11n specification to
increase the data rate. The first section of the chapter details the new 40 MHz channel

and waveform. This includes a plot illustrating throughput as a function of range. Thisis

followed by a brief discussion of the extra subcarriers which were added to the 802.11n
20 MHz waveform. The next part of the chapter gives the MCS definitions. This includes
several waterfail carves illustrating the packet error rate (PER) versus SNR performance
in additive white Gaussian noise (AWGN) and in the 802.11n MIMO multipath fading
channel models. A description of the shorter Greenfield (GF) preamble is also provided
in this chapter. This also includes discussion on the debate of how much the GF preamble
actaally improves performance. The last topic covered in this chapter is on the short
guard interval {GI).

Chapter 6 covers the subject of improving the robustmess of the system. Fouor
techniques are described. The first method is receive diversity, where PER versus
SNR waterfall curves are provided along with throughput curves to demonstrate the
gain achieved from receive diversity in a MIMO system. The next technique is a
straightforward one involving spatial expansion (SE), which provides a small amount
of transmit diversity gain. Waterfall curves are provided for SE as well. This is fol-
lowed by a detailed description of space-time block coding ($TBC). Transmit antenna
configurations are presented, along with an approach for implementing a receiver and
equalizer. Again performance curves are presented that fllustrate which system con-
figurations benefit the most from STBC. In the last part of the chapter, low density
parity check (LDPC) codes are discussed. The specific characteristics of the LDPC
encoding process in the 802.11n standard amendment are detailed, Waterfall curves for
LDPC are provided to compare performance with the mandatory binary convolutional
code,

The MAC section begins in Chapter 7 with a functionat description of the 802.11 MAC
as background for the remaining chapters, This chapter covers the basic contention-based
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access protocol including the 802.11e quality of service (QoS) extensions, channel access
timing, the concept of a transmit opportunity, and the bastc acknowledgement and block
acknowledgement protocols.

Chapter 8 describes why changes are necessary in the MAC to improve throughput and
then details the two key throughput enhancing features: aggregation and enhancements
to the block acknowledgment protocol.

Beyond the basic contention-based access protocol, the 802.11 MAC includes addi-
tional channel access mechanisms. Chapter 9 provides an overview of these mechanisms,
including the point coordination function (PCF} from the original 802.11 specifica-
tion and the hybrid coordinated channel access (HCCA) function from the 802.11e
amendment. The chapter then provides details on the power-save multi-poll (PSMP)
channel access technique and the reverse direction protocol, both of which are new in
802.11n.

Coexistence and interoperability is a critical issue with 802.11n and Chapter 10
provides details on this broad topic. The chapter covers capability signaling and BSS
control. The chapter then covers 40 MHz operation, managing 40 MHz BSS operation,
and maintaining interoperability with legacy 20 MHz devices. The critical topic of 40
MHz coexistence with neighboring 20 MHz BSSs is also discussed. Finally, the chapter
covers protection mechanisms.

To round out the MAC section, Chapter 11 provides details on MAC frame formats.
This chapter is intended as a reference for the discussions in the other chapters.

The final part of the book deals with the complex topics of transmit beamforming and
fast link adaptation. Chapter 12 provides details on both the PHY and MAC aspects of
this topic.
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Background

The 802.1in physical layer builds upon the 802.11a orthogonal frequency division
multiplexing (OFDM) structure, QFDM is well suited to wideband systems in frequency
selective fading environments. Only a few subcarriers are impacted by a deep fade or
narrow band interference, which can be protected by forward error correction. Important
in a high data rate system, OFDM is tolerant of time synchronization errors. In addition,
OFDM is bandwidth efficient, since a nearly square power spectrum can be created with
narrow subcarriers with each subcarrier suppoerting a constellation with many bits per
symbol.

With frequency division multiplexing, signals are transmitted simultaneously on dif-
ferent subcarriers. Figure 2.1 iliustrates an example with four subcarriers. The top two
graphs in the figure depict the time domain waveform of each subcarrier individually for
the real and imaginary part of each subcarrier. The bottomn graph gives the composite
time domain waveform.

Figure 2.2 lustrates the power spectrum of each subcarrier individually, If the
subcarriers are separated in frequency (Ag) by the inverse of the symbol period (T}, the
nulls of adjacent subcarriers coincide with the peak of the main lobes of the subcarriers.
With the construction of the waveform in this mannet, the subcarriers are orthogonal.

A baseband OFDM waveform is constructed as an inverse Fourier transform of a set
of coefficients X,

) = % gxk exp(2nkApt) O<t<T @5

where Ap is the subcarmrier frequency spacing and 7 is the inverse Fourier transform
symbol period, with Ap equat to 1/T, and N is the number of samples in the inverse
Fourier transform. A set of modulated symbols is transmitted on subcarriers as the
coefficients X;. The inverse Fourier transform is commonly implemented by an IFFF.

In 802.114, the fundamental sampling rate is 20 MHz, with a 64-point FFT/IFFT. The
Fourier transform symbol period, T, is 3.2 ps in duration and Ag is 312.5kHz. Of the
64 subcarriers in 802.11a, there are 52 populated subcarriers. Numbering the subcarrier
locations as —32, —31,...,—1,0,1,..., 31, the populated subcarriers are located from
—26, =23,..., -2, -1, 1, 2,..., 25, 26. That is, the lowest six subcarriers, the DC
subcarrier, and the highest five subcarriers are not used.
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Figure 2,1 Frequency division multiplexing waveform.

Inter-symbol interference (ISI) between OFDM symbols that are adjacent in time
degrades the orthogonality between the subcarriers and impairs performance. ISI may
be caused by delay spread in the channel and filtering. To minimize the irapact of [ST, a
guard interval (GI) is added in between adjacent OFDM symbols. Therefore in 802.11a,
the total symbol time is 4 us. Whereby, the first (.8 ps is the GI consisting of an exact
copy of the last (.8 pis of the OFDM symbol (otherwise known as cyclic extension),
followed by the 3.2 ps OFDM symbol,

To extract the information from the received waveform, a Fourier transform is per-
formed on the received signal, as given in Eq. (2.2):

X = rin)exp(—j2nk - "/y) 2

n

Note the Fourier transform is represented in the discrete time domain, whereas the
inverse Fourter transform in Eq. (2.1) is represented in the continwous time domain.
We have assumed that the received waveform has been sampled prior to the Fourier
transform.

Orthogonal frequency division multiplexing 25
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Figure 2.2 Power spectram of the individual subcarriers of the OFDM waveform.

For an 802.11a OFDM waveform, a 4 ps block of time domain samples is processed
at a time. A 64-point FFT (assuming the data is sampled at a 20 MHz sampling rate)
is performed on a 3.2 ps subset of the time domain samples. The subset is selected to
avoid ISI. Section 4.1 details the 802.11a waveform design and receive procedure,

Further general information on OFDM is provided in Halford (2001) and van Nee
and Prasad (2000).

Comparison to single carrier modulation

With single carrier modulation, data bits are modulated and the pulses are transmitted
sequentiaily in time. As described in the previous section, with OFDM, blocks of data bits
are modulated onto subcarriers across the frequency band. An illustrative comparison
between single carrier and OFDM is given in Figure 2.3.

An OFDM signal experiences large variation in magnitude when the individual
subcarriers are combined into a single time domain waveform. The variation results in
a high peak-to-average ratio, whereas the magnitude of the signal of a phase modulated
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Figure 2.3 Comparison between single carrier modulation and orthogonal frequency division
multiplexing.

single carrier waveform theoretically has a constant envelope. A properly designed sin-
gle carrier system has Hiitle to no variation of the magnitude of the signal and a very
small peak-to-average ratio.

This is one of the primary limitations of OFDM as compared to single carrier modu-
jation. Due to the non-linear nature of a typical transmitter power amptifier, signals with
a high peak-to-average ratio are distorted unless the amplifier is operated with enough
power backoff to remain linear and avoid distortion. As a result, OFDM systems may
have lower output transmit power or devices may require a larger power amplifier.

However, to achicve high data rates with limited bandwidth, designs of single carrier
modulation systems inevitably utilize high order modulation with both amplitude and
phase modulation. This results in the peak-to-average ratio of a single carrier waveform
approaching that of an OFDM waveform. As such, typically there is only a small
difference in the peak-to-average ratio of single carrier sysiems and OFDM.

The second Hmitation of OFDM when comparing to single carrier is higher sensitivity
to carrier frequency offset and phase noise. In both OFDM and single carrier modula-
tion, carrer frequency offset and phase noise causes unwanted phase variation in the
modulated symbols. This requires phase tracking loops in either system to mitigate the
degradation.

Orthegonal frequency division multiplexing 7

In addition, in OFDM, carrier frequency offset and phase noise cause the subcarriers
to deviate from the 1/T spacing required for orthogonality, causing inter-carrier interfer-
ence. In Pollet ef af. (1995) an approximation for degradation due to carrier frequency
offset (gr } is given for OFDM and single carrier, as follows:

s .8 LX) . -
> mlwgw—l- (e Y single carrier
nig3
(I Es @3
e (T —  OFDM
w163 T w

Unlike single carrier, with OFDM the degradation is proportional to the signal-to-noise
ratic E;/Ny. For phase noise, an appreximation for degradation is given in Pollet et al.
(1995} as a function of the oscillator linewidth {8), as follows:
i0 1 Es | .
o 660 (4rpT) No single carrier 0
10 11 E ’
1060 (4 pT) Vo OFDM

OFDM may be shown to be several orders of magnitude more sensitive to carrier
frequency offset and phase noise than single carrier modulation. This is in part due to
the symbol time (represented by T in Egs. (2.3) and (2.4)) which for OFDM is much
fonger than for single carrier modulation, as illustrated in Figure 2.3,

The additional sensitivity of OFDM to carrier frequency offset and phase noise may
appear to be problematic. However, the proliferation of low cost 802.11 OFDM devices
demonstrates that the necessity of amore accurate osciflator does not significantly impact
the overall cost of an OFDM device at these frequency bands.

As described in the previous section, OFDM is intrinsically resistant to frequency
selective multipath fading. To combat frequency selectivity due to channels with long
delay spread, & single carrier system requires an equalizer with a long tap-delay line. The
implementation complexity based on number of multiplies, between the FFT in OFDM
and the tap-delay line equalizer in single carrier, is shown in van Nee and Prasad (2000)
to be tent times more complex for single carrier. In Clark (1998), a reduced complexity
frequency domatin equalizer for single carrier is proposed, as opposed to a tap-delay line
equalizer. 'This technique requires both an FFT and IFFT as part of the receiver, which
has twice the complexity of an OFDM receiver.
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3.1 SIS0 (802.11a/g) backgreund

A basic communication system is described as
y=p-h-x+z (3.1)

where x is the fransmitted data with unity mean expected power, A is the channel fading
coefficient, z is independent, complex additive white Ganssian noise (AWGN) with zero
mear and unit variance, p is the average signal-to-noise ratio (SNR), and y is the received
signal, Typically A is modeled as Rayleigh fading and is defined as complex, zero mean,
unit variance Gaussian distribution: Normal (0,1A/§) + +/—1 - Normal (0, 1%). The
notation Normal (x, y) defines a Gaussian distributed random variable with a mean of x
and a variance of

In this model, both the transmitter and receiver are configured with one antenna.
This is termed single-input, single-output (SISO), with reference to a single input to the
environment and single output from the environment, as illustrated in Figure 2.1.

The capacity for a general SISO system is given by the Shannon capacity formula in
Eq. (3.2) (Foschini and Gans, 1998):

C(bps/Hz) = log,{1 + p - [h*) (32

In the frequency domain (after the FFT), each subcarrier may be described by Eq.
(3.1). Subsequently, the receiver extracts the information by equalizing the received
signal, as follows: .

R (Bl y
=x+(\/§‘h)“-z 3.3

where % is the noisy estimate of the transmitted signal x.

3.2 MIMO basics

Multiple-input, multiple-output (MIMO) describes a system With a transmitter with
multiple antennas transitting through the propagation enviromment to a receiver with
multiple receive antennas, as illustrated in Figure 3.2.
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Figure 3.1 SISO system.
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Figare 3.2 MIMCQ system.

In such a system the fransmitter may use transmit beamforming (or an adaptive antenna
array) to improve the quality of the link (Perahia and Pottie, 1996). An example of a
system with a two anterma array transmitter and a single antenna receiver is described
mathematically, and in vector notation, in Eq. (3.4):

y:ﬁ-hl-w;-x+ﬁ-hz-w2-x+z

wy (3.4
=P (A A2l |:w2]x+z
This example is more accurately described as multiple-input, single-output. In this
example, the received signal is the composite of signals transmitted by the two antennas,
with the weight w; used to manipulate the data x from the first antenna, and w; used to
manipulate the dafa x from the second antenna. The beamforming weights, v and wz,
are applied at the transmitter before transmission. The transmitted signal from the first
antenna passes through the environment modeled by /4, and the transmitted signal from
the second antenna passes through the environment modeled by Aj.
One may also improve the robustness of the link by adding extra antennas to the
receiver with diversity combining, termed single-input, multiple-output. An example of
a two receive antenna amay system is described mathematically and in vector notation

in Eq. (3.5):
=P h-x+z
)‘z=«/ﬁ‘22'x+zzz 3.5)
Bi] =7 [hjx " H
With this type of system a maximal-ratic combining (MRC) receiver could be used to
optimally combine the received signals (Jakes, 1974). The output of the maximal ratio
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3.3

combiner is given in Eq. (3.6). Note that perfect knowledge of the channel has been
assumed.

=t wf}

(3.6)
= /B Ul Ul 2+ [ A7 ”3][2]

After the MRC function, the received signal may be equalized as follows:

1 1
— - ——
VE |+ Bl
1 1

2
=

3.7
e w ]

Z2

+ e
N RN TAE

These examples of transmit beamforming and receive diversity combining iHlustrate two
antennias. However, these techniques are not limited fo two antennas and extension to
three, four, or more antennas is straightforward.

Using the combination of transmit beamforming and receive diversity combining
improves robustness of the link in what some call a MIMO system. These techniques
have been used with TEEE 802.11a/g to increase the range of a given data rate. However,
they do not increase the maximum data rate beyond 54 Mbps, the maxinmum data rate in
802.11a/g.

SDM basics

A MIMO system may be used to transmit independent data streams (or spatial streams}
on different antennas. We define spatial streams as streams of bits transmitted over
separate spatial dimensions. When multiple spatial streams are used with MIMO this
is termed spatial division multiplexing (SDM), and is illustrated in Figure 3.3. In the
previous example of Figure 3.2 note that each antenna transmits the same sequence x,
whereas in Figure 3.3 x; and x; represent independent streams,

Thus, with MIMO/SDM, the maxinmem data rate of the system increases as a function
of the number of independent data streams. The system must contain the same aumber
or more transmit (Tx) antennas as data streams. With a linear receiver, the system must

x, J/I
a5 I

Figure 3.3 MIMO/SDM system.
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Figure 3.4 Mathematical model of the MEMO/SDM system.

contain the same number or more receive (Rx) antennas as data streams. In other words
the data rate of the system increases by min{Tx antennas, RX antennas, data streams).

A more detailed graphical view of a MIMO/SDM system with two transmit antennas
{and two spatial streams) and two receive antennas is given in Figure 3.4. The notation
used to describe such systems is “number of Tx antennas” x “number of Rx antennas;”
thus Figures 3.3 and 3.4 represent a 2 x 2 MIMO/SDM systemn.

An M x N MIMO/SDM system is represented more generally by Eq. (3.8), Here it
has been assumed that the total transmit power is equally divided over the M transmit

MIMO/SDM basics 33

A generalization of the Shanmon capacity formula for M transmit antennas and N
receive antennas is given by Eq. (3.11) (Foschini, 1996}:

Clops/Hz) = log,[det(Ty + #fpr - HH™) ERE

where H* is the conjugate transpose of .

In matrix notation, the MIMO/SDM system described in Eg. (3.10) has a similar
mathematical structure to the SISO system given in Eq. (3.1). Conceptually, the equalizer
for the MIMO/SDM system may also be designed with a similar structure as the SISO
equalizer in Eq. (3.3). In matrix form, the received signal is divided by the channel to
extract the estimate of the transmitted data, given in Eq. (3.12):

xﬁ(m.y)“y_! ‘ o2
:X+(\/;}7};4H) z

‘The equalizer is given in Eq. {3.12) as a matrix inversion for simplicity, but is actually
only valid where M = N. The representation of the data estimate is generalized for M =
N and M # N as follows:

antennas: 7 "
Pe ¥
R L R T R AR N
PPN L VRN SRE RN LY VY RS e Bfng - hav -3y + 22 — Xy H* P
o Ply - H*H

1

Iw ,fp/M'th'xl”" P/M-hm-x1+---+ p/M‘hNM'-VM"I‘ZN

(3.8)

The set of equations in Eq. (3.8) may be converted to vector form, as shown in
Eg. 3.9

It almost seems too good to be true that with such simplicity one may increase the data
rate of a system by merely adding additional transmit and receive antennas. Through
the use of an example it is shown that there are bounds on this increase. Consider the
SISO system of Eq. (3.1), where now the antenna port of the transmitting device is
directly connected to the antenna port of the receiving device. Such is a typical setup for
conductive testing. Mathematically, & is equal to 1, and y = ,/p - x + z. With enough

1 By ha - hm X1 Z1 R . . .

B B oo B 5 i transmit power, the system is very reliable. Now consider a 2 x 2 MIMO/SDM system
7 = fIp /M '2! ?2 2M S (3.9 with each antenna port of the transmitter device connected to each antenna port of the
y:N h‘;” h}‘u hN"M X.M Z;v recetver device. The channel H for such system is equal to I:i i:l To extract the

We further simplified Eq. (3.9} with mairix notation, as given in Eq. (3.10):

SR

transmitted data from the receive channel, we must perform an inverse of the channel
matrix. In this case, the matrix is singular and canmot be inverted. The receiver fails, even
in high SNR. As we see, the channel matrix must be well conditioned for the MIMO

Iy = p/ - Hwxwr X+ 2y G10) system to achieve large increases in data rafe from spatial multiplexing,
where
;; 2 Z 2; ZZ ﬁx 34 MIMO environment
Yy = A , Xy= . . Zn= . v Hyxm = . N
: : : : : If the terms in the channel matrix are randomly distributed and uncorrelated with each
N XM N Ay hwe - haw other, statistically the channel matrix is well conditioned and invertible the vast majority

With OFDM, each subcarrier is described by Eq. (3.10).

of the time, Fortunately, a fading multipath channel creates such an environment.
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Figure 3.5 Multipath fading environment.

In an indoor environment, rays bounce off floors, ceilings, walls, furniture, etc. when
propagating between the transmitter and the receiver (Rappaport, 1996). The paths of
the rays are different as a function of the location of the transmit and receive antennas,
as illustrated in Figure 3.5. How the paths propagate determines the amount of fading
due to cancellation, delay, and comrelation.

‘With a channel matrix having terms which are complex Gaussian distributed, uncorre-
lated with each other, and the same channel matrix across all subcarriers, a quantitative
benefit of MIMO is realized. In a wideband OFDM system such as 802.11n, such &
model represents a flat Rayleigh fading across the band. This is not very realistic, but
ailows for a simple anatytical comparison between SISO and MIMO capacity. A more
realistic channel model for 802.1 1n is provided in Section 3.5.

InFignre 3.622 x 2 MIMO system is compared with a SISO system and demonstrates
the large gain that is obtained with MIMO systems. The complementary cumulative
distribution function {CCDF) is plotted versus capacity to show how often the capacity
exceeds a certain level. Capacify of each sysiem is simulated by Eq. (3.11) at an SNR
equal to 20 dB. For reference the maximum data rate of 802.11a is 54 Mbps ina20 MHz
channel, resulting in a spectral efficiency of 2.7 bps/Hz. In a flat fading environment,
with ideal conditions (i.e. no hardware impairments, synchronization loss, efc.) such
a capacity is achieved 95% of the time. At a comparable percentage, a 2 x 2 MIMO
system achieves three times the capacity. In reality, various impainments and realistic
channel environments inhibit the ability to increase the capacity by that amount in all
sifuations. But in subsequent chapters it is shown that a two stream.802.11n system has
2 maximum data rate which s 2.8 times that of 802.11a in a 20 MHz channel, so this
three fold increase can be approached in some circumstances.

A significant impact on MIMO capacity is antenna cotrelation. As the correlation
increases, the condition of the channel matrix degrades. To ensure that the channel is

MIMO/SDM basics 3
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Figure 3.6 Capacity comparison between 2 x 2 MIMO and SISO with SNR = 20dB.

uncorrelated “enough,” an antenna spacing of at least half a wavelength is penerally
used. In addition, the antermas should be designed with low mutual coupling between
the elements to minimize channel correlation. A non-line-of-sight (NLOS) environment
may also reduce correlation since highly correlated direct paths between the transmit
and seceive devices are not present. However, this typically means a reduction in SNI-Q
at the receiver.

Performance of a MIMO/OFDM system varies with many environmental conditions!
LOS or NLOS based on obstructions, delay spread from delayed responses, antenna
correlation, and Doppler from mobility, These aspects of the environment are addressed
in Section 3.5 where the 802.11n channel model is presented.

802.11n propagation model

A set of channel models and path loss models were created during the development of the
802.11n standard {(Erceg et al., 2004). Due to the nature of typical WLAN deployments,
the propagation models were developed based mostly on indoor measurements. A key
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Table 3.1 Channel models Channel Mode! 8
RMS delay
e e =)
Model Spread (ns) Environment Example %
@@
A 0 N/A N/A §
B 15 Residential Tatra-room, room-to-room
C 30 Residential/small office Conference room, classroom
13} 50 Typical office Sea of cubes, large conference room -10 0 10 20 30D | 40 50 80 70 80 20
E 100 Large office Multi-story office, campus small hotspat Chai:gl (A:f))d ol D
F 150 Large space (indoors/outdoors) Large hotspot, industrial, city square 40 . . ; . . .
& : :
T 20
. . ] :
component of the channel models which affects MIMO system performance is the IR E S
correlation matrix. - h -
The channel models are composed of impulse responses for a range of indoor envi- 0 2 -
0 50 100 150 200 250 300 350 400
ronments. Measurement data from both the 2.4 GHz and 5 GHz frequency bands were Delay {ns)
incorporated to develop a set of impulse respenses and antenna correlation matrices Ghannel Model E
applicable to both bands. The chammel model is a function of frequency, as well as
Doppler. o
=2
]
g
351 lmpulse response _ ;
There are six channel models, each with a different impulse response corresponding 0 100 200 300 400 500 600 700
Delay (ns)

to different indoor environments (Stephens et al., 2004). An overview of the models is
given in Table 3.1.

Channel model A is ffat fading Rayleigh, and is not applicable to a wideband system
like 802.11. This channel model was only included for its utility in analytic modeling.
The most commonly used channel models are B, D, and E, These three models were
largely used to compare proposals during the development of the 802.1 In standard as
outlined in Stephens (2004). These were also used for physical layer (PHY) packet error
rate (PER) performance. In addition, the three simulation scenarios selected for MAC
network simulations in Stephens (2004), residential, large enterprise, and hot spot, also
use channel modeis B, D, and E, respectively, as described in Stephens ef al. (2004).

The designs of the impulse responses are based on the cluster model initially developed
by Saleh and Valenzuela (1987). In Figure 3.7, the vertical bars indicate a delayed
response. These are located on 10ns intervals. The lines indicate the extent of each
cluster. Notice that the clusters overlap, and the delayed responses during the overlap
are a composite of the power from the overlapping clusters. In addition, the power of
the delayed responses of each cluster decays linearly on a log-scale. The power delay
profile, separated into clusters, is given in Appendix 3.1 for each channel model. To
compute the power for each tap at each delay, the powers of the taps in overlapping
clusters are summed at each delay.

Figure 3.7 Impulse response of selected channel models.

Each tap of the impulse response, /, is Ricean distributed and comprises a fixed and
random component. The fixed component is due to a constant LOS path between the
transmitter and receiver. The NLOS component is random and Rayleigh distributed:

{ K {1
= S je
h=~P ( T le + Fan 1X) (3.13)

where X is a complex Gaussian random variable with zero mean and unit variance, ¢
is derived from the angle of arrival/departure of the LOS component, X is the Ricean
K-factor, and P is the power of the tap. To compute the total power for each tap at each
delay, the powers of the taps in overiapping clusters, given in Appendix 3.1, are summed
at each delay.

The K-factor values for each channe] model are given in Table 3.2. The K-factor only
applies to the first tap of the impulse response; all other taps have a X-factor of 0. For
a NLOS channel, the K-factor for all taps is 0. The distance between the transmitter

" and receiver determines whether the channel should be modeled as LOS or NLOS.
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Table 3.2 K-factor matrices, Ry, and Rry, are defined as follows:
LOS NLOS 1 Prxiz  Prxid PrsIM
K-factor K-factor K-factor K-factor PTs2l L pras pram
Channel Tapindex ! Aliothertaps Tapindex1 Al other taps Ree= | prsu1 Pram 1 :
g : g g g : : ) PTRN DM
_ 1
C 1 0 0 0 :pT:;.Nl PTsN2 PTN(M-1) 317
D 2 o 0 0 PRx12 PRxi3 PRxIM
E 4 ] 0 0 Pra21 1 Prx23 PRAM
F 4 0 0 0 :
Rex=1{ prest  Preaz 1
: PRx(N—1)M
e . . _ 1
This is discussed further in Section 3.5.5. For the 802.11n channel model the angle of LARNL PR3N PRoi 34—y
arrival/departure of the LOS component is fixed at 45°, where pry;; are the complex correlation coefficients between the ith and jth transmitting
antennas, and pgy; are the complex comelation coefficients between the ith and jth
receiving antennes,
35.2 Antenna cotrelation

The model for the impuise response outlined in Section 3.5.1 and detailed in Eq, (3.13)
represents a SISO model. For a MIMO system, the taps are created for each element
of the i matrix in Eq. (3.9). Therefore, k in Eq. (3.13} is modified for the ith receive
antenna and jth fransmit antenna patr, as follows:

3521

Correlation coefficient
In the 802.11n channel model, a complex comelation coefficient is derived based on the
power angular spectrum (PAS) formulation. This section follows the description given
in Erceg et al. (2004), Salz and Winters (1994), and Schumacher ef al. (2002).

The PAS for each tap is a function of the angular spread (AS) and angle of incidence
(angle of arrival (AcA) or angle of departure (AoD), depending on Tx or Rx) of each

B = /P ( K it 1 ) cluster. The angular spread and angle of incidence for each cluster (the 802.11n model
= v/ +yf Xy (3.14) . .
K+1 K+1 assumes that all taps in a cluster have the same angular spread and angle of incidence)
is given for each channel model in Appendix 3.1. The shape of the PAS distribution
There is an H matrix for each tap of the impulse respanse in a MIMO channel: commonly used for 802.11n is truncated Laplacian. The PAS distribution over the angle
for each tap is given by
ot gt ... aifur X X o Ximr Ne
Tt ot gt | et i Xn Xap - Xom PAS(p) = %Z PE exp [M] (3.18)
H=IPWEE o TR o - "
eltw aitws . gidum X1 Xna - Xung where N is the nu.mber of clusters, a‘nd‘for eachlciuster k, pi Ais the tap P(?wer, o-kAis’
- (3.15) the tap AS, and v is the tap angle of incidence. Since the PAS is a probability density

Correlation is then applied to the random elements Xy to incorporate antenna corre-
lation into the channel model, as follows:

IX] = [Rex]* [X] ([R1] ) (3.16)

where Ry, and Ry are the receive and transmit correlation matrices, respectively. [R] 1z
is defined’ as a matrix square root, where {R]'/? . [R]'? = R. X is an independent,
complex Gaussian random variable with zero mean and unit variance, The correlation

function, it must fulfill the requirement that [T PAS(¢)d¢ = 1. Therefore A is equal to -
7 3o (prfoy) explv/Z|¢ — Yl /ox] dp. Figure 3.8 illustrates the distribution func-
tion for the third tap of channel model B for each cluster for Rx (using parameters from
Table 3.5). The sum over the clusters at each angle results in PAS(¢).

For a uniform linear antenna array, the correlation of the fading between two antennas
spaced [ apart is described by Lee (1973). The comrelation functions are given in Erceg
et al. (2004), as follows:

(3.19)

Ryxx(D) = f cos (2’;}’) simf)) PAS(¢) dop

-1
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Figure 3.8 Distribution function for each cluster.

and

ny(b) = /sm (2JTD

-1

sind)) PAS(g) d¢

where Ryy is the correlation function between the real parts of the fading (or the
imaginary parts), Ryy is the correlation function between the real and imaginary parts

of the fading, and A is the wavelength,

(3.20)

As an example, for the receiver and tap index 3 of channel model B (using parameters

from Table 3.5), Rxy is equal to —0.52 and Ryy is equal to .38 with D equal to A/2.

The complex correlation coefficients pry; between the ith and jth transmitting anten-
nas, and pgy; between the ith and jth receiving antennas in Eq. (3.17) is described by

Eq. (3.21) (Exceg et al., 2004):
p = Ryx(D}+iRyxy(D)

{3.21)

MIMO/SDM basics 41

3.5.3.1

To continue the third tap example, the antenna correlation matrix Ry, is equal to

1 —0.52+j-0.38
—0.52—j-0.38 1

‘When comparing proposals in the development of 802.11n, the antenna spacing was
set to A/2 in Stephens (2004).

Doppler model

Typically in an indoor WLAN model the transmitter and the receiver are stationary.
However, people moving in between the transmitter and receiver could cause the channel
to change. If the total transmission time of the packet or packet exchange is long
enough to be affected by this motion, a Doppler model may be included in the fading
characteristics of the impuise response. Due to the nature of the indoor environment, the
Doppler spectrum is quite different from the typical models for mobile cellular channels.
A bell shaped Doppler spectrum is used in the 802.11in channel model (Erceg et al.,
2004, as follows:

S(f)= 11 2 foax (3.22)

H
144 (;f;)
where fy is the Doppler spread, fpax is the maximum frequency component of the
Doppler power spectrum, and A is a constant used to set the value of S(f).

In the 802.11n channel model the value of S(fy) is set to 0.1, therefore A is equal to
9. The Doppler spread f; is defined as UD/}L, where vy is the environmental speed. The
value for vy in 802.11n is equal to 1.2 km/h. Therefore the values for Doppler spread in
the 5 GHz band is approximately 6 Hz and in the 2.4 GHz band is approximately 3 Hz.
Sfimax limits the range of frequencies, and in the 802.11n channel model, fr.x is set to
five times fy.

The 802.11n channel model Doppler spectrum for 2.4 GHz and 5.25 GHz is fllustrated
in Figure 3.9. As a nots, the relative bandwidth of the Doppler spectrum is independent
of the absolute carrier frequency, which is seen in Eq, (3.22).

The antocorrelation function of the bell shaped spectrum is given by R{Af) =
(mfaf/AY - exp(—(2n fa//A) - At) and the coherence time is given by Te=
WAf2rfa) - In(2).

Modified Doppler model for channel model F

Channel model F js used for large indoor or outdoor environments for large hotspot or
industrial conditions, as in Table 3.1. The Doppler model for channe! model F includes
the scenario of reflections off of a moving object, such as. a vehicle, Therefore for
channei model F, an extra Doppler component was added to the third tap to account for
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Figure 3.9 Doppler specttam. Reproduced with permission from Erceg ef al. (2004) © IEEE. Figure 3.18 Doppler spectrum for third tap of channel model F. Reproduced with permission
from Erceg (2004) © IEEE.
this higher speed component, as in Eq. (3.23):
3.5.4 Physical layer impai
S(f) = 75 5 1S fo (3.23) ysical layer Impairments
1+9 (?:—) 1+B (—~wf ;v{» "“) Several physical layer (PHY) impairments were added to the channel model. These
include Tx and Rx phase noise, power amplifier (PA) non-linearity, and carrier frequency
where fin is defined as v /2, where vy is the speed of the moving vehicle in the and clock symbol offset. The noise figure is addressed in Section 3.5.5,
environment. The value for v; in the 802.11in channel model is equal to 40 km/h. The When comparing proposals in the development of 802.11n, the carrier frequency
term B is used to set the bandwidth of the extra Doppler component. This extra Doppler offset was set to —13.675 ppm at the receiver, with the clock symbol having the same
component causes a spike at a frequency fren. The bandwidth of this spike to defined to relative offset.
be 0.02 - fuen when the spectrum is 10 dB below the peak of the spike. Solving for B, by
setting S(frenll 3 223}/ S(fren) = 0.1, results in B equal to 90000. We define fuax to
be foen - (1 4+35-0.02/2)+5- fu. )
The Doppler spectrum for the third tap of channel model F at a center frequency of 3.54.1  Phase noise
2.4 GHz and 5.25 GHz is illustrated in Figure 3.10. Note that the relative bandwidth Systems with high order modulation are sensitive to phase noise. Therefore, when
and location of the spike in the Doppler spectrum is independent of the absolute carrier comparing proposals for 802.11n, phase noise was added at both the transmitter and
frequency, which is seen in Eq. (3.23). receiver in the PHY layer simulations. A single-pole, single-zero phase noise model was
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Figure 3.11 Phase noise power speciral density,

utilized with the following specifications (Stephens et al., 2004):

[1 + (/5

PSP = PPN

PSD(0) = 100 dBe/Hz (3.24)
fp = 250kHz

£, = 7905.7 kHz

where PSD is the phase noise power speotral density, f, is the pole frequency, and f,
1s the zero frequency. This mode! results in PSD(oc) equat to —130 dBc/Hz. The phase
noise power spectral density is illustrated in Figure 3.11. Some people believe this to be
a lower phase noise than could typically be achieved in practice.

3.54.2 Power amplifier non-linearity
A power amplifier (PA) of a certain size, class, and drive current is most efficiently
used when driven to saturation for maximum output power. However, when operated at
saturation, the PA exhibits non-linear behavior when amplifying the input signal. The
distortion: caused by the PA on the transmitted waveform causes spectral re-growth,

WHMO/SDM hasies 45

At least 4x over

sample
To channel
madel
RAFP
Mag(") Mede! ™
N Anglef~)
Adjust gain
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A
A Measure average
i —~10l0gin(+)
OBC from power of packet
full saturation

Figure 3,12 Power amplifier model.

impacting the transmitter’s ability to meet the specified spectral mask, In addition, the
distortion impacts the Tx error vector magnitude (EVM), increasing the packet error
rate at the receiver.

The 802.11n MIMG/OFDM system is especially sensitive to PA non-linearity, since
the transmitted waveform has high dynamic range and uses high order modulation.
Therefore in order to properly model the PHY, especially with high order QAM modula-
tion, a model for PA non-linearity was included in the PHY simulations when comparing
proposals.

Figure 3.12 fllustrates the selected model for the power amplifier adapted from Web-
ster {2000) to be used in simulations during the development of 802.1In. The gain on
the transmitted packet is adjusted to the desired output backoff (OBO). With the wave-
form over-sampled by at least a factor of four, a non-linear distortion is applied to the
amplitude of the signal. The Rapp PA model was selected as the function to model this
distortion, and is given in Eq. (3.25):

Aow = —22 ' (.25
(1 + A?T,P) ¥

For the simulation of different proposals for the §02.11n development, p is set to 3
{Stephens, 2004). The PA distortion between the input amplitude and output amplitude
is ilustrated in Figure 3.13, )

For simulations, the recommended transmitted power, at full saturation, was 25 dBm.
The total transmit power was limited to no more than 17 dBm, Therefore, with the
recomimended settings, the OBO from full saturation is § dB.

Due to the non-linear structure of the power amplifier model, one way to achieve
the desired OBO of the transmitted waveform is to iteratively adjust the gain. This is
depicted in Figure 3.12 by the dashed line between the measure of the OBO and the gain
applied to the transmitted packet.
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Figure 3.13 Rapp model.

Path loss

To determine the achievable range between the transmiiter and receiver, a path loss model
and the noise figure of the receiver are required, For 802.11n proposal comparisons, the
input referenced {otal noise figure from the antenna to the output of the ADC was set
to 10dB in Stephens (2004). Real hardware implementations typically achieve a better
noise figure.

The path loss model used for indoor propagation was defined in Erceg et al. (2004)
and consists of the free space (FS) loss (slope of 2) up to a breakpoint distance, and
a slope of 3.5 after the breakpoint distance. The breakpoint distances for the channel
medels are given in Table 3.3. Also included in the path loss model is the shadow fading
Toss due to large scale obstructions. The path loss model is given as follows:

L{d) == Lgs(d) + SE d < dgp

d
L(d) = Les(dse) + 35 logg (21?;) LSF d> de

(3.26)
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Table 3.3 Path loss mode! parameters

Shadow fading
Channel  Breakpoint Path loss slope stet, dev. (dB} Channel conditions
model distance dgp (m) Beforedpp Afterdpp Beforedyp Afterdpp  Beforedpp  After dgp
A 5 2 35 3 4 LOS NLOS
B 5 2 35 3 4 LOS NLOS
C 5 2 3.5 3 5 LOS NLOS
D 10 2 35 3 5 LOS NLOS
E 20 2 35 3 6 108 NLOS
F 30 2 35 3 6 LOos NLOS
where d is the separation distance between the transmitter and receiver in meters, Lgg
is the free space path loss in dB, dpp is the breakpoint distance in meters, and SF is the
shadow fading loss in dB. The definition for free space path loss is
Lys(d) = 20log,o{d) + 2010g,,(f) — 147.5 (3.27)
where Lgg(d) is in dB and fis the frequency in Hz.

The shadow fading loss is modeled by a log-normal distribution (Gaussian in dB)

with zero mean, as follows:
1 (,‘ P20l )
sE(x) = exp\ SF, 3.28
Psk(x) Finoe P (3.28)
where ogp s the standard deviation of the shadow fading. The breakpoint distance is
also the transition for the shadow fading standard deviation. Table 3.3 gives the shadow
fading standard deviation before and after the breakpoint.

As discussed in Section 3.5.1 and in Table 3.2, the Ricean K-factor for the taps of
the impulse response are a function of whether the channel should be modeied as LOS
ot NLOS. For all channel models, LOS conditions are used before the breakpoint and
NLOS after the breakpoint, using the parameters outlined in Table 3.3,

36 Linear receiver design

Equations (3.3) and (3.12) demonstrate a linear equalization technique to extract data
from the received signal commonly known as the zero-forcing (ZF) algorithm, which is
described in detail in Proakis (1989). During a latge flat fade (h approaches 0), or a deep
notch in a frequency selective fading channel, noise is highly amplified in the estimate
of the data using a ZF equalizer.

An alternative approach is to select equalizer weights (W) based on minimizing the
mean-square-error (MSE). The estimate of x is given in Eq. {3.29), based on the received
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signal (¥} given in Fq. (3.10):
Y= p/M-H-X+2Z
F=w.y (3.29)
=W./p/M - H-X+W-Z
The minimur mean-square-error (MMSE) estimate minimizes the mean-square value of
the error vector e = X — X. With the definition of X and ¥ in Eq. (3.29), the expression
for MSE is given by

Trem = I%WHH*W* +Wd W —2 /EZ—Re(WH) +1 (3.30)

where J == Ele - ¢*], H* is the conjugate transpose of H, ®z is the noise covariance
matrix, and I is the identity matrix from the signal covariance. By minimizing the MSE
expression with respect to W, we arrive at a solution for W

w :J%H* (WA‘%HH* +q>z)_’ (3.31)

The diagonal terms of the MSE in Eq. (3.30) are between 0 and 1 (Proakis, 1989) with
MMSE weights. The output SNR for the ith data stream for MMSE is given by

1—7
SNR; = —is 3.32)
A
where J; is the ith diagonal element of the MSE matrix given in Eq. (3.30).
On the other hand, with ZF the MSE is unbounded. With ZF (and the simplification

)
of M = N in Eq. (3.10)), the weights are equal to ( P/M . H) . By replacing W in
Eq. (3.30) and setting $z = { (since we defined the noise term Z as Normal(0,1)), the
MSE for ZF is ((o/M) - H*H y~!. The output SNR for ZF is the inverse of the diagonal
terms of the MSE:

SNR; = ! (3.33)

diag, ((Eir" rH*H)il)

In Figure 3.14, MMSE (dashed line) and ZF (solid line) are compared for three input
SNRs, 0, 10, and 20 dB, with two transmit and two receive antennas, Each element of
the channel matrix H is modeled as independent, identically distributed Rayleigh fading.
At higher input SNR, the output SNR between MMSE and ZF is similar. This is seen by
equivalently expressing the weights for ZF as /Tp/M)H* ((p/M)HH*)™". Comparing
this to the MMSE weights in Eq, (3.31), as the input SNR increases the contribution of
P goes to zero, the weights for ZF and MMSE converge. However, at lower input SNR
levels, the improvement of MMSE over ZF exceeds 5 dB as illustrated in Figure 3.14 at
the CCDF level of 0% or more.

‘The advantage of MMSE over ZF is further demonstrated by examining capacity. The
formula for capacity based on output SNR is given by Eq. (3.34):

M
C =3 log, (1 +SNR;) (3.34)

i=1

where M is the number of data streams.

MiM0/SDM basics 43

Output SNR (dB}
Figure 3.14 Outpist SNR comparison between MMSE and ZF.

To simulate capacity, the output SNR data provided in Figure 3.14 is substituted into
Eqg. (3.34). The capacity results for ZF {sclid line) and MMSE receiver (dashed line) are
iHustrated in Figure 3.15 for an input SNR of 0, 10, and 20 dB. The results are compared
to the Shannon capacity (dotted line) given by Eq. (3.11). With an input SNR of 0 dB,
MMSE capacity is comparable to Shannon capacity at a probability of 90%. With a
ZF receiver, the capacity is substantiafly lower. As the SNR increases, the capacity of
MMSE converges to the capacity of ZF. Furthermore, the capacity of MMSE diverges
from the Shannon capacity limit.

3.7 Maximum likelihood estimation

An alternative to a finear receiver design is the use of maximum likelihood (ML) esti-
mation. Referring to the communication system defined by Eq. (3.10), an ML estimator
maximizes the probability that a signal X; was transmitted given the received signal ¥,
as shown below (Proakis, 1989):

pY | X)) - P(Xi)

P(X; was transmitted | ¥) = —bons 20 e 1, M 3.35
) 639
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achieves a diversity order of two with only two receive antennas, thereby reducing the

% + T RF implementation complexity and cost. Or conversely, when comparing a two antenna
. - fAFMSE MMSE receiver and a two antenna ML receiver, the ML receiver provides an additional
g0 T~ e Shannon diversity order. Being independent of the number of spatial streams is a very important
§ 0.5F ’ : ] property, since an ML receiver maintains its diversity order as the number of spatial
& streams grow with MIMO/SDM.
o ; ; : ; . The main disadvantage of ML is that the estimator complexity grows exponentially
0 0.5 1 1.5 2 3 with the constellation size and number of spatial streams. In this respect, ML is much
input SNR = 10 dB more complex than MMSE. For example, with 64-QAM and two spatial streams, ML
1 T = ™ T T T L T requires calculating and sorting 64° = 4096 Euclidean norms. With three spatial streams
zF o A
. —  — MMSE this increases to 64° = 262 144.
% ....... Shannon Sub-optimal implementations of ML for complexity reduction is an on-going area
é 05r o : l of research. Two areas in particular include lattice reduction and spherical decoding.
o : : The basic approach with lattice reduction is to perform the initial detection with a
o ; ; ;: i i i = basis change of the channel matrix. The basis change allows for a ZF-like receiver
0 1 2 3 4 5 & 7 8 8 stracture, but avoiding the issues of channel matrix singularities which degrade a ZF
Input SNR = 20 dB receiver. Assuming the streams are independent after the receiver greatly reduces the
1 SETE R I I————Z'F number of Enclidean norms which must be computed. Degradation to theoretical ML
> N - ~ —~ MMSE performance arises from the lattice reduction not resulting in completely independent
z : i Shannon streams. A lattice reduction technique for MIMO systems first appeared in Yao and
§ 0.5 2 ‘Warnell (2002). An extension of the reduction technique is provided in Berenguer et al.
= : (2004). A comprehensive survey of closest point searches in latices is given in Argrell
o i i i i i i Fhmes et al. {2002).
0 2 4 [ 8 10 12 i4 18

Gapacity (bits/symbol/Hz)

Figtire 3.15 Comparison between MMSE and ZF capacity and Shannon capacity.

where X is a set of M equally likely transmitied signals, p(¥) is identical for all signals,
and for equally likely signals P(X;) == 1/M for all i, so neither term affects the decision.
Therefore the maximum likelihood criterion becomes (Proakis, 1989)

¥ =argmaxp(¥ | X)) i=1,....M (3.36)
i

With an estimate of the chanuel at the receiver, f, this is expanded as follows {van Nee
et al., 2000):

X =argminl]Y — H - X (337

where the maximum likelihood estimate is a function of the minimum Euclidean
distance.

An advantage of ML decoding is in the fact that it obtains a diversity order equal to
the number of receive antennas (van Nee ef gl., 2000). In comparison, a MMSE receiver
only obtains a diversity order equal to the number of receive antennas minus the number
of spatial streams plus one. For example, a three antenna MMSE receiver receives a
two spatial stream transmission with diversity order of two. However, an ML decoder

With spherical decoding, onfy Euclidian norms which fall within a specified sphere
are considered in the search for X; in Eq. {3.37). As the radius of the sphere is decreased,
the complexity of the estimator is reduced. However, if the radins of the sphere is too
small, the algorithm could fail to find any point inside the sphere (Hochwald and ten
Brink, 2003). Further discussion (including performance curves) of list sphere decoding
is given in Hochwald and ten Brink (2003).
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Appendix 3.1: 802.11n channel models :
1 0 G 2903 246 135 247
Tables 3.4-3.11 give the parameters for the 802.11n channel models from Erceg ef al. g ;g ‘i-i 2903 246 135 247
(2004). Empty entries in the tables indicate that there is no channel tap at the corre- 4 30 B 6‘2 gggi ;:g 135 249
sponding time for the particular cluster number. 5 40 ~86 2903 246 }gg ;j;

6 50 ~108 2903 24. 5 4
Table 3.4 Chanel mode! A (Erceg &f al, 2004) 7 e TIOR 203 M6 S AT s ma Sed

! - ' - . . . X X 22.5

Choator 1 ; g 7 152 2903 246 135 247 —72 1323 224 564 225

80 —173 2903 24.6 135 247 —93 3323 224 564 225

Tap index  Excess delay fns] Power[dB] AocA ] ASRx[?] AoD[] ASTx 1 10 99 —195 2903 24.6 135 247 —11.5 3323 224 56.4 22.5

. T : 3 2 4 m.

1 i} 0 45 40 45 40 12 :;g —13.7 3323 224 564 2.5

oo ~158 3323 224 564 225

14 200 -]80 3323 224 564 225

—-202 3323 224 564 225
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» Table 3.8 Charmel model £, clusters 1 and 2 (Erceg ef af, 2004)
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< o Cluster 1 Cluster 2
a E E g ;_ Tap Excess Power AoA ASRx AoD ASTx Power AoA ASRx AcD ASTx
4K DA index defay[ns] [@B] [ [ [T £ @Bl 1 1 [
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ElE SREER 2 10 —30 1637 358 1056 36.1
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& Table 3.9 Channel model E, clusters 3 and 4 {Frceg &t al,, 2004)
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One of the functional requirements in the development of the 802.1 1n standard was that
some modes of operation must be backward compatible with 802.11a (and 802.11g if

PHY interoperability with 11s/g legacy OFDM devices

Figure 4,1 802.11a packet stracture.

2 4 GHz was supported) as described in Stephens (2005). Furthermors, the 802.11a stan- 0.14
dard development group also decided that interoperability should occur at the physical
layer. This led to the definition of a mandatory mixed format (MF) preamble in 802.11n. Sl F
in this chapter, we first review the 802.11a packet structure, transmit procedures, and 012 (——) T
receive procedures to fully understand the issues in creating & preamble that is inter-

operable berween 8072.11a and 802.11n devices. For further details regarding 802.11a 0.1 - | P |

beyond this review, refer to clause 17 in YEEE (2007a). Foliowing this overview, the ) STF )'\'-

mixed format preamble, which is part of §02.11n, is discussed. % 0.08 A (

41 11a packet structure review & ooc el ‘ " _ ‘, SR Al Rt i
g ST AR
The 802.11a packet structure is illustrated in Figare 4.1. 0.04 i h !’ ll “ H Hi 1 ' ‘” h ! I ! m l H'l
The Short Training field (STF) is used for start-of-packet detection and automatic IEIHHIRRT

gain control (AGC) setting. In addition, the STP is also used for tnitial frequency offset ! 3

estimation and initial time synchropizaticn. This is followed by the Long Traindng field a.62 LA I G

(LTF), which is used for chammel estimation and for more accurate frequency offset | ' i

estimation and time synchronization. Following the LTF is the Signal field (S1G), which 0 o |

contains the rate and length information for the packet. Example rates are BPSK, rate 5 10 15 20 25

I, encoding and 64-QAM, rate 3, enceding. Following this is the Data fieid. The first ) Time (js)

16 bits of the Data field contain the Service field. An example of an 802.11a transmit Figure 4.2 802.11a transmit waveform.

waveform is given in Figure 4.2,

411 Short Training field The Sequcwj‘e uses 12 of the 52 subcarriers. A 64-point IFFT creates a 3.2 us tim i
sequence with a pattern which repeats four times (resulting in 0.8 ps ‘petiidic;;j)oxrr;hal‘:;
* N i}

The STF is 8 ps in length. In the time domain, the STF contains ten repetitions of a
0.8 ps symbol. The STF is defined based on the frequency domain sequence given in

Eq. (4.1) JEEE, 2007a):
S_s526 = ~/13/6{0,0,1 +1,0,0. 0, —1-j,0.0,0,1+50,0,0-1-j

i e .
ﬁs] ;Ll:\;tr::;: :;;::iirc 4(.131; :flth a sampling rate of 20 Msamples/s. This sequence may
The sommonce e anh times to create ten short symbol repetitions.
erage semer ,h; ct osen to.havc good correlation properties and a jow peak-to-
avermge power its properties are preserved even after clipping or compression b
ed analog front end. The cross-correlation between the STF and one shoi

0,0,0,—1—;‘,0,0,0,i+j,0.0,0,0,0,0,0,—1—i, ini i

| . ! ] (4.1 training symbol is illustrated in Figure 4.4 i i

0,0.0, —1 —§,0,0,0,11,0,0,0,1+j.0,0.0. 1+, ! Figure 4.4. There is a separation of over 10dB
0.0.0.1-],0,0} a correlation peak and a correlation sidelobe. between
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Time Domain Sample Numbar Figure 4.4 Short Training field correlation.
Figure 4.3 Construction of short training symbols. . )
The STT is also used for initial frequency offset estimation. Due to the symbol
. o . . ) repetition, the difference in phase between two samples in the STF separated by 0.8 s
The correlation peaks may be USClli tja derive an initial time estimate in a hm-e domain for 16 samples if sampling at 20 MHz) allows an estimate of the frequency offoct This
based timing acquisition method. It is important to noFe that the CTOSS‘CDIT'eia“"“ prop- operation can resolve a frequency offset between the transmitting device and receiving
erties of the STF are degraded by delayed responses in the channel. In Figure 4.5, we device of up to 625 kHz (-1/0.8 us/2).
give an example of the cross-correlation with a channel modeled by two taps. The curve
represented by the solid line depicts the channet with the second tap delayed by 50ns. ‘ 412 Long Training field
The curve represented by the dashed line depicts the channel with the second tap delayed -
by 400ns. With 50 nis, the cross-correlation peak is a bit wider than the peak illustrated The LTF is also 8 s in length, and is composed of two 3.2 us long training symbols
in Figure 4.4. However, with 400ns, extra correlation peaks arise which may degrade prepended by a 1.6 ps cyclic prefix. The cyclic prefix is comprised of the second half of
timing acquisition. This jssue had a major impact on the design of the MF preamble in the long training symbol. The long training symbol is a 64-point IFFT of the frequency
802.11n and is further discussed in Section 4.2.1. domain sequence given in Eq. (4.2) (IEEE, 2007a). Numbering the subcarrier locations
The repetitive nature of the STF can also be used by correlating a 0.8 us short symbol ranging from 32, —31,...,-1,0,1,...,31, the populated subcarriers are located
with the previous symbol (commeonly termed auto-correlation since the received signal from ~26, —25,...,-2,-1,1,2,...,25,26. All the populated subcarriers have the
is correlated with a delayed version of itself). This technique may be used for packet value of +1 or --1. The subcarrier at DC, Ly, is not populated.
detection, whereby the correlation value exceeding a threshold indicates a packet detect.
Additionally, this correlation value may be used to set the AGC. This approach proved Loggas ={1,1,-1,-1,1,1,—-1,1,-,1,1,1,1,1,1,~1,-1,1,1, -1, 1,
less sensitive to longer delay spreads as compared to the cross-correfation; however, it -1,1,51,1,0,1, -1, -1, 1,§,—1, 1, 1,1, —1,~1, —1, 1,
is potentially less effective in noisier conditions. -1,1,1-1,-1,1,-1,1,-1,1,1,1, 1) @.2)
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Figure 4.5 STF cross-correlation with a delayed response.

The cross-correlation between the entire preamble and the long training symbol is
illustrated in Figure 4.6, with a sampling rate of 20 Msamples/s. The correlation peaks
may be used to derive a more accurate time estimate in a time domain based timing
acquisition method. Alternatively, the 1.6 us eyclic prefix of the LTF may be used for
correlation, with either cross-correlation or auto-correlation. Additicnally, the transition
between the STF and LTF may be used for more accurate time acquisition, e.g. by
determtining when the STF auto-correlation subsides.

Due to the symbol repetition, the difference in phase between two samples in the
LTF separated by 3.2 ps (or 64 samples if sampling at 20 MHz) allows & more accurate
estimate of the carrier frequency offset. This operation can resolve a frequency offset
of up to £156.25kHz (£1/3.2 us/2), so it should be used in conjunction with the STF
frequency offset estimate.

The other main purpose of the LTF is for channel estimation. The receiver extracts
the two long training symbols from the LTF, An FFT is performed on the symbols and
the training subcarriers are extracted. The subcarriers from the first long training symbol
are averaged with the subcarriers from the second symbot to reduce the effect of noise
by 3 dB. Subsequently for each subcarrier k we have the basic communication system
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Figure 4.6 Correlation of the preamble with long training symbol.

equation, yi = fi; - Ly + z;. The values for Ly are given in Eq. (4.2). The known training
symbol information is divided out of the received signal leaving the channel estimate
for each subcarrier k, fi, = Yi/L¢.

Since the channel estimate is used to equalize the subsequent OFDM symbols, noise
on the ‘channel estimate propagates througl the packet during data detection. To reduce
the noise on the channel esfimate, subcarrier smoothing may be employed. A simple
fapproach is to perform a weighted average of the chanmel estimate at subcarrier k with
its adjacent neighbors, as shown in Eq. (4.3):

ma-ﬁkft-l-b-ﬁg-}-a‘ﬁk.i.l
2-a+b

=

N 4.3)

The nature of the channel must be taken into consideration with subcarrier smoothing,
II'I a low delay spread, flat fading channel, channel taps on adjacent subcarriers are
highly con;elated and subcarrier smoothing provides a significant noise reduction benefit.
However, in a highly frequency selective fading channel, adjacent channel taps may not
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64 Mext Generation Wireless LANs
Table 4.1 Rate information with a single parity bit approaches 50%. This happens especially when no signal is
present at the receiver. A false positive incorrectly indicates a valid S1G, which ieads the
Rate bit field  Data rate (Mbps) Modulation  Code rate receiver to use the length and rate values to defer transmission. In a noisy environment
101 P BPSK 1y, or when no packAel is present, these fields are random bits, and the device cannot receive
i 9 BPSK 3, or transmit a valid packet for potentially a long period of time. This significantly reduces
0101 12 QPSK 2 throughput.
0111 18 QPSK ¥ This problem is partially mitigated by first measuring the received signal level and only
1004 24 16-QAM Y2 processing signals which exceed a fhreshold. However, some manufacturers additionally
1011 36 16-QAM z/ + used the reserve bit as extra parity. To maintain backward compatibility with devices in
0601 43 Zigﬁ 3‘/,34 the field, it was decided not to use the reserve bit in the SIG to indicate a new 802.11n MF
oot 3 packet. This then required an auto-detection between 802.11a and 802.11n MF packets,
which is discussed further in Section 4.2.2.1,
Fato Reserved Lengin Parily el 414  Datafield
The Data field consists of the Service field, data bits, tail bits, and, if necessary, pad bits.
Figure 4.7 Signal field. The first 16 bits of the Data field contain the Service field. The first 7 bits of the Service
field are the scrambiler initializatior bits. They are used to synchronize the descrambler
be correlated and more sophisticated smoothing algorithms must be applied otherwise and are se.t t.o zero 1.0 enable estimation of the initial state of the scrambler in the receiver.
) ine degrades the channel estimate, The remaining 9 bits are reserved and also set to zero.
Improper averaging cegt Following the Service field are the data bits, which in turn are followed by six tail
bits which are set to zero. Pad bits (also zeros) are added to the end of the packet so the
413 Signa field resulting length fills up the last data symbol.

The Signal field {SIG) consists of 24 information bits, iHlustrated in Figure 47 The
SKG itself is transmitted using BPSK modulation and rate ¥, binary convolution co@e
(BCC) (followed by interleaving) to maximize the probability of recepti-on. The BCC is
described in Section 4.1.5. Not only is it important for the intended receiver to correctly
decode the SIG, but also nearby stations need to correctly decode the SIG in order to
propesly defer the channel access.

The SIG consists of a single 4 ps symbol (a 3.2 us OFDM symbol prepended by a
0.8 us cyelic prefix). The waveform uses 52 subcarriers, as in the LTF: The 48 coded
bits are BPSK modulated on to 48 subcarriers. Four additional subcamers‘ are usefi as
pilots for phase and frequency tracking and training. Numbering the su.bcamer locations
ranging from —32, -31,...,—1,0,1,..., 31, the populated subcarriers are located at
26, —25,...,—2,~1,1,2,...,25,26. The pilot subcarriers are —21, —7, 7, 21. The
remaining 48 subcarriers are poputated with the coded SIG bits. ‘

The SIG contains packet information to configure the receiver: rate (m?dulatxon and
coding) and length (amount of data being transmitted in octets). The details of th'e rat.e
field are given in Table 4.1. The reserved bit was intended for future use. The parity bit
gives the even parity over the first 17 bits. The tail bits are set to zero and used to flush
the encoder and decoder, since the SIG is separately encoded from the data field. ‘

The parity and reserve bits played a large role in the development of the 11n IIHXGfi
format (MF) preamble structure, A single parity bit in the SIG proved to be problerrfa.nc
in lower SNR conditions. In very noisy conditions, the probability of a false positive

Alength-127 frame synchronous scrambler is used in 802.11a which uses the genera-
tor polynomial G(D) = D7 4 D* + 1. The 127-bit sequence generated repeatedly by the
scrambler is (leftmost used first), 00001110 11110010 11001001 80000010 00100110
00101110 1011011000001100 11010100 11100111 1011010000101010 11111010
01010001 10111000 1111111, if the all ones initial state is used (IEEE, 2007a). When
transmitting, the initial state of the scrambler is actually set to 2 pseudo random non-zero
state for each packet. Scrambling with a different sequence provides peak-to-average
protection via retransmission. After the scrambling operation on the Data field, the
six tail bits are replaced by six unscrambled zero bits. Pad bits are stripped off at the
receiver.

The Data field consists of a stream of symbols, each data symbol 4 y1s in length. A
data symbol is comprised of a 3.2 us OFDM symbol prepended by a 0.8 ps cyclic prefix.
The waveform uses 52 subcarriers, as in the LTF and SIG. The data bits are encoded and
modulafed o to 48 subcarriers, as per the rate information in the SIG. Four additionai
subcartiers are used as pilots for phase and frequency tracking and training. Numbering
the subcarrier locations —32, -31,..., —1,0, },.. ., 31, the populated subcarriers are
located at —26, —25,..., -2, —1,1,2,...,25, 26. The pilot subcarriers are located on
subcarriers —21, —7, 7, 21 with values as follows:

1 ko= =21, 7,7
PB={~1 k=21 (4.4)
0 otherwise
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Figure 4.8 Transmitter block diagram for Data field.
The polarity of the pilot subcarriers is controlied by the sequence, p,, which is a cyclic
extension of the following 127 element sequence (IEEE, 2007a):
po.nee = {1, L, 1,1, ~1, -1, -1, 1,-1,~1,-1, -1, 1, 1, -1, 1, =1, =1, 1,
1,—-1,1,1,~1,1,1,1,1, 4,1, -1, 1,1,1, -1, 1,1, -1, ~L, L, 1, L,
~1,1,-1,-1,-1,1,~1,1, -1, -1,1, =L, =1, 1,3, 1, 1,1, —1,
-1, 14,1,-1,-1,1,-1,1,-1, 1,1, -}, ~1,~L 1,1, -}, -1, =L,
-1,1,-1,-1,4,-1,1,1,1,1,-1,1,~-1, 1, -1, }, -1, -1, ~1,
~t,~1,%, -1, 1,1, ~1,1,~1,1, 1,1, -1, -1,1, -1, -1, -1, §,
1,1, -1,-1,-1, -1, -1,—1, —1}
(4.5}
The sequence p, can be generated by the scrambler. The remaining 48 subcarriers are
populated with the coded data bits.
415 Packet encoding process

The packet encoding process begins by creating the STF and LTF as described in Sections
4.1.% and 4.1.2. The SIG is produced based on the selected rate and length, following the
description in Section 4.1.3. The encoding of the Data field follows the block diagram
in Figure 4.8.

The data bits are prepended by the Service field and appended by six tail zero bits.
If necessary, additional pad zero bits are also appended to the Data field. The extended
sequence is then scrambled. The initial state of the scrambler is set to a non-zero
random valve. At the receiver, the first seven bits of the Service field give the initial
state of the scrambler. The same scrambler is used at the receiver to descramble the
received data. After the scrambler, the six scrambled tail bits are replaced by unscrambled
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zero bits. This causes the convolution encoder, which follows, to return to the zero
state.

The scrambled data is encoded with a rate % binary convolutional encoder (BCC).
The encoder has a constraint length of 7 and a generator polynomial of {133, 171}
octal. If necessary, the sequence is punctured to the selected code rate if a higher rate
is chosen. Further detail is provided in IEEE (2007a, Clause 17.3.5.5) and van Nee and
Prasad (2000).

The coded data is grouped into a number of bits per symbol and each group is
block interleaved with two permutations. The first permutation maps adjacent coded
bits onto non-adjacent subcarriers. In this manner, adjacent coded bits are not impacted
by the same frequency selective fade. The second permutation ensures that adjacent
coded bits are distributed between less and more significant bits of the modulation
constellation. This ensures that long strings of bits are not mapped to the lower reliability,
less significant constellation bits.

Following the interleaver, the groups of bits are modulated according to the selected
rate and mapped onto the corresponding subcarriers. There are four modutation for-
mats possible: BPSK, QPSK, 16-QAM, and 64-QAM. At this stage, the modulated
data are complex numbers. For each symbol, the pilot subcarriers are inserted into
their corresponding subcarriers. Subcarrier locations for data and pilots are given in
Section 4.1.4,

Each symbol group of subcarriers is transformed into the time domain by an IFFT.
A cyclic prefix is prepended to the symbol. A pulse shaping function may be applied
to each symbol to smooth transitions between symbols, Smoothing transitions between
symbols reduces the spectral sidelobes and may be necessary to meet the spectral mask.
A pulse shaping function is not specified in the standard; however, the following example
is given in IEEE (2007a) for 802.11a:

T T
sin? (g (0.5+T2~R)) Im T

T
wrlt) = {1 -;35:<T—T7m (4.6)
-T T T
sinz(%(ﬂ.Sthm )) Twm;mlist<T+TTR

where T1n is the transition time of the windowing function, which creates an over-
lap between adjacent symbols to smooth the transition. With a sampling rate of
20 Msample/s, symbol duration of 4 us, and Trg = 100mns, the windowing function
is given by Eg. (4.7) (IEEE, 2007a):

1 1l<n<79
wr(n) =105 0,80 @7

0 otherwise

An alternative approach is to use a 40 MHz IFFT with additional windowing,
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Lastly, each of the OFDM symbols is appended one after another. The digital baseband Symbol Timing
signal is converted to analog with a DAC, which is then followed by an up-converter io Frequancy Gorrection Garsdian
RF and a power amplifier.
Further details on the encoding process are given in IEEE (2007a, Clause 17) (other-
wise known as 802.11a), van Nee and Prasad (2000) and Halford (2001). An example
of data bits encoded into an 802.11a packet is given in IBEE (2007a, Annex G). ADC SympctTining |wf  GoEL
4.1.6 Receive procedure
Typically, the receiver waits for a signal to exceed a threshold before initiating the packet o Demappor ) j&?:p#ﬁg‘;af;;m coesion S T
reception procedure. The minimum requirement in 802.11a is to detect the start of a ~Reliability information for dezoder Interval
valid transmission received at a power level of at least —82dBm within 4 s with a
probability greater than 90%, Due to competitive pressures, most products exceed this
specification by 5-10dB,
The short training symbels are processed to set the AGC, initial frequency correction, o Pasioiio | ol Desoder |—sl  Descrambler [ —sDalabistream
and initial timing acquisition. This is followed by processing the long training symbols

for fine frequency correction and fine timing adjustment. The LTF is also used to generate
the channel estimate.

The next 4 s symbol is the SIG. The receiver follows the same symbol processing as
the data, except for the de-scrambler. The bits in the SIG are not scrambled. Once the SIG
bits are extracted, the receiver evaluates the parity bit for errors in the S1G. If the parity
indicates an error, the receiver returns to an idle state. Upon no errors being detected by
the parity bit, the receiver is configured based on rate and length information. The rate
determines the modulation type and coding rate. The length determines the duration of
the data stream in octets.

Following the SIG is the Data field, for which a receiver block diagram is ilfustrated in
Figure 4.9. For each 4 ps symbol, the 0.8 us GI is removed and an FFT is performed.
Using the channel estimate from the LTF, the subcarrier data is equalized as described
in Section 3.6. The four pilot subcarriers are used for phase rotation correction, and may
be used for further frequency offset and symbol timing correction.

Trellis coded modulation {TCM), which combines modulation and coding, was gen-
erally accepted as the best approach for improved performance. However, with the
commercial availability and populatity of Viterbi decoders, researchers began inves-
tigating schemes for maximizing performance with separate modulation and coding
entities to enable reuse of the Viterbi decoder. In Zehavi (1992) it was shown that in
a fading channel the code diversity is improved by bit-wise interleaving at the encoder
output, The analysis in Claire et al. (1998) goes further and demonstrates that on some
channels there is a downside to combining demodulation and decoding. For this reason,
the 802.11a system is based on bit interleaved coded modulation (BICM). Therefore,
the subcarrier data is then demapped by finding bit probabilities from the closest con-
steHation points to the equalized signal. This is followed by the deinterleaver, which is
the inverse of the interjeaver function. A comprehensive presentation of BICM is given
in Caire ef al. (1998), and further information on low-complexity demapping of BICM
is given in van Nee and Prasad (2000) and Akay and Ayanoglu, 2004a).

Figure 4.9 Receiver block diagram for Data field.

* After the parallel to serial conversion (see Figure 4.9), the data is treated as a stream
rather than symbol blocks. In a conventional receiver with ZF or MMSE, the output
of the demapper and deinterleaver is passed directly 1o the decoder, typically a Viterbi
decoder. If the code rate is higher than %, zero metrics are inserted into the decoder in
place of the puncture bits,

However, with a frequency selective channel, decoding performance substantially
improves by using the channel estimates to weight the decoder metrics (Akay and
Ayanoglu, 2004b). The bits associated with subcarriers that are faded are de-weighted
(less reliable). This forces the portions of the decoder trellis for which the SNR is low
due to the channel fade to have lower branch metrics and have a smaller contribution
to the path metric. The subcarriers with high SNR are larger branch metrics and are
emphasized in the path metric. Based on the maximum likelihood estimator, we can
mathematically demonstrate the benefit of applying channel estimates to weight the
decoder metrics,

The maximum lkelihood estimation was discussed in Section 3.7 and given in
Eq. (3.37). For soft-decision decoding in an AWGN chanrnel with fading, the proba-
bility density function of the demodulator output is given by Eq. {4.8) (Proakis, 1989):

—hx)?
exp [u] (4.8)

202

POylx) = —
YiXxi)=

V2w
Extrapolating from this, the maximum likelihood estimate of the transmitted data is
given by Eq: (4.9) (Akay and Ayanoglu, 2004b):
2

X = min
t

Y-H-X;
—_— “4.9)

a
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n Next Generation Wireless LANS PHY interoperability with 11a/g fegacy OFDM devices 7
where ¥ is the received signal, o2 is the variance of the noise, H and H are the channel Legacy
tap and chanmel estimate, respectively, and X; is the set of possible transmitted data. By Preambie HT Praamble
factoring, we arrive af the expression for the ML estimator given in Eq. (4.10) (Akay A T A
and Ayanoglu, 2004b): 1 :
: T
12| Y 2 . : ! )
o= rn‘_in L‘P—IEL %-— i (4.10) -STF LLTE Lsia SFIICT-‘A sTsz voo ﬁsﬁ&“i alga is-g:s;g
! i
The ¥/H term in Eq. (4.10) is the expression for a ZF receiver. The demapping Bus 8 ps 4ps dps 4ps dps dgps 4ps 18
operation is given by the ¥/ H — X; term. Therefore, to approach ML performance bits
with a ZF receiver, we simply need to include the extra weighting step, given by the Figure 410 Mixed format preamble.
[H1?/o? term. Since with BPSK there is no coupling between bits in the constellation,
whose informaticn is lost in a fow-complexity BICM demapping operation, Eq. (4.10) .
provides ML with a ZF receiver. o.186)- ' ' ' ) i

As illustrated in Figure 4.9, the finat step in the receive procedure is descrambing the
Data field. The first seven bits of the Service field give the initial state of the descrambler. o.14L
The same scrambler is used to descramble the data stream. Bits received after the data
length indicated by the SIG are discarded. : T 012p

Fusther details on the 802.11a packet reception process are given in IEEE (2007a, =
Clause 17) (otherwise known as 802.11a), van Nee and Prasad (2000), and Halford é’

(2001). §
g
: Z
42 Mixed format high throughput packet structure

New high throughput (HT) packet formats are used to fransmit multiple spatial streams.
The mixed format (M) HT preamble begins with legacy (802.112) fields to ensure
backward compatibility with 802.11a and OFDM 802.11g. These are followed by high 1M
throughput training fields. An overview of the fields is given in Figure 4.10. The MF 0 m % % 410‘ 2 <
preamble may be used for either 20 MHz or 40 Mz channel width. However, this Time {jis)
section focuses on the general functionality of the MF preamble, and only describes the
mandatory 20 MHz waveform. The optional 40 MHz waveform is covered in Section FTEOMT & b 5 T Gt
5.1. In addition, other optional features such as sounding packets, short guard interval, " . .
STBC, and LDPC and their impact on the waveform degsirg);n are addressed in Sections Figuro 4.1 802.11n M with two spatiel streams.
12.6, 5.5, 6.3, and 6.4, respectively.

A plot of a full 802.11n MF waveform with two spatial “streams is given in non-HT Long Training field (L-LTF), and Non-HT Signal field (L-SIG) such that legac
PBigure 4.11. The legacy part of the preamble comprises the first 20 ps. The BT part devices can detect the preamble. However, as discussed below, an 802.11n HT degvicz
of the preamble comprises the next 20 ps, with two spatial streams. This is then fol- also needs to use these fields for training and mandatory demoéuiaﬁon (')f the L.SIG
lowed by the HT data field. Referring to Section 4.1.1, the L-STF is used for start-of-packet detection A(.3C

The following sections describe the fields of the MF preamble in detail. setting, initial frequency offset estimation, and initial time synchronization by glegacy

devices. The L-LTF is used for fusther fine frequency offset estimation and time syn-

4.2 Non-HT portion of the MF preamble Cm‘g_ﬁ_ﬂ‘mﬂé The L-LTF is also used to generate channel estimates for receiving and
equalizing the . Wit i .

The first part of the MF preamble consists of non-HT (legacy) training fields identical to egtract thi rate]_;nscll(iex:::: ligfrgxﬁizsgso:r:gga:: ;Itt:elmt;asfift’eiiifg :122‘ i(ialf’f' fi;ncfs

802.11a, as illustrated in Figure 4.10. It contains a Non-HT Short Training fleld (L-STF), remain off aiz. This is discussed in more detail in Section 10.6.9. prop & o
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72 Next Generation Wireless LANs PHY interoperabiiity with 11a/g legacy OFDM devices 73
Since HT devices perform similar acquisition functions as legacy devices using the 04 v T . . . . ; " ; .
L-STF and L-LTF, the issue arises of how to transmit the legacy part of the MF preamble : : : :
that is a single spatial stream with 802.11n devices that in most cases have mulitiple 08~ | Streamaf - -7 AR B
transniit antermas. To understand the issue, consider a single antenna legacy device with 008 :
17 dBm output transmit power. To maintain similar cost and complexity, a comparable
two transmit antenna HT device has two power amplifiers each with 14 dBm output power 0.07f
for the same total output power. If the legacy part of the MF preamble is transmitted g :
from a single antenna of the HT device, the maximum power and range during legacy £ 006
training is reduced by 3 dB. Moreover, with four antennas, the power on a single fransmit iﬁi 005 v
RF chain and antenna drops by 6 dB. H ;
To atleviate this transmit power disparity, it is necessary to transmit the legacy training é 0.04
from all antennas of an HT device. However, since the legacy preamble is single stream, = :
transmfting the sarne signal from each antenna may cause unintentional and undesirable 0.035 -
beamforming effects. Since the L-STF is used for AGC setting, large variations in the ok : :
power of the L-STF also results in saturation or guantization errors. : : :
0.01 e e
4.21.1  Cyclic shifts : :
During development of the 802.11n standard, several approaches for how to trans- o3 7z 778 75 5 32 4 85 B8

mit the legacy training from ail antennas were investigated. One approach that was
considered was transmitting a subset of subcarriers on each antenna. However, with
four transmit antennas, the L-STF, which consists of only twelve active subcarriers,
would consist of only three active subcarriers per antenna, This is a very small num-
ber of subcarriers per antenna and this approach also suffers from legacy compatibility
issues.

Hence, to decorrelate the signals transmitted from different antennas with a single
spatial stream and alfeviate undesirable beamforming effects, different cyclic shifts (Tcs)
are applied to each of the signals on the different antennas, Consider an OFDM symbol
s(t) over a symbol period T. Replace s(t) with s(t — Tcs) when 0 <t < T + Tcs,
and with s(t — Tcs — T) when T + Tes < ¢ < T. The cyclic shifted signal is-defined
as '

s(t — Tes) 0<t<T+Tes

scs(t; Tes) g <o = [s([ T T) T 4Tes<t<T @10

The cyclic shift is applied to each OFDM symbol in the packet separately. Equivalenily,
in the frequency domain, where S(f) is the Fourier transform of s(t}, the cyclic shifted
symbol can be described as

Scs(f) = S(f)e it/ Tes @.12)

A two antenna example is given in Figure 4.12, with a ~200ns cyclic shift applied to
the signal on the second antenna.

The L-STF is used for AGC setting. Thus, in order to properly adjust the gain setting
in the receiver, the power of the STF needs to match the power of the Data field. The
ratio between the power of the L-STF and the power of the Data field as measured by

4.2.1.2

Time {u:8)

Figure 4,12 Example of cyclic shift applied to second antenna,

the receiver with the propagation modeled by channel model D is given in Figure 4.13.
The top graph demonstrates two transmit antennas, and the bottom graph demonstrates
four transmit antennas. Several combinations of cyclic shifts are given. For both graphs
the legend gives the cyclic shift on the signals transmitted on each antenpa.

With both two and four transmit antennas, having no cyclic shifts on any of the signals
results in large variation between the power of the L-STF and Data field, as illustrated
by the dash-dotted lines. When the power of the L-STF is smaller than the Data field,
the gain is set too high causing saturation or clipping of the data. When the power of the
L-STF is larger than the Data field, the gain is set too low causing quantization of the
data. With two antennas, the power variation between 1-STF and Data field diminishes
as the cyclic shift exceeds —200 ns. However with four antennas, cyclic shifts of up to
—600ns are required to minimize variation.

»

Legacy compatibility

Legacy CFDM devices receive the HT packet with MF preamble and process the L-
STE, L-LTF, and L-SIG. As discussed in Section 4.1.1 and illustrated in Figure 4.5,
the performance of legacy OFDM devices that employ a cross-correlation receiver is
degraded by delayed responses. The MF preambie with cyclic shifts applied to the signals
on the additional antennas appears to the legacy OFDM devices as a signal convolved
with a channel with a delayed response. The larger the cyclic shift, the larger the delay
spread, and the more the legacy receiver is degraded.
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4 . . . - Table 4.2 Cyclic shift for non-HT portion of the packet (IEEE, 2007b)
----- 0.0 : Two Transmit
oalb-| O-100] . ...l - Antennas - Number of ~ Cyclic shift for  Cyclie shift for  Cyclic shift for  Cyclic shift for
R Tx chains  Txchain I (ns) Txchain2(ns) Txchain3 (ns) Tx chain4 (ns)
0.6
= 1 0 - - -
0.4f 2 0 —~200 - -
. : 3 0 ~100 —200 -
o2l : : e R 4 i} —50 ~100 —150
0
10 4
1.00E + 00
1 T T -
,,,,,,, 50,00 Four Transmit 5
08l | = ~ - 0-50-100,-150 | ........ ARtennas & 1.00E-01
0,-400,-200,-600) ; g T
LLD.G_M........,.; .............. A BRN: B
g Saturation - L 5
- - wr
T T P
=
-+ 1TX-.11a
- 2TX-50ns
-+ 2TX-400ns
-2 o 2 4 1.00E 03 ‘ t : t i

-4
Power of STF / Power of Data Field {in dB})

Figure 4.13 Power of the L-STF relative to power of the Data field for channel model D.

During development of the standard, measurements were made by Aoki and Takeda
(2005) with 802.11a devices with cross-correlation receivers to test the semsitivity to
cyclic shifts. Figure 4.14 illustrates the results of their experiment. Since the legacy
device is only able to process up to the L-SIG in the MF preamble, only the SIG error
rate was measured. The line marked with diamonds (4) is the performance of the receiver
when receiving an 802.11a transmission, to which we are comparing. The line marked
with squares (M) demonstrates the legacy performance when receiving a two antenna
transmission with 50 ns cyclic shift on the second antenna. The line marked with triangles
(4) demonstrates the legacy peiformance when receiving a two antenna fransmission
with 460 ns cyclic shift on the second antenna. As seen from the results, with 50ns
cyclic shift the SIG error rate is comparable to 802.11a performance. However, with

4.2.1.3

—30 -25 -20 -15 10 -8 0
Normatized Tx power from ESG [dB}

" Figure 414 Preamble performance with cross-carrelation 802, 11a receiver in channel model D.

Reproduced with permission from Aoki and Takeda (2005) © HEEE.

Non-HT Short Training field

In B02.11a, the scaling of the Short Training field was set to make the power of the
symbol equa to that of the Long Training field. In 802.11n, the scaling of the symbol is
set to make the total power of the time domain signal (summed over all transmit chains)
equal to one, Thus, the L-STF frequency domain sequence Sy for the 20 MHz channel
is identical to that of 802.11a, given by Eq. (4.1), except as above, the scaling of the
sequence for L-STF is ./1/2 rather than ./T3/8. The time domain L-STF waveform for
the 20 MHz channel bandwidth for each transmit chain ity is defined by the equation
below:

: 26
400 ns cyclic shift the SIG error rate degrades substantially. A compromise was reached [ 1 . i
- [ I — . —_ T
to define a maximum magnitude of 200 ns cyclic shift on the non-HT part of the MF rL-stE () N 12 k;ﬁ Se exp (j27 ko {t — T)) (4.13)

preamble.

Table 4.2 gives the values of the cyclic shifts that are applied to the L-STE, L-LTF,
L-SIG, and the HI-SIG of the MF preamble.

With more than four transmit antenna chains, specific values for the cyclic shifts on
the additional transmit chains are not given. However, the standard states that the shifts
on the additional antennas must be between —200 ns and O ns,

where Ap = 312.5kHz (20 Miz/64); T represents the cyclic shift for transmit chain
ity with vaiues given by Table 4.2; and Ny is the number of transmit chains.

As described in Section 4.1.1, the L-STF may be created by performing a 64-point
IFFT over the frequency domain sequence resulting in 2 3.2 us time domain sequence,
which is repeated two and a half times to create the 8 ps L-STF waveform. A windowing
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furiction may be applied to the L-STF waveform to smooth transitions between it and B
the L-LTF (refer to Section 4.1.5, and Egs. (4.6) and (4.7)). S | e L
4214  Non-HT Long Training field
The L-LTF frequency domain sequence for the 20 MHz channel is identical to that of csp et 1 ) Anmog
802.11a, given by Eq. (4.2). The time domain L-LTF waveform for the 20 MHz channel 2 Window e RE
bandwidth for each transmit chain irx is defined by the equation below: : tioaver  {—pi CoetEiaton IFET > iy
26 & Insert Analog
) = S — 3 Lyexp(RnkAe(t —Top —~TE))  (414) e Sland | JRE br
Nrx 52
where Ap = 312.5kHz (20 MHz/64); Tég" represents the cyclic shift for transmit chain B N docog |,
itx with values given by Table 4.2; Ty, is the 1.6 ts guard interval; and Ny is the Window .
number of transmit chains. L J
Asdescribed in Section 4.1.2, the resulting long training symbol created by performing Y
a 64-point IFFT over the frequency domain sequence is a 3.2 ps time domain sequence. Trpsi chen
The 8§ ps L-LTF waveform may be created by repeating the long training symbol twice Figure 4.15 "Fransmitter block diagram for L-SIG and HT-SIG of the HT mixed format packet.
and prepended by a 1.6 us cyclic prefix. A windowing function may be applied to the Reproduced with permission from [EEE (2007b) © IEEE.
L-ETF waveform to smooth transitions between it and the L-STF and L-SIG (refer to
Section 4.1.5, and Bqgs. (4.6) and (4.7)).
are the mapping of complex data values to subcarrier locations while leaving space for
4215 Non-HT Signal field pilots, DC, and guard band; T¢E represents the ron-HT cyclic shift for transmit chain
The construction of the Non-HT Signal field is identical to the Signal field in 802.11a irx with values given by Table 4.2; T is the 0.8 s guard interval; Py is the same as
-and described in Section 4.1.3. Although some fields have been co-opted to protect fegacy OFDM and is given by Eq. (4.4); and pq is the same as legacy OFDM and is
802.11n from 802.11a devices, e.g. the rate field is always set to 6 Mbps and the length given by Eq. (4.5).
field is set so that 802.11a devices correctly defer transmission for at least the entire As described in Section 4.1.3, the resulting waveform is a 3.2 us time domain OFDM
duration of the HT packet. symbol. A 0.8 us cyclic prefix is prepended, resulting in a 4.0 pus symbol. A windowing
Furthermore, the waveform derived from the 48 complex data d, ¥k =0,..., 47, function may be applied to the L-SIG waveform to smooth fransitions between it and
may need to be transmitted over multiple antennas. Legacy cyclic shifts are applied the L-LTF and H1-SIG (refer to Section 4.1.5, and Egs. (4.6) and (4,7)). The transmitter
to each signal on each transmit antenna chain itx as described in Section 4.2.1.1. The block diagram for L-SIG is illustrated in Figure 4.15.
L-SIG waveform for each transmit antenna chain itx is given below:
26 .
DO = b 3 (Dp + poPOexp (RekAslt —Tar—TiF))  (@15) 422 HT portion of the MF preamble
VN 52,75 As illustrated in Figure 4.10, the HT pertion of the MF preamble consists of the High
where Dy and M (k), given by Throughput Signal field (HT-SIG), High Throughput Short Training field (HT-STF),
and High Throughput Long Traming field (HT-LTF). The two OFDM symbols of the
Dy = {0 k=0, fm* +21 HT-8IG, HT-5IG, and HT-SIG,, contain new signaling information and are also used
durgy  otherwise “for auto-detection between HT MF and fegacy OFDM packets. The HT-STF is used to
k+26 -260=k=<-22 redo the AGC setting. The HT-LTFs are used for MIMO chamnel estimation. The HT
k+25 -20<k=<-8 Data field foHows the HT-LFFs. '
M) = k+24 ~6<k<-1
k+23 1<k<6 4221  High Throughput Signal field
k+22 8=<k=20 The HT-SIG contains 48 information bits, divided into two symbols, HT-SIG; and HT-
k+21 22k526 SIG;, each containing 24 information bits. We require 32 bits to signal the new HT
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=3 iy
3 H
MCS & LENGTH H
LSB MSB § 158 MSB n,
0;1|2|3‘4|5|E 7 BlBI‘IUl11ii2§13]14;15'16‘17'18'19120121122323
HT-SIG,
s
k- Serial Quptut
Q% C7 First
o=
é Figure 4.17 HT-SIG CRC calculation. Reproduced with permission from IEEE (2007b) © IEEE.
@D
%
218 2|14
g2|glE a|5:s CRC SHGNAL TAIL
£|2|2:% 8lg ag i . ) . . o
218 5181 2 |o|GiEs High delay spread resuits in the decorrelation of adjacent subcarriers. In addition, with
ElE|elg 6 |Bl&i2a1Y certain methods of Tx beamforming, a phase discontinuity could exist between adja-
R A Ml ﬁT S I | °or™ | i | 12I B I 1 E bl j 16 i Ty | s | @ l 2 | = ! ® cent subcarriers. Both of these conditions degrade the channel estimate when subcar-
/ / HESIG rier smoothing is used (refer to Section 4.1.2 for a discussion on subcarrier smooth-
-SHG, . L . . .
LsSB LSB ing). Under these conditions, the transmitter should set the Smoothing bit to 0 to

Figure 4.16 Format of HT-SIG, and HT-8IG;. Reproduced with permission from IEEE (2007b)
© IEEE.

information and modes, In addition, the HT-SIG includes an 8-bit CRC for strong error
detection, as opposed to the single parity in the L-SIG. As in the L-SIG, the last 6 bits
are tail bits (set to zero) to terminate the trellis of the convolution code since the HT-SIG
is also encoded with a rate ¥ BCC. The HT-SIG is illustrated in Figure 4.16.

Tn HT-SIG|, the first 7 bits are used to signal which of the modulation coding schemes
(MCS} 0 to 76 is used for transmission of the Data field. The MCSs consist of BPSK,
QPSK, 16-QAM, and 64-QAM, identical to 802.11a. The ceding rates include 1/2,2/3,
and 3/4 the same as 802.114, and a new rate 5/6. MCS 0 to 7 consist of single stream,
MCS 8 to 15 consist of two streams, MCS 16 to 23 consist of three streams, and MCS
24 to 31 consist of four streams, MCS 0 to 31 have equal modulation on each stream.
MCS 32 only applies to 40MHz operation and is discussed in Chapter 5. MCS 33 to
76 have unequal modulation on each stream and are discussed in Chapter 12. The MCS
parameters and data rates for 20 MHz, equal modulation, and 800 ns guard interval are
defined in Tables 4.7-4.10. Values 77 to 127 are reserved.

The CBW 20/40 bit is used to indicate whether the transmission has 20MHz or
40 MHz bandwidth. This information is useful to allow a 20 MHz receiver to determine
that it is not capable of receiving the transmission and to terminate reception early,
reducing power consumption. Sixteen bits are used for the Length field to altow for long
packets in the range of 0 to 65 535 bytes, Longer packets than 802.11a are needed to
improve efficiency at higher data rates.

In HT-S1G;, the Smoothing bit, Not Scunding bit, and Number of Extension Spatial
Streams bits are all related to Tx beamforming. With Tx beamforming or spatial expan-
sion, the resulting channel between the transmitter and receiver could exceed 8§00 ns.

inform the receiver that only per-carrier (unsmoothed) channel estimation should be
employed.

When the Not Sounding bit is set to 0, the transmission is a sounding packet. A
sounding packet is used to gather channel state information for Tx beamforming and
link adaptation. To sound extra spatial dimensions, beyond that of the Data field, the
Number of Extension Spatial Streams field is set to greater than zero. Further detail on
sounding packets is found in Section 12.6.

The aggregate bit indicates whether the payload contains a single MPDU (aggregate
bit set to ) or an aggregate of MPDUs (A-MPDU) (aggregate bit set to 1). An A-MPDU
contains delimiters between the individual MPDUs. The PHY reports to the MAC
that the packet contains an A-MPDU immediately after decoding the HT-SIG. The
MAC requires this information in order to extract the individual MPDUs; refer to
Section 8.2.2,

The two STBC bits indicate the dimensionality of the STBC operation. When the
bits have a value of 0, there is no STBC. The value of 3 is reserved. Other values are
discussed in detail in Section 6.3.

The remaining three informational bits include a bit for FEC Coding that is set to O to
indicate that the data is BCC encoded, or set to 1 to indicate LDPC encoding. The other
bit is the Short GI bit, which is set to 1 to indicate that a 400 ns short guard interval is
used, rather than the standard 800 ns length guard interval. These features are presented
in Chiapter 6. The last bit is a reserved bit that is always set to L.

The CRC protects bits 0 to 33 of the HT-SIG (bits 0 to 23 of HT-SIG, and bits 0 to
9 of HT-SIG,) (IEEE, 2007b). The generator polynomial is GID) = D¥ + D2 + D+ 1.
Figute 4.17 shows the operation of the CRC. First, the shift register is reset to all ones.
The HT-SKG bits are then passed sequentially through the exclusive-or operation (XOR)
at the input. When the last bit has entered, the output is generated by shifting the bits
out of the shift register, c7 first, through an inverter.
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Figure 4.18 Data subcarrier constellations of L-SIG and HT-SIG. Reproduced with permission -

from IBEE (2007b) © IBEE. Ops Sus 16pus 20ps 24ps  28ys

As an example, if bits {m0 ... m33} are given by Figure 4.19 Timing of the preamble fields in legacy and HT MF.

(11110001001001100000000011 10600000} The rotation allows for robust auto-detection between L-SIG and HT-SIG, to differ-

the resulting CRC biis {c7 . .. c0} are {10101000}. entiate between legacy OFDM packets and HT MF packets.

The 48 HT-SIG bits are BCC encoded with rate ¥ resulting in 96 bits, These are split An example auto-detection algorithm is as follows. For each symbol that is processed,
into two symbols. Each symbol is interleaved, BPSK mapped, and has pilot subcarriers compute a metric based on the power of the real part of the data subcarriers averaged
inserted as described in Section 4.1.3. The complex nuombers generated by these steps are over the 48 data subcarriers minus the power of the imaginary part of the data subcarriers
denoted as dg, k = 0, ..., 47. The resulting time domain waveform for the two HI-SIG averaged over the 48 data subcarriers. Figure 4.19 illustrates the relative timing of the
OFDM symbeols is given in Eq. (4.16). Cyclic shifts are applied to the additional transmit preambile fields between legacy and HT MF. During the time spanning 16 ys to 20 ps,
antennas as with the L-SIG. To complete the waveform, a cyclic prefix is prepended to the symbol corresponds to the SIG in a legacy OFDM packet or the L-SIG in the HT
each OFDM symbol. . MF packet. For both packet formats, the metric is a large positive number, During the

P time spanning 20 ps to 24 us, the symbol corresponds to the first data symbol in a legacy

. 1 ; ;
[ N ¢ S 3 Dbn + Prat P OFDM packet or HF-SIG; in the HT MF packet. For the first data symbol in a legacy
HI-SIG A/ Ngx - 52 f\;-; &;46 ( " " ) OFDM packet, the metric ranges from large positive with BPSK. modulation to 0 for
X exp (j 2 kAg ( ¢ — nTsem — Tar — T(':Tsx) ) (4.16) QAM modulation. (Moreover, in the case of QAM modulation the packet cannot be HT,

yet due to pipelining this knowledge is not yet available.) For the HE-SIG of the HT ME
packet, the metric is a large negative number. Finally, the metric from the time spanning
16 ps to 20 ps is compared with the metric from the time spanning 20 us to 24 ps, With
an appropriate threshold, we can differentiate between a legacy OFDM packet and an

where D, and M’ (k) are the mapping of complex data values to subcarrier locations, as
for L-5IG defined by Eq. (4.15); Toym = 4 ps symbol time composed of 3.2 us OFDM
symbol time and 0.8 ps guard interval; 725 is the non-HT cyclic shift for transmit chain

itx with values given by Table 4.2; T, = 0.8 us guard interval; Py denotes the pilot HT MF packet.

subcarriers defined to be the same as legacy OFDM and given by Eq. (4.4); and ppyy

is the pilot polarity defined to be the same as legacy OFDM and given by Eq. (4.5) — 4.2.2.2  High Throaughput Short Training field

since the first valne of the sequence is used for L-SIG, HT-SIG uses the next two As was discussed in Section 4.2.1.1, large cyclic shifts are required to decorrelate the

values. signals when the same spatial stream is sent on the different transmit antenna chains.
A windowing function may be applied to each of the HT-SIG symbols to smooth This was illustrated in Figure 4.13, where, with four transmit antennas, cyclic shifts with

- transitions between it and adjacent symbols (refer to Section 4.1.5, and Egs. (4.6) a magnitude of 600 us are required for the STF to have comparable power to the Data

and (4.7)). The transmitter block diagram for the HT-SIG symbols is iltustrated in field. However, for backward compatibility with legacy OFDM devices, a cyclic shift

Figure 4.15. with only a maximum magnitude of 200 ns is needed for L-STF as discussed in Section
Note that in Eq. (4.16) the data [ are rotated by 90 degrees (multiplication by j). 4.2.1.2. Therefore, an additional field is added after HT-SIG to enable accurate power

Since both the L-SIG and HT-SIG are BPSK. modulated, the HT-SIG is rotated by 90 estimates for AGC (automatic gain control) setting required for MIMO. The HI-STF

degrees relative to L-SIG, as illustrated in Figure 4.18. i allows for a more accurate AGC setting than L-STF and reduces the dynamic range
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Table 4.3 Cyclic shift for values for HT-STF, HT-LTF, and Data field (IEEE, 2607h)

PHY interoperability with 11a/qg legacy OFDM devices 83

‘Two spatial streams

: ™
Number of Cyclic shift for Cyclic shift for Cyclic shift for Cyclic shift for { - N spatial stream =R
spatial streams  spatial streamn 1 (ns)  spatial stream 2 (ns)  spatial stream 3 (ns)  spatial stream 4 (ns) ; 1HTLTF, —{*HTLTR, 1*HTLTF, 1*HTLTF,
t Ons Ons Ons ans
1 0 - - - !
2 0 —400 - O B ittt
3 0 —400 —-260 -
1*HTLIYF, 1°HTLIF, —1*HTLTF, T*HTLTF, Three
4 o —400 —200 —600 % 400ns' 400 7S a00ns 400 TS ¢ spatial
. & streams
. P
. . @ 1*HTLTF, 1HHTLYF, 1*HTLIF, -1*HTLTR
requiremnent on the ADC. The values of the cyclic shifts for different numbers of spatial % -200ns —200ms —2001s” -200 ns
streams are given in Table 4.3. o |
The time domain HT-STF waveform for 20 MHz channel bandwidth for each spatial
isg i ; * is identi ~1*HTETR, 1=HTLTF 1*HTLTF 1*HTLTF.
stream /gg is defined by Eq. (4.}7). The subcamers.equein_ce Sk for the HT-STF is identical 600 s 600 ns" 600 f'ISk 800 ns“
to that of the L-STF, defined in Eq. (4.13). For simplicity, we assume that the number
of spatial streams is equal to the number of transmit antennas (direct mapping). Spatial L v J
mapping, which maps fewer spatial streams to more transmit antennas, is discussed in Four spatial streams
Section 4.2.3.8. Time
) 26 Figure 4,20 Construction of the HT-LTE.
iss : isg
s ) = —=——— 3 Seexp (i27kAr(r — TF)) (4.17)
VlNss - 12 =, . -, .
—28 and —27, are filled with +1 and two additional subcarriers, 27 and 28, are filled
; e ith —1:
where Ar = 312.5 kHz (20 MHz/64); TS represents the cyclic shift for spatial stream e
iss with values given by Table 4.3; and Ngg is the number of spatial streams. HTLTE
The HT-STF symbol is 4.0 uis in length. A windowing function may be applied to the 2828
HT-STF symbot to smooth transitions between it and adjacent symbols (refer to Section LuLil, -5 1,44, -LL-L1,LL, L 5L -1, L L L -1 1, -1,
4,1.5, and Bgs. (4.6) and (4.7)). ={4L54L00L-1,-1,141, -1, -} L, ~1,~1,~1, -1, -1, 1, I, -,
-1,1,—-1,1,-1,1,1,1,1, -1, -1
. (4.18)
4.22.3 High Throughput Long Training field

A new HT Long Training field is provided in the HT MF preamble for MIMO channel
estimation. A 4ps HT long training symbol is transmitted for each spatial stream
indicated by the selected MCS, except in the case of three spatial streams where four
long training symbols are transmitted. An orthogonal mapping matrix is used to generate
the HT-LTE. In order to permit non-complex mapping matrix for three spatial streams,
the extra long training symbol was added. The same cyclic shifts as used for HT-STF,
defined in Table 4.3, are applied to the long training symbols to accurately match the
power variation of the Data field.

The HT-LTF is illustrated in Figure 4.20. The HT long training frequency sequence
is multiplied by a value (41 or ~1) from the orthogonal mapping matrix. Each long
training symbol is cyclic shifted with values given in Table 4.3,

The HT long training symbol for 20 MHz operation is defined based on the frequency
domain séquence given in Eq. (4.18) (IEEE, 2007b). This sequence is an extension of
the legacy long training symbol (defined by Eq. (4.2)), where two additional subcarriers,

The time domain HT-LTF waveform for 20 MHz channel bandwidth for each spatial
stream igg and for each long training symbol n, 1 < a < Ny, is defined by Eq, (4.19).
For simplicity, we assume that the number of spatial streams is equal to the mumber of
transmit antennas (direct mapping). Spatial mapping, which maps fewer spatial streams
to more transmit antennas, is discussed in Section 4.2.3.8.

28

. Z [Prrureligs, » HTLTEy
k=28

x exp {j 2 kAp(t — Tar — Té‘ss)) 4.19)

#,i55 N =
e Nes - 56

where Tg; is the (.8 us guard interval; Ar = 312.5 kHz (20 MHz/64), Tésss represents the
cyclic shift for spatial stream igg with values given by Table 4.3; and Nss is the number
of spatial streams,
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The orthogonal mapping matrix is given in Eq. (4.20) (JEEE, 2067b): N ° — Trseri
™ *l mapper 0FT aGnti " :;?; I‘FT‘.}% N
1 __1 1 Window
1 1 -1
= 4.20
Prme ro1 1 -1 “.20)
-1 1 1 1
.. L . o intereaver [ Consteliation L oo L IDFT g:s:nr:j Anaiog
The number of long training symbols is given in Eq. (4.21): .~ magper window |1 andRE [T
gl |8 g
Ngs if Ngg = 1,2,4 2 g ﬂ“_i “&
= 4.21
= {1 TN s @20 ImE 3
ol @ §
= 0
To complete the waveform, a 0.8 us cyclic prefix is prepended to each 3.2 ps OFDM ® e Gonsttaton || een insert Andtog
symbol. A windowing function may be applied to each long training symbol to smooth BHSRVer ™ mapper 9 ™ IDFT Siand [N andRF [
transitions between it and adjacent symbols (refer to Section 4.1.5, and Egs. (4.6) and —
“@.m.
423 Data field :
s intereaver ol C“;i:gz?“" b csp IDFT |- g:s:;:; Lyl Andlog |,
Many of the steps in the encoding process of the Data field are the same as 802.11a, a Windaw
description of which will not be repeated. For an explanation of the 802.11a functions,
refer to Section 4.1.5. The transmitter block diagram for the HT Data field s given in L v J L ~ J
Figure 4.21. - Ngs Spatlal Streams Wiy Transmit chains
The following sections describe the encoding process when using the mandatory ! . . ) o
binary convolutional code (BCC). Refer to Section 6.4 for the encoding steps when Eggg:& 73?@“&“? block disgram for HT Data field. Reproduced with permission from
using the optional low density parity check (LDPC} code. In addition, refer to Section '
6.3 for the waveform design when using the optional space-time block code (STBC).
4.23.2  Scrambling and encoding
4231  Bitstring ) : The resulting data bit string is scrambled with the same scrambler as in 802.11a,
As in 802.11a, the Service field consisting of 16 zero bits is prepended to the data bits. described in Section 4.1.4. The six scrambled zero biis that served as tail bits fol-
With BCC, six (all zeros) tail bits are appended to the data bits. If necessary, the bit string lowing the data are replaced with the same number of non-scrambled zero bits. This
is extended with pad bits (all zeros) such that the resulting length can be divided equally returns the convolutional encoder to the zero state, and is described further in IEEE
into an integer multiple of OFDM symbols. The encoding process for the optional LDPC (2007a, Clanse 17.3.5.2).
code is deseribed in Section 6.4. . The scrambled bit string is encoded with the rate ), BCC. After encoding, the bit
The number of OFDM symbols in the Data field is as follows: string is punctured to the selected data rate. Both encoding and puncturing are the same
as in 802.11a and are described in Section 4.1.5.
8 length + 16 + 6 escribed in Section
Nsym = | ——————— (4.22)
Npaps
where length is the value of the Length field in octets in the HT-SIG field illustrated in 4.2.3.3 Stream parsing
Figure 4.16; and Npgps is the number of data bits per OFDM symbol determined by the After encoding and puncturing, the bit string is re-arranged into a new set of bit strings
selected MCS. equal to the number of spatial streams (Nsg). To simplify the description, this section
The symbol [x} denotes the smallest integer greater than or equal to x, corresponding only describes the stream parsing function for equal MCSs. For unequal MCSs, refer to
to the ceiling function. The number of pad bits is therefore Ngyas - Nppes — 8 - length — Section 12.4. The output of the stream parser is Nss bit strings, each of length Negpss
16 6. (coded bits per spatial stream).
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: . fgs o .
Yor V15 Vo> Vos Vios Vs x:, The ocutput of;slshe ﬁrs.t interleaver permutation, u®, is a function of the output of the
" stream parset, x;*, and is defined as follows:
N,
hY
AY : .
Yoo Pioer Viseor J(’l"zu:ayss‘”‘rss*i Y y34:y:y5:y12:y133y14="' xZ wfs mx;ss
1 k
k
i i =4 Ngpses - (k mod 13) + | - {4.25)
! 13
b Yo X1 Vo Vs Vies Yiaoes s
’ * where I SiSSENSS;ki011!>-‘)NCBPSS——1-
Figure 4.22 Stream parser for single encoder and equal MCS. Comparing the first permutation to that of 802.11a, the modulus and floor function
use a factor of 16 becaunse 802.11a consists of 48 data subcarriers, which is divisible by
its i 1 ioned to different spatial streams in a round 16. In 802.11n 20 MHz operation, there are 52 data subcarriers, which is divisible by 13.
;} bloclf; of s bits is alfelmate y assigne 10 f ;feSAl\i (s = 3) and three spatial The output of the second interleaver permutation, y,**, is a function of the output of
robin fashion. Figure 4.22 illustrates an example of 64- - P the first interleaver permutation, w,'-ss, and is defined as follows:
streams.
The size of a block of s bits is determined from a single axis {real or imaginary) of a yiss _ i
consteilation point, defined in the equation below: & i \ -
j=s5-1— -%—(k-{-N WL J)m@ds (4.26)
5 = max { i, *N“E;igs—] (4.23) LY j PSS | Nesess
R . . . . where 1 <igs < Nss, k=10,1,..., Negpss — 1, and 5 is the same block size as with
where Nppscs is the numbe?‘ of coded bits per single subcarrier for eack:sgpjanai ﬁsltre;m, the stream parser, defined by Eq. (4.23).
or equivalently the H}Od“lat“m order. The output of the stream parser, x,”, 1s a function If there are more than one spatial siream, the third permutation is performed, The
of the input, y;, and is defined as follows: output of the third interleaver permutation, 2%, is a function of the output of the second
s interleaver permutation, y/s, and is defined as follows:
XpT =Y
k ; .
i =(iss—~1)-s+s5-Nss- l-st +k mod s (4.24) z}f" =y
iss— 1
roe= (k - (((iss ~D-Dmod3+3. F%WD ‘11 -ngscs) mod Negpss
WherelsissENssandk‘—‘O,i,...,NCBpss-'"}. i :
The symbol | x| denctes the largest integer less than or equal to x, corresponding to @27
the floor function. k mod s is defined as the remainder from the division of the integer
k by the integer 5. where | < igs < Nss,andk =0,1,..., Ncppgs — 1.
4234 Interleaving 4.23.5 Modulation mapping
After the stream parser, each of the Ngg bit strings is interleaved using three permutations The subcarriers in 802.11n are BPSK, QPSK, 16-QAM, or 64-QAM modulated based
if BCC encoding was used. The first two interleaver permutations are based on the on the selected MCS in the same method as in 802.11a (refer to IEEE (2007a, Clause
interleaver for 802.1a. The first permutation ensures that adjacent coded bits are mapped 17.3.5.7) or van Nee and Prasad (2000) for further details). The bit streams at the output
onto non-adjacent subcarriers (IEEE, 2007a). The second permiutation ensures that of the interleaver are accordingly mapped to complex constellation points, with the
adjacent coded bits are mapped alternately onto less and more significant bits of the notation shown in Eq. (4.28) for the data streams. Each 20 MHz HT OFDM symbol
constellation, avoiding long runs of low reliability bits (IEEE, 2007a). If more than one consists of 52 complex data values for each stream indexed by k.
spatial stream exists, the third operation is applied, which performs a frequency rotation
to the additional spatial streams. degm, k=0,1,...,51, I=1,...,Nes, n=0,1,..., Neywy ~1  (4.28)
In this section, we limit the description of the interleaver to 20 MHz operation and
equal MCS to simplify the explanation. Interleaver design for 40 MHz is addressed in whete Ny is the number of OFDM symbols defined in Eq. (4.22), and Neg is the
Section 5.1.4 and unequal MCS is addressed in Section 12.4. number of spatial streams.
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Table 4.4 Pilot subcarrier values for 20 MHz transmission where Dy 1 , and M7 (k), is defined as
iEEE, 2007h
: ) D 0 k=047, 421
Nes  dss whs? wllnl gl gl B = dagrgoin  otherwise
1 i H 1 1 -1 k+28 —28<k<-22
2 i 1 I -1 -1 E+27 ~20<k<-—8
2 2 ! -1 -1 1 k+26 —6<k<-l
r — =Rz
S : : ‘i ‘1 M= k25 1<k<s
3 3 -1 1 -1 k+24 6=<k=<20
4 1 1 1 1 -1 k423 22<k<28
3 g } . —} i are the mapping of complex data values to subcarrier locations; Ty, is the 0.8 ps guard
4 4 ) - 1 1 interval; Tgyy is the 4 ps symbol time, composed of 3.2 ps OFDM symbol time and
0.8 ps guard interval; Ap = 312.5 kHz (20 MHz/64); Tésss represents the cyche shift for
spatial strean igg with values given by Table 4.3; Ngg is the number of spatial streams;
4236 piotmbearirs el b 4250, o ples ol
In 802.11n 20 MHz operation, the pilot suhearriers are focated in the same subcarriers gacy and given by Eq‘_( : _) since the hrst three vaiues o
asin 802.11a, —21, —7, 7, and 21, as given in Eiq, (4.29) (IEEE, 2007b): the sequence are used for L-51G and HT-SXG, indexing into the pilot polarity sequence
T ! T ’ is offset by three; and P{_  denotes the pilot subcarriers, defined by Eq. (4.29).
Ptzg‘?s _ {0! 0, 0,0,0,0,0, WIFNS:;A’ 0,0,0,0,0.0,0,0,0,0,0,0,0, A winfiowiag f‘unction may be applied to .each data symbol to smooth transitions
Uiss.n 58 between it and adjacent symbols (refer to Section 4.1.5, and Egs. (4.6) and (4.7)).
(Ngs) (Ngs}
Wy, % ,0,0,0,0,0,0,0,0,0,0,0,0,0,¥, % . 4.29 . .
Tss (1) e iss (284 429 4238  Spatial expansion
0,0,0,0,0,0,0,0,0,0,0,0,0, ¥, T, 5640,0.0.00,0, 0} Consider a device with four antennas wanting to transmit two spatial streams. One reason
- for the usefulness of this type of configuration is if the current channel environment does
where n @ a indicates symbol number modulo integer ¢ and the patterns ¥, 7" are not support additional spatial streams. To maximize the output power, sach transmit
defined in Table 4.4. chain needs to be utilized for transmitting the signal. The question arises of how to map
For each spatial stream there is a different pilot subcarrier pattern. In addition, for each fewer spatial streams to more transmit antenna chains without causing unintentional
number of spatial streams, the set of pilot subcarrier patterns is different. And finally, beamforming and making the best use of the available power ampiifiers and transmit
the pattern is cyclically shifted from symbol to symbol due to the modulo indexing chains.
operation of \pf:: 5:; 4+ in Eq. (4.29). Continuing the two spatial stream example, we have complex data for an individual
sitbcarrier and OFDM symbol,
4237 Transmission in 20 MHz HT format {a‘[]
The 52 data subcarriers and the four pilot subcarriers for each spatial stream are combined )
and an IFFT is performed to generate the OFDM data symbol. For snn'phcﬁy, we After applying the cyclic shift defined for two spatial streams, the complex data is given
assume the number of spatial streams is equal to the number of transmit antennas by
(direct mapping). Spatial mapping, which maps fewer spatial streams to more transmit i
antennas, is discussed further in Section 4.2.3.8. The resulting time domain waveform [d . kiA 400 :I
for the OFDM datz symbols is given by Eq. (4.30). To complete the waveform, a cyclic 2 exp(—j 2 kA (—400ns))
prefix is prepended to eack OFDM symbol: As a first step we can repeat the two sireams over the additional antennas, as follows:
. 1 Ngym—1 28 . di
e pars ) = N Z 2 {Deigen + PnHP(;ss,n)) iﬁ dy exp(—j 2m kAp (—400ns))
88 n=0 km=-78 72 s
x exp (j2ekAp (t — nTsyns — Tor — TEE)) (4.30) dy exp(—j 21 kAg (400 ns))
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However, if such a signal was ansmitted, simultaneous transmission of the same signals
has undesired beamforming effects, To decorrelate the signals we multiply the signals

PHY interaperability with 11a/g legacy OFDM devices 81

Table 4.5 Spafial expansion mabrices

by a cyclic shift. An example is given beilow: Nrx  Nss Ok
1
dy % exp(—j 2w kAp{(Ons)) 2 1 i {cxp(_j . k}sp(—400ns))]
1 | drexp(—j2m kAp(—400ns)) x exp (—j 2m kAp (Ons))
V2 | % exp(~j 2m kAp{—200ns)) 3 1 S
; ; 1 — —j2m kAp (—400
dyexp (—j 2r kAp (—400ns)) %  exp(—j 2m kA (~200ns)) Wzl :};E_} zZ MELZOO gg

dy exp (—j 27 kAr (Ons))
1| dyexp{(—j 27 kAg (—400ns))

1
1 | exp(—j2m kAp(—400ns)

/3 | diexp(—j 2w kAR (~200ns)) 41 z j
’ 2 | exp{—j2m k&g (—200ns))
dy exp(—j 2w kA (—600ns)) exp (2 kAp (—600nS))
With this selection of cyclic shifts we only attain a 200 ns separation between copies of 3 1 0
the same signal. One might be tempted to use a set of cyclic shifts consisting of [Ons; 3 2 3 0 1:!
Omns; —400ns; +400 ns} which would result in an overall cyclic shift on the data of [0 ns; exp{—j2m kAp(—200ms)) O
—400ns; Ons; —400 ns] separating the same signals by 400 ns. However, in order for
the HT-STF and the HT-LTF to match the data, the same spatial mapping matrix applied 1 é ?
to the data must be applied to those fields. In the first case, the spatfal mapping applied 4 2 75 | expl—j2n ke (~200ns)) 0
to the short tra]'ning symbol would result in o exp(—j2m kAg (—200ns))
S - exp(—j 27 kAp(Ons)) 1 00
1| §-exp(~j 2w kAp(—4001s)) 4 3 ? 8 (1) cf
V2 | 8- exp(—j 2m kg (=2000s)) exp(—j 27 kA (~600n8)) 0 0O

§ - exp(—j 2m kAp(—600ns))

which matches the cyclic shifts in Table 4.3. In the second case, the spatial mapping
applied to the short training symbol would result in

maps the Nss spatial streams to the it transmit antenna chain, as follows:

Mo Ngs
S -exp(—j 2r kA (Ons)) rimy o _—-E.__ [ (Ess)
. Fiew ) = Ol iss X,
1 | S-exp(~j2nx kAp(—400ns)) el / Nas - ““"‘“N;;:?; k;gm .‘; ity iss Ak
Nl S - exp (—j 2m kAp{(0ns)) . Foid ;
§ - exp (—j 2m kAp (—400ns)) X exp (J 2 kAF (f ~Tar - Tcsss)) (d.31)

Since the same short training symbol is used over all streams, and subsequently all
anternmas, the resulting cyclic shift must be different for each transmit antenna chain. To
summarize, the selection of the spatial mapping matyix must consider the properties of
the HT-DATA as well as the HT-STF and HT-LTF.

The 802.11n standard does not specify spatial mapping matrices, though a few exam-
ples are given. Table 4.5 gives mapping matrices which result in cyclic shifts on the
HT-STF and HT-LTF for each transmit antenna chain that match those in Table 4.3
for the equivalent number of spatial streams. In matrix notation, the resulting signal is
0 X, where QO is the spatial expansion matrix of dimension Nrx x Nss and X is the
signal vector of dimension Ngg x 1.

The waveform equations for HT-STF, HT-LTF, and HT-DATA defined by Eqs. (4.17),
(4.19), and (4.30) are modified to incorporate the spatial mapping the matrix Q which

424

where TEel is the 0.8 ps guard interval for HT-LTF and HT-DATA, 0 for HT.STF;
N = 56 for HT-LTF and HT-DATA, 12 for HE-STF; Ngg = 28 for HT-LTF and
HT-DATA, 26 for HT-STF; Ngs is the number of spatial streams; T/ represents the
cyclic shift for spatial stream i5g with values given by Table 4.3; and Xf“) = §; for
HT-STF, [Perirelisg o HTLTF; for HT-LTE, and (D igs,n + pass P, ) for HEDATA,

As a final note, transmit beamforming is also used to map spatial streams to transmit
antenna chains and is addressed in Chapter 12.

HT MF receive procedurs

This section describes the receive procedure for the basic modes of operation for 20 MHz.
Special conditions due to optional features are addressed in their corresponding sections.
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Figare 4.23 Receiver block diagram for MIMO.

Such features include GF preamble, sounding packet, short guard interval, LDPC, and
STRBC described in Sections 5.4, 12.6, 5.5, 6.4, and 6.3, respectively.

RF front end

A basic block diagram for a MIMO receiver is illustrated in Figure 4.23. A MIMO
receiver design has multiple receive antenna chains each consisting of an anterma, LNA,
down converter, AGC, and ADC. To maximize the dynamic range on each antenna
branch, typically each AGC in each receive chain is individually adjusted.

Since the MF packet begins with the legacy preamble, the use of the L-STF for AGC,
initial frequency corection, and initial time acquisition is similar to that of 802.11a,
described in Section 4.1.6. However, 802.11n devices typically have multiple receive
antennas, therefore correlation functions for start-of-packet detection and coarse timing
shouid be summed over all the antennas to maximize detection performance. The coarse
time adjustment is applied to all receive signals. Similardy, if in the transmitier afl
the transmit chains use the same oscillator, and in the receiver all the receive chains
use the same osciflator, the frequency estimation desciibed in Section 4.1.1 may also
be summed over all receive antenna chains and applied fo all received signals. Since
the 802.11n standard mandates that the transmit center frequency and the symbol clock
frequency for all transmit antennas is to be derived from the same reference oscillator,
the requirement of commeon oscillator source is not onerous. Further description of time

PHY interoperability with 11a/g legacy OFDM devices 93

4.2.4.2

4.2.4.3

synchronization and frequency estimation for MIMO systems fs given in van Zelst and
Schenk (2004).

Legacy part of the preamble

Processing of the L-LTF and L-SIG follows next as described in Section 4.1.6. However,
with the multiple receive antennas of a MIMO receiver, more robust processing may be
performed on the single stream transmission of the L-SIG than with a single antenna
fegacy receiver. Reception of a single stream transmission by multiple receive antennas is
generally described in Section 3.2. Furthermore, the benefits of maximal ratio combining
are described in Section 6.1,

With a legacy packet, a check of the SIG parity bit to determine the validity of the
packet would occur. However, if the packet is an HT packet, it is not necessary to fail
the packet upon an invalid L-SIG parity bit. Therefore, the check of the 1-SIG parity bit
only needs to occur if it has been determined based on auto-detection that the packet is
a legacy packet. The auto-detection between legacy and HT MF packets occurs during
the next symbol following the L-SIG, whick is the HT-SIG for an HT MF packet as
described in Section 4,2.2.1.

High Throughput Signal field (HT-SIG)

Except for the 90 degree phase rotation, the HT-SIG field is modulated and encoded
similarly to the L-SIG and the receive processing steps are the same as that of the L-SIG.
With regard to decoding, the HT-SIG data are encompassed by two OFDM symbols
and are treated as a single block when decoded. Since the frequency correction and
time synchronization were computed based on L-STF and L-LTF, it advisable that phase
rotation correction computed during the L-SIG and HT-SIG be used for further frequency
offset and symbol timing correction before processing the HILTE. This minimizes the
error in the channel estimates computed from the ATT-LTE

If signal loss occurs at any point during processing during the legacy part of the
preamble and the HT-SIG, the receiver terminates reception. However, the device must
not access the medium (defer) for as long as the received sigﬂal level remains above
—62dBm (for 20 MHz operation). This ensures that even if the receiver is not able
to process the signal, the fundamental nature of carrier sense multiple access is still
maintained. This basic operation is termed clear channel assessment (CCA).

In the next step of the receive procedure, the HT-SIG CRC is checked for validity.
With & valid determination of the HT-SIG CRC, the information bits in the HT-SIG
(described in Section 4.2.2.1) are used to configure the receiver for reception of the
packet. At this point even following signal Joss, the device refrains from accessing the
medium until the transmit time (TXTIME) computed based on the HT-SIG vahses has
expired:

TXTIME = Ty _srp + Tipyr + TLsic + Noer - Treare + Tursie + Tsym - Nsya
(432)
where 1. str, To-rrv, Tarsio = 8 ps duration; Ty sio, Thr—11r = 4 ps duration; Tsyyy =
4 ps duration for 800 ns guard interval operation; Nsyy is the number of OFDM
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symbols in the Data field defined by Eq. (4.22); and Nprr is the number of long training below:
symbols, determined from the MCS — the number of long training symbols is based on ¢ L - ‘
the number of spatial sireamns indicated by the MCS (excluding a sounding packet). Y 111-‘" - }_l;' - HTLTF + ',312 -HTLTF + 27,
The computation of TXTIME changes for GF preamble, short guard interval, sounding Yo = H5; - HTLTF + hf, - HTLTF + Zg,:g
packet, LDPC, and STBC. The modifications for TXTIME are described in Sections Vi, = B HTLTE. (=1) + i, - HTLTF + 7, 33
5.4.4,55,12.6,64,and 6.3, respectn./ely‘ o ' y?’f,:z = ’_'51 “HTLIF - (—1) + 5'52 HTLIF + Z’ﬁ .,
TXTIME must be computed even if the indicated rate or mode is not supported. An ’
exception to the TXTIME computation is if the reserved bit is decaded as 0. ¥ the HT- Once the two symbols are processed and the subcarriers are extracted, the subcarriers
SIG CRC is valid, then a reserved bit value of 0 indicates an invalid condition or a false from symbol one are combined with the subcarriers from symbol two to derive the
positive of the CRC computation. Furthermore, if the MCS field is in the range 77-127 or channel estimates. First the symbols from antenna one are combined, as follows. The
the STBC field has a vatue of 3, TXTIME can not be computed. In these conditions, the subcarriers from the first symbol are subtracted by the subcarriers from the second
device nmust not access the medium for as long as the received signal level remains above symbol to derive the channel estimate for &%), This cancels out the ﬁ’%z term. Then the
—62 dBm (for 20 MHz operation), rather than based on the TXTIME computation. subcarriers from the first symbol are added with the subcarriers from the second symbol
One further note on proper CCA, even though the GF preamble is optional, an HT to derive the channel estimate for kf,. This cancels out the &%, term, This is expressed
device not capable of receiving such preamble type must still properly defer. Rules in the equation below:
regarding CCA of a GF packet received by an HT non-GF capable device are discussed . .
in Section 5.4.4. Ao Iy = Vi
= 5 e
A H+I LIE @36)
4244  High Throughput Training fields and MIMO channel estimation - Jio T e
2 . HTLTF

Following the HT-SIG fields is the HT-STF that is used to readjust the AGC, as described
in Section 4.2.2.2. The subsequent symbols comprise the HT-LTF used for MIMO
channel estimation. To explain the steps to compute the channel estimates for the MIMO
channel, we begin with a two stream, two transmit and two receive antenna example.
The receiver processes each 3.2 ps fong training symbol by removing the cyclic prefix

Usix}g the subcarriers from the second amtenna, we similarly derive the channel estimate
for k%, and A%, as follows:

& I
tr _ J2n " Yan

from the HT-LTF and performs an FFT to extract the training subcarriers. For the first 27 2 HTLIF 437
symbol in time, indicated by 11, the frequency domain representation for each training M y{u + yf.zz .
subcarrier k at the receiver is represented by Eq. (4.33). Note that z is AWGN. Refer to 27 o9 HTLTE

Figure 3.4 in Section 3.3 for a general illustration of the MIMO system.

—j | 3 2
¥E, = hE HTLTF - e 1774800 4 pb,  HTETR - ¢7i0m00eTe 4o |

Combining the subcarriers from the two symbols to extract the channel estimate is
possible due to the orthogonal mapping matrix.

. . (4.33) The derivation of the ehannel estimates can be generalized to an arbitrz ber of
ko ko | a2k AT, k. amiMEARTE o ok : ary number o
Y3, = Hyy - HILTF . ¢35 G - iy - HTLIF - @ etz spatial streams and receive antennas. First we define the received signal vector Y, with
Then at the second symbol in time, 7z, the ‘m_lmbef of f:lemems equal to the number of receive antennas (Nrx), and the Long
Training Field index n, I < n < Npre. The received signal vector from each symbol is
yE, = k¥ HILTE - (1) . IPmEARTY | pk  HTLTE - o~ 20k0eTE 4. 7%, (430 C;E’lj;bir;ed m:) : single m&trb_(, [Y,]!Y,zl . ¥y, 1 h.aving the dimensions Nrx X Nyrr,
¥, = by - HILIF - (—1) - et 4 p, HTLTF . e 2015 4 2k ' similarly with the noise vector Z; given in the equation below:
; o : “_qn : b 0 5 RPN
we see the effect of the orthogonal mapping matrix in Bq. (4.20). The “—1" term is nite 4y
from the first row and second column of the matrix. To simplify the expressions, we "t B, L
combine the channel tap h with the cyclic shift, ﬁ,-,,,, = h,»,,,,e-ﬂmﬂ“. As a note, the it i B ®
cyclic shifts applied to the long training symbols are also applied fo the data symbols. 1. " . = . s P . UTLTE ok |7k H
Redefining the channel taps to incorporate the cyclic shift has the added advantage of " : o U o+ (2125 |Z‘Nm]
automatically removing the effect of the cyclic shift when equalizing the data with the hf\ruxz hfvuz o h,"\’xx Mss

channel estimate, since the channel estimate is the contbination of the channel tap and
the cyclic shift. The simplification for Egs. {4.33) and (4.34) is given in the equation

(4.38)
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where P isan Ngs % Nygg subset of the orthogonal mapping matrix Pyryye. For example, When a common oscillator is not employed, the received signal is described by the
with three spatial streams and four long training symbots, equation below:
fo-1 1 n 0 0 »
F=41 1 -1 1 s 0 o ... ¢ N
P11 -t : S i
: . . r Q 0 Lo gidw
To compute the channel estimate matrix we multiply the received signal vector matrix ) . " N N
by the transpose of # and normatize, as follows: or, I vector notation,
« rr " R = ®Y = @HP + $Z.
i it RRITY N
bt h . 1 In this case, it is difficult to separate the phase rotation from the channel. Such imple-
21 22 2Wgs :[Yk|Yk._‘|Yk ]-PT-———————— entati  in inferior oil Kine port
. . . nitn g Nirr - HTLTF; mentations result m inierzor pilot tracking performance.
B ﬁfv . o f,';v o 4.2.4.6  Demapping, deinterfeaving, decoding, and descrambling
Rx RX rocf¥ss (4.39) The demapping operation on each spatial stream is the same for an 802.11a receiver. The
deinterleaver uses the following operations to perform the inverse of the interleaving
4.24.5 Data field deseribed in Section 4.2.3 4,

Following the HT-LTF is the Data field, which is processed as illustrated in Figure 4.23.
For each 4 ps symbol, the 0.8 pis GI is removed and an FFT is performed. The data
may be equalized by a linear equalizer as described in Section 3.6, using the channel

The index of the bit in the received block (per spatial stream i) is denoted by k. The
first permutation reverses the third (frequency rotation) permutation of the interleaver
(defined in Eq. (4.27)) if there is more than one spatial stream:

estimates from the HT-LTF (Eq. (4.39)). yiis = Z;;ss
In processing the pilot subcarriers to track the phase rotation, we again highlight . iss — 1
the advantage of the receiver using a commen oscillator for all the receive chains. A r= (k + (((’ss ~1)-2mod3+3- \»“-3—“') 1t ‘NBPSCS) mod Nerpss
particular pilot subcarrier in the transmitted OFDM symbol in the frequency domain is (4.40)
described by the equation below:
where [ < igs < Nss, k=0,1,..., Negpss — 1. Nppscg is the number of coded bits
¥ Ry Rz o0 Pi z) per single subcarrier for each spatial stream, or equivalently the modulation order, and
» ha b - hay P2 7. Neppss is the coded bits per spatial siream.
=1, . oo T The second permutation in the deinterleaver reverses the second permutation in the
)’;\r }Wi }11\42 . B Py ™ interleaver (defined in Eq. (4.26)) for each spatial stream:
. e = s
or, in vector notation, i
Y—HP+7Z J=us floor(k/s) + (lc + [NCBPssJ) mod s (4.41)

If a common oscillator is employed, the received signal is described by

R = ¢®¥ == HPei¥ 4 Zei

where 1 < igs < Ngs, k=0,1,..., Ncapss — 1, and 5 is defined in Eq. {4.23).
The third permautation in the deinterleaver reverses the first permutation of the inter-
Ieaver (defined in Eq. (4.25)) for each spatial stream:

iss iss

Extracting the pilot subcarriers and equalizing with the channel estimate results in x5 = wy
k
~lp — pai? ] i =13k — (Ncepss — 1} - L—-——J (4.42)
H™'R = Pe® + H™'Z& oy —
for a ZF receiver, We may further enhance the estimation of the phase rotation by where | < iss < Nss, k=0,1,..., Nogpss — 1.

averaging over the spatial streams. As described in Akay and Ayanoglu (2004b}, a
weighted average using the channel estimates improves performance by de-weighting
the subcarriers which are faded.

As the final step in the deinterleaving process, the stream parsing operation (described
in Section 4.2.3.3) is reversed by taking blocks of 5 bits from each spatial stream in a
round robin fashion to create a single bit stream for the decoder.
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‘The resulting convolutional coded data stream is decoded typically with a Viterbi
decoder. If the MCS indicates a rate higher than Y%, depuncturing is performed at the
input of each decoder. Decoder performance can be substantially improved by using the
MIMO channel estimates to weight the decoder metrics. Decoding is similar to 802.11a
and described further in Section 4.1.6.

The first seven bits of the Service field give the initial state of the descrambler. The
same scrambler used in 802.11a is used to descramble the data stream. Bits received
after the data length, indicated by the HT-SIG, are discarded.

References

Akay, E. and Ayanoglu, E. (20044). Low complexity decoding of bit-interleaved coded modulation
for M-ary QAM. International Conference on Communcations, Fune 20-24, Paris, France, 901
5.

Akay, E. and Ayanogiu, E. {2004b). High performance Viterbi decoder for OFDM systems.
Vehicular Technology Conference, May 17--19, Milan, Ttaly, 323-7.

Aoki, T. and Takeda, D. {2005). Backward Compatibility of CDD Preambles, IEEE 802.11-
05/0006r1.

Caire, G., Taricce, (., and Biglieri, E. (1998). Bit-interleaved coded modulation. IEEE Transac-
tions on Information Theory, 44(3), 927-46.

Halford, S. (2001). Implementing OFDM in wireless destgns. Communications Design Confer-
ence, October 1, San Jose, CA.

IEEE (2007a). [EEE Standard for Information Technology — Telec ications and Information
Exchange Between Systems — Local and Metropolitan Area Networks — Specific Requirements.
Part 11: Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY) Specxfwanons
IEEE Std 802.11™.2007 (Revision of IEEE Std 802.11-1999).

1EEE (2007b). IHEE P802.11n™/D3.00, Draft Amendment to STANDARD for Infarma[mn
Technology — Telecommunications and Information Exchange Between Systems — Local and
Metropolitan Netvorks — Specific Requirements — Part 11: Wireless LAN Medium Access Con-
trol (MAC) and Physical Layer (PHY}. Amendment 4: Enhancements for Higher Throughput.

Proakis, J. G. (1989). Digital Communications. New York: McGraw-Hill.

Stephens, A. {2005). 802.11 TGn Functional Requirements, IEEE 802.1 1-03/813r13.

van Nee, R. and Prasad, R. (2000). OFDM for Wireless Multimedia Communications. Boston,
MA: Artech House.

van Zelst, A. and Schenk, T. C. W. (2004). Implementation of a MIMO OFDM-based wireless

LAN system, TEEE Transactions on Signal Processing, 52(2), 483-94.
Zehavi, E. (1992). 8-PSK treilis codes for a Rayleigh channel. IEEE Transactions on Communi-

cations, 40, 87384,

Appendix 4.1: 20 MHz basic MCS tables

The following tables consist of the MCSs for 20 MHz “basic” rates. As defined hereir, the
basic rates inchide equal modulation and the mandatory 800 ns guard interval. 46 MHz

PHY interoperability with 11a/g legacy OFBM devices 99

MCSs are described in Section 5.1.4, unequal modulation is described in Section 12.4,
and short guard interval is described in Section 5.5.

For 20 MHz, there are 52 data subcarriers and four pilot subcarriers in an OFDM
symbol in an individual spatial stream.

Table 4.6 describes the symbotls used in the subsequent tables.

Table 4.6 Symbols used for MCS parameters (IEEE, 2007b)

Symbol  Explanation

R Code rate

MNppscs  Number of coded bits per single carrier for each spatial stream (or modulation order)
Ncaps Number of coded bits per GFDM symbol

Nppes Number of data bits per OFDM symbol

Table 4.7 defines the 20 MHz MCS parameters and data rates for single spatial stream
transmission. The data rate is calculated by dividing Nppps by the symbol time of 4 pis
(3.2 us OFDM symbol plus 0.8 118 guard interval).

Table 4.7 20 MHz MCS parameters for single spatial stream (IEEE, 2007h}

MCS index Modulation R  Nppscs Ncpps Nppes  Data rate (Mbps)

0 BPSK Yo 1 52 26 6.5
1 QPSK Y. 2 104 52 130
2 QPSK. Yy 2 104 7% 195
3 16-QAM Y, 4 208 104 260
4 16-QAM ¥, 4 208 156 390
5 64-QAM Y3 6 312 208 520
6 64-QAM Y, & 312 234 585
7 64-QAM s 6 312 260 65.0

Table 4.8 defines the 20 MHe MCS parameters and data rates for two spatial stream
transmission.

Table 4.8 20 MHz MCS parameters for two spatial streams (|EEE, 2007h)

MCS index Modulation R Nppscs Neses Npges  Datarate (Mbps)

g BPSK Vs 1 104 52 13.0
9 QPSK Y, 2 208 104 26.0
10 QPSK 3y 2 208 156 39.0
11 16-QAM Y, 4 416 208 52.0
2 16-0AM ¥, 4 416 312 78.0
13 64-Q8M Yy 6 624 416 1040
14 64-QAM Y, 6 624 468 1170
15 64-QAM ¢ 6 624 520 1300
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mission.

Table 4.9 defines the MCS parameters and data rates for three spatial stream trans- 5 H ig h th roughput

Table 4.9 20 MHz MCS parameters for three spatial streams (IEEE, 2007b)

MCSindex Modulation R Nppscs Mepps Nppps  Data rate (Mbps)

16 BPSK Vo 1 156 78 19.5

17 QPSK Vo 2 312 156 39.0

18 QPSK ¥y 2 312 234 58.5

12 16-QAM Y, 4 624 312 78.0

20 16-QAM 3y 4 624 468 117.0

21 64-QAM ¥ 6 936 624 156.0 802.11n is the high throughpit amendment to the 802.11 standard. This section describes
z 64-QAM 1e 6 936 702 173.5 all the aspects of the physical layer which increase the data rate. MIMO/SDM is a
23 64-QAM ¢ 6 936 780 195.0

key feature of 802.11n, which is discussed jn Chapters 3 and 4. The other significant
increase in data rate is derived from the new 40MHz channe] width. This section
also discusses short guard interval, Greenfield preamble, and other modifications to the
20 MHz waveform.

Table 4.10 defines the MICS parameters and data rates for four spatial stream trans-
mission.

Table 4.10 20 MiHz MCS parameters for four spatial streams (JEEE, 2007b)

MCS index Modulation R Nspscs Ncmes Nops  Data rate (Mbps) 5.1 40 MHz channel

24 BPSK Ya 1 208 104 260 In the last several years, regulatory domains have made much more spectrum available
25 QPSK Y2 2 416 208 520 for unlicensed operation in the 5.47-5.725 GHz band for wireless local area networking,
26 QPSK M ?/ N i g;g 3}2 lgig : The addition of the new spectrum has more than doubled the number of available 20 MHz
;Z :gigiM 3ﬁ 4 832 624 156:0 chanmels in the USA and Europe. Table 5.9 and Table 5.10 in Appendix 5.1 describe the
29 64-QAM Yy 6 1248 832 208.0 cuzrentatlocation in the USA and Europe, and the corresponding 802.11 channel number.
30 64-QAM 3y 6 1248 936 2340 ] Even with doubling the channel width to create 40 MHz channels, there are still more
31 64-QAM Y5 6 1248 1040 260.0 : channels available for frequency re-use than in the early days of 802.11a, Furthermore,

products currently in the market with proprietary 40 MHz modes have demonstrated that
the cost for 40 MHz products is roughly the same as for 20 MHz products. Therefore,
with free spectrum and relatively no increase in hardware cost, doubling the channel
bandwidth is the simplest and most cost effective way to increase data rate.

There are some issues that arise with the adoption of the new 40 MHz channel,
Coexistence and interoperability between 20MHz and 40 MHz devices and modes of
operation need to be addressed. In addition, though a minor point, frequency re-use in
40 MHz is higher than with 20 MHz. Larger high density network deployments may need
to consider this in their network plan. Finally, although the initial intention of the 40 MHz
channel was for 5 GHz because of the additional new spectrum, 40 MHz channels and
operation are permitted in FEEE (2007) in the 2.4 GHz band. Due to the limited spectram
and overlapping channels, 40 MHz operation in 2.4 GHz requires special attention, and
is addressed in Section 10.3.3.2.

In this section simulation results of packet error rate versus SNR are provided for
40 MHz to demonstrate performance. The simulations are performed in channel model
D, NLOS, as described in Section 3.5. Physical layer impairments are included in
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Figure 5.1 40 Mz subcarrier design. ~20 dBr
the simulation, as described in Section 3.5.4. The equalizer is based on MMSE. The ~2Rd8
simulations include synchronization, channel estimation, and phase tracking.
] -45 dBir
. . i i
511 40 MHz subcarrier design and spectrai mask = =ty _21'5_,9 5 5t L 6:0 (“an:‘?)
Z,

The 40 MHz subcarrier design is illustrated in Figure 5.1. The frequency domain design
for 40 MHz encompasses 128 subcarrier locations, with a subcarmier spacing the same as
for 20 MHz, 40 MHz/128 = 312.5 kHz. For the guard band on the edges of the channel,
there are six null subcarriers on the left side of the band, subcarriers —64, ..., —59,
and there are five null subcarriers on the right side of the band, 59, . .., 63. In addition,
there are three nulls around DC, —1, 0, 1 to ease the implementation of direct down
conversion receivers. In comparison, the 20 MHz HT subcarrier design has four null
subcarriers on the left side of the band, three null subcartiers on the right side, and only
has one null subcarrer at DC. For 40 MIz, there is a total of 14 nuil subcarriers. There
are 114 populated subcarriers in locations —-38,..., —~2,2,..., 58. Of these, six are for
pifot subcarriers in locations —353, —25, —11, 11, 25, 53. The wider bandwidth called
for an additional two pilot subcarriers with respect to 20 MHz to accurately track the
phase across the entire band. The remaining 108 subcarriers are dedicated to data. This
is more than double the number of data subcarriers as 20 MHz which has 52 for HT
and 48 for legacy, and is reflected in the 40 MHz data rates which are more than double
those of 20 MHz. The MCS tables for 40 Mz, and the associated 40 MHz data rates

are given in Tables 5.14-5.18 in Appendix 5.2. For example, MCS 15 for 20 MHz is-

130 Mbps, and for 40 MHz is 270 Mbps.

With the new channel width and subcarrier design, a new 40 MHz spectral mask is
necessary, The basic premise of the design of the 40 MHz spectral mask is that adjacent
channel interference between neighboring 40 MHz devices is the same as the adjacent
channel interference between neighboring 20 MHz HT devices. The new spectral mask
is given in Figure 5.2. For reference, the new 20 MHz HT spectral mask is given in
Figure 5.11. .

‘When a 40 MHz device and & 20 MHz device are in neighboring channels, the 20
MHz device experiences more adjacent channel interference than when neighboring

another 20 MHz device. Figure 5.3 illustrates a 20 MHz device with a neighboring 20

MHz device and a neighboring 40 MHz device, all at equal received power level, We
see that the roll-off from the 40 Mz spectral mask is at levels of —20 dBr to —28 dBr
within the 20 MHz pass band. This is interference which the 20 MHz device can not
filter out. On the other hand, we see that the roll-off from the neighboring 20 MHz device

Figure 5.2 40 MHz spectral mask. Reproduced with permission from IEEE (2007) © IEEE.

PSD

i
! ‘ i ; Freg
—0 20 D 010 25 a6 (MHz)

Figure .3 Adjacent channel interference between 20 MHz and 40 MHz,

is at levels of —20 dBr to —45 dBr within the 20 MHz pass band. This demonstrates
the possibitity of higher adjacent channel interference from the 40 MHz device than the
20 MHz device. Note, however, that regulatory restrictions remain, so near the edge of
a regulatory band, the situation can be better.

The other component of adjacent channel interference is the relative power between
the signal-of-interest and the interference. With the additional spectrum allocation in
5 GHz, most 5 GHz deployments are capable of placing spatially neighboring APs on
non-neighboring channels. Therefore, APs on neighboring channels have a large spatial
separation and the interference power is lower. This is a reason why the less siringent
40 MHz spectral mask may not have an effect on system performance.
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The main reason why the 40 MHz spectral mask was not made tighter, was to
minimize the increase in the cost and complexity and minimize the decrease in power L- L i~ | HT- | HT-
efficiency of the transmit power amplifier and transmit filtering. The main source of STF LiF 8IG | Siaw | 8IG,
out-of-band interference is due to spectral re-growth from the power amplifier, To meet I\:ﬂz :_l'_i; Il:'.l-l; a0 It’T.l;f HT-DATA
a tighter mask would have meant further power backoff to run the power amplifier at Duplicate Duplicata bup | DupH | DugH 1 N
a more linear operating point. Additional backoff reduces the output power, thereby Lo B [N I T-
reducing coverage. Conversely, a larger power amplifier could be used to maintain the STE - o LF 7| sIG g oSG | S
same output power. However, this is more costly and consumes more DC power hence
reducing battery life in power sensitive devices. time >
Figure 5.4 40 MHz mixed mode preamble.

5.1.2 40 MHz channel design Similarly, the HT-SIG fields are also replicated over the other 20 MHz portion of
Fundamental to the design of the 40 MHz channel is that only adjacent 20 MHz channels the 40 MBz chanpel. This allows 20 MHz HT devices in either portion of the 40 MHz
are combined to form a 40 MHz chanpel. Frequency band and asscciated channel channel to decode the HT-SIG ficlds and properly defer transmission. Therefore 20 MHz
numbering for 20 MHz is discussed Appendix 5.1. The 20 MHz channel numbers are and 40 MHz HT devices in a 40 MHz BSS will coexist, and similarly with 20 MHz HT
given in Tables 5.9 and 5.10. A 40 MHz channel is specified by two fields: (Nprimary_ch, devices in a neighboring BSS cn the secondary channel.

Secondary). The first field represents the channel number of the primary 20 MHz channel. As noted in Section 4.2.2.1, when the CBW 2040 bit in the HT-SIG is set to 0, a
This is the channel by which AP transmits all control and management frames in a 20 MHz transmission is indicated. When the bit is set to 1, a 40 MHz transmission
mixed 20/40 MHz environment. In the same type of environment, all 20 MHz clients is indicated. This allows a 20 MHz device to terminate reception in the presence of
enly associate to the primary channel since the beacon is only transmitted in the primary a 40 MHz transmission. A 40 MHz device may try to auto-detect between 20 MHz
channel. The second field indicates whether the secondary 20 MHz channel is above or and 40 MHz prior to decoding the HT-SIG. For example, at initial packet detection,
below the primary channel (1— above, — 1 — below). The secondary channel number is a receive signal strength measure on either half of the band may be used to indicate
equal to (Nprimary_ch + Secondary*4). For example, a 40 MHz channel consisting of that both portions contain energy, indicating 40 MHz. Since the subcariers in the
a Nprimary_ch = 36 and Secondary == I specifies the use of channel 36 for the primary 40 MHz preamble are replicated, the upper and lower portions may be combined for
channel and channe} 40 for the secondary channel. extra frequency diversity and processing gain. This improves detection of L-SIG and
As can be seen from Tables 5.9 and 5.10 in Appendix 5.1, the 20 MHz channels in the HT-SIG. Care needs to be taken to not confuse a 20 MHz transmission in one portion
5 GHz band are non-overlapping. This makes coexistence and interoperability between of the 40 MHz channel and interference on the other 20 MHz poriion of the 40 MHz
20 MHz and 40 MHz devices much simpler. Keeping with this same philosophy, the channel with a 40 MHz rransmission.
new 40 MHz channels are also non-overlapping, as given in Tables 5.11 and 5.12. The 20 MHz OFDM symbol waveform equations for L-STF, L-LTF, L-SIG, and
Unfortunately in the 2.4 GHz band, the channels are overlapping. To better adjust the l HT-SIG defined by Eqgs. (4.13)~(4.16) are modified for 40 MHz transmission in two
selection of a 40 MHz channel to the environment, the new 40 MHz channel numbers ways, see Eq. (5.1). The 20 MHz waveform is shifted lower by 32 subcarriers, A copy
are also overlapping. The channel numbers for 2.4 GHz are also given in Tables 5.11 of the waveform is shifted higher by 32 subcarriers and phase rotated by 90 degrees
and 5.12. (the j term preceding the second summation in Eq. (5.1)). The phase rotation on the
upper subcarriers is added to provide a reduction in peak-to-average ratio of the 40 MHz
waveform in some conditions. The general waveform equation for MF L-STF, L-LTF,

513 40 MHz mixed format preamble 1-81G, and HT-SIG fields for 40 MHz transmission is given in the equation below.

In order to interoperate and coexist with legacy 802.11a/g OFDM devices the legacy ) ) 26 . )

portion of the 20 MHz MF preamble is rephicated over the other 20 MHz portion of Piala(} = W [ Y Xyexp (J 2 (k —32) Ap (f - Tgfeld - Té?‘) )
the 40 MHz band. This is iHustrated in Figure 5.4. This allows a legacy OFDM device ™ z?m ke 28 ]

in either 20 MHz portion of the 40 MHz channel to process the L-STF, L-LTF, and +3 3 Xiexp ( i2m (kK +32) Ap (t - Thiel TC'TS") )] (5.1)
decode the L-SIG to properly defer transmission. Therefore legacy OFDM devices in k=28

a 40 MHz BSS which operate on the primary channel coexist with the 40 Mz HT where Nty is the number of transmit antenna chains; NI = 24 for L-STF, and 104
devices, Furthermore legacy OFDM devices in a neighboring BSS which overlaps the for L-LTE, L-SIG, and HT-SIG; X, = S in Eq. (4.13) for L-STE. L, in Equation (4.14)
secondary channel of the 40 MHz BSS also coexist with the 40 MHz HT devices. for L-LTF, (D¢ + poPy) in Bq. (4.15) for L-SIG, and (jDy» + pyaa Pk) in Eq. (4.16) for
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where Ngs is the number of spatial streams; N;‘;ﬁ'j = 24 for HT-STE, and 114 for
HT-LTF and HT-DATA; X = §, for HT-STE, [Pyyprrlis » HTLTF: for HE-LTF,
and( Dy + Pasa PE ) for HEDATA; THM: 0.8 uis guard interval for HT-LTF and
HT-DATA, 0 for HT-STF; and TC'SSS is the eyclic shift for spatial stream igs with values
given by Table 4.3,

The HT-STF subcarrier sequence for 40 MHz is derived from the 20 MHz L-STF
sequence defined in Eq. (4.13), since its low peak-to-average ratio, high autocorrelation
properties, and short repetition periods are still desirable. The 20 MHz sequence is
shifted lower by 32 and a copy is shifted up by 32, as given in Eq. (5.3) (IBEE, 2007):

S_sss8 = +17210,0,1+,0,0,0,—1-3,0,0,0,1+}90,0,0,
-1-30,0,0,-1-},0,0,0,1+},0,0,0,0,0,0,0, -1 -3,0,0,0,
~-1-50,001+4+j0,00,1+4j0,0,0,1+j,0,0,0,1
+50,6,0,0,0,0,0,0,0,0,0,0,0,0,6,1+3,0,0,0, -1 -300,0,1
+5000-1-j,000,-1-30,00,1+30,0,0,0,0,0,0,
-b-10,0,0,-1-j0001+300,0,1450,0,0,1

+50,0,0,1+},0,0} (5.3)

capfhali a

I The 40 MHz subcarrier sequence for HT-LTF is derived from the L-LTF sequence

.35 | defined -in Eq. (4.2), to similfarly retain its peak-to-average ratio and autocorrelation

properties. The sequence is constructed by first shifting the 20 MHz sequence lower by

a0 ; ; : ; ; ; ; 32 and a copy is shifted up by 32. Next the equivalent 20 MHz DC subcariers, —32

20 -15 10 -5 0 5 t0 15 20 and 32, are both filled in with the value 1. The subcarriers near 40 MHz DC [-5, -4,
Frequency {(MHz)

Figure 5.5 Spectram of the legacy portion of the 40 MHz MF preamble.

HT-SIG; TS is the 1.6 ps goard interval for L-LTE, 0.8 us for L-SIG and HT-SIG, 0
for L-STF; and T is the cyclic shift for transmit antenna chain itx with values given
by Table 4.2.

An illustration of the spectrum of the legacy portion of the 40 MHz MF preamble is
given in Figure 5.5. As can be seen, the legacy portion of the preamble contains many
null subcarriers in the area around DC.

Once the legacy portion of the preamble is complete, legacy compatibility no longer
constrains the preamble design. The HT-STFE, HT-LTF, and HT-DATA incorporate all
the additional subcartiers available in 40 MHz based on the subcarrier design Hlustrated
in Figare 5.1. Again, for peak-to-average ratio considerations, the upper portion of the
subcarriers are phase rotated by 90 degrees. The 20 MHz waveform equations for HT-
STF, HT-LTE, and HI-DATA defined by Egs. (4.17), (4.19), and (4.30) are modified for
40 MHz, as follows:

Q
sshpy e 1 j Tkt — T
ko= gt | 5,5 sel(ioeia (-7 -75))

58 . 3 e
+3 Y. Xy exp(j27kae (- TE - T8 )}
k=1

3, ~2, 2,3, 4, 5] are filled with the values [~1, —1, —1, I, —1, 1, }, —1], respectively.
The subcarrier sequence is given in Eq. (5.4):

HYILTF.sgs = {1,1,~1,—1,1,1,—1,1,—1,1,1,1,1,1, 1, =1, =1, 1,1, 1,1,
-4, 11,1,1,1,1, -1, -1,1,1, ~1, 1, —1, 1, —1, —1, -1, ~1,
-1, 51, =1, =1, 1,1, 1,=1,1,1,1,1, =1, ~1,~1,1,0,0,8, -1,
IL,L,—1,1,1,-1, 1,1, 1,—-1,1, -1, 1,1, 1, 1, 1,1, —, -1, 1, 1,
1,1, =1L L, L L1, =k, =1, 1, =1, 1, =1, 1, —1, —1, ~1,
-1, -1,1,1,=1,=1,1,=1,1,=1,1,1,1, 1} (5.4)

As previously mentioned, there are six pilot subcarriers in 40 MHz. The pilot sub-
carriers are inserted at subcarrier locations —53, —25, —11, 11, 25, 53, as given in
Eqg. (5.5) (IEEE, 2007):

PESSEN - 10,0,0,0,0, w0 0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,
0,0,0,0,0,0,0,0, Woew  0,0,0,0,9,0,0,0,0,0,0,0,0,

(Vo)
WSS e 0,0,0,0,0,0,0,0,0,0,0,0,0,6,0,0,0,0,0,0,0,
(W)

Tes) o6 0,0,0.0,0,0,0,0,0,0,0,0,0, Wi L 0.0,0,0,0,

{(Moys)
0,0,0,0,0,0,0,0,0,0,0,0,0,0,6,0,0,0,0,0,0,0, ¥ e

0,0,0,0,0] (5.5)
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Figure 5.6 Spectrum of the HT portion of the 40 MHz MF preamble.
where n @ g indicates symbol number modulo integer ¢ and the patterns ll',(:;sj) are
defined in Table 5.1.

An Hustration of the spectrum of the HT portion of the 40 MHz MF preamble is
given in Figure 5.6, As can be seen, in the HT portion of the preamble and data most
of the null subcarriers in the area around DC are filled with data subcarriers for higher
spectral efficiency. ‘

High throughput 109

5.1.4

Table 5.1 Pilot values for 40 MHz transmission (IEEE, 2007) P ] 7 inéxlaﬁ praion
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R (Wg) Wgg) (Wgg) y Winde
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& Figure 5.7 Transmitter block diagram for HT Data field with two encoders. Reproduced with
i) perraission from YEEE (2007) © TEEE.
B
H
To accommodate transmitting with more antennas than spatial streams, Eq. (5.2) may

be modified to incorporate a spatial mapping matrix, which maps spatial streams to
antennas, as described in Section 4.2.3.8.

40 MHz data encoding

The primary difference in data encoding between 20 Mz and 40 MIz is that all 20 MHz
MCSs use a single encoder but some of the 40 MHz MCSs use two encoders. It was
decided during 802.1 in standard development that convolutional encoding and decoding
of data rates above 300 Mbps with a single encoder and decoder carries an excessive
implementation burden. Therefore, when the selected MCS has a data rate greater than
300 Mbps, computed based on the 800 ns guard interval, two encoders are used. With
two encoders, a number of functions need to be modified. The wansmitter block diagram
for the HT Data field with two encoders is given in Figure 5.7.

The MCS parameters and data rates for 40 MHz, equal modulation, and 800 ns guard
interval are defined in Tables 5.14-5.17 in Appendix 5.2, for one to four spatial streams,
respectively. The tables indicate which require two encoders. For MCSs that only require
one encoder, the data encoding is identical to 20 MHz and described in Section 4.2.3.
The following sections describe the modifications necessary with two encoders,
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5.1.4.1  Bit string with two encoders Eq. (4.24) to [k/2 - 5]in Eq. (5.9):
With two BCC encoders, twelve tail bits, all zeros, are appended to the PSDU. The s 0
aumber of OFDM symbols in the Data field is as follows: e =N
j=[%] mod2 (5.9
Neyw = "W-} (5.6) P=(igs~1)-5+5 Ngg-|£&]|+kmods
NDBPS
where 1 <igs < Nss; k=0,1,..., Neapss — 1; [v] is the largest integer less than or
where length Is the value of the Length field in octets in the HT-S1G field illustrated in equal to », corresponding to the floor; and v mod w is the remainder from the division
Figure 4.16; and Npgps is the number of data bits per OFDM symbol determined by the of the integer v by the integer w.
selected MCS. X Once the bit strings are parsed into a new set of bit streams equal to the number of
The symbol [x] denotes the smallest integer groater than or equal to x, corresponding spatial streams, encoding of the data continues equivalently to the steps in Section 4.2.3.
to the ceiling function. The number of pad bits is therefore Nsva - Npsps —8 - length — In the receiver, stream parsing operation is reversed. Blocks of s bits from each spatial
16~ 12. stream are taken in a round robin fashion and assigned to one decoder then blocks of s
. : . . bits from each spatial stream are alternately assigned to the input of the other decoder.
5142 Scrambling, encoder parsing, and encoding with two encoders
‘The resulting data bit string is scrambled with the same scrambler as 802.11a, described . -
in Section 4.1.4. When two BCC encoders are used, the scrambled bits are divided 515 MCS 32: High throughput duplicate format
befween two encoders by sending alternate bits to each encoder. The ith bit is sent to the . X X . L
jth encoder, where b s the data bit string, as follows in Eq. (5.7) (IEEE, 2007); COI}}SldeI‘ a ?G MHz device with 17 dBm outPut ‘power‘ Typically, a 40 MHz devm(:: is
designed with the same output power to maintain the same cost as a 20MHz device.
xfj) =buy; : JEi0 L}, i=0 5.7y However, with the same output power, the 40 MHz device has 3 dB lower power spectral
density. Therefore, the 40 MHz range is “3dB worse” than 20 MHz due to wider noise
Equation (5.8) gives the fail bits which are replaced with zeros (IEEE, 2067): bandwidth.
To compensate for the reduced range in 40 MHz relative to 20 MHz, a special HT
e length 8 +16 . _length 8416 (5.8) duplicate format, MCS 32, was created in 40 MHz. With MCS 32, the signal is dnplicated
2 2 on the upper and lower channel during the Data field. Combining the subcarriers in the
Each scrambled, parsed bit string is encoded with the rate | BCC. After encoding, upper and lower channel at the receiver improves the required SNR of the HT duplicate
each encoded bit string is punctured to the selected code rate. Both encoding and format resulting in a comparable maximum range for the lowest data rates of 20 MHz
puncturing are the same as 802.11a and described in Section 4.1.5. and 40MHz. Figure 5.8 illustrates the packet error rate for 20 MHz MCS 0, 40 MHz
In the receiver, the encoder parsing operation is reversed. Int this, bits at the output of MCs 0, ?nd MCS 32. )
decoding are alternately selected to create the. bit stream for the descrambler. The simulation uses a 2 x 2 antenna configuration for all three cases. 40 Mz, MCS
0 performs 1 dB better at a PER of 1% than 20 MHz, MCS 0 due to frequency diversity
5.1.4.3 Stream parsing with two encoders gain. With MCS 32, the required SNR for the lowest rate in 40 MHz is improved by
Afier encoding and puncturing, the two bit strings are re-arranged info a new set of bit 2dB over MCS 0.
strings equal to the number of spatial streams (Nss). To simplify the description, this
section only describes the stream parsing function for equal MCSs. For unequal MCSs, Table 5.2 demonstrates a link budget which compares the range for 20 MHz MCS 0,
refer to Section 12.4. The output of the stream parser is Nss bit strings, each of length 40MHz MCS 0, and 40MHz MCS 32. For this lnk budget example, the transmitter
Nepess (coded bits per spatial stream). power is 15dBm. The transmit and receive antenna gains are 2 dBi, typical for omni-
With two encoders, a block of s-Ngg bits {5 defined in Eq. (4.23) as directional antennas used on 802.11 devices. Both the transmitter and the receiver have
max {1, Ngpscs/2]) from the cutput of each encoder js alternately used. The output two antennas. A typical receiver noise figure of 6 dB is used. The path loss is derived for
of the two encoders is given by y,-U ), with bit i from encoder j. The new equation for the channel model D based on Section 3.5.5 for the operating frequency of 5.2 GHz. The
output of the stream parser with two encoders in Eq. (5.9) is modified from Eq. (4.24) received signal strength indication (RSST) is calculated as follows, with all parameters
as follows. In Eq. (4.24), y is a function of the bit stream index / only; however, in indB:
Eq. (5.9), y is also a function of the encoder index j. Furthermore, the sequence i
is modified to account for the two encoders by modifying the component |&/s] in RSSI = Pr+ Ar —PL — SE+ Ap
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Table 5.2 802.11n link budget

—e— 40 MHz, MCS 32
—a— 40 MHz, MGS 0 20MHz 40 MHz 40 MHz
—%— 20 MHz, MCS 0 Parameter Units MCS 0 MCS0 MCS 32
Tx power dBm 15 15 15
Tx antenna gain dBi 2 2 2
......................................... Pathloss
frequency GHz 52 52 52
....................................... distance m 982 84.6 1008
breakpoint m .." 10 10 0
shadow fading dB i 5 5 5
free space dB Y 668 66.8 66.3
total loss a8 A106. 104.6 106.9
Rx antenna gain dBi So2 2 2
RSSI dBm B 875 ~85.6 —-87.9
Noise power .."‘
NF dB 7 6 6 6
""" BW MHz %, 20 40 40
total dBm . =950 -92.0 -920
Required SNR dB "B 5 6.4 4.1
The span of normal 40 MHz format is from subcarrier —58 to 58. The span of the
HT duplicate format with replicating the 802.11a subcarrier format is also —58 to 58,
requiring the same filtering. If the 20MHz HT data format was used, however, the

3
SNR (dB)

Figure 5.8 Comparison of 40 MHz MCS 32 to MCS 0.

where Py s the transmit power; Ay, Ag are the transmit or receive antenna gain; PL is
the path loss; and SF is shadow fading. With a noise figure of 6 dB, the thermal noise
power is —95 dBm for 20 MHz and —92 dBm for 40 MHz. The distance between the
transmiitter and receiver is calculated to meet the required SNR for channel mode! D for
the specific MCS at a packet error rate of 1%.

As can be seen from the link budget, the range for 40 MHz, MCS 32 and 20 MHz,
MCS 0 is almost the same. With MICS 32, the range of 40 MHz is equivalent to the range
of 20 MHz.

The data is transmitted on only one spatial stream with BPSK and rate ¥ coding,
The subcarrier design for the Data field matches that of legacy 802.11a 6 Mbps rate
described in Section 4.1.4, and replicates the subcarriers in the lower and upper half of
the channel thus maintaining the 6 Mbps data rate for MCS 32. The MCS parameters
are given in Table 5.18. During the 802.11n stapdard development there was discussion
of whether to use the 20 MHz HT data format for a higher HT duplicate format data
rate. The rationale for using 52 subcarriers of legacy rather than 56 subcarriers of HT
20 MHz is due to the filtering requirements of 40 MHz devices. '

span would have been —60 to 60, exceeding that of the standard 40 MHz mode. The
802.11n standard development group decided to not have the HT duplicate format drive
the filtering requirements of a 40 M#Hz device, and the 802.11a subcarrier format was
selected as the basis for HT duplicate format.

There are some interesting points about the HT duplicate format waveform that should
be highlighted. The legacy portion of the HT MF preamble, the HT-SIG, and the HT-
LTF remain unchanged from the standard 40 MHz waveform. This means there are
exira subcarriers in the HT-LTF that are not necessarily required for channel estimation.
Furthermore, to maximize the SNR on the data subcarriess a scaling factor of 104 was
selected. This has the implication of a mismatch in per-subcarrier scaling on the HT-LTF
(which has a scaling factor of 114) relative to the Data field. This mismatch needs to
be accounted for in the channel estimates or the equatizer. The waveform for the HT
duplicate format Data field is given below:

X Nsym—1 26
o) = Zm L L 3. (Deat punBr) exp(j2n (k= 32) A
26
x@—n-Tspa—TaD+ ] 2 (Dunt+ prar Pa) exp(j2m (k+ 30 Ap
k=-26
* (t —n Toype ~ Tor} ):I (5.10)

where Ngyw is the number of OFDM symbols defined in Eq. (4.22); (Dk,,, + Dot Pk) are
the data and pilots, defined in Eq. (4.15); Ag == 312.5kHz (40 MHz/128); Ty =4 s
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symbol time, composed of 3.2 ps OFDM symbol time and (.8 ps gnard interval, and . , ' ' : . i . i
Tar = 0.8 s guard interval. 2504 : —a— Legacy; 1x1; 20 MHz
To accommodate transmitting with more antennas than spatial streams, Eq. (5.10) —H 2x2; 20 MHz
may be modified to incorporate a spatial mapping matrix, which maps spatial streams + 2x?;40 MHZV
to antennas, as described in Section 4.2.3.8.
200k e R 4
5.1.6 20/40 MHz coexistence with legacy in the PHY N
w
Neighboring legacy APs and clients may be present in the primary or secondary channels é
of the 40MHz channel. A common way to reserve the medium for transmission is to = 150
send an RTS/CTS. The neighboring APs and cHents will respect management frames. %
To improve efficiency for a 40 MHz device, it is desirable to make the reservation on g
both the primary and secondary channels simultaneously. o
The non-HT duplicate format is designed to be receivable by legacy (and HT) devices ff, 00l
in both the primary and secondary channels simuftanecusly. In essence a packet is £
transmitted in legacy OFDM format in the upper and lower halves of the 40 MHz g
channel simultaneously.
The L-STF, L-LTF, and L-SIG are transmitted identically as given by Eq. (5.1). This
is followed immediately by the Data field which is fransmitted in legacy format similar
to the L-SIG. The Data field may be transmitted at any legacy data rate. The equation
for the waveform of the Data field is given below:
(im0 T S .
ea-owe® = 7 > [ 3 (Din + paai Px) exp (] 2t (k —32) AF 0 10 20 30 40 50 60 70 80 %0 100
=0 {k=-26 - 2 Range (m})
x (f — 7 Tsym — Tor — Té‘;") )-I- jkgzs (Dew + Pur1 Pr) Figure 5.9 Throughput versus range comparing 40 MHz and 20 MHz,
XCXp(jZ]T(k+32)AF(IWM'TSYM“TGI—TCiEX))] (511)
fow cost hardware. Therefore throughput values requiring greater than 35 dB SNR were
where Nsyy is the number of OFDM symbols defined in Eq. (4.16); (Dpy + pri1 Pr) not considered.
are the data and pilots, defined in Eq. (4.15); Ap = 312.5 kHz (40 MHz/128); Tgyy == We see that in channel model D, the maximum throughput is achieved at Jess than 15 m
45 symbo] time, composed of 3.2 s OFDM symbol time and 0.8 ps guard interval; at which point 40 MHz provides more than double the data rate as 20 MHz and more than
Tar = 0.8 pts guard interval; and ng‘ is the cyclic shift for transmit antenna chain ix quadruple the data rate of legacy 802.11a/g. Note that this is not true throughput provided
with values given by Fable 4.2. by the wireless device. Actual throughput includes overhead due to PHY preambles and
the MAC.
517 Performanee improvement with 40 MHz We also observe that 40MHz has an unexpected benefit of range improvement at
moderate data rates. For example, if we examine the ranges at 50 Mbps ir Figure 5.9,
Just based on maximum data rate from the MCS tables, 40 MHz provides more than we see that the range is approximately 25 m for legacy, 40 m for 20 MHz HT, and
double the data rafe as 20 MHz. In the absence of the required SNR of the individual 55m for 40 MHz HT. Similarly, at 100 Mbps, the approximate range for 20 MHz HT is
data rates, it is difficalt to determine the actual benefit in a real system. Figure 5.9 20m and for 40 MHz HT is 35m. At 100Mbps, the 20 MHz HT operates with MCS
iHlustrates simulation results for over-the-air throughput as a function of range. Over- 14. On the other hand, 40MHz HT could operate with MCS 5 composed of a single
the-air throughput is defined as the data rate multiplied by one minus the packet error spatial streamn. This enables receive diversity gain for 40 MHz HT and increases range.
rate. MAC overhead is not accounted for in this analysis. The link budget used to convert Receive diversity was briefly introduced in Section 3.2, and is discussed in more detail in
from SNR to range follows Table 5.2. Section 6.1.
Note that the maximum throughput plateaus at the short range. This artifact is due to For legacy, the simulation uses one transmit antenna and one receive antenna, typical
a maximum SNR of 35 dB. SNRs above 35 dB become more difficult to achieve with of 802.11a/g devices. At 50 Mbps, legacy operates with 64 QAM, r = 3/4, requiring 2

Hewlett Packard, et al. v. Cobblestone Wireless
Exhibit 1006
Page 000074



116 Next Generation Wireless LANs High throughput 17
-1 -7 7 21 Table 5.3 MCS definition (Perahia ef al, 2005; IEEE, 2007}
b AT A AT e
I | | | I | I | | I MCS indices sensitivity sensitivity
| ] for 1/2/3/4 (dBm) (20 MHz  (dBm) (40 MHz
32 o8 401 28 31 spatial sireams  Modulation FEC code rate  channel spacing) ~ channel spacing)
Figure 510 20 MHz subcarrier design. 0/8/16/24 BPSK % —82 ~79
11917125 QPSK y 79 ~76
. . ) ) ) 2/10/18/26  QPSK Y -77 74
high SNR with the 1 x 1 system, Wluc,:h then results m a low range. The HT devices L1927 16 OAM n 4 -7
operating at 50 Mbps benefit from the diversity gain equivalenttoa 1 x 2 system. 4/12/20/28 16 OAM y -0 &7
5/13/21/29 64 QAM 3 —66 —63
6/14/22/30 64 QAM % -63 62
5.2 20 MHz enhancements: Additional data subcarriers 1512331 64QAM % —64 —61
As altuded to in Chapter 4, the number of data subcarriers in 20 MHz was increased to
52, which improves the data rate of 802.11n over legacy 802.11afg for the same MCS
even with single stream. As discussed in Section 4.1, fegacy 802.11a/g has 48 data . PSD
snbearriers. This results in an 8% increase in data rate. o dbr
Two data subcarriers are added to each end of the spectrum. The total number of
subcarriers is 56. The data subcarriers occupy subcarriers —28 to —22, —20 to -8,
7 to —1, 1 to 6, 8 to 20, and 22 to 28. The pilot subcarriers are located in the same
subcarriers as legacy, —21, —7, 7, 21. Again, as with legacy, there is still a null at DC. 20 d8r
‘The new subcarrier design for 20 MHz HT operation is given in Figure 5.1(. i
When it was proposed to add two subcarziers at either edge of the band, measure- _|-28d8r \
ments were performed which demonstrated that the signal still fits within the 802.11a
spectral mask with very little extra PA backoff or filtering. The measurements are given
in Coffey er al. (2004, Slides 26-27). Furthermore, analysis was given in Hedberg - ~45 dBr
2005), which demonstrated that the adjacent channel interference and Tx and Rx fil- —1 . - 1 Frea
ter requirements are comparable between 56 subcarriers and 32 subcarriers. However, -30 ~20 -11-9 0 911 20 30 (MHz)
to improve the adjacent channel interference in alternate channels, the floor of the Figure 5.11 20 MHz HT spectral mask. Reproduced with permission from IEEE (2007} © TEEE.
802.11a mask was tightened to —45 dBr. The new 20 MHz HT speciral mask is given in
Figure 5.11.
features in 802.11In, the MCSs with 64-QAM, R = 5/6 are functional at a reasonable
range.
5.3 MCS enhancements: Spatial streams and code rate The MCSs for 20 MHz are given in Tables 4.7-4.10, and the MCSs for 40 MHz are
given in Tables 5.14-5.18. A summary of the MCSs as they map to modulation and
For completeness of the section on high throughput, we must mention the cbvious that code rate and their corresponding minimum receiver sensitivity s given in Table 5.3.
with MIMO we achieve large data rate increases over 802.11afg with two, three, and Minimum receiver sensitivity is measured in a conducted test environment at a PER of
four spatial streams. MIMO provides a date rate increase over 802.11a/g proportional to 10% with packets of fength 4096 bytes.
the number of spatial streams. : To determine the implementation margin, we simulate the §02.11n MIMO system in
In addition, a higher code rate (R} of 5/6 was added to further increase the data rate by an AWGN environment without impairments. This type of system model is designated
11%. The SNR requirement with 64-QAM, rate 5/6 is higher than the highest data rate as Comparison Criteria 59 in Stephens (2004). To generate AWGN results for an ¥ x N
in 802.11afg, which only uses 64-QAM, R = 3/4 . However, with the added robustness MIMO system, & Fourier matrix is used for the channel. The expression for the Fourier
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matrix is given in Bq. (5.12) (Berke, 2004): Table 5.4 Margin retative to minimum sensitivity

I 1 1 e 1 Required SNR Margin relative to
1 ow! w2 s WD Modulation FEC code rate (dB) @ 10% PER minipium sensitivity (dB)
2 4 L AN 1)
Fy—|! W [i4 W (5.12) BPSK 2 i 12.0
Do : : QPSK 12 4 12.0
| oww-n =Nz p-1y? QPSK 3/4 6.5 115
16-QAM 172 9.75 112
where W = exp(~j27/N), and can be expressed explicitly as 16-QAM 3/4 13 120
64-QAM 2/3 17.25 11.7
F;=1 64-QAM 3/4 18.75 11.2
F2=(11) 64-QAM 5/6 19.75 1.2
1 -1
1 1 1
_ —i2n —jdr f3
F; = (1 e_l_4 £ e / (5.13) _ o« , .
1 e oefs ‘ | —e—BPsK, R=12
11 1 1 ——QPSK, R =12
. ) . : o] =t QPSK, A = 3¢
Fi= 1 - -1 . ARIERITETE T SIRIPE SNSPREITRNS B e 16-0AM, R = 1/2
I -1 1 -1 ; : : : : —a— 16-QAM, R = 3/4
1 j -1 —i ~B-— 64-QAM, A = 2/3

—F- 64-QAM, R = 3/4
i~ G4-QAM, R = 5/6

In this manner all receive antennas are coupled with the transmit antennas, yet the
matrix is orthogonal allowing for complete separation of the spatial streams without
noise enhancement. The capacity of such a system can be derived from Eq. (3.10) as

C(bps/Hz) = Ngs - log, [1 + SNR] (5.14) o 30T '
and the capacity per spatiat stream (S8) is given as
C(bps/Hz/SS8) = log, [ + SNR] (5.15)

Since the capacity per spatial stream is solely a function of SNR, the PER curves
are only dependent on modulation, cede rate, and SNR. The PER performance with no
impairments with packets of length 4096 bytes for each modulation and code rate, as a
fupction of SNR, is given in Figure 5.12.

Extracting the required SNR at 10% PER from Figure 5.12 and assuming a receiver
noise figure of 6dB, we can calculate the margin relative to the minimum sensitivity as
given below:

Margin {dB) = RecSen(dBm) — 30
— [SNR(dB) + {10 - log(1.38 x 107 . 290) (5.16)
+ 10 - log (BW(Hz)) + NE(dB))]

0 2 4 6 8 10 12 14 16 18 20
SNH (dB)

Figure 5.2 MIMO PER performance in AWGN,

where RecSen is the minimum receive sensitivity from Table 5.3. The margin ranges
from 11 to 12dB, as given in Table 5.4. The margin is the same for 20 MHz and
40 MHz since the 3 dB difference in bandwidth is equivalent to the difference in minimum
sensitivity. Such a large margin may seem excessive; however, aigorithmic degradations
and hardware impairments degrade performance and require sufficient margin for cost
effective implementations.

The above analysis only provides reference with respect to measuremnents in a con-
ductive test eavironment. To get a true sense of the required SNR in 2 frequency selective
fading MIMO environment, we simulate the MCSs in the channel models described in
Section 3.5 and with physical layer impairments described in Section 3.5.4, The equal-
izer is based on MMSE. Synchronization, channel estimation, and phase tracking are
included in the simulation to give an accurate model for algorithm degradations.
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Figure 5.13 Simulated results with channel model B, NLOS, and impairments for 20 MHz.

Figures 5.13-5.15 illustrate the simulated results for 20 MHz in channel models B,
D, and E, respectively, in an NLOS environment. The curves with circles are one spatial
stearn. The curves with squares are two spatial streams. The curves with diamonds are
three spatial streams. Finally, the curves with triangles are four spatial streams, All
curves have fransmit and receive antenmas equal to the number of spatial streams. The
solid Jines correspond to MCSs with BPSK and R = %. The dotted lines correspond to
MCSs with 64-QAM and R = 5/6.

‘We should note that obtaining an SNR above 35dB is difficult to achieve with reason-
able cost hardware since it exceeds the noise figure, impairments, and irplementation
losses of typical transmitters and receivers, particularly in RF circuits and ADC/DAC.
Required SNRs beyond 35dB are provided in these figures for comparison purposes
only and are not intended to indicate realistic hardware capabilities, In general, links
with MCSs of 64-QAM, R = 5/6 are difficult to establish withowt additional means to
reduce the required SNR.

We see that for BPSK, R = 1/2 the curves are tightly clustered, whereas for 64-QAM,
R = 5/6 the required SNR substantially increases with the number of spatial streams.
With higher order modulation, the system is more sensitive to impairments as the number
of spatial streams increases.
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Figure 5.14 Simulated results with channel model D, NLOS, aad impairments for 20 MHz.

The required SNR with channel model B is higher than with channel model D.
Channel model I has a longer delay spread than channel model B, and therefore more
frequency selective fading and less flat fading. The benefit of coded OFDM is its ability
to mitigate frequency selective fading, resulting in better performance in channel model
D. As seen in Figure 5.15, the performance degrades a little in channel model E as
compared to channel model D. The longer delay spread of channel model £ begins to
effect synchronization and tracking.

Greentfield (GF) preamble

The MF preamble trades throughput efficiency for interoperability between HT and
Iegacy devices by including the L-STF, L-LTF, and L-SIG in the preamble. During the
development of the 802.11n standard amendment, many were of the opinion that network
conditions would exist that would benefit from a more efficient preamble. To improve
efficiency, a preamble without legacy fields which is not compatible with legacy OFDM
devices was adopted.
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Figure 5.16 Greenfield format preamble.

A new HT-STF for GF (GF-HT-STF) replaces the L-STF in the MF preambls. The
waveform for GF-HT-S8TF is derived in the same manner as the MF HT-STF given in
Eq. (4.17), except that it is 8 us in length. The increase in length matches the L-STF to
provide enough time for start-of-packet detection, AGC setting, frequency estimation,
and time synchronization. The HT cyclic shifts given in Table 4.3 are applied to the
GF-HT-STF and all subsequent fields in a GF packet. Furtherriore, if spatial expansion
or beamforming is applied to the spatial streams, the spreading matrix, Q, is applied to
the GF-HT-STF and all subsequent fields in a GF packet as defined in Eg. (4.31) for
20MHz and Eq. (5.2) for 40 MHz.,

Since we are not concemned about legacy compatibility with the GF preamble, long
SNR (dB) HT cyclic shifts are applied to the spatial streams of the GF-HT-STF. With the long cyclic
" shifts, accurate acquisition and AGC setting required by MIMO receivers is aitained.
There is no need for a subsequent Short Training field as is required in the M¥ preamble.
This saves 4 s compared to the MF preamble.

Figure 5,16 Simulated results with channel model E, NLOS, and impairments for 20 MHz.

Environments which do not require legacy compatibility are termed “Greenfield” Without the requirernent of legacy compatibility, there is also no need for the L-SIG,
deployments (from which the name of the preamble was derived). At initial development All information necessary for 11n is conveyed in the HT-SIG, and HT-SIG,. This saves
of 802.11n, adoption and deployment of 802.1 ta in 5 GHz was slow in much of the world an additional 4 pus compared to the MF preamble. With the absence of the L-SIG, the
and at that time much of the band was unused. Furthermore, new installations of WLANs L-LTF is niot required. Therefore, HT-LTFI replaces the L-LTF as compared to MF.
in office buildings where no legacy devices were present would not require legacy In MF, the rwo long training symbols of the L-LTF were used for accurate frequency
compatibility. As another example, single family dwellings with no neighbors utilizing and timing as described in Section 4.1.2. For comparable frequency and time estima-
legacy devices would also not require legacy compatibility (van Nee and Jones, 2006). tion capability, the GF preamble also requires repetition of the long training symbals.

Proponents of GF preamble format also proposed the use of the GF preamble even Therefore for GF the same Long Training field is used as in MF (given in Eq. (4.19) for
in the presence of legacy devices. If access to the medium is controlled through MAC 20MHz and Eq. (5.2) for 40 MHz), except that HT-LTF1 is twice as long as the other
protection mechanisms (legacy RTS/CTS, for example), then within the reserved time HT-LTFs. HT-LTF1 consists of two periods of the long training symbols, preceded by a
legacy compatibility is not required. During the reserved time, GF may be used to reduce 1.6 ps cyclic prefix (IBEE, 2007). This results in a length of § ps.
overhead. MAC protection mechanisms and using the NAV to reserve time are discussed Following HT-LTF1 in GF are the two HT-SIG fields. The content is identical to that
in Section 10.6. of ME, given in Section 4.2.2.1. The waveform is similar to that of MF (defined by

Eq. (4.16) for 20 MHz and Eq. (5.1) for 40 MHz); however, there are some differences
which are outtined as follows.
54.1 Format of ihe GF preamble To match the HT-SIGs in GF to HT-LTF1, the HF-SIGs must include the orthogonal

The fields of the GF preamble are illustrated in Figure 5.16. The MF preamble is aiso mapping matrix. The first column of the orthogonal mapping matrix is applied to the
included in Figure 5.16 for direct comparison. HT-SIGs. Furthermore, the scaling of HT-LTF is based on 56 subcarriers for 20 MHz
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and 114 subcazriers for 40 MHz. However, the HT-S1G fields only utilize 52 subcarriers
in 20 MHz and 104 subcarriers in 40 MHz to match that of the HT-SIG fields in the MF
preamble. The scaling for the HT-SIGs is modified to match the per-subcarrier scaling of
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Table 5.5 Preamble length

Number of spatial strearns MF (us) GF (s}

the HT-SIG in the GF preamble to HT-LTF1. In addition, in the GF preamble the scaling 1 36 24
is based on the number of spatial streams rather than the number of transmii antennas. 2 40 28
Therefore in the GF preamble the scaling is 1/+/Nss - 56 for 20 MHz and 1/./Nss - 114 i i‘g 22

for 40 MHz for the HT-5IG.

In MF, the first value of the pilot polarity is applied to the L-SIG. In GF, the first two
values of the pilot polarity are applied to the HT-SIGs. The same pilot polarity sequence
is used as in MF.

The 20 MHz waveform for the GF HT-SIG (including spatial expansion) is given in
the equation below:

For two or more spatial streams, the Data field follows the additional HT-LTFs. For
a single spatial stream, there is only the HT-LTF1, therefore the Data field follows the
HT-51Gs. The Data field in GF is the same as in MF, as described in Section 4.2.3,

. 1 26 Nss . .
e = 7rm Zﬂk Zﬂﬁ ‘Zl [{Qk]im,iss APumaeli. - (1P + PaPi) 542 PHY efficiency
n=() f=—26 igg=
s exp (j o kAI:S(t T T Tiss) )] S The GF preamble reduces the overhead of the PHY preamble by 12 s as compared to
YM cs (5.17) the MF preamble. The preambls length, as a function of number of spatial streams, is
) ) . . ) o given in Table 5.5.
where Ngg is the number of spatial streams; Q is the spatial mapping matrix, discussed During the 802.11n standard development process, the proponents of GF claimed
further in Section 4.2.3.8; Py s the orthogonal mapping matrix, as defined by Hq. substantial improvements in efficiency over MF, especially with higher data rates
(4.20); Dy 1s the mapping of complex data values to subcarrier locations, which is the and shorter packet lengths. The efficiency improvement in the PHY is illustrated in
same as L-S1G defined by Eq. (4.15); p, is the pilot polarity defined to be the same as Figure 5.17. Several data rates ranging from 6.5 Mbps with 20 MHz and one spatial
legacy CFDM and given by Eq: (4.5); Py are the pilot subearriers defined to be the same steam (SS) to 540 Mbps with 40 MHz and four spatial streams are given. For appli-
as legacy OFDM and given by Eq. (‘?"4); Ap = 3125 kHZ’ Tgym = 4 s symbol time, cations like voice over IP (VoIP), which uses short data packets (of the order of 100
i:omposed of 3.55 ps OFDM symbol 1§|me fmd 0.8 p.s»guard mtefvai, ?I"GI = 0.8 us guard bytes), the benefit of GF preamble would be considerable. Additionally, the time on
interval; and Tes' represents the cyclic shift for spatial stream iss with values given by air is shorter, which means the system can support more callers. This is a benefit since
Table 4.3. ) ) . Lo the handheld devices that are the typical VoIP clients are very sensitive to battery life. -
The 4{? MHz Waveff)zm for the GF HT-SIG (mclhf.dmg s;_)atra] expansion) is given in Shorter time on air reduces the time that the transmitter and receiver are active, which
the equation below, with the same parameter definitions as in Eq. (5.17): decreases power consumption and increases battery life.
(i) i 1 26 Nsg K
Fitesiolt) = ﬁ{ ZM Z% _Z] {[Qk_m,-m,-ss [Pumaslige,1 - (Den + 2o ) 5.4.3 issues with GF
=0 k=—28 ige=
X exp (j 21 (k — 32 Ap (; —n-Toym — T — TéSSS) )] The detractors of the GF preamble argned during the 802.1 In standard development pro-
126  Ng ) cess that the GF preamble has many issues and is not necessary (McFarland et al., 2006),
+ 3:;” 226 _Z[ [[Qk'{":ﬂ]frx‘fss [Prmurelise,t - (Pt + P k) These issues include small network efficiency improvement, lack of interoperability with
=0 k=26 igg=
. i legacy devices, implementation issues, and the added burden of auto-detection between
27 (k432 & (1 =1 Tona — Tar - 7)) ]} i
X exp (J o (k+32) Ar - Teym iy cs (5.18} multiple 11n preamble types. In the end, a compromise was reached resulting in the
inclusion of the GF preamble in 802,11n, but as an optional preamble format.
Since HT-LTF1 in GF replaced the L-LTF in MF, only the remaining HT-LTFs for
two or more spatial streams are needed following the HT-SIG. These are identical to the 5431  Network efficiency

HT-LTFs in the MF, the expressions of which are given in Eq. (4.19) for 20MHz and
Eq. {5.2) for 40 MHz, respectively. The additional HT-LTFs are 4 |is in length. The total
number of HT-LTFs as a function of the number of spatial streams is the same as MF,
and given in Bq. (4.21).

During the proposal phase of the 802.11n standard development, a MAC simulation was
performed to demonstrate the sensitivity of network throughput to the PHY preamble
length (Stephens er al., 2005). The MAC simulations were run over system scenarios
for residential, large enterprise, and hot spot as described in Chapter 1 and defined in
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Table 5.6 Network throughput versus PHY overhead duration (Stephens et al,, 2005) Table 5.7 UDP throughput improvement of GF compared 1o MF without aggregation {(McFarland et a,
2008)
2TX x 2RX x 20 MHz 2TX x 2RX x 40 MHz
Single packet exchange Bursting
System 25 ps 50 us Efficiency 25 ps 50 ps Efficiency
scenario preamble preamble improvement preamble preamble improvement 64 byte 1500 byte 64 byte 1500 byte
Data rate packet packet packet packet
Residential 109 Mbps 106 Mbps 3% 169 Mbps 160 Mbps 3%
Large enterprise 103 Mbps 98 Mbps 5% 228 Mbps 226 Mbps 1% 6.5 Mbps; 20 MHz; 1 S§ 3% 0% 4% 0%
Hot spot 86Mbps 80 Mbps 7% 194 Mbps 184 Mbps 5% 65 Mbps; 20 MHz; 1 8§ 6% 3% 13% 5%
130 Mbps; 20 MHz; 2 S T% 3% 14% 1%
300 Mbps; 40 MHz; 2 SS; Short GI 7% 4% 15% 10%
40
5 \ —&—6.5 Mbps; 20 MHz; 1 S8 Tahie 5.8 Throughput improvernent of GF compared to MF with aggregation {McFarland et a.,
—-— 65 Mbps; 20 MHz; 1 58 2008}
. \ w130 Mbps; 20 MHz; 2 55
- 30 —¢— 270 Mbps; 40 MHz; 2 8S upp Ter
.\‘\\A\ —— 540 Mbps; 40 MHz; 4 S5 20 subframes 20 subframes 20 subframes 20 subframes
25 - per packet; per packet; per packet; per packet;
\—< 64 bytesper 1500 bytes 64 bytesper 1500 bytes
\—0—\‘ Data rate subframe per subframe  subframe per subframe
.20 *
\_‘\._ 6.5 Mbps; 20 MHz; 185 0% 2% 5% 2%
s - _N"—’\H,_; 65 Mbps; 20 MHz; 188 2% 1% 4% 1%
= i — 130 Mbps; 20 MEz; 258 3% 0% 2% 1%
"‘\\ M 300 Mbps; 40 MHz; 2 §S;
10 ‘\.\l Short GI 4% 0% 0% 0%
] G\ M‘-‘ﬁ_’_‘_w .
\\e\( -a-u g g Table 5.7 illustrates the small improvement to UDP traffic without aggregation. Four
o o data rates are given ranging from 6.5 Mbps with 20MHz and a single spatial stream
0 500 000 1500 2000 2500 3000 to 300 Mbps with 40 MHz, rwo spatial streams, and short guard interval, Two types
Packet Size (bytes) of simulations are given. The first is a single packet exchange. The second is burst-

Figura 5.17 PHY efficiency improvement of GF over ME

Stephens et al. (2004a). Separate simulations were performed for 20 MHz and 40 MHz,
although both assumed devices with two transmit and two receive antennas. The simula-
tions we repeated for different PHY preamble lengths. Table 5.6 provides the results for
25 and 50 ps preambles, which encompass the range of the length for the MF and GF
preambles. We see that the network efficiency only improves by a very small amount,

Further apalysis given in McFarland ef al. (2006) demonstrated small throughput
improvement of GF compared to MF preamble with UDP and TCP traffic. The assump-
tions of the analysis were one AP and one client, ideal traffic patterns in the sense
that there was packet bursting with unlimited TXOP lengths, and there was no PHY
or MAC packet loss. Results were given for a range of packet lengths, data rates,
and both aggregated and un-aggregated. For a detailed discussion on aggregation, see
Section 8.2.

5.4.3.2

ing of data/ACK sequences separated by SIFS with an infinite TXOP. Even without
aggregation, the maximum benefit of GF is only 15% throughput improvement.

One of the key MAC features in 802.1In is aggregation to improve efficiency.
Table 5.8 illustrates the further reduced benefit of GF compared to MF for UDP and
TCP with A-MPDU aggregation. Results are given for two packet Jengths. Each packet
consists of 20 subframes. Each subframe contains either 64 bytes or 1500 bytes. With
aggregation, the maximum benefit of GF compared to MF reduces to 5%.

Interoperability issues with legacy

Obviously a legacy device cannot process a GF packet. Therefore, in the presence of
legacy devices in the BSS, it is required to protect GF packets. However, this protection
does not extend to neighboring BSSs. A GF capable AP with only HT devices associated
to it could alfow unprotected GF transmissions. Legacy devices in neighboring BSSs
would not be protected from GF transmnissions.
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Probability of Signal Field Detection

10

—&— Parity bitonly | --- -
~~E-— Multiple bits

SNR (dB)

Figure 5.18 False positive detection of Signal field by legacy device with GF transmission in
channel model D, NLOS.

Several situations can occur when a legacy device receives a GF packet. Both the GF
and legacy preambles have an B j15 STF and an 8 pis LTF followed by the SIG. Since the
legacy and GF preambles are similar when the legacy device receives a GF preamble,
there is a high likelihcod of false detects. This is especially true since there is only a single
parity bit in the legacy Signal field, which leads to false positives. Fortunately, many
legacy devices use extra fields in the Signal field to reduce the false detect rate. Some
possible techniques are described in Section 4.1.3. Figure 5.18 illustrates simulation
results that demonstrate the probability that a legacy device falsely detects a valid Signat
field when receiving a GF transmission. When only using the single parity bit, the false
detect probability is 50%. However, when checking additional bits in the Signal field
for valid conditions the probability is reduced to 7%.

False detects lead to legacy devices staying off the air for a random amount of time.
If the amount of time is too short, the legacy device interferes with the HT GF device.
If the amount of time is o long, the legacy device is unfairly disadvantaged.

Even when the legacy device properly determines that the received signal is not a
legacy packet, it only relies on the energy level of the received signal to determine how
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5433

54.4

long to stay off the air, Based on the standard, the legacy device is only required to
remain off the air for a received level of —62 dBm or greater. Therefore, HT GF devices
will most likely be interfered with by legacy devices in neighboring BSSs.

Implementation issues

There are some minor implementation issues with the GF preamble. Since with one
spatial stream the Data field foliows the HT-SIG field and with two or more spatial
streams the HT-LTFs follows the HT-SIG, it is necessary to rapidly decode the HT-SIG
to determine the number of HT-LTFs which dictates what field comes next (McFarfand
ef al., 2006). In addition, the GF preamble uses long cyclic shifts on the STF, which
requires extra care in start-of-packet and time synchronization algorithms (McFarland
et al., 2006).

Preamble auto-dstection

Having two HT preamble formats requires auto-detection between MF and GF formats.
Since MF is mandatory and GF is optionaf, obviously a GF-capable device must auto-
detect between MF and GF. However an MF-only device is also required to partially
process a GF packet,

The 802.11n standard amendment states, “An HT STA that does not support the
reception of an HT Greenfield format packet shall be able to detect that an HT Greenfield
format packet is an HT transmission (as opposed to a non-HT transmission). In this case
the receiver shall decode the HT-SIG and defermine if the HT-SIG cyclic redundancy
check (CRC) passes” (IEEE, 2007). Therefore, even a device that does not support GF
must process 4 GF packet up to the HT-SIG and check the CRC. All HT devices need to
auto-detect for legacy, HT MF, and HT GE.

The timing of the fields of the legacy, MF, and GF preambles is given in
Figure 5.19. Upon receiving a packet, a device must parallel process all the differ-
ent types of preambles until the correct format is deterrnined. During the time from 0 to
16 ps, a device must paralle] process the iegacy STF/LTF for legacy and MF and the HT
STE/LTF for GF. From 16 to 20 ys, the device must process the legacy SIG for legacy
and MF preambles. From 16 to 24 us, the device must process the HT-SIGs for a GF
preamble.

As was described in Section 4.2.2.1, a 90 degree rotation between the L-SIG and
HT-SIG) may be used to anto-detect between legacy and HT MF. For legacy and GF
there is no rotation between 16 and 20 ps and 20 and 24 us. Between 16 and 24 £1s,
the HT device must process the HT-5IG, and HT-SIG; in the case of a GF preamble.
Similarly, between 20 and 28 ps, the HT device must process the HT-SIG, and HT-S1G,
in the case of MF. The combinations of rotations, parity check on L-SIG, and CRC
checks on HT-SIG at different times allows differentiation between legacy, HT MF, and
HT GF.

If it has been determined that the packet is neither MF nor GF (failed CRC checks and
improper rotations), but the parity check of the L-SIG passes, the packet is processed as
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! | I I I I for two BCC encoders; and Nyyp is the number of long training symbols, determined
1 | L : . L T from the MCS — the number of long training symbols is based on the number of spatial
_egacy STF LTF siG S:;;",';e; | Data :P:Z’é‘"‘“g streams indicateq by the MCS (excluding a sounding packet).
i i | The computation of TXTIME changes for short guard interval, sounding packet,
\ A A ] ; I
1

LDPC, and STBC, which are described in Sections 5.5, 12.6, 6.4, and 6.3, respectively,
" | | There are some exceptions, which also apply to a non-GF capable device receiving a
S all & N . - ..
HT M LSTF LATE Leig) HT sﬂéz % 000 1 7al MF packet. An exception tl.) the TX’HME computatw‘n is if the reSt?th?d bit is d(?coée'd
' 1 as 0. ¥ the HT-SIG CRC is valid, then a reserved bit value of 0 indicates an invalid
' condition or & false positive of the CRC computation. Furthermore, if the MCS field is
[ in the range 77-127 or the STBC field has a value of 3, TXTIME can not be computed,
In these conditions, the device must not access the medium for as long as the received

ol HT- HT | HT L HT signal level remains above —62dBm for 20MHz and —59 dBm for 40 MHz, rather
HT GF HE LTF | slat | sigz | LTF2 . . i
STF than based on TXTIME computation. These thresholds are derived from the receiver
— 1 | l i minimum input level sensitivity (—82 dBm for 20 MHz and —79 dBm for 40 MHz) plus
! i | I 1 ty P
\ i e R E— 20dB.
Ous Bus ps 2ps 24ps WBps For further information on the preamble detection, refer to Section 4.2.4.3,
Figure 5.19 Timing of the preamble fields in legacy, MF, and GE.
if i i t th ket is GF, but .
legacy OFDM. On the other hand, if it has been determined that the packet is lit 5.5 Short guard interval

the device is non-GF capable, the device must still properly defer transmission.

The proponents of GF wanted to make it mandatory, thereby ensuring interoperability
between alt HT devices. The opponents to GF did not feel that the marginal benefit of
G¥ warranted the added complexity of an additional preamble typs. As a compromise,
a non-GF capable device is given two options when receiving a GF packet. In the first
option, the device may extract the Signal field parameters and calculate the transmit time
(TXTIME) of the packet. The PHY of the device indicates to the MAC that the channel
is busy for this duration. This is the ¢clear channel assessment (CCA). The second option
is that the PHY of the non-GF capable device maintains CCA busy until the received
level drops below —72 dBm for 20MHz and —69 dBm for 40 MHz. These thresholds
are derived from the receiver minimum input level sensitivity (—82 dBm for 20 MHz-
and —79 dBm for 40 MHz) plus 10dB. This allows the non-GF capable device to not
have to extract the contents of the HT-SIG when it occurs during a GF packet. A non-Gf
capable device is only required to check the CRC of a GF packet, which does not require
extracting the contents.

A GF capable device must receive all packet formats, and maintain CCA busy based
on TXTIME calculated from the contents of the Signal ficld. The correct duration must
be calculated even for rates and modes that are ntot supported by the device. The TXTIME
equation for the GF preamble is given below:

The standard OFDM data symbol for 802.11n has a 4 ps duration, comprising a 0.8 ps
guard interval (GI)} and 3.2 s of data. This is the same as it is for legacy OFDM symbols.
To further increase the data rate in 802.11n, an optional short GI was adopted. With the
short GI, the guard interval of the data symbols is reduced to 0.4 s and the overall
symbol length is 3.6 ps. The guard interval of the preamble was not modified. This
corresponds to an increase in data rate of 11%. With the short G, the maximum data
rate for 802.11n with 20MHz is 289 Mbps and with 40 MHz is 600 Mbps.

The waveform equations for the Data field must be changed such that the data symbol
duration, Tgyy, is reduced to 3.6 ps and the puard interval time, Ty, is reduced to 0.4 ps.
This occurs in Eq. (4.30) for MF and 20 MHz operatior. Then with spatial expansion
in Eq. (4.31), the same changes are made, but only for the Data field, Similarly for
40MHz, the same changes (limited to the Data field) are made to. Eq. (5.2). And
finally, Eq. (5.10) for the HT duplicate is also medified with reduced values when
short GI is utilized. Correspondingly, the TXTIME computation for the MF preamble
in Eq. (4.32) and the GF preamble in Eq. (5.19) is modified by also reducing Tgyy to
3.6s.

There is one packet format in which shert GI may not be used. With the GF preamble
and one spatial stream, the data symbols imunediately follow the HT-SIG. However, the
TXTIME = Tap.ar—s1F + Tur—vrm + Tur-sic receiver does not know that this situation has occurred until it parses the HT-SIG. In a
typical design, the receiver continues processing the subsequent symbol in parailel to
extracting the information from the HT-SIG. The first step is to remove the guard interval
where Tir..crs1rs Tar—rens Tarosi = 8 s duration; Tyroizes = 4ps duration; before performing thc. Fourier transform. In order to receive a GF with one spatial stream
Tsyis = 4 ps duration for 800 ns guard interval operation; Nsyu is the number of OFDM and shctrt G, the receiver would have to buffer the signal until it determined the number
symbols in the Data field defined by Eq. (4.22) for one BCC encoder and Eq, (5.6) of spatial streams and the length of the GI from the HT-SIG. In order to avoid this

El

+ (Nore — 1) - Torevrre + Tsym - Nsvm (5.19)
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Figure 5,20 Sensitivity to time offset with MCS 15, 2 x 2, in channel model B, NLOS.

complication, the use of short GI with GF with cne spatial stream is not permitted by
the 802.11n standard.

As discussed in Section 2.1, the guard interval is used to mitigate inter-symbol
interference due to the delay spread of the chanmel environment. By shortening the GI,
the signal is more susceptible to longer delay spread channels. Delay spread is also
caused by filtering in the transmitter and receiver. Transmit filters are used to reduce
out-of-band emissions. The larger the reduction of interference to adjacent bands, the
longer the delay spread of the filter. Similarly on receive, the more there is rejection of
adjacent bands, the greater the delay spread that is incurred from the receive filter.

By shortening the geard interval, the receiver requires much more precise time syn-
chronization, especially in chanmels with Ionger delay spread. Therefore, one way to
quantify the receiver sensitivity to shortening of the guard interval is to model the receiver
performance with increasing fixed time offsets in the time synchronization. We compare
the performance with 800 ns GI to 400 ns GI. Figure 5,20 fllustrates the performance for
MCS. 15 with two transmit antennas and two receiver antennas in channel model B, with
NLOS conditions. Figares 5.21 and 5.22 ilJustrate results with the same configuration,

Figure 521 Sensitivity to time offset with MCS 15,2 x 2, in channel model D, NLOS.

except that the simulation is performed in channel models D and E, respectively, with
NLOS conditions. ‘

Though not iltustrated in the figures, packets transmitted with 800ns GI experience
no degradation with time offsets up to 300 ns with channel models B, D, and E. Oq the
other hand, with 400 ns GI the performance degradation is directly coupled to the delay
spread of the channel. In channel model B, which has an RMS delay spread of 15ns,
there is no degradation up to a time offset of 100 ns. As the offset is increased to 200ns,
slight degradation is experienced. The receiver fails when the time offset is increased o
250 ns or more, In channel model D which has an RMS delay spread of 50 ns, there is no
degradation with a time offset of 50 ns. There is a slight degradation with a time offset
of 100ns. There is a large degradation with a time offset of 150 ns, and the receiver fails
with an offset greater than 150 ns. In channel model E which has an RMS delay spread
of 100 ns, there is also no degradation with a time offset of 50 ns. However with a time
offset of 100ns there is more degradation then in channel model D. There is a large
degradation with a time offset of 1501s, and the receiver fails with offset greater then
200ns.
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Figure 5.22 Sensitivity fo time offset with MCS 15, 2 x 2, in channel model E, NLOS.

To summarize, noticeable degradation occurs at time offsets which decrease from
200 ns for channel modef B to 150 ns for channel model D fo 100 ns for channel model
E. This decrement roughly corresponds to the increase in RMS delay spread between the
channels. When critically sampled, a time offset of 100ns for channel model E is only
two samples in time, which requires mmch more accuracy in the time synchronization
and tracking algorithm in the receiver.

Short GI adds another dimension to rate adaptation beyond modulation, code rate, and
number of spatial streams. With each added dimension, the complexity of rate adaptation
increases significantly. In addition, short GI only provides an incremental improvement
in data rate in shorter delay spread channels. Similar incremental improvements may be
attained by changing the MCS. Therefore, a typical approach to the use of short Gi is to
only try fo switch to short GI when the highest data rate of the device with long Gl has
been achieved. The highest MCS is indicative of a good channel environment and no
further increases in data rate can be achieved by modulation, code rate, and number of
spatial streams. As a final rate adaptation step, the device can switch to short GI for the
maximum data rate of the device. If acknowledgements are received to the transmitted
pe;:kets, the device knows that the channel supporis short GI and the maximum data
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rate. With added complexity, one may determine the delay spread of the channel from
the channel estimate to try to use short GI in more situations.
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Appendi'x 5.1: Channel allocation

" Channel center frequencies are defined at every integral multiple of 5 M4z beginning
from the channel starting frequency for the specific band, as follows:

Channel center frequency = channel starting frequency + 5 - ng, (MHz) (5.20)

where ngy, is the channel number (=0, 1,...,200 for 5GHz,and = 1, 2, .. ., 13 for
2.4GHz). For the 5 GHz band, the channel starting frequency is equal to 5000. For the
2.4 GHz band, the channel starting frequency is equal to 2407,

Tables 5.9 and 5.10 give the 20MHz channel allocations for USA and Europe,
respectively. Tables 5.11 and 5.12 give the 40 MHz channel allocations for USA and
Europe, respectively. The 40 MHz channel allocations also include both conditions
where the secondary 20 MHz channel is below or above the primary 20 MHz channel.
This is indicated by the secondary field.
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Table 5.9 20 MHz channel allocation for USA Table 5.1% 40 MHz channe) alfocation for HSA
Frequency band Regulatory Transmit power Secondary
(GHz) class Chanmel nummber Center frequency (MHz)  limit (mW) Primary channel channel
Frequency band (GHz) Regulatory class aumber Secondary field number
ISM 2.4-2.483 12 1,2,...,11 2412,2417, ..., 2462 1000
U-NT lower 5.15-5.25 1 36, 40, 44, 48 5180, 5200, 5220, 5240 40 ISM 2.4-483 32 i 1 5
U-NIL middie 5.25-5.35 2 52, 56, 60, 64 5260, 5280, 5300, 5320 200 2 1 6
Additional U-NH 5.47- 4 160, 104, ..., 140 5500, 5520, ..., 5700 200 3 1 7
5725 4 i 8
Upper U-NIL 5.725-5.85 3 149, 153, 157, 161 5745, 5765, 5785, 5805 800 5 1 9
5 149, 153, 157, 161, 5745, 5763, 5783, 5805, 1000 6 1 10
165 5825 7 1 11
33 5 -1 1
6 ] 2
7 -1 3
Table 5.0 20 MHz channel allocation for Eurcpe 8 1 4
9 ~1 5
Frequency band Regulatory Transmit power 10 -1 6
{GHz) class Channel number Center frequency (MHz) Timit (mW) 11 -1 7
I1SM 2.4-2 483 4 1,2,...,13 2412, 2417, ...,2472 100 U-NII lower 5.15-5,25 22 36 1 40
5.15-5.25 1 36, 40, 44, 48 5180, 5200, 5220, 5240 200 44 1 48
5.25-5.35 2 52, 56, 60, 64 5260, 5280, 5300, 5320 200 27 40 -1 36
5.47-5.725 3 100, 104, .. ., 140 5500, 5520, ..., 5700 1000 48 -1 44
U-NII middle 5.25-5.35 23 52 1 56
60 1 64
28 56 -] 52
64 -1 60
Additional U-NII 24 160 1 104
5.47-5.725 108 1 112
116 1 120
124 1 128
132 I 136
29 104 -1 100
112 -1 108
120 -1 116
128 -1 124
136 ~1 132
Upper U-NII 5.725-5.85 25 (for 800MW)or 149 1 153
26 (for 1000 MW) 157 1 161
30 (for 800MW) or 153 -1 149
31 (for 1000MW) 161 -1 157
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Table 512 40 Mz channe! allocation: for Europe Table 5.23 Symbois used for MCS parameters (IEEE, 2007)
Secondary Symbol  Explanation
Primary channel chanmel 2 Codo rate
Frequency band (GHz) Regulatory class number Secondary field mumber Nrepscs Number of coded bits per single carrier for each spatial stream
ISM 2.4-2 483 11 i 1 5 (or modulation order)
2 L 6 Neaps Nummber of coded bits per QFDM symbol
3 1 7 Noges Numaber of data bits per OFDM symbol
4 1 8 Ngg Nurmber of BCC encoders
5 I 9
6 i 10 : ‘
7 1 1 Table 5.14 40 MHz MCS parameters for single spatial stream ([EEE, 2007)
12
g } 13 MCSindex Modulation R Nps Nppscs Neaps Nppes  Datarate (Mbps)
12 g j ; 0 BPSK Y 11 108 54 135
7 _1 3 1 QPSK Yy 1 2 216 108 27.0
8 1 4 2 QPSK o1 2 216 162 405
9 -1 5 3 16-QAM Y2 1 4 432 216 54.0
10 _ P 4 16-QAM ¥y01 4 432 324 81.0
11 -1 7 5 64-QAM Y1 3 648 432 108.0
o o ! 6 64-QAM Y, 1 6 648 486 1215
i3 1 a 7 64-QAM e 1 6. 648 540 135.0
5.15-5.25 5 36 1 40
g :g _} :2 Appendix 5.2: 40 MHz basic MCS tables
43 -1 44
5.25.5.35 6 52 1 56 The following tables consist of the MCSs for 40 MHz “basic” rates. As defined herein, the
60 1 64 basic rates include equal modulation and the mandatory 800 ns guard interval. Unequal
g9 36 -1 52 modulation is described in Section 12.4. Short gnard interval is described in Section 5.5,
&4 -1 60 . For 40 MHz, the number of data subcarriers is 108 and the number of pilot subcarriers
5.47-5.125 7 100 1 104 is 6. The only exception is for HT duplicate format (MCS 32), where the number of data
108 i 153 subcarriers is 96 and the number of pilot subearriers is 8,
i ;61 i :28 Table 5.13 describes the symbols used in the subsequent tables.
132 1 136 "Table 5.14 defines the 40MHz MCS parameters and data rates for single spatial
10 104 -1 100 stream transmission. The data rate is calculated by dividing Npgps by the symbol time
112 ] 108 of 4 ps (3.2 us OFDM symbol plus 0.8 s guard interval).
120 -1 116 Table 5.15 defines the 40 MHz MCS parameters and data rates for two spatial siream
gz i; gg transmission.
Table 5.16 defines the 40 MHz MCS parameters and data rates for three spatial stream
transonission.
Table 5.17 defines the 40 MHz MCS parameters and data rates for four spatial siream
; transmission.
Table 5.18 defines the 40 MHz MCS parameters and data rates for HT duplicate
format.
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Tablz 5.15 40 MHz MCS parameters for two spatial streams {JEEE, 2007) Appendix 5.3: Physical layer waveform parameters

MCS inds Modulati R N N N N Data rate (Mb; . .
index Moddlaton P rses omw T rate (Mbps) Table 5.19 provides a summary and comparison of waveform parameters for 802.11a,

8 BPSK Yo 1 i 216 108 27.0 80.11n 20 MHz and 40 MHz.
9 QPSK Yy 1 2 432 216 54.0
i0 QPSK Y01 9 432 324 81.0 Table 5.19 Physicai layer waveform parameters
it 16-QAM Y, 1 4 864 432 108.0
12 16-QAM ¥, 1 4 864 648 1620 802.11n 802.11n
13 64-0AM o1 6 1296 864  216.0 802.11n 802.11n 40 MHz non-HT
14 40AM Y 1 6 1296 972 2430 802.11a 20 MHz 40 MHz MCS 32 duplicate
15 6-QAM Y L 6 £206 1080 270.0 Data subcarriers 48 5 108 96 96
Unique modulated 48 52 108 48 48
data values
Pilot subcarriers 4 4 [ 3 8
Table 5.16 40 MHz MCS parameters for three spatial streams (IEEE, 2007) Subearrier 312.5kHz 312.5 KHz. 312.5 kHz 312.5%Hz 312.5 kHz
frequency spacin;
MCSindex  Modulation R Ngs  Nascs MNeses Noses  Datarate (Mbps) mwﬁnmieﬁo o 4 S'Z(i‘lwzf'ﬁ“) 3.2(2;}51"1‘12/64) §‘f§ ?lflsﬂzf 128) , 2(105 MHz/128) . Z(ng MHz/128)
16 BPSK | 1,1 1 124 162 405 Guazd interval of 0.8 us Normal: Normal: Normal: 0.8 us
17 QPSK v, 1 2 648 124 810 data symbols 0.8 ps 0.8 us 0.8 us
18 QPSK Ye 12 648 486 1215 Short: Short: Short:
19 16-08M Y 1 4 1296 648 1620 04 ps 04 ps 0.4 ps
20 16-QAM Yo 1 4 1296 972 2430
21 4-QAM ¥y 2 6 1944 1296 3240
22 a4-QAM 3y 2 6 1944 1458 364.5
23 64-QAM s 2 6 1944 1620  405.0

Table .17 40 MHz MCS parameters for four spatiat streams {IEEE, 2007)

MCSindex Modulation R Mss  Napscs  Nesps  Npees  Datarate (Mbps)

24 BPSK Y, 1 H 432 216 540
25 QPSK Yo 1 2 864 432 108.0
26 QPSK. /7O 2 864 648 1620
27 16-QAM o1 4 1728 864 2160
28 16-QAM Moo 2 4 1728 1296 3240
29 64-QAM Yy 2 6 2592 1728 4320
10 64-QAM e 2 6 2592 1944 486.0
31~ 64-QAM s 2 & 2592 2160  540.0

Table 5.18 40 MHz MCS parameters for HT duplicate format §EEE, 2007)

MCS index Modulation R Nzs  Napscs  Ncsps  Npees  Data rate (Mbps)

32 BPSK /P i 48 24 6.0
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Figure 6.24 Comparison between LDPC and BCC for 2 x 2, 20MHz, channel model D, NLOS,
and payload iength of 970 bytes.

4
L

of the actual transmitted information than the number of information code word bits.
In many cases the parity bits are punctured, which increases the effective code rate,
and must be accounted for in the mefric. Repetition in LDPC is very similar to
padding in BCC, so we do not account for repetition in the new metric when com-
paring BCC and LDCP performance. The new metric for effective code rate is given as
follows:

Npia

R=
Npld + New « Nipec - (}» - R)— Np\mc

(6.34)

Figure 6.23 illustrates the effective code rate for LDPC for MCS 11, 13, 14, and 15
for 20 MHz mode for a range of data packet lengths, The code rates for these MCSs are
1/2, 2/3, 3/4, and 5/6, respectively. In all four cases, the effective code rate converges to
the MCS code rate by a data packet length of 500 bytes. Shorter packets differ the most
between the effective code rate and the MCS code rate for afl four cases. As we see in
Figure 6.20, shorter packets have a much larger number of shortening bits. Therefore,
the ratic between payload bits and information bits in a code word is much smaller than
the native rate of the code,
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6.43

LDPG coding gain

Since BCC is the mandatory coding scheme of 802.11n, a device is required to have a
BCC encoder and decoder. Using the optional LDPC code means implementing both the
BCC and LDPC enceders and decoders. Therefore the basic questions regarding LDPC
coding are: (a) how much additional gain does it provide to the system and (b) is it worth
having a second encoder/decoder type in the device?

To give some insight info answering these questions, we provide simulation results for
LDPC and BCC with two transmit antennas, two receive antennas and 20 MHz mode.
The simulations are performed in the conditions detailed at the beginning of the chapter.

For a fair comparison between BCC and LDPC, a payload length of 970 bytes
was selected such that the effective code rate of LDPC is very close to the rate
of the MCS. The PER versus SNR waterfall curves are illustrated in Figure 6.24.
The solid lines are the LDPC curves, and the dashed lines are the BCC curves. The
gain of LDPC over-BCC ranges from 1.5dB to 3dB, at a PER of 1%, depending on
the MCS.
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Appendix 6.1: Parity check matrices

Since the parity check matrices are extremely large and difficult to display in print,
certain notational short cuts are taken in IEEE (2007) to represent (he matrices. This
notation does not have anything to do with the design of the parity check matrices.
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duration of the TXOP. The Data/ACK exchange provides more limited protection near
the transmitter (due to the higher order modulation used for data frames), but is more
efficient than the RTS/CTS exchange with which no information transfer takes place.
it should be noted that the block transfer is independent of the TXOP. The block
transfer may occur over multiple TXOPs or it may be contained within a single TXOP.
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Figure 8.16 Scoreboard operaticn.

by the same station will occur before data belonging to another block ack session is
received by the recipient, erasing the session’s block ack scoreboard. The originator can
thus simply use a BAR frame in a subsequent channel access to retrieve the ack state.
In the unlikely event that the block ack scoreboard is no longer available, the BA will
show all zeros and the originator will need to retransmit the MSDUs. Alternatively, if
the originator sent a single aggregate consisting of QoS Data frame with Normal Ack
policy and no BA was received, then the originator may assume that none of the QoS
Data frames made it through and simply retransmit the QoS Data frames.

‘While more complex behavior is permitted, most implementations will conform to
partial state rules by sending a single aggregate in each TXOP, soliciting a BA by setting
the ack policy of the QoS Data frames making up the aggregate to Normal Ack. On the
rare occasion when an MSDU lifetime expires before it is acknowledged, the originator
will send a BAR frame to flush the holes in the reorder buffer. An originator implementing
this behavior would work with both a full state and partial state implementation in the
recipient.

HT-immediate block ack TXOP sequences

Typical TXOP sequences under HT-immediate block ack are shown in Figure 8.17. The
TXOP begins with a short frame exchange as a collision detect mechanism. In these
sequences an RTS/CTS exchange, which alse provides enhanced protection, is used,
but the more efficient Data/ACK exchange could also be used. In sequence (a) a single
aggregate data transmission is made with the ack policy set to Normal Ack in the QoS
Data MPDUs making up the aggregate. This solicits an immediate BA response.
Sequence (b} is similar except that two aggregate transmissions are sent back-to-back
as a burst. This might be done to improve robustniess, for example if a single transmission
was too long and possibly subject to rapidly changing channel conditions for which a

8.5

()

Figure 8,17 Typical HT-immediate TXOP sequences.

new channe! estimate would be beneficial. The first aggregate would be sent with Ack
Policy set to Block Ack and the second aggregate with Ack Policy set to Normal Ack in
order to solicit a BA.

Sequences (c) and (d) may be used when an MSDU is discarded due to lifetime
expiry, when the BAR is required fo release potentially stalled complete MSDUs in the
recipient’s reorder buffer. In sequence (c) data frames are available and would typically
be sent ahead of the BAR. The aggregate is sent with Ack Policy set to Block Ack since
the BAR will solicit the BA response. Note that it is permitted to aggregate the BAR with
the data frames; however, the BAR would typically be sent as a separate more robustly
modulated frame. Since the BAR is sent infrequently, sequences involving BAR do not
reed to be optimtized as the overall gain is small.

HT-delayed block ack

HT-delayed block ack is an extension to the delayed biock ack protocol and differs from
it in the manner in which BAR and BA frames are acknowledged. Support for HT-
delayed block ack is eptional and a station advertises support by setting the HT-delayed
Block Ack capability bit in the HT Capabilities element (see Section 11.3.2.2). A peer
station may establish a HT-delayed block ack session with a station that advertises itself
as HT-delayed block ack capable, :

Under HT-delayed block ack the BAR and BA frames carry a BAR Ack Policy and
BA Ack Policy field, respectively. If set to 1 this indicates that the receiver of the frame
should not return an ACK response.
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8.5.1
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Figure 8.18 Typical HT-delayed TXOP sequences.

HT-delayed block ack TXOP sequences

Typical TXOP sequences under HT-delayed block ack are shown in Figure 8.18. The
TXOP begins with a short frame exchange which could be RTS/CTS (as shown) or
Data/ACK. HT-delayed block allows the TXOP to be fully utilized by the originator
since no immediate response is required from the responder. Sequence (4} shows the
originator sending an aggregate with ack policy set to Block Ack followed by a BAR.
‘When data flows both ways, the BA may be combined with data in the reverse direction.
This is shown in sequence (b).

It is possible, with reduced robustness, to aggregate the BA and BAR frames together
with the data. This is shown in sequence (c).
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Advanced channel access techniques

9.1

9.1.1

This chapter introduces some of the advanced channel access techniques in the 802.11
standard. In addition fo, and built upon, the distributed channel access technigues
described in Chapter 7, the 802.11 standard includes two centrally coordinated channel
access techniques. The PCF was introduced in the originat 802.11 specification and
HCCA was introduced in the 802.1 le amendment to support pararneterized QoS and to
fix some of the deficiencies in the PCF. The chapter then introduces new channel access
techniques in the 802.11n amendment.

A very simple technique called the reverse direction protocol was introduced with
one bit of additional signaling and some simple changes to the rules for operating a
TXOP. This technique is particularly effective under EDCA for improving throughput
for certain traffic patterns.

During the development of the 802.11n amendment, a strong interest emerged among
many participants for improving the power efficiency of the MAC protocol. While
outside the scope of the 802.11n PAR this resuited in the power-save muiti-poll (PSMP).

PCF

Infrastructure network configerations may optionally include the point coordination
function (PCF). With PCF, the point coordinator (PC), which resides in the AP, estab-
lishes & periodic contention free period (CFP) during which contention free access to
the wireless medium is coordinated by the PC. During the CFP the NAV of all nearby
stations is set to the maximum expected duration of the CFP. In addition, all frame
transfers during the CEP use an inter-frame spacing that is less than that used to access
the medium under DCF, preventing stations from gaining access to the medium using
contention-based mechanisms. At the end of the CFP, the PC resets the NAV of all
stations and regular contention-based access proceeds.

Estahlishing the CFP

The PC periodically establishes a CFP using a Beacon frame as iHustrated in Figure 9.1,
The CFP repetition interval is a fixed multiple of the DTIM (delivery traffic indication
message) period where the DTIM or delivery wraffic indication message is an element that
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Downlink Phase Uplink Phase 9.43 Resource allocation
4 ™ TN
o | | Psmp-) | psme- | | pemp. A station uses the TSPEC mechanism defined for HCCA to reserve resources. The AP
& || o orT2 bres establishes a PSMP schedule based on the TSPECs received from one or more stations
i B ) B Sl such that the QoS requirements of all stations are met.
STA1 F;JS#? To accommodate variability in traffic loads and retransmission, a station may adjust
r_ - PSMP- f the resource allocation long term by updating its TSPEC or, more dynamically,
STA 2 I uTr2 using the Queve Size or TXOP Duration Request fields in the QoS Data frame (see
! ol PSMP- [ ™™ ‘ Section 11.1.5). If a station cannot transmit all its quened data within the allocated
STA3 uTTS PSMP-UTT, the station will transmit as much data as possible and piggyback a resource
request for an additional PSMP-UTT. If the AP receives a resource request it will attempt
Figure 8.7 PSMP recovery. to satisfy that request in the next PSMP sequence.
S e UTT STAT i oy e Lo 89.4.4  Block ack usage under PSMP
e —t— e P A
ERE o P ] PSMP does not permit the use of ACK for data exchanges, thus data transfer that
S %l E—i § ,:_Q; § g ‘;75;9—: é’gé & ;’ requires acknowledgment must occur under an established block ack session. Data may
AP > % k- ARFDD E o - D % be transferred without a black ack session, however, it can only do so using No Ack ack
A1i°0 | smy | |88 (5TA1) e policy.
STA 1 A PSMP requires that the block ack session be HT-immediate or HT-delayed. Under
- HT-immediate, use of the Multi-TID BAR and Multi-TID BA is required, while under
S5TA2 HT-delayed the BAR and BA frames should have their BAR/BA ack policy set to No
Ack.
Figure 9.8 PSMP burst. Reproduced with permission from IFEE (2007) © IEEE.
References

This 1s illustrated in Figure 9.7 where STA 2 has not transmitted a frame at the start
of PSMP-UTT2. The AP detects this condition and transmits a PSMP recovery frame IEEE (2007). JEEE P802.1In™/D3.00, Draft Amendment to STANDARD for Information
PIFS affer the start of the UTT. The PSMP recovery frame contains an uplink schedule Technology - Telet ications and Information Exchange Between Systems — Local and

for STA 2 using the remaining time of the ariginal PSMP-UTT? and referenced from Metropolitan Networks - Specific Requirements, Part 11: Wireless LAN Medium Access C on-
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Throughput.
Mujtaba, 5. A., Stephens, A, F., Myles, A., er al. (2005). TGnSync Proposal MAC Results, ITFEE

802.11-04/0892r7, July.

94,2 PSMP hurst

The AP may perform a burst or series of PSMP exchanges as illustrated in Figure 9.8.
After an initial data exchange in the first PSMP sequence, additional resource atlocation
can be made and retrapsmissions scheduled in subsequent PSMP exchanges. The PSMP
frame in the first exchange has its MorePSMP bit set to | to indicate that another PSMP
exchange will follow. The MorePSMP bit is sct in the PSMP frame of each subseguent
exchange as long as the burst continues. The burst is terminated with 2 PSMP frame that
has the MorePSMP bit set to 0.
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Downlink Phase _ Uplink Phase 94.3 Resource allocation
s N hS
o | [ psue. | | psue. | | oo 0L A station uses the TSPEC mechanism defined for HCCA to reserve resources. The AP
= o7t DTT2 21aE) =Es establishes a PSMP schedule based on the TSPECs received from one or more stations
APl | BTN STAZ) | | (STAR) £ such that the QoS reguirements of all stations are met.
STA T ﬁ'}’ﬁ‘ To accommodate variability in traffic loads and retransmission, a station may adjust
:"'__ PEMP- the resource aliocation long term by updating its TSPEC or, more dynamicaily,
STA2 b (mngizid ) ] using the Queue Size or TXOP Duration Request fields in the QoS Data frame (see
| paMP- | — Section 11.1.5). If a station cannot transmit all its queued data within the allocated
STA3 uTT3 : PSMP-UTT, the station will {ransmit as much data as possible and piggyback a resource
request for an additional PSMP-UTT. If the AP receives a resource request it will attempt
Figure 9.7 PSMP recovery. to satisfy that request in the next PSMP sequence.
LA -AN UTT STAY o o o 944  Block ack usage under PSMP
D T e i W ety
. ot I R B PSMP does not permit the use of ACK for data exchanges, thus data transfer that
o dl | D e d| |FO|E2 = requires acknowledgment must occur under an established block ack session. Data may
=3 |E =3 (CE|OE| Bo . . . .
AP i R e 2% St T E g be l.:ransfewed without a block ack session, however, it can only do so using No Ack ack
# |9 SEIEEES | s = policy.
STA 4 P z g =& PSMP requires that the block ack session be HI-immediate or HT-delayed. Under
[=4 | HT-immediate, use of the Multi-TID BAR and Multi-T1D BA is required, while under
STA 2 é‘% é HT-delayed the BAR and BA frames should have their BAR/BA ack policy set to No
Ack.
Figure 9.8 PSMP burst. Reproduced with permission from YEEE (2007) © FEEE.
References

This is illustrated in Figure 9.7 where STA 2 has not transmitted a frame at the start

of PSMP-UTTZ. The AP detects this condition and transmits a PSMP recovery frame IEEE (2007). IEEE P802.11n™YD3.00, Draft Amendment to STANDARD for Information

PIFS after the start of the UTT. The PSMP recovery frame contains an uplink schedule Technology — Telec ications and {nformation Exchange Between Systems — Local and
for STA 2 using the remaining time of the original PSMP-UTT?2 and referenced from Metropolitan Networks — Specific Requirernents. Part 11: Wireless LAN Medisn Access Con-
trol (MAC} and Physical Layer (PHY) Specifications: Amend 4: Enh ts for Higher

the end of the PSMP recovery frame.
Throughput.
Mujtaba, 8. A., Stephens, A. P, Myles, A., e al. (2005). TGuSync Proposal MAC Results, IEEE
802.11-04/089217, July.

0.4.2 PSMP burst

The AP may perform a buzst or series of PSMP exchanges as illustrated in Figure 9.8.
After an initial data exchange in the first PSMP sequence, additional resource allocation
can be made and retransmissions scheduled in subsequent PSMP exchanges, The PSMP
frame in the first exchange has its MorePSMP bit set to 1 to indicate that another PSMP
exchange will folow, The MorePSMP bit is set in the PSMP frame of each subsequent
exchange as long as the burst continues. The burst is terminated with a PSMP frame that

has the MorePSMP bit set to 0.
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Interoperability and coexistence

0.1

0.1.1

The 802.11n amendment, more se than any previous 802.11 amendment, introduces
many optional features geared foward specific market segments that will likely only be
deployed in specific classes of devices. Many of the optional features are complex and,
given time to markef concerns and cost constraints, many implementations wilt only
adopt a subset of the available features, perhaps phasing in features with time or in
higher end products. Some features appear in multiple flavors. This is due to the many
unknowns present at the time the features where being discnssed during the standard
development process. Very often there was no single clear direction to take that would
clearly suit all situations and so variations were introduced.

The popularity of 802.11 also means that there are a large number of legacy 802.11
devices deployed making interoperability and coexistence with those devices essential,

This chapter discusses varions features that help ensure interoperability and coexis-
tence between 802.11n compliant devices as well as legacy 802.11 devices.

Station and BSS capabilities

With the large number of optional features in the 802.11n amendment a fair bit of
signaling is required to establish device capabilities and ensure interoperability. Also,
care must be taken to ensure that a feature used by one station does not adversely affect
the operation of a neighboring station that is not directly involved in the data frame
exchange. . ‘

HT station capabilities are signaled using the HT Capabilities element. This element is
present in Beacon, Association Request, Association Response, Reassociation Request,
Reassociation Response, Probe Request, and Probe Response management frames sent
by an HT AP or HT station. The optional capabilitics signaled by the HT Capabilities
element are summasized in the following sections, with the details on the HT Capabilities
element itself provided in Section 11.3.2.2.

HT station PHY capabilities
The HT station PHY capabilities include the following:

¢ Suppoerted channel width set. Indicates whether the station is capable of 20 MHz
operation only or both 20MHz and 40 Mz operation. '

Interoperability and coexistence 239

10.1.2

10.1.3

Greentield format PPDUs. Indicates whether or not the station is capable of receiving
HT Greenfield format PPDUs,

LDPC coding. Indicates whether or not the station is capable of receiving LDPC
coded PPDUs.

Short GI in 20 MBz PPDU formats. Indicates whether or not the station is capable
of receiving 20 MHz frames using the short gaard interval.

Short GI in 40 MHz PPDU formats. Indicates whether or not the station is capable
of receiving 40 MHz frames using the short guard interval.

Transmitting STBC formats, Indicates whether or not the station is capable of
transmitting space-time block coded frames.

Receiving STBC formats. Indicates whether or not the station is capable of receiving
space-time block coded frames and if so, whether that capability is limited to one
spatial stream, one or two spatial streams or one, two, and three spatial streams.
DSSS/CCK in 40 MHz. Indicates whether or not the station is capable of transmitting
and receiving DSSS/CCK format frames (802.11b) while operating with 40 MHz
channel width.

40 MHz intolerant. Indicates whether or not the station requires the AP to prevent
40 MHz transmissions.

L]

.

HT station MAC capabilities
The HT station MAC capabilities include the following:

Spatial multiplexing power save mode. Indicates the level of support for Spatial
Multiplexing (SM) Power Save: static, dynamic or disabled.

HT delayed block ack. Indicates whether or not the station supports HT-delayed
block ack.

PSMP support. Indicates whether or not the station supports PSMP operation.
L-SIG TXOP protection. Indicates whether or not the station supports the L-SIG
TXOFP protection mechanism.

+HTC field support. Indicates whether or not the station can parse received frames
containing the HT Control (HTC) field.

Reverse direction protocol. Indicates whether or not the station can act as a reverse
direction responder.

* Maximum A-MSDU length. Indicates the maximum A-MSDU length that the station
can receive: 3839 or 7933 octets.

A-MPDU parameters. Indicates the processing limitations with respect to A-MPDU
delineation. The station may be limited in the length of A-MPDU it can receive as
well as the rate at which MPDUs within the A-MPDU can be de-aggregated.

[

BSS capabilities

Some of the HT Capability fields have additional meaning that applies to the BSS
when transmitted by the AP in Beacon, Probe Response, Association Response, and
Reassociation Response frames. These fields are:

Hewlett Packard, et al. v. Cobblestone Wireless
Exhibit 1006
Page 000095
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* PCO Support. This indicates the BSS supports phased coexistence operation (PCO). Table 10.1 HT Protection field encoding
+ PSMP Support. This indicates that the BSS supports PSMP operation.
. PR . Encoding Condition
¢ DSSS/CCK Mode in 40 MHz. This indicates whether or not member stations of the
BSS are permitted to transmit DSSS/CCK format PPDUs during 20/40 MHz BSS 0 (HT members with same  One of the following is true:
operation. ' channel width, BT » This is a 20/40 MHz BSS with only 2040 MHz HT station members. Any
non-members) non-member stations detected in the primary or secondary channei are also
HT, i.e. no non-HT stations are detected
10.1.4 Advanced capabilities . This~ is a 20MHz BSS with 20 MHz HT s(atic?n members. Any n‘on—member
stations detected in the channel are also HT, 1.e. no non-HT stations are
Some advanced capabilities for which support is indicated in the HT Capabilities element detected
are: ' 1 (T members with One of the following is true:
different channel widths, e This is a 26/40 MHz BSS with either 20/40 MHz HT station or 20 MHz HT
non-HT non-members) station members and at least one non-HT station nen-member has been
*+ MCS feedback i i
N i detected in the primary or secondary channel
* transmit beamforming support « This is a 20-MHz BSS with 20 MHz HT station members and at least one
* antenna selection. non-HT station non-member has been detected in the primary channel
2 {HT members with This is & 20/40 MHz BSS possibly with 20/40 MHz HT station members, but
These capabilities are discussed in more detail in Chapter 12, different channel widths, with at least one 20 MHz HT station member and only HT station
HT non-members) non-members, if any, have been detected in the primary and secondary
chansnels
3 (HT and non-HT Otherwise, i.e. 20/40 MHz or 20 MHz BSS with both HT and non-HT members
10.2 Controlling station behavior members)

To control the operation of stations on a BSS, the AP uses the HT Information element
in Beacon, Probe Response, Association Response, and Reassociation Response frames.
Details on the HT Information element can be found in Section 11.3.2.3.

The AP controls 20 MHz and 20/40 MHz operation of the BSS through the Supported
Channel Width Set field in the HT Capabilities element and the following fields in the
Information element:

* Primary Channel. This field gives the channel number of the primary channel for
the BSS.

+ Secondary Channel Offset. This field gives the offset of the secondary channel
relative to the primary channel.

* STA Channel Width. Defines the channel widths with which stations may transmit
to the AP,

Twenty MHz and 20/40 MHz BSS operation is described in more detail in later sections.

The AP also provides information on the capabilities of stations that are members
of the BSS or, optionally, detected operating in the same channel(s). This enables
protection for certain HT sequences a station may use but for which nearby station may
not correctly defer. The fields in the HT Information element that provide information
on nearby stations for the purpose of enabling protection are the following:

* HT Protection, This indicates the types of stations that are present as members or non-
members of the BSS and thus the nature of the protection required. Four categories
are distinguished as listed in Table 10.1.

10.3

*

Non-Greenfield HT STAs Present. This indicates that there are HT stations associ-
ated with the BSS or in neighboring BSSs that are unable to receive HT Greenfield
format PPDUs. When set, stations must protect HT Greenfield format transmissions.
L-SIG TXOP Protection Full Support. This indicates whether or not all stations
on the BSS support L-SIG TXOP Protection. A station may use this to determine
whether or not to use L-SIG TXOP Protection.

OBSS Non-HT STAs Present. This indicates that there may be non-HT stations
present that are not members of the BSS. A station may optionally use this to determine
if protection is necessary for HT sequences.

RIFS Mode. The AP can directly control whether or not RIFS bursting is permitted
through the RIFS Mode bit. Stations may only use RIFS bursting when this bit is set
to L.

.

The HT Information element also provides information for controlling PSMP operation
(see Section 9.4), PCO operation (see Section 10.4) and the use of Dual Beacons to
extend range.

Finally, the Basic MCS Set field of the HT Information element provides the set of
MCS values that are supported by all HT stations in the BSS,

20 MHz and 20/40 MHz operation

802.11n introduces optional 40 MHz channel width operation but must maintain inter-
aperability with legacy and HT 20 MHz stations. There are thus three basic classes of
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device: 20 MHz legacy or non-HT stations, 20 MHz HT stations, and 20/40 MHz HT unable fo find a suitable pair of 20MHz channels on which to operate a 20/40 MHz
stattons. Twenty Mtz HT stations are capable of sending and receiving 20 MHz trans- BSS.
missions, while 20/40 MHz stations are capable of sending and receiving both 20 MHz The HT AP indicates 20 MHz BSS operation: by setting the Secondary Channel
and 40MHz transmissions. A 20/40 MHEz HT station is also capable of operating as a Offset subfield in the HT Information element to { to indicate that there is no secondary
20 MHz HT station, i.e. a 20/40 MHz station may choose to advertise itself as a 20 MHz channel. The Primary Channel subfield in the HT Information element is set to indicate
HT station and send and receive only 20 MHz transmissions. A legacy or non-HT station the 20 MHz channel number of the BSS (the channel on which the Beacon and all other
will not include the HT Capabilities element in any management frames. : frames are transrnitted).

A 20MHz HT station sets the Supported Channel Width Set subfield in the HT An HT station, whether it is 20 MHz only or 20/40 MHz capable, that associates with
Capabilities Info field of the HT Capabilities element to 0, indicating that it only supports a 20 MHz BSS will send and receive 20 MHz transmissions.
20MHz operation. A 20/40MHz HT station sets the Supported Channel Width Set’ In other respects, the 20 MHz BSS operation is relatively straightforward and similar
subfield in the HT Capabilities Info field of the HT Capabilities element to 1, indicating to legacy 20 MHz BSS operation.
that it supports both 20 MHz and 40 MHz operation.
In addition to, and because of, the various device classes there are two basic modes
of BSS operation: 10.3.3 20/40 MHz BSS operation
Any HT AP (20 MHz or 20/40 MHz capable) may operate a 20/40 MHz BSS. The HT
* 20MHz BSS operation. If 40 MHz operation is not feasible, either because the AP AP indicates 20/40 MHz operation by setting the Secondary Channel Offset subfield in
is not capable of supporting a 20/40 MHz BSS or becanse the environment does ot the HT Information element to a non-zero value indicating the offset of the secondary
permit 40 MHz operation then the AP operates a 20 MHz BSS. channel relative to the primary channel, i.e. -+1 or —1, The Primary Channel subfield
* 20/40 MHz BSS operation. ¥ 40 MHz operation is feasible then the AP may operate indicates the channel number of the primary channel.
a 20/40 MHz BSS. For 20/40 MHz BSS operation two adjacent 20 MHe channels are An HT station may associate with the AP as either a 20 MEz capable HT station
used, one of which is designated the primary channel and the other the secondary or as a 20/40MHz capable HT station. A 20 MHz HT station would send and receive
channel. A 20/40 MHz capable HT station may associate with the AP and operate only 20MHz PPDUs and would only use the primary 20 MHz channel. A 20/40 MHz
with 40 MHz channel width. 20 MHz only HT stations and legacy stations may also station would be able to send and receive either 20 MHz or 40 MHz PPDUs. AH 20 MHz
associate with the AP and operate only on the primary 20 MHz channel. transmissions would only use the primary channel. The secondary channel should remain
) clear except for 40 MHz use and possible neighboring BSS use, although this should be
1.3.1 Beacon transmission avoided through carefut channel selection.
) . If the HT AP is only 20 MHz capable the AP will not be able to send or receive

The Beacon is generally transmitted using a format that is most broadly supported forg 40MHz transmissions. In this case, 40MHz transmissions will only be exchanged
particalar frequency band. The Beacon is always transmitted in a 20 MHz ron-HT format between 20/40 MHz capable member stations of the BSS using direct links.
on the primary channel (which is the only channel in the case of 20 MHz aperation). In Coexistence with neighboring BSSs and among the different device classes associated
the case of the 5 GHz bands, a non-HT OFDM format is used since alf 802.11 devices with the BSS during 20/40 MHz operation is managed through a number of mechanisms,
using these bands are expected to be backward compatible with 802.11a. In the case of including the following:
the 2.4 GHz band, a DSSS/CCK format is typically used since most devices are backward
compatible with 802.11b. A non-HT OFDM format may be used in the 2.4 GHz band if * Overlapping BSS scanning and careful channel selection on initial BSS setup to avoid
the AP is only capable of, or only wishes to support, OFDM transmissions. channels already in use by other BSSs.

An AP may also transmit a secondary Beacon using an STBC PPDU to extend the * Changing channels or operating width after BSS setup if a new BSS is detected
range over which the Beacon may be detected. This Beacon would be transmitted at half operating on the secondary channel,
beacon period shift relative to the primary Beacon and has the STBC Beacon bit set in « Independent CCA on both the primary and secondary channels.
the HT Information element. + Protection mechanisms such as CTS-to-self sent in legacy compatible format on both

primary and secondary channels.

3.9 20 MHz BSS operation * BSS Operating modes such as phased coexistence operation.

Any HT AP (26 MHz or 20/40 MHz capable) may operate a 20 MHz BSS. A 2040 MHz Also, because of the very different nature of the 2.4 GHz and 5 GHz bands, different
capable AP may choose to operate a 20 MHz BSS as a configuration option or if it is rules apply in each case.
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Figure 10.1 20 MHz channel pairings for 40 MHz operation in the 5 GHz bands.
0% L

0.3.3.1 20/40 MHz operation in the 5 GHz bands
Forty MHz operation in the 5GHz bands is accomplished by utilizing two adjacent Figure 10.2 Percentage of legacy APs using a given channel from an informal survey of 1038
20 MHz channels. One of the 20 MHz channels is designated the primary channel and APs in San Francisco Bay area (representing the USA) and 1722 APs in the Netherlands,
the other the secondary channel. The permissible channel options for various regulatory Belgium, and Haly (representing Europe). Reproduced from van Nee et al. (2006).
domains are listed in Appendix 5.1 and summarized in Figure 10.1.
Compared to the 2.4 GHz band, the 5 GHz bands have far more bandwidth and easity Figure 10.2. These are the so called non-overlapping channels and are spaced 25 MHz
accommodate multiple 40 MHz channels. Also, unlike the 2.4 GHz band, there are apart and referred to here as the widely used channels.
no partial channel overlaps. The 5 GHz band is thus preferred for 40 Mz operation, A major issue with supporting 40 MHz operation in the 2.4 GHz band is coexistence
particularly in environments where multiple APs are deployed, such as a large enterprise. with neighboring BSSs on one or more of these widely used channels. To highlight the
issue consider Figure 10.3. This shows two 40 MHz channel options coexisting with
possible neighboring 20 Mz BSSs on channels 1, 6, and 11. If neighboring BSSs exist
0.3.3.2 20/40 MHz operation in the 2.4 GHz band on only two of the widely used channels then it is possible to select adjacent primary

Forty MHz operation in the 2.4 GHz band is complicated by the limited spectrum avail-
able, overlapping channels and the ubiquitous deployment of legacy 802.11band 802.11g
devices operating in this band. During the development of the standard, arguments were
made {o disatlow 40 MHz operation in the 2.4 GHz band because of the difficult coexis-
tence issues. However, enongh members in the task group believed that a solution was
possible, however imperfect, and the argument was made that since 40 MHz operation
provided a significant performance gain over 20 MHz operation at littte additional prod-
uet cost, vendors would develop 40 MHz devices whether or not the standard permitted
40 MHz operation. It was felt, although perhaps by only a slim majority of the members,
that standardized operation would provide better coexistence in the end than attempting
to disatiow it, which would effectively lead to non-standardized 40 MHz operation.
The 2.4 GHz band is composed of channels spaced 5 MHz apart. The vast majority
of legacy deployments, however, make use of channels I, 6, and 11, which is clearly
shown in an fnformal survey of access points taken in the San Francisco Bay area,
USA (1088 APs) and in the Netherlands, Belgium, and Italy (1722 APs) shown in

10.3.3.3

and secondary channels such that the primary chanpel coincides with one of the used
channels and the secondary channel occupies spectrum overlapping only umutilized
channels.

If all three of the widely used channels are occupied then channel selection is more
problematic. If one of the widely used channels is selected for the primary channel then
the secondary chanmel will partiafly overlap another of the widely used channels.

Another issue with 40 MHz operation in the 2.4 GHz band is the limited bandwidth
available. Two 40 MHz BSSs can be established in regulatory domains, such as Eutope,
where 13 (or more) channels are available. However, in the USA where only 11 are
available, only one non-overlapping 40 MHz BSS can be established.

A brief history of 40 MHz in the 2.4 GHz band

The first draft of the 802.11n amendment (IEEE, 2007b) paid scant attention to the coex-
istence issues in the 2.4 GHz band. CCA was not required on the secondary channel and
this meant that a 20/40 MHz station could disregard any traffic on channels overlapping
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10.3.4 Clear chainel assessmant in 20 MHz
40 MHz An HT station with an operating channel width of 20 MHz must provide clear channet
channst use assessment (CCA) as follows:
Widely used * CCA must indicate busy with a sensitivity of at least —82 dBm to a valid 20MHz
. o - : : } 20 MHz PPDU transmission. This is referred to as signat detect CCA.
l | | | | | ] | | | I ) | ; | channels ¢ CCA must indicate busy with a sensitivity of at least 62 dBm to any signal in the
2400 2412 2417 2422 2427 2432 D437 2442 2447 2452 2457 2462 2467 2472 Frequency (MHZ) 20 MHz channel. This is referred to as energy detect CCA.
t 2 a3 4 5 6 T 8 9 16 t 12 13 Channel Nusmber ¢ A station that does not support the reception of Greenfield format PPDUs must still
indicate CCA busy with a sensitivity of at least —72dBm for any valid Greenfield
Figure 10.3 40 MHz and 20 MHz channel use in the 2.4 GHz ISM band. Reproduced with format PPDU.
permmission from van Nee et al. (2006) © TEEE.
The first twe requirements are identical to the 802.11a and 802.11g requirements.
_ . The last requirement ensures that even a station that is unable to receive the optional
the secondary channel when transmitting. When selecting a channel for a 20/40 MHz Greenfield format PPDUs will defer for Groenfield format PPDUS at sensitivity levels
BSS, it was recommended that the AP scan for neighboring BSSs prior to the establish- better than the normal ence gy detect levels.
ment of the 40 MHz BSS, but no recommendations were made on how to behave if a
tegacy BSS started operating nearby after a channel had been sefected,
Leading up to the second draft, simulation results were presented {Kandala et al., 10.35 Clear channel assessmant in 40 MHz

2006) that showed that a heavily loaded 20/40 MHz BSS would significantly impair
the operation of a neighboring 20 MHz BSS on or overlapping with the secondary
channel, The results also showed that simply performing an energy detect CCA on the
secondary channel and deferring for any detected transmissions significantly improved
the simation, Combining CCA on the secondary channel with CCA on the primary
channel and performing the full random backoff procedure provided a moderate fur-
ther improvement for traffic on the neighboring BSS. Based on these results the group
adopted the requirement that CCA be performed on the secondary channel and that
the 20/40 MHz station defer for traffic on the secondary chamnel. It was decided, how-
ever, that the full random backoff based on CCA on the secondary channel was not
required.

Scanning for neighboring BSSs prior to establishing a 20/40 MHz BSS was made
mandatory. Rules were adopted that would prevent the operation of a 20/40 MHz BSS
when existing BSSs are detected on or overlapping the secondary channel.

Concemns were also expressed that non-802.11 use of the 2.4 GHz band might be
interfered with by 40 MHz operation. The example given was an IEEE 802.15.1 (Blue-
tooth) wireless personal area network (WPAN) that can operate on a reduced channe}
set in the presence of 20MHz 802.11 transmissions but would fail if the number of
available channels fell below a certain threshold, as may happen in the presence of
40MHz 802.11 transmissions. As a result, the 40 MHz Intolerant information bit was
adopted which may be set by any station to prevent 40 MHz operation. A station that
has knowledge of incompatibilities with 40 M1z operation (perhaps a system with both
802.11 and 802.15.1 radios) coutd set this bit and thus prevent an AP from operating a
40 MHz BSS. Somewhat controversially, there are no restrictions on the use of this bit
and any station can set this bit for any reason,

An HT station with an operating channel width of 40 MHz must provide CCA on both
the primary and secondary channels. CCA goes busy onder the following conditiens:

* When the secondary channel is idle, CCA on the primary channel must go busy with
a sensitivity of at least —82 dBm for a valid 20 MHz PPDU transmission.

When the secondary channel is idle, CCA for the primary channel must go busy with
a sensitivity of at least —62 dBm to any signal on the primary channel.

A station that does not support the reception of Greenfield format PPDUs must still
indicate CCA busy with a sensitivity of at least —~72dBm for any valid 20 MHz
Greenfield format PPDU on the primary channel when the secondary channel is idle.
CCA for both the primary and secondary channel must go busy with a sensitivity of
at Teast —79 dBm to a valid 40 MHz PPDU transmission.

CCA for both the primary and secondary channel must go busy with a sensitivity of
at least —59 dBm to any signal present on both chanmels.

A station that does not support reception of Greenfield format PPDUs must stiil
indicate CCA busy for both the primary and secondary channel with a sensitivity of
at least —69 dBm for any valid 40 MHz Greenfield format FPDU.

‘When the primary channel is idle, CCA for the secondary channel must go busy with
a sensitivity of at least —62 dBm to any signal on the secondary channel.

.

The 40 MHz CCA requirements are thus a simple extension of the 20 MHz requirements
and essentially allow for expected 20 MHz teaffic on the primary channel and 40 MHz
traffic on the two bonded 20 MIz chanpeis. Only energy detect is performed on the
secondary 20 MHz channel.
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10.3.6 Channel access for a 4G MHz transmission
A 20/40 MHe station gains an EDCA TXOP for transmission on slot boundaries based on
the 20 MHz primary channel CCA. The station shall, however, only transmit a 40 MHz
PPDU if the secondary channel has been idle for at least a PIFS interval prior fo the . BSS ?36 Psnfﬂs 2 Pﬁisarsy-zm
expiry of the backoff counter. If the sccondary channel has not been idie for a PIES Seg;m% - 40 Second%; 2 Secondary : 36
interval then the station must restart its backoff count by selecting a random number in
the same contention window as the previous backoff count.

A TXOP obtained for the transmission of 40 Milz PPDUs may also be used for
20 MHz PPDUs. Note that this means that during the TXOP the secondary channel
would be idle during the 20 MHz transmission and a 20 MHz station on the secondary Figure 10.4 Establishing a 20/40 MHz BSS between two existing 20/40 MHz BSSs with
channel may begin transmitting, possibly interfering with the 40 MHz transaissions. non-matching primary and secondary channels. Reproduced with permission from Chan et al.
(2007) © IEEE.

10.3.7 NAV assertion in 2 20/40 MHz BSS It is recommended that the AP not establish a 20/40 MHz BSS where the secondary
An HT station updates its NAV using the Duration/ID field value in any frame received channlel is occupied by a 20 MHz BSS. Conversely, it is n’acc-Jmmended that an AP not
ina 20 MHz PPDU in the primary channel or received in 2 40 MHz PPDU. NAV is set if establ:‘sh a 20 Mz BSS in the secondary channel of an existing 20/40 MHZ BSS.

; .. . Unlike the 2.4 GHz band, there are no overlapping 20 MHz channels in the 5 GHz
the RA of the recoived frame does not match the MAC address of the receiving station. 95 has b blished the AP may periodically scan the
A station does not need to set its NAV in response to 20 MHz frames received on the band, Once the 20/40 MHz BSS has been established the ye v
secondary channel even if it is capable of receiving those frames. secondary chanse] for 20 Mtz OBSSs.

10.3.8.2 Establishing a 20/40 MHz BSS in the 2.4 GHz band
10.3.8 OBSS scanning requirements Because of the limited bandwidih and overlapping 20 MHz channels, the rules for
establishing a 20/40 MHz BSS in the 2.4 GHz band are more restrictive than for the

Before an AP establishes a 20/40MHz BSS it must scan for existing BSSs in the 5 GHz bands. Before an AP can establish a 20/40 MHz BSS in the 2.4 GHz band, it must
channels in the frequency range affected by the new BSS. This type of scanning is determine that the following conditions are true over the frequency range affected by
referred to as overlapping BSS (OBSS) scanning, It is expected that the scanning will the new BSS:
allow the AP, either autonomously or through a network operator, to select the most
appropriate chanmels for 20/40 MHz BSS operation from the channels available in the 1. The primary and secondary channels of the new BSS are the same as the primary and
regulatory domain. The 802.11n amendment does not dictate rules for selecting the most secondary channels of all existing 20/40 MHz BSSs. o
appropriate pair of channels, but does provide rules that prevent 2040 MHz operation 2. The primary channel is the same as the operating channel of all existing 20 MHz
in a manner that would interfers with existing 20 MHz or 20/46 Mz BSSs, BSSs.

As with legacy 20 MHz BS'SS., scanning to improving coexistence is not requireld for The frequency range affected includes all channels with center frequencies that are
?0 MHz HT BSSs. However, it xs.m‘commended that a 20 MHz BSS not be established within 25 MHz of the center frequency of the 40 MHz channel, which could be up to
in the secondary channel of an existing 20/40 MHz BSS. 11 channels. Figure 10.5 shows an example of a permitted 20/40 MHz BSS under these

riles.

10.3.8.1 Establishing a 20/40 MHz BSS in the 5 GHz bands In the USA where there are 11 channels in the 2.4 GHz band, only one non-overlapping
If an AP chooses to start a 20/40 MHz BSS in the 5 GHz bands that occupies the same 20/40 MHz BSS can be established. Thus the first rule implies that if there is an existing
two channels as an existing 20/40 MHz BSS then it must ensure that the primary and 20/40 MHz BSS in the 2.4 GHz band the AP must ensure that the primary and secondary
secondary channels of the new BSS maich the primary and secondary channels of the channels of the new BSS be the same as the primary and secondary channels of the
existing BSS. If two or more 20/40 MHz BSSs are present with non-matching primary existing BSS.
and secondary channels then the AP is free to match primary and secondary channels In Europe where there are 13 channels available in the 2.4 GHz band, it is possible to
with any of the existing BSSs. This situation may arise if existing BSSs cannot detect establish two non-overlapping 20/40 MHz BSSs, one using the channel pair (1, 5) and
each other as shown in Figure 10.4. another using the channel pair (9, 13). However, if an existing 20/40 MHz BSS is not
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20740 MHz BSS Affected Frequency Range With the 20/40 Coexistence Management frame, the monitoring station also reports
< 25 MHz =:< 25 MH: the list of occupied channels. The channel list would include channel numbers for the
. . channels, other than the primary channel of the BSS to which the station is associated,
: 2040 MHz 858 on which at least one 20 MHz BSS has been detected. The list would also include the
: channel number of the primary channel of any 26/40 MHz BSS with a primary channel
: . - . . 20 MHz BSSs and secondary channel that does not match the primary and secondary channel of the
| | | | | i | | i | | 1 1 BSS to which the station is associated.
2400 2412 2417 2422 2427 2432 2437 2442 2447 2452 2457 2462 P467 2472 Frequency (MHz) If the channels in use by neighboring BSSs change, the monitoring station reports
1 2 3 4 5 6 7 8 9 10 11 12 13 Channel Number the change in the channel list in the 20/40 Coexistence Management frame. The AP
Figure 10.5 An example of permitted 20/40 MHz BSS operation. uses .the in-use channel 'mforr?aeion .r?ported b’.’ atl monjto.ring stations as well as its
own information to defermine i conditions permit the operation of a 20/40 MHz BSS. I
such conditions persist for dot11BSSWidthChannel TransitionDelayFactor x dot]1 1BSS-
using one of these two channel pairs, then the new BSS must use the same primary and WidthTriggerScanlnterval seconds (sce MIB variables for 20/40MHz scanning in
secondary channel as the existing B3S. Table 10.1}, the AP may resume 20/40 MHz BSS operation.
There are some instances where establishing a 20/40 MHz BSS may not be possible at An AP switches from 20/40MHz BSS operation to 20 MHz BSS operation by setling
all. For example, if there are existing 20 MHz BSSs on each of the widely used channels the Secondary Channei Offset field to O in the next Beacon transmission. The AP
1,6, and 11 or even when there are just two 20 MHz BSSs, for example using channels will also set the STA Channel Width to © indicating that it can only receive 20 MHz
4and 11. transmissions, Similarly, the AP may switch from 20 MHz BSS operation to 20/40 MHz
In a situation similar to that in Figure 10.4, where two existing 20/40 MHz are hidden BSS operation by setting the Secondary Channel Offset field to 41 or —1 and updating
from each other and using non-matching primary and secondary chanmels, it is not its STA Channel Width field. An AP may also use the Channel Switch Announcement
penmitied o establish a 20/40 MHz BSS. mechanism to change the BSS operating width or swifch channels.
0.3.8.3 OBSS scanning during 20/40 MHz BSS operation 10.3.84 Scanning requirements for 20/40 MHz stations

During the operation of a 20/40 MHz BSS in the 2.4 GHz band, active 20/40 MHz HT
stations associated with the BSS are required to monitor the channels affected by the
frequency range of the BSS to ensuse that the conditions that allowed the establishment
of the BSS do not changs. The AP itself is not required to perform any monitoring,
although it may stilt do so.

Monitering stations keep a local record of the channels that are in use by other BSSs.
Monitoring stations that receive Beacons determine the primary channel on which the
BSS is operating by examining the DS Parameter Set element in the Beacon frame rather
than from the channel number of the channel on which the Beacon was received. This is
because it is possible for a station to receive a DSSS format Beacon with a 5 MHz center
frequency offset, i.e. from an adjacent channel in the 2.4 GHz band, thus the center
frequency of the receiver is not a reliable indicator of the channel. The existence of the
secondary channel is determined by examining the Secondary Channel Offset field in
the HT Information element, if present.

If a change occurs to the local record that would prohibit the operation of the
20/40 MHz BSS, or if the channels in use by neighboring BSSs change, then the sta-
tion sends a 20/40 Coexistence Management frame to the AP. If the 20/40 Coexistence
Management frame is sent because conditions prohibit the operation of the 20/40 MHz
BSS, then the 20 MHz BSS Width Request field is set to 1. On receiving a 20/40 MHz
Ceexistence Management frame with the 20 MHz BSS Width Request field set to 1, the
AP must immediately switch the BSS to 20 MHz operation.

An OBSS scan is a passive or active scan of a set of channels that may be affected by
20/40 MHz BSS operation. In the 5 GHz bands the affected channels are simply the two
channels the 20/40 MHz BSS occupies or will occupy. In the 2.4 GHz band the affected
channels would be any channels in the regulatory domain that are within 25 MHz of
the center frequency of the paired 20 MHz channels the 20/40 MHz BSS will occupy or
occupies.

OBSS scans are performed by an AP before it establishes a 20/40 MHz BSS and by
active 20/40 MHz HT stations associated with a 20/40 MHz BSS. The parameters for
OBSS scanning are listed in Table 10.2 together with their defavlt values. The AP may
ovenide the default values in HT stations associated with the BSS by transmitting an
Overlapping BSS Scan Parameters element (see Section 11.3.2.4).

An active 20/40MHz HT station must perform at least 2 scans of each channel
every dotl IBSSWidthTriggerScanlnterval. The scan of each channel may be an active
scan or a passive scar. Passive scanning involves simply listening for Beacons while
active scanning involves sending Probe Request frames and processing any received
Probe Response frames. Active scanning is prohibited in some regulatory domains, for
example in some radar bands, pecessitating passive scanning.

Each time the station scans a particular chammel it must examine that channel
for a minimum duration of dot11OBSSScanPassiveDwell for a passive scan and
dot110BSSScanActiveDwell for an active scan. Typically the station will not stay
in the scanned channel for much longer since by doing so it may miss traffic on the
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a small amount of data transfer to maintain connectivity or where short text messages
may be sent and received. Stations can also always re-associate with the AP as 20 MHz

Parameter Default Valye stations (more than adequate for VoIP) to avoid the scanning requirement.
dot1 IBSSWidthTriggerScanInterval 300 seconds
dot11OBSSScanPassiveDwell 20 TU {where TU = 1024 us)
dot1IOBSSScanActiveDwell 16 TU 10.3.9  Signaling 40 MHz intolerance
dot110BS88ScanPassiveTotalPerChannel 200FU )
dot11CBSSScanActiveTotalPerChannel 20 TU A station operating in the 2.4 GHz band may set the Forty MHz Intolerant bit in the HT
dotH{BSSWidthChannelTransitionDelayFactor 5 Capabilities Information element to 1 to indicate to the AP with which it is associating
dot11OBSSScanActivity Threshold 25 x 1/100 percent {= 0.25%) that it may not operate a 20/40MHz BSS. A station may also periodically broadcast
a 20/40 BSS Coexistence Management frame containing a 20/40 BSS Coexistence
. R .. . . i i indicat i ing BSSs that
BSS channels. Thus the station will revisit the channel periodically over the scan inter- :}]12;]:!;;111:)}1 t:;;;jyagj OI;E;ngnSt ; ’er;: Z;Ze;a; :)Da};i{ieﬁgiziie do:s n:L
val, The station must scan each channel for a minimum total time of dot110BSS- . A y . e
ScanPassiveTotalPerChannel or dott10BSSScanActiveTotalPerChannel respectively :2)31)’ to stations operating in the 5 GHz bands and such stations must always set this bit
for a passive or active scan respectively. ’ . -
Nolziflllsta::ms are re; uil;edpto ;Z:ny only the AP prior to establishing a 20/40 MHz An AP with a member station that has the Forty MHz Intolerant bit set in its HT
AHIonS afe fEquired to seatl, oty Tie AT prior b e 8 Capabilities element will switch to 20 MHz BSS operation if it is operating a 20/40 MHz
BSS and active stations. An active station is a station for which the fraction of time spent BSS at the time of th ‘ation. The AP will continue with 20 MHz BSS operation
transmitting MSDUs and receiving unicast MSDUs directed to that station over the ) # eth t: ?_ © ass.oaa cm._ ted pe
prior dot] | BSSWidthChannel TransitionDelayFactar scan intervals exceeds the thresh- as ::g:; t;:ta “30“ ,iemmszaﬂj:‘am;; S Coexistence clement with the Forty Mz
. receives a
d ty Threshold/100. In oth ds, if
old dot1 10BSSScanActivity Threshotd/ oiherworas, Intolerant bit set must also switch to 20MHz BSS operation. The prohibition on
STA activity 20/40MHz BSS operation continwes for dotl!BSSWidthChannelTransitionTime x
__ time spent transmitting MSDUs + time spent receiving unicast MSDUs 10.1 dot1 1 WidthTriggerScanInterval seconds after the Forty MHz Intolerant bit was iast
- activity period (o5 detected and an AP may resume 20/40 MHz operation if it no longer receives a Forty
where MH2z Intolerant indication after that period.
The net effect of these rules is that a station that cannot tolerate 40 MHz operation
activity period = dot1 1BSSWidthChannei TransitionDelayFactor is able to disable 40 MHz operation in the BSS to which it is associated and any
x dot1 1BSSWidthTriggerScanlnterval (10.2) nelghbf)nflg BSSs that detect its periodic 20/40 BSS Coexistence Management frame
{ransmission.
and
. dot11OBSSActivityThreshold .
STA activity > 100 (10.3) 10.3.10  Channel management at the AP

then the station is considered active and must perform OBSS scamming over the next
scan interval.

During the development of the 802.11n amendment there was some controversy
surrounding the requirement that stations perform scanning. Companies with an interest
in handhelds wanted those devices to be exempt from the scanning requirements citing
concern regarding power consumption. However, an analysis of the additional power
consumption likely from the scanning requirements (Perahia, 2007) shows that the
burden is minimal, even for a handheld device in standby (waiting for a call). The
compromise reached was to set an activity threshold below which a station would not be
required to scan. The default activity threshold of 0.25% would require devices with an
active voice over IP (VoIP) call to scan (during a VoIP call a station typically receives or
sends a short frame every 20 ms), but not if the station was in standby where there is only

The 802.11h ainendment (Spectrum and Transmit Power Management Enhancements in
the 5 GHz band in Europe) introduced a mechanism for moving a BSS to a different chan-
nel. A Channel Switch Announcement element and a Channel Switch Announcement
frame were defined along with a procedure for performing the channel switch.

The ability to switch channels dynamically is considered an important mechanism
for supporting 40 MHz coexistence with neighboring 20 MHz BSSs. In addition, it was
thought that the mechanism could be used to switch channel operating widths. An
AP that detects significant traffic from neighboring BSSs on the secondary channel,
or significant traffic on the primary chammel for that matter, could move the BSS to a
channel pair with less traffic and/for narrow the operating channel width. However, the
original Channel Switch Armouncement element, designed for 20 MHz channels, could
not handle the channel pairing used to create 40 MHz channels.
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As it turned out, another task group working on the 802.11y amendment (3650- The Supported Channel Width Set field is used to indicate whether the station is capable
3700 MFiz Cperation in the USA (IEEE, 2007b)) encountered a similar limitation in of transmitting and receiving 40 MHz PPDUs. Once a station has associated with the
that the Channel Switch Anncuncerent element did net support switching to a new BSS it cannot change this value without first disassociating. The AP may change this
regulatory domain. To overcome these limitation and maintain backward compatibility, value to indicate a new channel width for the BSS.
& new Extended Channel Switch Announcement element and Extended Channel Switch The Secondary Channel Offset field is used by the AP to indicate whether or not the
Arnnouncement frame are defined. The new element and frame are flexible enough to BSS is occupying a pair of 20 MHz channels, and if it is, whether the secondary channel
support the requirements of both task groups. The Extended Channel Switch Announce- is above or below the primary channel in frequency. This ficld will only have a non-zero
ment element includes a New Regulatory Class field to indicate the regulatory class of value, indicating the presence of a secondary channel, if the Supported Channel Width
the new channel to which the BSS is switching. For 802.11n, the regulatory class codes field is set to 1.
(see Appendix 5.1) have been defined so that the channel width (20 MHz or 40 MHz) The STA Channel Width field is used to indicate a station’s current operating width
can be determined from it and, if 40 MHz wide, which 20 MHz channel is the primary (both the AP and BSS member stations). A valuze of € indicates that the station is not
and which the secondary. ‘ capable of receiving or transmitting a 40 MHz PPDU. A station can only set this field to

The basic procedure for switching chanrels is as follows. The decision to switch 1 if the Supported Channel Widih Set field is set to 1.
channels is made by the AP and the AP should select a new channel that is supported The Extended Channel Width Switch Announcement element can be used to indicate
by all associated stations. The AP informs associated stations that the BSS is moving a change in the operating width of the BSS. Following the change in operating width,
to a new channel and/or changing operating channel width at some point in the future sabsequent management frames will reflect the new operating width in the Supported
by including the Extended Channel Switch Announcement element in Beacon frames Channel Width Set and Secondary Chanmel Offset ficlds.
and Probe Response frames, It may also send out one or mere Extended Channel A station that is associated with a BSS or the AP itself can only send a 40 MHz PPDU
Switch Announcement frames that include the Extended Channel Switch Announcement if the following conditions are met:
element.

The AP will attempt to schedule the channel switch so that all stations in the BSS, * The Supported Channel Width Set field of both stations is set to_ L i
including stations in power save mode, have an opportunity to receive at least one * The SeC(‘)ndary Channel Offset field of the most recently received HT Information
Extended Channel Switch Announcement element before the switch. A scheduled chan- element is set to a non-zero value. ) i .
nel switch occurs just before a target beacon transmission time (TBTT). The Channel * The AP has not ex.ecuted a channel switch to .20 MHz channel width. Spemﬁca!ly‘, the
Switch Count field indicates the number of TBTTs until the switch, including the TBTT most recentl‘y received Extended Chann.el Switch Announcement element transmitted
just before which the switch occurs. A value of 1 indicates that the switch occurs just by the AP did not have thej’ C%“mnd Switch Count field set to 0 and a New Regulatory
before the next TBTT. Class value that does not indicate a 40 MHz channel.

An AP may indicate that the switch is to occur immediately (or anytime in the near A station may also dynamically change its channel width from 40 MHz to 20 MHz (or
future} by setting the Channel Switch Count value to 0. The AP may force stations in vice versa). So a station will also not transmit a 40 MHz PPDU if either of the following
the BSS to stop transmissions until the channel switch occurs by setting the Channel occurred: :

Switch Mode field to 1.

= The most recently received Notify Channel Width Action frame from the peer station

had the STA Channel Width field set to 0.
« The most recently sent Notify Channel Width Action frame to the peer station had the
0.4 A summary of fields controfling 40 MHz operation STA Channel Width field set to 0.

A nmmber of fields in various management frames control the use of 40 MHz transmis-
sions. These fields are as follows: 10.5 Phased coexistence operation {PG0)
* The Supported Channel Width Set field in the HT Capabilities element. Phased coexistence operation (PCQ) is an optional BSS maode with alternating 20 MHz
« The Secondary Channel Offset field in the HT Information efement. and 40 MHz phases of operation confrolled by the AP. PCO allows a 20/40 MHz BSS to
* The STA Channel Width field in the HT Information element. operate when there are neighboring 20 MHz BSSs on both the primary and secondary
+ The STA Channel Width field of the Notify Channel Width action frame. 20 MHz channels making up the 40 MHz channel. In practice, because of the overhead
» The Extended Channel Switch Announcement element. and potential real-time disruption associated with PCQ, jt is likely to only be used if
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Figure 10.6 PCO 20 and 40 MHz phase transitions. Reproduced with permission from IEEE
(2007a) © IEEE.

it is not possible to find a 40 MHz channel without neighboring traffic on both of the
20 Mtz channels. Real-time disruption occurs with PCO because the 20 MHz stations
are prevented from transmitting at all during the relatively long 40 MHz phases of
operation. Also, if the neighboring 20 MHz BSSs are heavily loaded, then it may be
more efficient from an overall network throughput perspective to operate in 20 MHz
only.

A PCO capable AP advertises its BSS as 20/40 MHz BSS Channe] Width and PCO
Capable. A non-PCO capable station may associate with the BSS as it would any
20440 MHz BSS.

APCO capabile station sets the PCO field in the HT Extended Capabilities information
elementto 1.

0.5.1 Basic operation

The PCO AP periodically transitions between 20 Mz and 40 MHz phases of operation
using the sequences shown in Figure 10.6. To transition to 40MHz operation, the AP
sends a Beacon or Set PCO Phase management frame on the primary channel and uses it
to set the NAV of 20MHz stations operating in that channel as well as 20/40MHz stations.
The AP then waits for the secondary channel to go idle. If the secondary channel does
not go idle for an excessively long time, the AP may cancel the teansition to 40 MHz
operation by sending another Set PCO Phase management frame.

If the secondary channel goes idle then the AP transmits a CT'S-to-self on both the
primary and secondary channels using the non-HT duplicate mode. The CTS-to-self sets
the NAV of stations on both 20 MHz channels to cover the expected 40MHz phase of
operation. Finally, the AP sends a CPF-End in a 40 MHz HT PPDU to reset the NAVY of
40 MHz capable stations. The 40 MHz stations then begin contention for channel access,

10.5.2

10.6

The AP may extend the 40 MHz phase by transmitting a Set PCO Phase management
frame in 2 non-HT duplicate PPDU followed by a CF-End sent ir a 40 MHz HT PPDU.
The Set PCO Phase management frame will set the NAV in all stations and the CF-End
will reset the NAV in the 40 MHz stations so that they can compete for access again.

At some point the PCO AP begins a transition to 20 MHz operation by gaining priority
channel access to send a Set PCO Phase management frame in a 40 MHz HT PPDU. It
follows this with a CTS-to-self sent it a non-HT duplicate mode PPDU, which resets
the NAV of 20 MHz stations and allows 20 MHz operation to resume.

During the 40 MHz phase, a 20/40 MHz PCO station transmits data frames using a
40 MHz HT PPDU and control frames using a non-HT duplicate or a 40 MHz HT PPDU,
except for any CF-End frame, which can only be sent using a 40 MHz HT PPDU.

Mirimizing real-time disruption

To minimize the access delay 20MHz stations experience because of the 40MHz
phase of operation, the AP has a management variable dotl IPCO40MaxDuration,
which defines the maximum duration of the 40MHz phase. Similarly,
dot1 1PCO20MaxDuration defines the maxiraum duration of the 20 MHz phase.

Also, in order for the PCO AP to provide sufficient opportunity for stations to send
frames, a minimum duration for the 40 MHz and 20 MHz phases is also defined in
dot1 1PCO40MinDuration and dot11PCO20MinDuration, respectively.

Protection

Mechanisms are necessary to protect HT transmissions and certain HT sequences from
stations that may not recognize these formats and thus not defer comrectly. However,
protection mechanisms add significant overhead and an attempt should be made to
only use these mechanisms when needed. As with previous 802.11 amendments, it is
expected that early networks will consist of a heterogeneous mix of legacy devices and
802.11n conformant devices, To complicate things, the 802.11n amendment includes
many optional features and it is expected that early implementations will include varying
support for many of the 802.11n optional features. Over time it is expected that imple-
mentations will become more consistent in the features supported as devices become
more fully featured. It is expected that while early networks will be heterogeneous
and require protection mechanisms, these mechanism may be required less and less as
networks become more fully featured and homogeneous.

The protection mechanisms described here essentially ensure that a potential interferer
defers transmission for a known period allowing an HT station to complete its HT
frame sequence. Multiple mechanisms are available to perform this function, some of
which depend on the capabilities of the devices directly involved in the exchange, the
capabilities of third party devices, and the devices against which protection is sought.
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10.6.1 Protection with 802.11b stations present o anon-HT or HT mixed format PPDU soliciting a non-HT response PFDU
; . * L-SIG TXOP protection.
Protecting new frame formats and sequences is not new to 802.11. The 802.11g amend-
ment, which introduced the enhanced rate PHY (ERP) for OFDM operation in the These mechanisms offer protection with varying degrees of robustness and overhead and
2.4GHz ISM band, required a protection mechanism against the widely deployed are discussed in more detail later in this section. To begin with though we consider first
802.11b (DSSS/CCK) devices present in the band at the time. Two mechanisms were the conditions under which RIFS bursts and Greenfield format transmissions require
available to protect OFDM transmissions: the RTS/CTS exchange and the lower over- profection.
head CTS-to-Self transmission. Both mechanisms use legacy compatible frames to set
the NAV in the legacy station(s) to cover the OFDM fransmission sequence. . .

Because of the inherent overhead associated with both these meche?nisms, it is benefi- 106.3 Protection for 0BSS legacy stations
cial to only require protection in the presence of legacy 802,11b stations. The mechanism The AP may set the OBSS Non-HT $TAs Prosent bit in the HT Information element if
used to enable protection is for the AP to set the Use_Protection bit in the ERP Infor- it detects non-HT stations on the primary or secondary channe] that are not members
mation element in the Beacon and Probe Response frames. The AP sets this bit if at of the BSS. On seeing this bit set, member stations of the BSS may opticnally use
least one 802.11b station is associated with BSS. The AP may, but is not required to, protection mechanisms to protect sequences for which a non-HT station may not defer
also set this bit if it detects the presence of 802.11b stations in a neighboring BSS. A correctly.
station associated with the BSS, seeing this bit set, knows to begin a sequence con-
taining an OFDM frame with a DSSS/CCK format RTS/CTS exchange or CTS-to-Self
fransmission. 10.6.4 RIFS burst pretection

This protection mechanism is carried forward to HT BSSs. If an HT station sees that Burst sequences that use RIFS may not be receivable by some legacy stations. A legacy
the Use_Protection bit is st to 1 in the ERP Information clement, then it must protect station, designed expecting frames to be spaced at Jeast SIFS apart, may not re-arm its
non-HT and HT OFDM sequences with 2 DSSS/CCK format RTS/CTS exchange or acquisition circuit in time following a received frame to detect a second frame if the
CTS-to-Self transmission. In the case of a 40 MHz HT sequence the RTS/CTS exhange second frame arrives less than SIFS after the first frame. If the legacy station fails to
or CTS-to-Self transmission occurs on the primary channel. detect the frame then it may not defer correctly for the duration frame and may begin

The RTS/CTS and CTS-to-Self mechanisms are described in more detail below. transmitting before the frame completes.

' An AP can prevent RIFS from being used in 2 sequence by any station associated
. X . with the BSS by setting the RIFS Mode subfield in the HT Information element to 0. A

1062  Protection with 802.11g or 802.11a stations present station may only use RIFS bursting if the RTFS Mode subfield s sef to 1.
HT transmissions are inherently protected against 802.11g and 802.11a (pon-HT) sta- If RIFS bursting is permitted then the station may, but is not required to, protect
tions through the use of the HT mixed format frame. This frame format inchudes a legacy RIFS sequences if there are legacy stations present. Given the overhead associated with
compatible preamble, which allows non-HT stations to defer correctly for the duration protection it is likely that implementations would use SIFS rather than provide protection
of the frame. unless protection was needed for other reasons. A station knows that legacy (non-A7T)

However, some HT transmissions may not be interpreted correctly by non-HT stations stations may be present when the HT Protection subfield in the HT Information field
and even some HT stations, In particular, non-HT stations and some HT stations may is set to 1 (HT BSS members, non-HT non-members} or 3 (Non-HT BSS members
not be able to defer correctly for HT Greenfield format PPDUs. Also, certain non-HT present).
stations may not defer correctly for burst sequence where the shorter RIFS spacing is
used between frames. For these situations, additional mechanisms are needed to protect 10.6.5 Greenfield format protection
these sequences.

A broader set of protection mechanisms are available for protecting HT Greenfield The Greenfield format preamble is shorter and thus more efficient than the mixed format
format and RIFS burst transmissions when only 802.11g or 802.11a non-HT and HT preamble. However, the Greenfield format preamble is not compatible with legacy
stations are presend, than is available for protection when 802.11b stations are present. stations and, support being opticnal, is also not receivable by some HT stations. An
These protection mechanisms are: HT station indicates that it is not able to receive the Greenfield format by setting the

Greenfield bit in the HT Capabilities element {0 0.
* RTS/CTS If there are HT stations associated with the AP that are not able to receive Greenfield
¢ CTS-to-Self format PPDUs then the AP will set the Non-Greenfield HT STAs Present bit to 1 in the
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Figure 10.7 RTS/CTS overhead with DSSS and non-HT format PPPUs,

HT Information element. If there are non-HT stations associated with the BSS the AP
will set the HT Protection field fo 3. When the Non-Greenfield HT STAs Present bit is
set to 1 or the HT Protection field is set to 3 in the HT Information element then stations
assoctated with the BSS must protect Greenfield format PPDUs,

There was some opposition in the development of the 802.11n amendment with the
requirement that protection is needed when non-Greenfield HT stations are present since
these stations are still required to defer for Greenfield format transmissions at signal
levels lower than energy detect threshold (see Sections 10.3.4 and 10.3.5).

RTS/GTS protection

An RTS/CTS exchange at the beginning of a TXOP sets the NAV of stations in the
vicinity of both the initiator and recipient. The RTS and CTS frames are transmitted at a
basic rate and are thus widely received. The robust modulation used and the fact that the
widely received frames are transmitted from both ends of the link makes the RTS/CTS
exchange the most robust mechanism for establishing protection.

The initiator begins a TXOP by transmitting a RTS frame, setting the Duration field in
the RTS to the expected duration of the TXOP less the duration of the RTS frame itself.
The responder sends a CTS frame setting the Duration field to the value seen int the RTS
frame less SIFS less the duration of the CTS frame. The CTS frame is transmitted with
the same modulation and coding as the RTS frame. Stations that successfully demodulate
either the RTS or CTS frame or both frames have their NAV set for the duration of the
TXOP and will not transmit during that time,

Figure 10.7 shows the relative overhead of an RTS/CTS exchange using | Mbps DSSS
format, 6 Mbps non-HT OFDM format and 12 Mbps non-HT OFDM format, PPDUs,
The DSSS format PPDUs may be used in the presence of 802.11b stations. However,
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Figure 10.8 CTS-to-Self overhead with | Mbps DSSS (short preamble) format PDDU.

because of the high overhead of this exchange, it is more likely that the CTS-to-Self
mechanism will be used since it is rare that protection needs to be established from both
ends of the link, especially at DSSS rates. The non-HT format exchange may be used to
protect HT Greenfield format and RIFS burst sequences in the presence of 802.11a or
802.11g stations. The 12 Mbps rate offers slightly reduced robustness over the 6 Mbps
rate, but with lower overhead.

G1S-to-Self protection

CTS-to-Self (Figure 10.8) is a MAC level mechanism for profecting frame sequences
from stations in the vicinity of the initiator. This was originally introdnced with the
802.11g amendment to protect OFDM transmissions in the 2.4 GHz ISM band from
802.11b stations whick were only capable of detecting DSSS/CCK transmissions. In
most networks al stations ave able to detect transmissions of all other stations and hidden
nodes are rare. For such situations, the CTS-to-Self mechanism offered significantly
reduced overhead compared with a full RTS/CTS exchange.

At the beginning of a sequence, the initiator sends a CTS frame with the RA field set to
its own MAC address and the Duration field set to the expected duration of the sequence
less the duration of the CTS frame itself. The CTS frame is transmitted using a basic
rate PPDU compatible with the legacy stations present and against which protection is
desired.

I practice, CTS-to-Self may only be used to protect a Data/ACK or MMPDU/ACK
sequence since TXOP rules require that burst sequences and A-MPDU sequences have a
short frame exchange performed at the start of the TXOP as a collision detect mechanism.

CTS-to-Self sent in a non-HT OFDM format PPDU may be used by HT stations that
wish to protect Greenfield data/ACK sequences in the presence of 802.11g or 802.11a
stations, however, the mandatory existence of the HT mixed format preamble and its
lower overhead obviate this nse, Thus it is likely that CTS-to-Self will continue to only
be used when 802.11b stations are present,

Protection using a non-HT or HT mixed PPDU with non-HT response

The NAV of nearby stations is set by any frame that is correctly received for which the
RA is not the address of the station receiving the frame. Thus a sequence that begins
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Figure 10.9 A non-HT or HT mixed format PPDU soliciting a non-HT PPDU response.

with a legacy compatible frame, for example a data frame, and that solicits a response
frame, an ACK frame in this example, could be used to set NAV in nearby stations. In the
example sequence in Figure 10.9, the data frame is likely transmitted using a high order
MCS, however, the ACK frame is robustly modulated using a non-HT format PPDU and
should be widely received. The ACK. frame could thus be used to carry the NAV setting
for nearby stations. :

The initiator would set the Duration field of the data frame to the expected duration
of the TXOP less the duration of the data frame itself. The ACK response would have its
Duration field set to the value of the Duration field in the data frame less STFS less the
duration of the ACK frame itself. With NAV established in the surrounding stations, the
remainder of the TXOP could include HT Greenfield format PPDUs andfor RIFS burst
sequences,

Non-HT station deferral with HT mixed format PPDU

The HT mixed format preamble is designed to be compatible with legacy 802.11g and
802.11a stations in the sense that a legacy station receiving the frame will defer for
the duration indicated by the length (L_LENGTH) and rate (L_DATARATE) given in
the signaling field (L-SIG) of the legacy compatible portion of the preamble. This is
illustrated in Figure 10.10.

The L._DATARATE field is set to indicate a rate of 6 Mbps, which is the lowest OFDM
PHY data rate. The L_LENGTH field is set to indicate the desired duration. A legacy
station would interpret the L_DATARATE and L. LENGTH fields as follows. At6 Mbps
each 4 [ts symbol carries 3 octets (24 bits). At this rate, the overhead in the payload in
the 16-bit SERVICE field (which carries the scrambler initialization) and 6-bit Tail
(uséd to flush the decoder) account for one symbol.! The paytoad duration would thus

! Actually 22 bits, but since the PSDU is an integral number of octets the rounding works.

|._DATARATE  MCS
L LENGTH  LENGTH

| 1-5IG Duration = L LENGTH/ {._DATARATE

10.6.10

™ o | >
N o -
. BERVICE PED al Pad N
| | Data (15008 MSDU) | HT greanfield andjor | tes | ese | Tigene | {L_LENGTH oelets) Sois) | | Le0acy station view
RIFS sequence OATARATE
L LENGTH

Figure 10.10 Non-HT station defer with HT mixed format PPDU.

be:
WD w dus (104)

3

where [] indicates a rounding up to the next integer value. Since the maximum
1. LENGTH value is 4095, an HT station could indicate an L-SIG duration of
up to 5464ms on 4ps boundaries. An HT station must set the L. LENGTH and
1, DATARATE to a value that indicates an L-SIG duration of at least the duration
of the frame.

1t is worth noting that some legacy devices may not defer correctly for L_LENGTH
field values greater than 2340, The legacy signaling field is weakly protected by a single
parity bit, Many implementations perform additional checks to ensure that the frame
has been correctly detected and the signaling field successfully demodulated, including
checking that the length field is less than 2340 (the maximum MPDU size prior to
802.11n). These implementations would interpret a large length value as a false detect
and not assert CCA if the signal strength is below the energy detect threshold.

L-S8IG duration = (1 + IV

L-SIG TXOP protection

For an HT station receiving an HT mixed format PPDU, the I LENGTH and
L_DATARATE in the legacy signaling field are not needed to demodulate the HT
portion of the frame since the actual PSDU length and MCS used are specified in the
HT signaling field (HT-SIG). The I._DATARATE and L_LENGTH may thus be used to
signal a duration that is longer that the actual frame duration and in so doing protsct a
sequence rather than just a single frame. This Is the basis for L-SIG protection and is
ilustrated in Figure 10.11.

An HT station sets the L-SIG duration to at least cover the duration of the HT PPDU,
If the HT station is sending the PFDU to an HT station that supports L-SIG TXOP
protection, the station may set the L-SIG duration to cover a sequence of frames. Since
a legacy station is not able to receive another frame for the full L-SIG duration, none of
the frames in the protected sequence should be addressed to 2 legacy station.

An HT station that supports L-S1G TXOP protection and that receives an HT mixed
format PPDU will set its NAV at the end of the PPDU to the remaining L-SIG duration
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| L-S1G Duration = L_LENGTH / L_DATARATE o
I >
SERVICE™ PSEU HIR I R o= . .-
LTFs | 156 | Sichie | {L_LENGTH octets} i tonits) | pitg | Logacy sfation view
L_DATARATE
LLENGTH
. L-81G Duration = L_LENGTH /L. DATARATE o
»
‘ \ HT-8IG Duration o I
I »
L-TFs | L-SIG ] HT-5iG ] HETFs | Payload | L.-SiG protected sequence
L_DATARATE  MCS ARGk i

LLENGTH  LENGTH

Figure 10,11 L-SIG protection.

TXOP

A 4

MAC Duration

.
*AC Duralign
L-SiG Duration | y

»

«
L~SlG‘Duratior| »

I
o
ml Data ! Data l
&

L-SliG!

o L-S1G Duration
MAC Duration:

Yy

Figure $0:12 Example of an L-SIG TXOP protected sequence. Reproduced with permission
from IEEE (2007a) © IEEE.

if the HT station could not successfully extract an MPDU from the PPDU with which it
would nermally update its NAV using the MPDU’s Duration/ID field.

An example of an L-SIG protected sequence is given in Figure 10.12. An L-SIG
protected sequence begins with an initial handshake, which is the exchange of two short
frames each of which are in HT mixed format PPDUs. Any initial frame sequence may
be used that is valid for the start of a TXOP provided the duration of the response frame
is known beforchand by the initiator.

The L-SIG duration of the initial PPDU is set to cover the duration of the initial
PPDUJ less the legacy compatible preamble plus SIFS plus the duration of the response
frame. The Duration field in the MAC frame carried by the PPDU is set to the expected
duration of the remainder of the sequence.

The L-51G duration in the response PPDU will be set to the duration indicated in the
Duration field from the MAC frame less SIFS less the duration of the legacy compatible
portion of the preamble.

Following the successful completion of the initial handshake the sequence proceeds
similarly using HT mixed format PPDUs. The L-SIG Duration of the subsequent PPDU
from the initiator has its L-SIG set to cover the remainder of the sequence. The Duration
fields in the MAC frames carried by the PPDU also indicate a value thai extends to the

end of the sequence. The response frames use the Duration field in the MAC frames to
set the L-SIG duration.

A drawback to the use of L-SIG TXOP protection is that legacy stations do not
successful demodulate any of the frames and will use an EIFS defer for channel access
at the end of the protected period. This would put them at a disadvantage in gaining
channel access as compared to BT stations which may successfully demodulate the
final HT mixed format PPDU. To prevent this, the initiator should follow the protected
sequence with a CF-End frame using a basic rate non-HT PPDU.
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Octets 1 1 1 Variable 1EEE (2007c). IEEE P802.11y™/D6.0, Draft Amendment to STANDARD for Information Tech-
nology — Telecommunications and Information Exchange Between Systems — Local and
Element Regulatory N i Mewrapolitan Networks — Specific Requirements. Part 11: Wireless LAN Medium Access Cantrol
D Length Class Channet List . . - ) o
(MAC) and Physical Layer (PHY) Specifications: Amendment 3: 3650-3700 MHz Operation in
USA.
Figure 11.26 20/40 BSS Intolerant Channel Report element. Reproduced with permission from
IEEE (2007b) © IEEE,
Octets 1 1 2 2 2 2 2 2 2
BSS OBSS OBSS BSS
oBSS oBSS Width Scan Scan Channet 0BS5S
Element Length Sean Scan T Prssh Acti Transit Scan
I engl Passive Active rigger assive clve ransition AU{IVﬁ.y

Scan Total Per | Total Per Delay

interval GChannel | Channel Factor Threshold

Dwell Dweli

Figure 11.27 Overlapping BSS Scan Parameters element. Reproduced with permission from
IBEE (2007b) © IEEE.

11.3.2.5  20/40 BSS Intolerant Channel Report element

The format of the 20/40 BSS Intolerant Channel Report element is shown in Figure
11.26. This element contains a list of channels on which the station has found conditions
that disallow the operation of a 20/40 MHz BSS. The Regulatory Class field contains
the regulatory class in which the channel list is valid. The Channel List field contains
onie or more octets where each octet provides a channel number. The regulatory classes
and associated charmel numbers are listed in Appendix 5.1.

This element may appear zero or more times in the 26/40 BSS Coexistence Manage-
ment frame.

11.3.2.6 Overlapping BSS Scan Parameters element
The format of the Overlapping BSS Scan Parameters element is shown in Figure 11.27.
This element is used by the AP in a 20/40 MHz BSS to set the parameters controlling N
OBSS scanning in mermber stations.
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To request feedback, 2 station sets the MRQ (MCS request) field tg 1 i the; HT
Conirol field and chooses a value between 0 and 6 for the MST (MCS request sequenc
identifier). The MSI is used to correlate the response with the request in the cag

& delayed response and the value chosen is implementation dependent, [y the Mg

feedback response, the responder sets the MSFI {MCS feedback sequence identiﬁe;) )

the value of the MSI in the corresponding MCS request. When the responder provige.

unsolicited MCS feedback, the MFSI value is set to 7. ke
If the HT Control field is included in more than one MPDU in an ageregate they ty

MRQ and MST fields are set to the same values and act effectively as a single request, The

HT Control field should be included in al frames making up an aggregate to improw,
robustness.

The MCS request should be sent in a staggered sounding PPDU or it should be sent :

with the NDP Announcement field set to 1 with an NDP transmission to follow, Th

number of HT-LTFs in the sounding PPDU or in the NDP is defermined by the total .

number of spatial dimensions to be sounded, including any exira spatial dimension
beyond those used by the data portion of the PPDU.,

On receipt of an MCS request, the responder should compute an MCS estimate, The

responder may choose to send the response frame with any of the following combination
of MFB (MCS feedback) and MFST:

* MFB = 127, MFSI = 7. No information is provided for the immediately proceeding
request or for any other pending request.

* MFB = 127, MFSI in range O to 6. The responder is unable to provide feedback.

* MFB in range 0 to 126, MFSI in range 0 to 6. The responder is providing feedback
for the previously received request with MST equal to MEFSY.

* MFB in range 0 to 126, MFSI = 7. The responder is providing unsolicited feedback,

Hardware constraints may limit the number of outstanding MCS requests a responder
can handle. When a new MCS request arrives, either from a different requester or
from the same requester but with a different MSI value, the responder may choose to
ignore the request or discard a current request and begin computation on the new
request. if the responder discards a pending MCS estimate computation it should return
a response with MFB set to 127 and MFS] set to the same value as the corresponding
MST in the MCS request.

The responder is constrained in the MCS suggestion it can make. It cannot make an
MCS suggestion that includes more special streams than are supported by the requester.
It should also not make an MCS suggestion for unequal modulation unless the requester
imdicates that it is capable of unequal modufation in the Tx Unegual Modulation Sup-
ported bit in the Supported MCS Set field (see the HT Capabilities element and *Sup-
ported MCS Set field’, p. 291).
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Appendix 12.1: Unequal MGS

This appendix gives unequal MCS tables for 20 MHz and 401\/[&2.. .For .20 I\ﬂ(i);,'Dﬂ;Z
number of data subcarriers is 52 and the number of pilot subcarriers is 4 in anbc :

symbol for an individual spatial stream. For 40 Mz, the number of data su dlar:x;«:rs1
is 108 and the number of pilot subcarriers is 6 in an OFDM symbal for an individual

spatial stream.
Table 12.6 describes the symbols used in the subsequent tables.

Tabie 12.6 Symbols used for MCS parameters (EEE,
2007)

Symbol  Explanation

R Code rate

Total bits per subcarrier

Ncpps Number of coded bits per OFDM symbol
Nores Number of data bits per OFDM symbol
Nps Number of BCC encoders

N TBPS

Unequal MCS for 20 MHz

Table 12.7 defines the 20 MHz unequal MCS parameters and data rates for two sp:{tial
stream transmission. The data rate is calculated by dividing Npgps by the symbol time
ividi 400 ns GL

of 4 s for 800 ns G, and dividing by 3.6 us for
Taiie 12.8 defines the 20 MIIz unequal MCS parameters and data rates for three

atial stream transmission. .
¥ Table 12.9 defines the 20 MHz unequal MCS parameters and data rates for four spatial

streamn transmission. All 20 MHz MCSs use a single encoder.
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Table 12.7 20 MHz unequai MCS parameters for two spatiaf streams {EEE, 2007)

Table 12.9 (cont)
J

Modulation Data rate (Mbps) Modujation Data rate (Mbps)

MCS Index  Stream 1 Stream 2 R Ntgps Ncars Npges 800ns GI  400ns GI MCSTndex Stream I Stream? Stream3 Stream4 R Nteps Nesps Npees 800 ns GE 400 ns GI

33 16-QAM  QPSK l/;_ 6 312 156 39 433 61 64-QAM 64-QAM 16-QAM QPSK 1,5 18 936 468 117 130.0
34 64-QAM  QPSK 1/2 8 416 208 52 57.8 62 64-QAM 64-QAM 16-QAM  {6-QAM ilz 20 1040 520 130 144.4
a5 64-QAM  16-QAM % 10 520 260 65 722 : 63 64QAM 64-QAM 64-QAM QPSK % 20 1040 520 130 144.4
36 16-QAM ~ QPSK % 6 312 234 58.5 65.0 : 64 64-QAM 64-QAM 64-QAM 16-QAM Y% 22 1144 572 143 158.0
37 64-QAM QPSK 3/4 ] 416 312 78 86.7 63 16-QAM QPSK QPSK. QPSK 3/4 10 520 390 975 108.3
38 64-QAM 16-QAM 3/4 10 520 390 97.5 108.3 : 66 16-QAM 16-QAM QPSK QPSK 3/4 12 624 462 117 1300
67 16-QAM 16-QAM 16-QAM QPSK ¥ 14 728 546 136.5 1587
, _ 58 64-QAM QPSK  OQPSK  OPSK % 12 624 468 117 130.0
Table 12.8 20 MHz unegual MCS parameters for tiree spatial streams {IEEE, 2007) - 69 64-QAM 16-QAM QPSK  QPSK % 14 728 546 1365 151.7
70 64-QAM 16-QAM 16-QAM QPSK 3/4 16 832 624 156 173.3
Modulation Data rate (Mbps) . 71 64-QAM 16-QAM 16-QAM 16-QAM 31;. 18 916 702 175.5 195.0
: 72 64-QAM  64-QAM QPSK QPSK 3/4 16 832 624 156 1733
MCS Index Streamn! Stream?2 Stresm3 R Nrpps Nepps Npeps 800ns GE 400ns GI : 73 64-QAM 64-0AM 16-QAM QPSK 3/4 18 936 702 1755 195.0
39 16-0AM  QPSK. QPSK 1/2 8 416 208 52 57.8 : 74 64-QAM 64-QAM 16-QAM 16-QAM ¥ 20 1640 780 195 216.7
40 16-QAM  16-QAM QPSK 1/2 10 520 260 65 719 : 75 64-QAM 64-QAM 64-QAM QPSK ¥ 20 1040 780 165 216.7
41 64-QAM  QPSK QPSK 72 10 520 260 65 722 _ 16 64-QAM 64-QAM 64-QAM  16-QAM 3/4 22 144 858 2145 2383
42 64-QAM  16-QAM  QPSK 1/2 12 624 312 78 86.7
43 64-QAM  16-QAM  16-0AM 1/2 14 728 364 91 1011 N
44 64-QAM 64-0AM QPSK b 14 728 364 91 101.1 Unequal MCS for 40 MHz
45 64-QAM  64-QAM  16-QAM } 16 832 416 104 1156 :
46 1 6-8 AM QPS?K QP\?K 32 8 416 312 78 86.7 Table 12.10 defines the 40 MHz unequat MCS parameters and data rates for two spatial
47 16-QAM  16-QAM  QPSK Y 10 520 190 97.5 1083 stream transmission. A single encoder is used for all two stream MCSs.
48 64-QAM QPSK  QPSK ¥ 10 520 390 975 108.3 )
49 64-0AM  16-0AM QPSK 3/4 12 624 468 117 1300 Tahle 12.10 40 MHz unequal MCS parameters for two spatial streams GEEE, 2007)
50 64-QAM  16-QAM  16-QAM ¥ 14 728 546 1365 1517 Modulation Data rate (Mb/s)
51 64-QAM  64-QAM  QPSK %’4 14 728 546 1365 1519 : R — e
52 64-QAM  64-QAM  16-QAM 374 i6 832 624 156 1733 MCS Index Stream ] Stream2 R Nupse Nsp Nsp Nesps Noses 800nsGI 400mnsec GI
. 33 16-QAM  QPSK Y 6 108 6 648 324 81 90
i
Table 12.9 20 MHz unequal MCS parameters for four spatial streams (IEEE, 2007) 34 64-QAM - QPSK Ilz 8 08 6 Bo4 432 108 129
. 35 64-QAM  16-QAM 3} 10 iog 6 1080 540 135 150
Modiulation Data rate (Mbps) 36 16-QAM  QPSK 3/4_ 6 108 6 648 486 121.5 135
——— 37 64-QAM  QPSK 3/4 8 108 6 864 648 162 180
MCS Index Stream 1 Siream 2 Stream 3 Stream4 R Nmaps Ncpes Npees 800ns GI 400ns GI - 18 64-QAM  16-QAM 3/:1 10 108 ¢ 1080 810 202.5 225
53 16-QAM QPSK QPSK QPSK 1/2 16 520 260 a5 722
1,
34 16-QAM 16-QAM QPSK  QPSK 1/2 264 312 78 86.7 Table 12.11 defines the 40 MHz unequal MCS parameters and data rates for three
55 16-QAM 16-QAM 16-QAM QPSK h 14 728 364 91 101.1 . - s .
56 6.QAM QPSK  OQPSK  QPSK U 12 624 312 T8 867 spatial strean transmission. A single encoder is used for every three stream MCS, except
57 6+QAM 160AM QPSK QPSK % 14 728 264 91 1011 for MCS 52: Table 12.12 defines the 40 MHz unequallMCS parameters and data rates
58 64-0AM 16-QAM 16-QAM QPSK % 16 832 416 104 115.6 for two spatial stream transmission. A single encoder is used for MCS 53-69 and two
59 64-QAM 16-GAM 16-QAM 16-QAM % 18 936 468 117 130.0 encoders are used for MCS 70-76.
60 64-QAM 64-QAM QPSK QPSK 1/2 16 832 416 104 i15.6
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Table 12.7 20 MHz unequal MCS parameters for two spatial streams {IEEE, 2007) Table 12.9 (cont}

Modulation Data rate (Mbps)} Modulation Data rate {Mbps)
MCS Index Stream 1 Stream 2 R Nrgps Neaps . Npars 800ns G 400 ns GI : MCS Index. Streamn 1 Stream 2 Stream 3 Stream4 R Npps Nepps Nppes 800 ns GI 400 ns GI
33 16-QAM  QPSK o6 312 156 3% 433 61 : 64-QAM 64-QAM 16-QAM QPSK 18 936 468 117 130.0
34 64-QAM  QPSK b8 416 208 52 37.8 : B2 64-QAM 64-QAM 16-QAM 16-QAM % 20 1040 520 130 144.4
35 64-QAM 16-QaM Y 10 520 260 65 72.2 3 63 64-QAM 64-QAM 64-QAM QPSK 1/2 20 1040 520 130 144.4
36 16-QAM  QPSK W6 312 234 58.5 65.0 6 64-0AM 64-0AM G4-QAM 16-QAM % 22 1144 572 143 1589
37 64-QAM  QPSK 3;'4 8 416 312 78 86.7 65" 16-QAM QPSK  QPSK QPSK % 1o 520 380 975 108.3
38 64-QAM 16-QAM 374 10 520 390 91.5 108.3 : 66 16-QAM  16-QAM QPSK QPsKk ¥ 12 624 468 117 130.0
67 16-QAM 16-QAM 16-QAM QPSK % 14 728 546 1365 151.7
68 64-QAM QPSK QPSK  QPSK % 12 624 468 117 130.0
Table 12.8 20 MHz unaqual MCS parameers for three spatial streams (IEEE, 2007) : 69 64-QAM 16-QAM QPSK  QPSK % 14 728 546 1365 1517
- 70 64-QAM 16-QAM 16-QAM QPSK 3/4 16 832 624 156 1733
Modulation Data rate (Mbps) 7 64-QAM 16-QAM 16-QAM 16-QAM ¥ 18 96 702 1755 1950
: 72 64-QAM 64-QAM QPSK  QPSK % 16 832 624 156 173.3
MCSIndex Stream 1 Stream?2  Seeam3 R N N N e
mrs Newes Nowes 500msGl 400ms G 73 64-0AM 64-QAM 16-QAM QPSK % 18 936 702 1755 1950
39 16-QAM  QPSK QPSK L o8 416 208 52 57.8 74 64-QAM 64-QAM 16-QAM 16-QAM ¥ 20 1040 780 195 2167
40 16-QAM  16-QAM QPSK 1 10 520 260 65 - 73 75 64-0AM 64-QAM 64-QAM QPSK % 20 1040 780 195 2167
41 64-QAM QPSK  OQPSK % 10 30 60 65 799 76 64-QAM 64-QAM 64-QAM 16-QAM % 22 1144 858 2145 2383
42 64-QAM  16-QAM  QPSK o1z 624 312 78 86.7
43 64-QAM 16-QAM 16-QAM % 14 728 364 91 1011 i
44 64-QAM  64-QAM  QPSK b 728 364 91 101.1 ] Unegual MGS for 40 MHz
45 64-QAM  64-QAM  16-QAM % 16 832 416 104 115.6 . ’ i
46 16-QAM  QPSK QPSK Y s 416 312 78 86.7 Table 12.10 defines the 40 MHz unequal MCS parameters and data rates for two spatial
47 16-QAM  16-0AM QPSK 3/4 10 520 390 975 1083 stream transmission. A single encoder is used for all two strearn MCSs.
48 64-QAM  QPSK QFSK 3/4 10 520 350 91.5 108.3 .
49 64-QAM  16-QAM  QPSK Y 12 624 468 117 130.0 Tahle 12,10 40 MHz unequal MCS parameters for two spatial streams {JEEE, 2007}
50 64-QAM  16-QAM  16-QAM %4 14 728 546 136.5 1517 .
51 64QAM 64-QAM QPSK % 14 728 546 1365 1517 : Modulation Datarate (b/S)
52 64-QAM 64-QAM  16-QAM ¥ 16 832 624 156 1733 ! MCS Index Stream 1 Stream? R Nppse Nsp Nsp Nesps Nopes 800ns Gl 400msec GI
33 16-QAM  QPSK 1/2 6 108 6 648 324 81 90
Table 12,9 20 MHz unaqual MCS parametars for four spatiat streams (IEEE, 2007) 34 64-QAM  QPSK b8 1086 864 432 108 120
35 64-QAM  16-QAM % 10 108 6 1080 540 135 150
Modulation Data rate (Mbps) 36 16-:QAM  QPSK W6 108 6 648 486 121.5 135
e 37 64-QAM  QPSK 3/'4 8 108 6 864 648 162 180
MCS Index Stream I Stream 2 Stream 3 Streamd R Nygps Nesps Npges 800ns GI 400ns GI : 18 64-QAM  16-QAM 3/4 10 08 6 1080 810 2005 225
53 16-QAM QPSK QPSK  QPSK 1’,2 10 520 260 65 72.2
- . ] .
2;1 }gvgi:‘; ;g_gﬁ %ﬁzﬁM 8§§§ 1’2 ;i Sgg géi ;f 1[8)?’1] Table 12.11 defines the 40 MHz unequal MCS parameters and data rates for three
56 64-0AM QPSK  QPSK QPSK 1 12 &4 312 78 86.7 spatial stream transmission. A single encoder is used for every three stream MCS, except
57 64-QAM 16-QAM OQPSK  QPSK % 14 728 364 0] 161.1 for MCS 52. Table 12.12 defines the 40 MHz unequal MCS parameters and data rates
58 64-QAM 16-QAM 16-QAM QPSK % 16 832 416 104 115.6 for two spatial stream transmission. A single encoder is used for MCS 53-69 and two
59 64-QAM 16-0AM 16-QAM 16-0AM % 18 936 468 117 130.0 encoders are used for MCS 70-76.
60 64-QAM 64-0AM QPSK. QPSK 16 832 416 104 115.6
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Ifyou've been searching for a way to get up to speed
quickly on IEEE 802.11n without having to wade
| through theentire standard, then look nofurther.

This comprehensive overview describes the underlying

principles, implementation details, and key enhancing
features of 802.11n. For many of these features, the
authors outline the motivation and history behind their
adoption into the standard. A detailed discussion of the
key throughput, robustness, and reliability enhancing
features (such as MIMO, 40 MHz channels, and packet
aggregation) is given, in addition to a clear summary of the

Advanced topics such as beamforming and fast link
adaption are also covered. With numerous MAC and

physical layer examples and simulation results included to
highlight the benefits of the new features, this is an ideal
reference for designers of WLAN equipment, and network

managers whose systems adopt the new standard. It s
also a useful distillation of 802.11n technology for
| graduate students and researchers in thefield of

wireless communication.

details and the background that allow readers to answer
the questions, “What s likely to be in the final standard
and how does it work?” Eldad and Robert should be
congratulated on taking up the challenge.”

Andrew Myles, Chairman of WiFi Alliance.

issues surrounding legacy interoperability and coexistence.

“Books like this one are invaluable because they provide the

Eldad perahia is a memberof the
Wireless standards and Technology
groupat Intel Corporation, Chair
ofthe IEEE 802.11 Very High
Throughput Study Group, and the
IEEE 802.11 liaison to IEEE 802.19.
Priorto joining Intel, Dr. Perahia
was the 802.11n lead for Cisco
Systems. He was awarded his Ph.D.
in Electrical Engineering from the
University of California, Los Angeles,
and has 14 patents in various areas
of wireless communications.

Robert Stacey is a member of the
Wireless Standards and Technology
group atIntel Corporation. He was a
member of the IEEE 802.11 High
Throughput Task Group (TGn) and a
key contributor to the various
proposals culminating in the final
joint proposal submission that
became the basis for the 802.11n
draftstandard, and has numerous
patentsfiled in the field of wireless
communications.
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