
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
US00678555SBI

(i ) United States Patent
Stratford et al.

(10) Patent No.: US 6&785&558 Bl
(45) Date of Patent: ADP,. 31, 2004

(54) SYSTFM AND MFTHOD FOR
DISTRIBUTINC WIREI,FSS
COMMUNICATION SICNAI,S OVFR
METROPOLITAN TELECOMMUNICATION
NETWORKS

(75) Inventors Scott B. Stratford, Santa Clara, CA
(US), Simon P. S. Yeung, Cupertino,
CA (US); I.ance K. Uyehara, San Jose,
CA (US), Robin Y. K. Young, San
Jose, CA (US)

(73) Assigncc: LOC Wireless, Inc., San Jose, CA (US)

(
"

) Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 5 days.

(5(i) Refercnccs Cited

U.S. PATENT DOCUMENTS

S.f&2'7,8'79 A
5,852,65( A
f&,023.625 A
(xl12,086 A

5'&997 Russell et al................. 37&i(5&i

(2/1998 1'(&cher et al...... 379 &6 2
2)2000 Myers, Jr.................... 455,'503
8(2000 Suala .......................... 455/434

(21) Appl. No . 10/313,900

(22) Filed: Dec. 6, 2002

(51) Int. Cl.'............................................. H04Q 7/20
(52) U.S. CI.................. 455/561; 455 562.1; 455/560,

455/522; 455(69

(58) Field of Search ........... 455/561, 560,
455(362.1, SZZ, 69; 370/328, 329, 338

6,374.124 0& '200Z
6522,(&41 Bl '2003
6,674,966 01 "

) 2004
20020055371 Al '2002
2002/0187809 At '2 200Z
2003/0()40337 A& 2/2003
2003(oi)4103 At " 6 2003
2003 0162939 At 8,'2003

* c&ted bv exam&ner

Slab(ask& ... 455/56Z. 1

Siu e& al................. 370&338Rooaeo..... 39)8/70

A&non ei al............... 455,&562

Mam et al ..... 455;561
Ylitalo ................... 455,&Sf&2

Diakel et al.... 455/17
Fuit et al.................. 455,'-124

Pnmary Iixemmeri~nrbvarrl I'rban
A.ssi srertr I: & afu&r&erM Iuy Phan
(74) A norse&) Ageor, or I I)m&M.umen
Property Services, Inc

Intellectual

(57) ABSTRACT

19 I:laims, 11 Drmving Sheets

A me(ho(1 for transpornng w&reless commun&canon s&gnals
between a base stanon hotel and remote cell s&tes with
separately digitized Rl'arrier si nels is provide(1 Sepa-
rately digitized carriers are transmitted over a digital net-
work between the hotel and the remote sites, remaining in
d&gital format until reaching terminal antenna units. At thc
antenna units, downlink digital signals arc converted to
analog RF s&gnals and transm&tted, wh&le upi&nk analog
s&gnals are received anil converted to dig&tal signals. A
corresponding system comprising a base statinn hotel, at
least nne remote site, and a digital data netwnrk connecting
the hotel to the remote site is provided 'I'he hotel includes
a plurality of base stations and a digital hub for interfacing
thc hotel to the network. Thc remote site includes a sct of
antenna un&ts connected via a local data link to a neiworl
access node for in&erfacing to the network.
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FIG. 4
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SYSTEM AND METHOD FOR
DISTRIBUTING WIRELESS

COMMUNICATION SIGISALS OVL'R
METROPOLITAN TL'LECOMMUNICATION

NFTWORKS

FIELD OF THE INVENTION

The present invention relates generally to wireless cnm-
munication systems. More specifically, it relates to tech-
niques for transportin signals from a base station hotel to
remote transmitters using optical fibers.

BACKGROUND OF THE INVENTION
i

Wireless communication systems, and cellular system in
particular, arc evolving to hcttcr suit the needs of incrcascrl
capacity anil pcrformancc demands. Currently cellular infra-
structures around the worlti are upgrading their mfrastruc-
ture to support the thirst generation (3G) wireless frequency

zo
spectrum. Unfortunately, the tremendous capital resources
required to upgrade the entire cellular system infrastructure
inhibits the deployment of these 3G systems It is estimated
that up to 3 million 3G cell sims will bc necdcd arounrl the
ivorlrl by 2(lith

Traditionally, a cellular communications system includes
muluple remote sites, each providm ~ wireless service to a

geographic service area, or cell. As shown in FIG. I, a

cellular base station (13FS) is normally located in each
remote site 100, together with an antenna tower, antennas, an
equipment mom, and a number of other relevant compo-
nents. This traditional approach of deploying all thc cell site
cquipmcnt locally at each rcmotc site has scvcral drawbacks
that contribute to the expense of the infrastructure, and
upgrades to the infrastructure. At each remote site, a BTS
room or cabinet to host the large hase station equipment is
required, as ivell as additional electric power supplies for the
base station. This mcreases both the costs of the equipment
at each site, as well as thc costs of acquiring anil renting the
physical location for the cquipmcnt. Thc remote cell site ac
equipment must be designed for future coverage aml capac-
ity rowth, amf up rades to the equipment require physical
access to the remote site.

To mitigate these problems, some cellular systems have
fieen designed with a different architecture, as shown in I'IG.
2. Thc base stations 240 for multiple rcmotc sites 200 arc
centralized in a base station hotel 210, while the antenna
towers and antennas remain located at various remote sites
at a distance from the base station hotel. Separating the base
stations 240 from the antennas, however, mal es it necessary
to transport Rf signals between the hase station hotel and the
various ceil sites that it serves, typically using signal con-
vcrtcrs 250, network intcrfacc equipment 260, and a broad-
band communication network 220. When broadband fibe
optic cables arc uscrl, RF signals from thc base stations are ss
converteil to optical format and communicated over the fiber
opuc cable amf then converted back to analog RF signals at
the remote sites After the optical Rlr conversion, the signal
is sent to one of several sector transmitters 230 anil radiated
over the air via thc antenna to provide cellular coverage. Thc re
BTS hotel concept is cspccially valuable in metropolitan
areas ivhcrc fiber is abundant but equipment space comes at
a premium. In these types of areas u ts getting increasingly
more difIicult to deploy new ceil sites due to a vamety of
factors including regulatory and space constraint issues

Unfortunately, a significant portion of the metropohtan
filter netivorks already are configured to carry particular

types of: trafiic such as telephony amf data. While there is
capacity available for additional tratfic it must be transmitted
in a format that is compatible with the existing traffic
Simply applying the Rl'ignals to the fiber in an analog
fashion would require thc usc of cxpcnsivc optical compo-
nents to optically multiplex thc analog signals on to thc fibe
using some type of. wavelength division muluplexing. This
assumes that the exisun ~ network even supports wavelength
division multiplexinv, ivhich is not alivays the case In
addition, non-standard access equipment would he requirerl
to combine the optical si nal carrying the Rl'ignals with
thc optical signals containing thc existing digital trafhc.

Scvcral techniques have been proposcrl for thc digital
transport of cellular si nals over existing switched data
networl s. The typical approach, such as that disclosed in
U.S. Pat. No. 5,627,079 to Russell et al., is to digiuze a

broadband Rl'ignal comprising several dozen RF carriers
using a single A, D converter. The digitized broadband signal
is then transmitted to the remote sites where a D Aconvcrtcr
is used to rccovcr thc broadbanrl analog signal containin
thc multiple RF carriers. It should bc emphasized that thc
AiD and D/A converters at each end of the communication
link convert an entire broadband RF signal contmning
multiple Rl'arriers. U S Pat Nn. 5,S52,65f to I ischer et
aL descrifies a similar technique. I3roadband Rl 'ignals from
rhffcrcnt sectors niay be combincrl with each other or may
remain separated, but in either case AiD and DiA conversion
is pcrformcd on thc cntirc firoadbanrl signal associated with
each antenna. It should also be emphasize&i that the conver-
sion at the remote site always uikes place at the remote sue's
centrally located interface to the sivitched network, so that
the broadband signal is coinmunicated in analog Rl'orm
bctwccn the central network interface and thc vanous sector
antenna transmitters and their associated antennas.

SUMMARY OF THE INVENTION

Thc present invention introrluccs an improvcrl mchniquc
for transporting wirclcss communication signals between a
set of: base stations in a base stauon hotel aml a set of:

remotely located cell sites. In contrast wuh poor techniques
that ihgitize the enure broadband RF signal associated with
each antenna, the present invention proposes a technique
that separately digitizes each Rl'arrier signal within the
broarlband RF signal. Scparatcly digitizing each RF carrier
has significant advantages, such as casing thc dynamic range
rcquircmcnts on both the rcccivcr and AiD convcrmr. Thc
separately rfigiuzed carriers are transmiued over a digital
networl between the base stauon hotel and the remote sites.
In contrast with prior techniques, however, the present
invention provides a technique ivherein the digitized carrier
signaLs arc not convcrtcd to analog format when they first
arrive at the rcmotc site, but remain in rli ital format as they
arc distributed within thc rcmotc site to thc various antenna
umts of the remote site. In other words, the remote site AiD
anti D,'A converters are terminally locate&i at the antenna
umts rather than positioned at an intermediate point in the
signal transport path, such as the remote site*a mterface with
thc digital network.

lfecause signals are transported in a purely digital form
until the very end of the digital transport (i e, all the way up
to thc antenna units), thc nicthorl of thc invention enjoys
some key benefits over prior systems that usc analo trans-
port at the remote site to distribute the RF signals to separate
antenna units. Opucal eflects that hmit analog systems such
as attenuation, dispermon and refiecuon do not directly aflect
the cellular signal ivhen digital transport is used. As a result,
the system can send signals over much longer distances
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without degradauon. Also, dynamic ran e ts unalfected by
distance smce the digital samples aufi'er no degradation due
to thc transport process as long as reliahqc communications
exist. Signal reconstruction techniques can also bc used with
digital data to ensure data integrity through the entire
transport process I or example, error-coding algorithms can
be used lo detect and correct bit errors. These benetils apply
lo both downlink and uphnk directions.

In one aspect of the invention, a method of dmvnlink
wireless communication is implemented by a system corn- lc
prising a base station hotel, al least one remote site, and a
di ital data network (e ., a fibe optic nctivork) connecting
lhe hotel to the remote site. The base station hotel houses a

plurahty of base stahons anti a digital hub which connects
the base stations to the digital network. 'I'he remote site has
a set of antenna units, where transmitters anal antennas are
located, and a network access node connecting the remote
site to thc digital network A local data link (e.g., derlicatctl
filter optics, or conventional LAN) within the rcmotc site
connects the antenna units to lhe network access node

In an aspect of thc invention providing transport of
downlink signals, each of thc base stations generates a sct of
earner signals, where each earner signal comprises muluple
inlormanon channels (e.g., multiple user si mais code-
modulated onto a carrier frequency of the carrier signal). In
some systems, a base station will generate several carrier
signals at various rlistinct carrier frcqucncies. In addition, a
base station may also gcncratc scvcral carrier signals
intcndcd for transmission to distinct sectors of a rcmotc site.
Each carrier signal is then individually diginzeil by the
digital hub to produce a digitizetl earner signal. The digi-
tized carrier si naia are then formatterl appropriately and
communicated via a digital data network to various remote
sites. Typically, thcrc is a onc-to-onc correspondence
bcbvcen iiasc stations and rcmom sites, so that a given ss
carrier si nal ivill bc sent to a single corresponding remote
mle. In some cases, however, a base station can mullicasl ki
mulhple remote silas, or vanoua hase stahona can proviile
carrier signals to the same remote site Once received at the
appropriate remote site, the digital carrier signal is sent via ap
a local digital link to an antenna unit whcrc it is convcrtctl
to an analog carrier signal. Thc analog carrier signal is then
frcqucncy up-convcrtcd, amplified, and transmitted from an
antenna lo aubscnbers assigned to the vanoua mfiirmahon
channels of Ihe earner signal. In syslems that use
sectorization, the set of carrier signals comprises carrier
signals for each of the various sectors at a cell site.

In another aspect of the invenuon, an analogous method
of uplink communication is provided in the same system.
According to this method, analog carrier signals are received so
at antenna units anil scparatcly digitized there prior to being
transportctl over a local rligital link to a network access node
at thc remote site Thc digital carrier signal is then sent over
the digital data network to lhe hase station hotel. Other
earner signals from lhe same anlenna unil, from other
antenna units at the same remote site, or from other remote
sites are similarly sent to the hase station hotel in digital
format. The separate digital carrier signals are then con-
vcrtctl to analog carrier signals and rccciverl by the appro-
priate base station in the hotel. ac

In a prcfi:rred embodiment of the invention, thc cellular
communication system is a 3rd encration cellular system
where each of the mulnple camera within lhe broadbanrl RF
signal uses CDMA (code division multiple access) to mul-
tiplex several informauon channels onto the same RF car- es
rier In such systems, it is important to accurately maintam
proper signal power levels Accordingly, in order to com-

pensate for any mgnal power level diatoruona introduced
tlunng conversion and processing, the preferred embodi-
ment uses a power control channel to transport power
mcasurcmcnt signals between thc base station hotel and thc
remote sites After the Rlr carrier si nels have been digitally
transported, the power measurement signals are then used to
appropnalely scale the signal power level of each RF carrier
to compensate for any distortions.

In systems that employ COMA (code-division multiple
access), a time-diversity technique of the present invention
may bc used as well. In tha downlink, after a carmcr si nal
is transported to an antenna unit, both thc original signal and
a hme-delayed copy of. Ihe signal are transmined via sepa-
rate antennas. This technique provitlea an addiuonal diver-
sity signal to the suiiscribers ivithout requiring any addi-
tional bandwidth between the base station hotel anal the
antenna units In the uplink, primary and diversity signals
rcccivcd at thc remote site can iic supcrimposcd with a
rclativc time delay and then transportctl as onc digital signal.
At the base station, Ihe Iwo superimposed signals are aulo-
mattcally separated by lhe base atahon'a RAKE receiver.

In another aspect of thc invention, thc method is imple-
mented in a cellular system using a digital hub at the base
station hotel for perfiirming the required A,D and D,'A
conversions, signal processing, and interfacing with the
switched data network A similar network access norle is
used at each remote site. In thc downlink direction (from thc
base station to niobilc user) the digital hub tligitizcs thc RF
signaLs emanating from the base station and formats thc
thgitized samples into a slanilaril telecommunication proto-
col such as OC-X (OC-3, OC-12, OC-4S, OC-I92, etc.),
STM-n (STM- I, STM-4, S'f)trt-I(i, etc ) or (ligabit L'thernet
The appropriate format is determmed by the specific type of
transport network dcploycd. Using this standard rlata format,
thc tligital hub uses network access equipment such as an
addidrop multiplexer to interface to thc tligital network. Thc
digital nelworl is then used to transport the digitized RF
signals to the remote cell sile. At the remote ceil site a

remote version of the digital hub, the netivork access node
(NAN), is then used to recover the digital Rl'arrier signals
from thc network. After being distributed to thc appropriate
antenna radio units, thc digital signals arc converted to
analog RF signals and broatlcast over thc air to thc moliilc
users using an amplilier anil suitable antennas.

In thc uplink direction, similar reciprocal functions exist.
At thc remote site thc antenna units rcceivc analog RF
signals over Ihe mr through a receiving system that typically
consist of. an antenna, amphliera aml lilters. The received
analog signal is then doivn-converted, digitizerl anal sent
over a local data link to the remnte site's NAN where the
digital carrier signal is forniatted into a standard telecom-
munication protocol, multiplcxcrl onto thc tli ital network,
and sent over the digital network to thc base station hotel. At
the base station hotel, the digital hub ia used to extract the
tlala from Ihe telecom network, anal convert the digitized RF
earner signals from the network data format hack into their
native analog Rl fomiat I'inally, the Rl'nalog signals are
provide(i to thc appropriate base stations for processing. In
most instances, thc sante tclccommunication protocol will
bc used in both thc downlink and uplink rlircctions. Thcrc
may be situations, however, (especially with asymmetric
services and applications) where different protocols can be
used in each direction.

The techniques of lhe mvenuon are independent of the
specilic wireless protocol ()arxCDMA, CDMA-2000, GSM,
ILiL'LS02 I I x, liluetooth, etc ) and the protocol used over the
telecommunications network Preferably, the technique also
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provides signaling between the digital hub and the NAN
such that control, operational, arlministrative and mainte-
nance information may be exchangerl between the base
station hotel and the remote site. 'I'his signaling can also lie
used to transport other scrviccs such as data for the support
and application of location-based services.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block rliagram illustratin a first commumca-
lion system network architeclure accordmg to lhe pnor arl.

I'IG 2 is a block diagram illustrating a sec«and commu-
nication system network architecture accnrding tn the pnor
art.

FIG. 3 is a block diagram illustratin a communicanon,s
system network architccturc secor(ling to a prefcrrcd
embodiment of the present invenuon.

FIG. 4 is a diagram illustraung the technique of witlebaml
digiuzing according to the prior art.

FIG. 5 is a diagram illustraung the technique of narrow- zc
iiand digitizing according to a preferred emliorliment of the
present invention.

l1G. 6 is a block diagram illustrating a poml-lo-
multipoint network architccturc for a communication system
according to a prcferrcd embodiment of thc invention.

FIG. 7 is a block diagram illustraung a mn ~ network
architecture ior a commumcauon system according lo a
preferred embodiment of the invention.

I'IG 8 is a block diagram illustrating a daisy cham
architecture for a commumcation system according to a
preferred embodiment of the invention.

FIG. 9 is a thagram illustratin a digital data frame
structure uscrl in a preferred cmbodimcnt of the prcscnt
invention.

35
FIG. 10 is a diagram illustraung a digital data header

structure used in a preferred embodiment of the present
invennon.

I'IG ll is a diagram illustrating a data interleaving
technique used in a preferred embodiment of the present
invention.

FIG. 12 is a functional block dia ram illustrating thc main
components of a rligital hub according to a prcfcrrcd
embodiment of the present invenuon.

FIG. 13 is a funcuonal block diagram illustrating the main
components of an RFrdigital transceiver accorthn ~ to a
preferred embodiment of the present invention

I'IG 14 is a functional block diagram illustrating the mam
components of a digital hub according to an alternate
enibodimcnt of thc prcscnt invention.

FIG. 15 is a functional block diagram illustrating thc main
coniponcnts of a rcmotc site network intcrfacc unit accord-
ing to a preferred embodiment of the present invention.

FIG. 16 is 5 funcuonal block diagram illustrating the main
components of a remote site antenna,'radio unit according to
a preferred embodiment of the present invention.

I'IG 17 is a functional block diagram illustrating the main
components of a remote site antennalradio unit having
tlownlink tlivcrsity accorrling to an prcfcrrcd embodiment of ac
thc prcscnt invention.

FIG. 18 is a functional block dia ram illustrating thc main
components of a remote site antenna/rmiio umt having
uphnk diversity according to a pret erred embodiment of the
present invention 55

I'IG 19 is a functional block diagram illustrating the mam
components of a remote site antenna rarlio unit having both

uplink and riownlinl diversity acmtrdtng to a preferred
emlinrliment of the present invention

Dial'AII.LD DLSCRIP'I1ON

Preferred embodiments of the invention will now be
tlcscmbcd in detail with refcrcncc to the drawing figures.
Those skilled in thc art vvill apprcciatc that thc following
tlcscmption of thc preferred embodiments contains many
specifics for lhe purpose of illustrauon only, anti that the
pnnciples of the invention are not necessamly limued by
these rletails.

In lhe present descnpnon, the term "earner signal' used
to mean a spectrum bandwidth that is modulated by some
standard moduiatinn technique to carry an information sig-
nal I nr example, one type of carrier signal is a narrow banrl
frcqucncy carrier containing one AMPS subscriber channel
or a fcw TDMAsubscriiicr channels Another type of carrier
signal is a wideband CDMA signal containing many code-
modulated subscmber channels. The term "channel' used
in the broari sense as including not only frequency channels
as in H)MA, but also code channels such as a CDMA
channel, time frequency channels such as in TDMA, and
gcncrally any type of information channel tlcrivcd by divid-
in thc wirelcss spcctruni using a multiplcxing kchniquc
involving irequency, time, code, space, etc. In this general
use of the term, each channel t)pically corresponds one-to-
one with a subscmber information signal that is allocateti to
the channel

A block thagram of a wireless communicanon system
implementing the techniques of a preferred embodiment of
the present invention is shown in l1G 3 A series of base
stations (B'IS) reside in a BTS hotel 300 I'he hase stations
arc conncctcd to a digital hula 310 that also rcsidcs in thc
BTS hotel. The digital hub 310 is connected via a digital
network 320 to one or more remote sites 330 Each remote
site has a nelworl access node (NAN) 34U aml several
remote antenna units 350 connected to the NAN 340 by
digital communication links 360. Downlink cellular signals
from a hase station are digitized at the digital hub 310 anil
sent as standard formattetl data over thc rligital network 320
to thc NANs 340. The NANs remove thc network formatting
anti send lhe digital signals to the antenna umts 35U where
they are converteri back to RF analog signals which are then
transmiued to wireless subscnbers. In the uplink direction,
the antenna units 350 receive Rl transmissinns from the
subscriliers. 'I'hese analog Rlr signals get digitized then sent
to thc NAN 340 ivhcrc they arc formatted anti sent over thc
optical fiber to thc digital hub 310 Thc digital hub converts
the uplinl riata bacl lo analog RF signals which then get
passed on to the appropriate base stauons (BTS)
RF/Digital Conversion

I'he technique of the invention employs narrowbanrl
digitizing rather than wideband digitiinng when digitizing
cellular RF signals. In other words, each cellular carrier
signal is separately converted from analog to digital format
(and vice versa). W«iebantl thgilizing aml narrowband di n-
tizing are illustrated in FIGS. 4 anti 5, respecuvely. As
illustraleri in these figures, an RF wideband signal 400 may
contain several distinct narrowband carriers 410 (e g,
COMA carriers, each having multiple cocle-multiplexed
channels). FIG. 4 illustrates thc method employed liy thc
pnor art, where a wide band A'D convcr ter is used to digitize
the entire widebaml RF spectrum 400 to obtain a single
thgitized wuieband signal 420 containing digilizeti narrow-
baml earners 43U. In contrast, FIG. 5 illustrates the method
used in a preferred embodiment of the present invention,
where narrowband A1) converters are used to digitize
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separately lhe distinct narrowbaml carmeo 410 to obtain
digitized narrowband camera 440. Both performance ben-
efits and flexibility stem from this scparatc conversion of
carrier signals.

Prior digital transport systems that use widehand digitiz-
ing generally require ivirlebanrl receivers to down-convert
the RF signal to IF before the digitization process tales
place. After the si nal is rhgiuzed usm ~ an A,D converter,
either (1) thc cntirc (hgitizcd band must bc sent to thc
appropriate remote site or (2) digital filters must be used to lc
extract certain narrower bands which are then sent to the
appropmate sites. When narrower bands are digitally
extracted from the widehand data, the amount of data to he
transported is reduced, and thus a lower bandwidth commu-
nication link is rcquircrl, resulting in cost savings. Howcvcr, i
these prior systems rcquirc cxpcnsive up(down-convcrtcrs
and ArD converters that can handle lhe strict dynamic range
demanils of the wideband signal. They also require complex
digital Iillenng aml have complications due to the ililferenl
power levels of the various carriers When a wideband signal
containing multiple channels is digitized afl at once, the A/D
convcrtcr must handle thc difl'crcnccs in power lcvcls for all
channels.

Digiuzing channeLs imlividually solves these problems.
Much cheaper downiup-converlers can be useil due to the
less-slnngent dynamic range requirements lied lo the nar-
rower bandividth of a single carrier less dynamic range is
also required of the A/D converter when digitizing a single
carrier signal. In addition, thc ArD converter only has to
account for a single power lcvcl for thc onc carrier being
converleil. This advantage is particularly beneficial for TDD
types of signals, such as W-CDMA, S02.11 anil Bluetooth
standards. The extra cost and latency of digual Iilters or
digital dmvn-converters can also be avoided when only a

single earner is digitized as opposed to multiple carriers.
Also, the extra step of digitally extracting each individual
carrier or group of carriers is avoided when only digiuzing
a single carrier
Auxiliary Channels

In adihtion to the digitized cellular channel data that gets
passed betiveen the digital hub anal the remote site, a numlier
of auxiliary data channels may he transported as well 'I'hese
channels support a number of important functions relating to
basic cell-site operation as well as some optional features.
The mator auxihary channels contain the following infor-
mation.

Power control scaling bits
Remote site antenna positioning information
Time-of-arrival information for such features as location-

based services (I.BS) n

Operauonal, admimstrauon and maintenance capabilities
Poiver Control Suh-Channel

The power control sub-channel is used to send power
control information between thc digital hub and thc remote
site. In the downlink, the transmit power lcvci of each s
separately digiuzed RF earner m sent lo the remote site
where il is extracted anti used lo set lhe transmit power
leveLs. In the uphnk, the receiveri power level at the remote
site is momtored and sent back to the digital hub where it is
used to set the proper signal level being fed back to the base to
station. This type of real-time, high-resolution power control
is particularly critical with CDMA types of si naia, such as
those used for '3'neration cellular systems. The fact that
each earner ia converted between digital and analog formals
individually (narrowband digiuzing) aids m the accuracy of cs
the power control since the power level of each carrier can
be monitored anal scaled independent of other carriers

Dov:nlink power control information can be obtained by
the digital huh in two different ways With the first methorl,
the hase station*a transmit power level is received directly
from the base station in a digital form This digital infor-
mation is fed into thc power control sub-channel where it
gets foiavardcd to the remote site. Thc second method of
power control is used in cases where the base station does
nol output such transmit power informauon as a separale
digital channel I'or this case, the digital huh constantly
monitors the base station's output power level for each
earner and then stores a digital representation of the power
lcvcl in the power-control sub-channel. This tcchniquc
allows thc anaio carrier signal to bc arbitrarily scaled to a
level that wdl maximize dynamic ran e dunng AiD conver-
sion
Antenna Pnsitioning Sub-('hannel

'I'he antenna-positioning sub-channel is used to send
remnte site antenna adjustment information from the base
stations to the appropriate remote site whcrc thc antenna
position is adjusted accordingly. Typically, antenna control
information is received from lhe base stauon as a digital
signal This signal is framed and fed into the appropriate
suh-channel for transmission to the remote site. At the
remote site, the data is extracted frnm the sub-channel and
used tn set the correct tilt for the appropriate antenna
Time-of-Arrival Sub-Channel

Thc time-of-arrival (TOA) suit-channel is pnmarily used
fiir senihng uming informauon from lhe remote antenna
sites back lo the base station location. The remote sile
generates time-nf-arrival information that records the exact
time an uplink signal ivas received at the remote site
antennas This timing information is placed in the appropri-
ate uplink auxiiiary channel where it is transported back to
thc base station. The primary purpose of thc TOA sub-
channel is lo provirfe ume-of armval informauon ior location
baseil services.
OAfcM Sub-Channel p Operation, maintenance and admin-
istration (OAKM) information makes up another sub-
channel 'I'his channel supports the monitoring and control-
ling of remote site cquipmcnt through thc NAN as weil as
allowing thc NAN status to be reported back to thc digital
hub Aildilional auxihary channel capacity allows for poten-
tial lulu re requirements such as monitoring network perfor-
mance
System Architectures

'I'he preferred embodiment is implemented in a system
having a double-star architecture, as shown in FIG. 3. Thc
digital hub 310 branches out to one or morc NANs 340, e.g.
using a ihgital liber-opuc network 32U. Al each remote sile
33U, the NAN 34U branches out to one or more sector
antenna units 350, e.g. using composite liber cable 360. This
douhle-star architecture provides for a cost-efl'ective and
efficient system

Since each remote site 330 has a single NAN 340 that
provides thc remote site's antenna units 350 with a common
interlace to lhe lelecom network 320, all data sent between
the digital hub 310 and lhe remote sile 330 can be trans-
mitlerf over a single link. This link could be provided by an
existing switched digital network, or hy a dedicaterl optical
hnk In the latter case, one fiber is used for downlink,
another for uplink. For certain confi urations where WDM
is used, both uplink and rlownlink information can bc
transmitteil over lhe same fiber Multiple sectors as well as
ihversity channels may be muluplexed onto a single liber if
they are lravehng to or from lhe same remote site. The fact
that they are contained on the same fiber allows the use of
a single demultiplexing unit to extract the signals from the
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telecom network. For example, each remote site in a
SONET&SDII system requires only a single addidrop mul-
tiplexer (ADM) followed by a single SONLiT card, regard-
less of the number of sectors nr carriers used.

In a preferred cmbochmcnt, thc rcmotc site 330 also
ccntralizes thc power supply using composite fiber optic
cable 36U. This design allows the power amplifiers and
antennas to be located a considerable distance from the
common po&ver supply (on the order of IN) m), thus adding
flexibility and cost-savings to remote site installations. io

13ecause the power amplihers are located at the same place
as the antennas, kss RF signal loss is experienced between
these two elcmcnts. Also, by keeping thc data in digital
format unul the very end of ils transmission path at the
antenna units 35U, the pote nua1 for signal degradation due to
optical analog effects is minimized I.ikewise, the uplink
signal is digitized immediately at the antenna units 350,
before any type of optical transmission occurs.

Typically, thc separation between the base station hotel
300 and the rcmotc sites 330 is bctwcen I km anti 10 km, zo

although longer distances are Ieasible. In some
embodiments, one of the remote sites ts posiuoned at the
base station hotel, or very close tn it At the remote site, the
separation between the remote site NAN 340 and the
antenna umcs 350 is typically between I m and I(KI m.

Depcncling on thc type of situation for &vhich thc system
is cmploycd, a number of variations of the doufflc-star
architecture can be realized. For implementations where
dark or unused liber is available, a point-to-point point-to-
multipoint confi uration can be used to connect the digital Ao

hub to the NANs With this type of architecture, the digital
hub and NANs can be directly connected to each other
through the fibe without the aid of additional network
access equipmcnt. FIG. 6 is an cxamplc of a point-to-
mullipoint architecture using dedicated tiber 6UU connecting 38

a BTS hotel 610 with muluple remote sites 62U. If all but one
of the remote sites 62U were removeci, it would illustrate 8

point-to-point architecture.
When either lit fiber is usecl, or a ring or daisy-cham

architecture is employed, network access equipment is 4o

required to interface with the optical network. For example,
a SONETISDH system would require add/drop multiplexers
at both the digital hub and the NAN utes to multiplex the
digital data onto the existing optical network.

Ring networks are commonly used in telecommunications
net&vorks because of their survivability. 'I'hey can be set up
such that if communication is lost at onc point in thc rin,
thc telecommunications equipment is able to maintain
operation using 8 separate route. Examples of ring and
daisy-chain architectures ior SONET networks are shown in o

FIGS. 7 and 8, respecuvely. FIG. 7 shows a BTS hotel 70U
connected to remote sites 710 via a ring netwnrk 720. FI(A.

8 shows a 13'I'S hotel 800 connectecl to remote sites 810 via
a daisy-chain network 820.
Capacity 8

Wavelength-division muluplexin ~ (such as DWDM arui
CWDM) can be used for increased liber capacity when usin ~

venous network coniiguralions. When this is done, a WDM
multiplexeridemultiplexer is usecl to interface the digital hub
and NANs to the optical cable 60

For thc case of a SONET&SDH system supporting a
UMTS cellular system, thc following capacity issues apply.
A single OCm3ISTM-I opucal channel (155.52 Mbps) will
support a single cellular sector conlainmg one WCDMA
earner with transmitireceive diversny. For a tn-sector cell 68

(also with one carrier and diversity), an 0(.'-12IS'I'M-4 hnk
((i22.08 Mbps) is required An 0(u48/STM-16 channel

(24SS.32 Mbps) will support four remote sites uiuler the
same circumstances.

As an example, a SON L'I'(u12c hnk operates at 622.08
Mbps and prnvides a 599.04 Mbps raw data rate (after
extracting all thc SONET ovcrhcad). This type of link is
sufficient for transporting six carriers bctwcen a di ital hub
anil a nelworl access node. For this case, each individual
earner will have a 99.84 Mbps data rate. Table I Iis(s the raw
data rates fnr different 0('evels and the correspnnding
number nf UM IS carriers that cnuld be suppnrted fnr this
example implementation. In reality, the actual data rate per
carncr will l&e slightly lower duc to additional ovcrhcad,
such as auxiliarv channel data.

TABLE I

t'Anmt DI, li,l tmSOIVII In nilim

Solcl T OC.' I ll O I ll l l&tsPA& C' 6 C i (M6PA)

OCAIZc
0046c
OCA191c

. 99 (&40

0396 160
9. 84 640

04
96

99 840
99 840
99 840

+X +A +A

+'n tm +r

+x +n +r

+X +A +A +A'X

+A +A +A +I

After the SON Lf frame is received, the header is decoded
using standard B('H decoding techniques During this

Signal Reconstruction
The potential exists for an unreliable communicauon path

between the digital hub and NAN due to the digital network
In order to ensure reliable data transport, a number of
safcguards arc implcmentcd. Error correction coiling can i&c

used to add redundancy to data at both thc digital hub and
the NAN before the data is sent over the network. This
recluiulancy allows Rir Ihe detecuon and correction of bit
errors thai may occur dunng transmission. Both sites then
use the redundancy bits in the data they receive to continu-
ously monitor the integrity of the communicatinn path
When errors do occur, error correction algorithms may bc
used in an attempt to rectify thc bits in error.

As an example, a system could use a SONET OC-12c link
to transmit six camera between a digital hub and a remote
site. The link could use the SONET frame formal shown in
I'l(A 9 A practical implementation might be a three-sector
site with tivn carriers on each sector L'ach 125 Fs SONL'T
frame at this OC level contains 74,SSO bits of actual payload.
Thc payload could be diviclcd among thc six carriers.

In Ibis example, the header contains sub-channel infor-
mation such as power-control bits and OAS4M messa es.
The actual digilizecl cellular signals are contained in lixed bit
data positions after the header In order to ensure the
reliability of the header, a 511 bit IICH code is used for
cncodin . Thc code contains 63 parity bits and can correct
up to 7 bit errors. The enerator polynomial is:

!IIX&= "'6 2

+A +\ +An +A
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process, any bit errors that did occur in ihe header will be
corrected (up to seven errors) The header informatinn is
then extracted and processed. L'ach header message is
arranged in a standarrl format according to the "internal
protocol'. For example, a "data type" ficld could identify thc
message type anti a 'rlcstination'icld could identify thc
earner or antenna to which the message corresponds. The
data portion of each header massa e would contain infor-
mation specihc to the message anti its length ivould depend
on the message type IIG 10 shows an example of hnw a io

header may be constructed for such an implementation
Interleaving Across Channels

Data intcrlcavin is a techmquc that is userl to randomize
lhe location of bil errors, allowing the errors to be more
easily corrected For remote sneb with more than one earner
or with transmit diversity, interleaving can be done across
the different carriers This technique allows the same liasic
benefit of interleaving in time, but floes not require the same
latencics that come with interleaving in time only. FIG. 11

illustrates thc concept of intcrlcaving across N carriers zo

where each inrhviduel block represents a bit or group of bits.
In this figure, N blocks of earner data (represented by the
data sequence (, a„„a„, a„r } for carrier I, the
data sequence ( ., b„„bn, b 1 } for carrier 2, up
through to the data sequence }, ca,, cn, Cn „} for
carrier N) arc rcplaccd by a single Mock containing the
interleaved data hits (rcprcscntcd by thc single data

c 1» I for all N carriers).
Dynamic ('hannel Dropping ro

Another safeguard that can be optionally employed in the
system is dynamic carrier dropping. When a netivork hnk
carrying both primary and diversity carrier data becomes
unreliable, the system can automatically drop the diversity
earner. The bandwidth that ib freed-up in the link then allows 36

stronger error prolecnon algomthms lo be used on the
pnmary carrier. With this increased reduneiancy, the pnmary
carrier data samples are mnre reliably transmitted between
the base station and remote site If the quality of the netvvork
link improves over time, thc diversity carrier can automati- 4n

cally bc includcrl again as thc error encoding for thc primary
earner reverts back to its normal level.

This same concept can be extended lo inciutle muiuple
camera as well as mulnple sectors al a given remote site. For
a degraded network hnk, a multi-carrier system could turn
off one or more carriers and use the extra bandwidth for
ensuring rcliablc data transport of thc remaining carriers. In
a similar manner, onc or morc sectors at thc same remote site
can be taken olf line when the communication path becomes
unreliable. At this point the site couirl either leave the n

sector(s) out-of-service or transmit ihe same si mal from all
sectors as long as the communicatinn path remains
degraded

As an cxamplc, convolutional codes can bc used to add
redundancy to thc digitized data signals at the expcnsc of 6

increased bamlwnlth. A rale k,'n convolutional code
increases the number of dain bits by the raho nk. For
instance, dale encoded with a rate 162 code woultl require
twice as much bandwidth as It woulrl without any coding.
'I'able 2 gives an example of using I/2 rate and 2)3 rate ro
convolutional codes for error protection for thc SONET
example shown in Table 1. As an example, consider thc
SONET OC-12c link listed in Table 1. Wrth the commum-
calions lmk operating normally (i.e., no excessive bit errors),
six camera are transmined between the digital hub and the os

netivork access node. If a large number of bit errors started
to occur, the system could switch to three carriers using a

rBIC 177 collvolinlotlal curie rlr kr loUt cBrrlers Usltlg B rBle
2 3 code.

TABLE 2

Ea, m lc u rrrn Con olurronal Coacr rrh D mam«Channel Dro rn

Ral RI )I

SONET
OC lovel

Dr Ri Dar Rr
Raw Daun Numbe f pe Can e Yumbe of pe Carner

Raie (Mbps) Ca r err (Mbpr) Cr r e 1 Ihtbpa)

OC lac 91D40 ) 399 ha 4 349 76
Or'6 z)orl Irlo I I99 6a 16 149 76
Or'll 96sa rar's ! )9 ns 64 1-19 76

Tlmltlg
Synchronization

Synchronizanon between the digital hub and the NAN is
achievml by piggybacl ing on lhe synchronization provisions
already in place in the digital network. All data to bc
transported over the rli ital link is broken into frames. Thc
frame size is selected to correspond to the native netwnrk
frame size

For example, SONET frames are always 125 Vs ion, but
the number of. bits contained m each trams is determined by
the OC/STS level. Hi her OC/STS levels have more bits-
pcr-frame, corrcspondin to higher data rates. Thc first bytes
transmitted in each SONET frame arc thc Al and AZ
framing bytes I'hese framing bytes alivays contain pre-set
values and are used for timing recovery when receiving and
decnding a SON Lf data stream Iiy usmg the native SONL"I'ramestructure, the digital hub and NAN are able to get
timing infomiation from thc SONET framer. Typically,
clock rccovcry at thc SONET level will bc pcrformcd by a
circuit Ihal searches for the ixrrrect ahgnment of the Algz A2
Iraming bytes. Once the correct byte pattern is Iounri, the
circuit sets an output to indicate the frame boundary. This
frame boundary output can be used by the digital hub and the
NAN for timing purposes

In onc embodiment of the invention, carrier synchroni-
zation bctwccn thc base station hotel and thc rcmotc aims is
maintained uinng GPS. In this case, GPS receiven are
localeri al both the riigilal hub locanon and the remote silas.
Avery sternly reference signal (such as a IO MHz lone) is
output liy the GVS receiver and is used to obtain the correct
oscillator frequencies at each site. In cases where GVS is nnt
available or practical, frequency information is sent bctwccn
thc base station hotel anil thc rcmotc sites in order to
synchronize oscillators between lhe two sites.
Time-of.-Arrival

Every NAN has as an option the ability to record time-
of-arrival infnrmation for uplink received signals 'I'his type
of Informatinn is valuable for a number of difl'erent
purposes, most notably for location-based scrviccs. As dis-
cussed earlier, timing information is rccordcd at thc rcmotc
bite and transmitted back lo the corresponding base station
as an auxiliary channel. Timing iniormanon can be obtamed
al lhe remote site either from GPS or through synchroniza-
tion with the base stations

When GVS is used for time-of-arrival information, (IVS
rcccivcrs arc required at both the rligital hub location and thc
rc mote antenna sites. Absolute timing is obtained at each site
Irom the corresponding GPS receiver by means of a I pps
signal that ib used lo synchronize a local clock At the remote
bile, Ihe local clock is used lo provide regular time stamps
corresponding to blocks of digitizerl data that are sent back
to the digital hub The di ital hub extracts the timing
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informauon from the auxihary channel and compares it to ns
oivn time reference obtainerl from its local clock The
transmission time delay is then computed as the difi'erence
fietiveen the digital huh*a own time reference and that
obtained from thc remote site This time delay is fcd to thc
appropriate mcasurcmcnt unit at the i)use station site for
LES purposes.
Digital Hub
Overview

The digital huh acts as the interface hetiveen the hase ic
stations and the digital network Its main puqiose is to
convert downlink analo RF signals into a digital format that
is compatible with thc network, and to extract uplink digital
mgnals from lhe network and convert them back to analo ~

RF signaLs. The digital hub digiuzes each RF cellular earner
from the hase stations separately I'nr example, abase station
operatin with three sectnrs, each with full transrnitireceive
diversity (ivithout using the diversity time-delay techniques
rliscusscd later) requires a di ital hub that can simulta-
neously process six scparatc RF carriers from the base zc
slaliilil.

As shown in FIIL 12, a digital hub according to a
preferred embodiment is macle up nf the following elements
an Rl''ross-Connect (optinnal) 1200, Rl Digital Trans-
ceivers 1210, a Digital Interface 1220, a network link 1230,
and possibly network access cquipmcnt. In thc rlownlink
direction, thc rhgital hub rcccivcs each RF channel from the
base station via the RF Cross-Connect, anil the indivirfual
channels are provided to the bank oi RF Digital Transceiv-
ers L'ach channel is then individually rligitized after-which ic

error correction bits and auxiliary channel data are added.
'I'he resulting data is formatterl into an internal protocol, then
formatted and framed for transmission over thc SDH
network, an(I finally converted to an optical signal. For
uphnk signaLs, the reciprocal functions are performeil opu- ss
cal signals are extracted from the network and decoded
after-which an error correction algomthm rs applied. Cellular
data is then broken out frnm the internal pnitocol, as is any
auxiliary data Next, the data for each Rf'hannel is indi-
vidually convcrtcd back to analog aml up-convcrtcd to RF. Ic
The bits from the power-control sub-channel arc used to
scale lhe uplink signal amplitude accordingly, after-which
lhe Iinal RF signal is sent to the appropnate base station port
via lhe RF cross-connect

I'or the case of a SONL'I)SDII system, the clock source
for transmission of the downlink data depends on the
network architecture. For a point-to-point configuration, thc
timing for downlink SDH data transmission is obtained from
an on-board clock. When an add,rdrop muluplexer is used,
the transmission timing is denveri Irom lhe optical network o

using lhe add,'drop MUX For uplink data, the clock signal
is always obtained from the SDH network
RF Cross-Connect

Thc rligital hub connects to the base station via an optional
RF Cross-Connect module. Thc purpose of the cross- s
connect is lo allow a single base slanon lo connect ki
muluple digital hubs. This RF module acts essenually as a

spliuer for downhnk signals and a combiner for uphnk
signals, thus allowmg multiple digital hubs to connect to a

single base station sc
RF:Digital Transccivcr

Each RF:Digital Transccivcr (RFDTRx) is rcsponsiffic for
converting a single cellular RF channel between analo ~ RF
and ihgilal. Each RFDTRx module supports a single cellular
RF carrier in both lhe uplink and downlink directions. ss

A high-level functional block diagram of the RF/Digital
'I'ransceiver is shown in I'l(L 13. 'I'he main cnmpnnents of

the RFDTRx are: RF down/up-converters 130U and 1350,
A/D K DiA cnnverters 1310 and 1340, and receive/transmit
signal processing elements 1320 and 1330

In the dnwnlink direction, the analog Ri carrier from a
base station is fed through the RF Cross-Connect module
into the RFDTRx. The si nal is then down-convcrtcd by
ifown-converter 13UU from RF lo IF and digiuzed using an
AiD converter 1310. Finally, digital signal processing blocl
1320 is used to condition the digitized signal This condi-
tiomng may include doivn-convertin and digitally filtering
the signal to attenuate any out-of-hand compnnents The
resulting data hits are output to the Di ital Intcrfacc as a
stream of digital samples representing the rligitizcd RF
earner signal. For the uphnk path, the RFDTRx receives a

constant stream of. uphnk digital samples represenung a

single rligital Rl'arrier signal. 'I'hese samples are digitally
processed and up-converted to If at signal prncessing block
1330 fiefnre running through a D/A converter 1340 which
outputs a corresponding analog IF signal The analog IF
signal is then up-converted by up-converter 1350 to RF and
sent lo lhe appropmate base station.

Having Ihe RFDTRx operate on a single earner signal in
both the downlink and uplink directions allows the system to
be implemented ivith a scalahle architecture A harrhvare
module such as a plug-in card can he created that performs
thc functions of a sin Ic RFDTRx. As support for additional
carncrs grows in a system, new harrlware modules can lic
easily edited Io suppori Ihe new capabihty.
Digital Interface

'I'he Digital Interface connects each Rl'/Digital trans-
ceiver unit with a corresponding network link 'I'he Digital
Interface is responsible for formatting anil framing all dnwn-
link digital data into the network protocol and extracting all
uplink data from thc network protocol.

Each digitized downlink RF carrier signal that is output
from Ihe RFDTRx (with correspomhng auxiliary channel
ifala) is sent to the Digital Interface. Here, the samples from
each digitized carrier are combmed with the data from
corresponding auxiliary channels. Redundancy hits are also
added to the data at this point to allow for dctcction and
correction of errors at thc NAN. Thc rcsultin data is
Rirmalted aml framed into lhe network protocol, then routed
to a specific line card (network link).

In the uplink direction, digiuzed dale that is formaued in
the network protncol is received hy the Digital Interface
from a line card The Di ital Interface extracts the digital
payload and discriminates the different carriers (includin
auxiliary channels). Error rlctection and correction is also
performed. The digital dale is then routerf to an appropriate
RF/Digital transceiver.

The Digital Interface is also responsible for rate matching
between the Rlrpyl Rx and the network link When netwnrk
access equipinent (such as an addrrlrop multiplexer for the
case of SONET/SDH) is used in con)unction with a digital
hub, thc transniission timing for thc network hnk is obtained
from Ihe optical lelecommunicauons network. Since the
RFDTRx clocl frequency may be slightly diferent from the
nelworl clock, a recuficanon is needed. The Digital Inter-
face is responsible for compensating for the clock differ-
ences and ensuring that no data is unintentionally lost
bctwccn each RFDTRx and its correspondin network link.
Network Link

The network link (NL) is assigned lhe task of: converting
input digital data lo a format compauble with the transport
network. In Ihe preferred embodiment, an opucal point-lo-
point link is used, so the NI. converts the data to an optical
format that is compatible with stanrlarrl optical telecommu-
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nications protocoLs. Typically, two optical libera are userl to
connect the network hnk to the NAN (one liber for each
direction). If WDM is uscrl, however, then a single fiber can
potentially bc used to support duplex operation. Thc main
elements of the network link are: a multiplexer, a telecom-
munications protocol framer anil an nptical transceiver.

In ihe downlink path, the formatted data that is output by
the Digital interface is forwartieti bv the SDH's MUX to the
framer. The framer arranges the data into the appropriate
format compatible with thc particular tclccommunications

lc
netivork being used. I'or example, the Nl. in a SONLT/SDH
netivork ivould format the data into OC-XiSTM-n frames.
The formaued data is then passed on to the optical trans-
ceiver. After being inverted io an optical signal by the
transceiver, thc data is rcarly to bc output onto thc tclccom
network whcrc it is sent to the appropriate rcmotc site.

('onversely, uplink data that is received from the NAN is
first converted from an optical format to an electrical signaL
The payload is then extracted from the protocol-specific
frames aml is muluplexed to the Di otal Interface.
Optional Network Access Equipment zo

Network access equipment may be required to connect the
digital hub io the optmal networl when a dedicated point-
to-point confi uration is not used 'I'he equipment is used to
interface the digital hub to the optical telecommunications
netivork using a standard telecommunications interface It
scrvcs to extract the proper uplink signal from the network
and multiplex thc outgoing downlink signal onto thc nct-
worl .

For example, a SONET,'SDH network may require an
add drop multiplexer to interface the Nl. to the telecom ic

netivork. 'I'he ADM would extract the appmpriate OC-X/
S'I'M-n uplink signal from the network anil multiplex the
rlownlink signal onto thc network via a stanrlarrl OC-X or
STM-n optical intcrfacc.
Digital BTS Implementation 35

A block diagram of an alternate embodiment of the digual
hub is shown in FIG. 14. In this all-digual implementation,
the digital hub is able to hanrlle rligital data directly from the
base station In this case, the B'I'S has the capability of
outputting downhnk carncrs and receiving uplink carriers as ao

digital samples rather than as RF signals. For this
implementauon, the RF Cross-Connect is replacetl with a

Digital MUX 1400 aml each RFiDi otal Transceiver is
replaced with a Di ital Formatter 1410. The Digital MUX
1400 performs the same fundamental functions as the Rl'ross-Connectexcept that it works with digital data rather
than ivith RF signals. It allows downlink and uplink rlata to
bc routed between a sin lc base station and multiple digital
hubs. The Di ital Formauer 1410 serves as an interface
between the base stauon and the Di otal Interface on the o

digital hub. It converts the representation of the digital data
betiveen the two units, allowing each nf them to process data
in their mvn respective formats The Digital Interface 1420
and Network Link 1430 are thc same as in the embodiment
of FIG. 12. s
Networl Access Node anil Antenna Units
Ovt:i'view

The network access node resides at ihe remote site. It
contains both a netivork interface unit and a pniver plant, and
serves as the interface to the digital netwnrk for nne or more to
antenna units at thc rcmotc site. Each antenna unit (also
called rcmotc radio unit) typically handles onc sector of thc
cell with muluple RF camera. If transmit diversity is
required, then a separate radio unu is used for each sector
with diversity. es

In a preferred embodiment, the remote radio units are
connected to the NAN through cnmpnsite fiber cable. This

type of connection provides both an opucal signal path as
well as the required poiver to the rarlio units 'I'he radio units
then can be easily installed at a location several meters (or
several tens ot'eters) away from the NAN, allowing fnr a
simpler and more cost-efi'cctivc installation. For cxamplc,
thc NAN could be installed on thc main floor of a buildin
where AC power is easy to obtain. The remote radio units
could be locaieri on or near the roof of the builtling (and near
the antennas), several stories up Since power is supplied to
the rarlin units via the composite fiber connection, there
would be no requirement for AC power on the roof, where
it could bc niorc difficult to obtain.

In thc downlink direction, thc NAN is rcsponsiblc for
receiving tiara from the digital hub anil semhng u to the
appropriate remote radio units where it is converted to
analog Rl'nd transmitted by the remote site antennas At
the radio units the transmit poiver level is determined from
the data cnntained in the power control sub-channel In the
uplink direction, thc remote radio units rcccivc uplink si-
nals at the antennas and convert these analog RF si naia into
thgital samples thai are then sent io the NAN. When the data
exchanged between ihe NAN and the di ital hub takes place
over the telecommunications network, network access
equipment may be required at the NAN for interfacing to the
netwnrk. The network access nnrle also supports remote
OAeqM functionality.

For NAN configurations that rcquirc arlditional network
interlace equipment (such as adtlidrop muluplexers for
SONET/SDH networks), the uphnk transmission uming can
be denved from the optical network I'or point-to-point
configurations, hnivever, an on-hoard clock must be used for
timing In the downlink direction, the clock signal is always
obtained from thc network.
Network Interface Unit
Overview

The networl interface unit at the NAN acts as the main
controller for the remote site. It performs multiplexing and
conversinn lietween the digital network data fnrmat used to
communicate ivith the digital hub and the local high-speerl
rlata format that is uscrl to communicate with thc rcmotc
radio units. When the optical connection is not point-to-
point, the network interface umt uses tnlditional telecom-
municauons equipmeni io multiplex incomingioutgoin ~ sig-
nals from/onto the iligital network.

As shown in MG. 15, the network interface unit com-
poses the netivork link 1500, main CPU 1510, and high-
spccd serial links 1520 (onc for each rcmotc radio unit).
Network access cquipmcnt (not shown) may also bc
required to interface to the telecom network. A high-speed
bus (telecom bus) is used boih for CPU control and for
passing data between the networl hnk aml high-speed senal
sinks
Network I.ink

Thc network link (NL) 1500 is csscntially a line card that
communicatcs with the rli ital hub over thc digital network
(e g., fiber opuc hnk). Umler the control of the main CPU
1510, it extracts /I inserts the internal protocol data to,'lrom
the network protocol-depenilent frames. Typically, iwo
filiers are required for bi-directional communication
between the network link and the digital hub (one for uplink,
onc for downlink). If WDM is uscrl, howcvcr, then a single
fiber can transport both uplink anil rlownlink signals for
certain types of. networl architecture

In the preferred embodiment, the NL 1500 composes an
optical transceiver, a framer anil an internal protocol mul-
tiplexer. Dnwnlink data is received by the optical transceiver
from the telecommunications network, after which the net-
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worl protocol-specilic formatung is removed by the framer.
The data ia then muluplexeri onto the telecom bus where it
is sent to thc high-spccrl senal links for transmission to the
remote radio units. In thc other direction, uplink digital data
is received from the high-speed serial links over the telecom
iius 'I'his data, which is already formatted with the local link
protocol, ia further iormaued with the framing that is appro-
pnate for the network protocol that ts being used, and sent
out over thc tiber link to thc digital hub.

As an cxamplc, thc NL for a SONET SDH system would
extract downlink data from the telecommunications net-
work The data would then be prncesserl by removing the
OC-XiSTM-n framing then formatting the data into the local
digital protoixtL In the uplinl direction, the data received
from the high-specrl senal ports would be formattcrl for the
SONET SDH network by framing it at the appropriate
OCiSTM level before senrling it out onto the network
I ligh-Speed Senal I.ink

The high-speed senal link 1520 is responsible for the
transmission aml reception of internal protocol data to aml
front the remote radio units. Downlink data is reccivcd from
the network hnk via the telecom bus 153U. This tlata is then
sent over the appropnate high-speed link to its correaponri-
ing remote radio unit In the uplink directinn, each high-
speed serial link 1520 receives internal protocol-formatted
data from its corresponrling remote rarlin unit. The formatted
data is then sent over thc tclccom bus 1530 to the network
link 1500. For cases whcrc telccom intcrfacc cquipmcnt is
used (auch as an ADM for a SONET,'SDH network), the
high-apeed senal hnk also periorms rate-matching on the
uplink data to match the transmission clock rate in the N[..
Main (:VU

The Main CVU 1510 acts as the remote site system
controller. It is responsibk for thc configuration anti mom-
torin of thc rcmotc site cquipmcnt. It also manages OA&M
functions and regularly reports remote site status back to the
digital hub.
Remote Radio Unit (Antenna Unit)
Overview

The remote radio unit is essentially an RF/digital trans-
ceiver that scnrls anil rcccivcs cellular si nals using its
antennas. In thc prcfcrrcrl cmbodimcnt, it is connected to the
NAN over composne optical liber. Digital data in the local
protocol format is exchanged bi-directionally between the
NAN and the remote radio units over the high-speed senal
connection As shown in I'IG 16, the remnte radio unit
contains the folloiving functional elements a high-speed
serial link 1600, RFidigital transceivcrs (RFDTrxs) 1610,
and an RF power g. distribution module 1620.

Downlink data ia received from the NAN, extracted from
the internal protocol iormat, then convertetl to an analog
signal, up-converted in frequency, and finally amplitied and
transmitted out the antennas In the uplink direction, signals
are received from the mobiles via the antennas, then down-
convcrtcrl, digitized, formatted into thc inkrnal protocol,
and sent ovn thc high-spccrl aerial connection to thc NAN.
AC power is supphed to the remote radio unit by the NAN.
High-Speed Senal Link

The high-speed senal link 1600 is responsible for the
transmission and reception of lncal prntocol data between
the remote radio unit anti the NAN It performs formatting
and framin of uplink rli ital data from the RFDTrx 1610
into local protocol rlata for transmission to thc NAN. Down-
linl data received over the high-speed senal link is extracted
from the local protocol format aml sent to the RFDTrx 1610.
RF/Digital Transceiver

The RIODigital transceiver (Rlriyl'rx) 1610 converts cel-
lular signals betiveen Rl'nal digital format I.ike the digital

hub's RF,'digital transceiver shown in FIG. 13, the
RI digital transceiver at the remote radio unit is comprised
of Tx/Rx DSP processing, DiA and A/D converters anti

RI'p/doivn-cnnverters

In thc downlink direction, thc RFDTrx 1610 rcccivcs
digital rlata from the hi h-speed senal link, performs digital
signal processing, converts it from digital to analog format,
then up-converts it in frequency and passes it to the power
amplifier. I'r uplink signals comin from the antenna, the

io Rl D I'rx performs an Rlr down-conversion on the signal,
digitizes it, then perfomis the required receive signal pro-
ccssin and sends thc resulting rlata to the hi h-speed serial
link. Each RFDTrx 1610 supports a singk cellular carrier
(both uplink aml downlink direcuons).
RF Power aml Distnbution

'I'he Rl'ower k. distribution element 1620 is the final
processing block before transmission of each downlink
channel signal Since each Rl'DTrx module 1610 supports
onc RF carrier, sites with multiple carriers may first require

zo RF combinin of the downlink carriers bcforc amplification.
Signal splitting may also be needeil if the same RF signal ia
to be transmitted lrom multiple antennas. When muluple
downlink carriers are supported, a multiple-channel power
amplifier (MCVA) is used for the amplification prncess. In
the uplink directinn, signal amplification may be requirerl, as
well as distribution to dift'erent RF Digital transccivcr units.
All this signal combinin isplitting and amplification is con-
tmned in the RF power aml distribuuon module 162U.
Alternative Implementanons

io Digital Vower Amplifier
(:ertain power amplihers (such as some digital pre-

distortinn VAs) iviil accept digital data as an mput I'or this
case, an alternative implcmcntation of thc RF rli ital trans-
ccivcrs at thc remote radio unit can be used. In this case, thc

ss ilownlink components of. the RF,'digital transceiver are
replaceil by a riigital formaner. The digital formauer con-
verts the riownhnk data from the high-speed senal link into
a format that is compatible with the digital PA input Using
this type of implementation eliminates the extra processino,

to steps of DiA conversion anil RF up-conversion that arc
normally performed on rlownlink rlata by thc RF digital
trallacelver.
Diversity Using Time-Delay
Transmit Diversity

Diversity is often used in cellular systems tn improve the
quality and reliability of ivireless communicatinns I'ransmit
diversity generally rcquircs the base station to cncratc two
similar downlink channels which then get transmitted from
separate antennas at the remote site. This type of diversity

o would normally require increased optical bamlw«1th to
transport the extra digital informauon from the base station
to the remote site.

According tn the preferred emliodiment of the invention,
a form of transniit diversity can bc easily anti economically

s implcmcnted without requiring attritional bandwidth or any
modification to the base station. As illustrated in FIG. 17, by
simply duphcaung the downlink signal received at the
remote rariio unit and lime-delaying the duplicate with a

delay 1700, a regular signal and diversity signal are gener-
a o ated from the one transported doivnlink signal The delayed

signal is processed by an RFiDigital TRX 1710 and trans-
mitted from onc antenna while simultaneously thc original
un-rielayed signal is processetl by an RFiDigital TRX 1720
anti transmitted from another antenna. This embodiment

es includes High-speerl aeruil link 173U aml RF power and
distribution mndule 1740, just as in the emborliment nf l1(l
16 Using this technique a combined space-time diversity is
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obtained. In this embodiment, the duplicauon and time delay
is preferably added at the remote radio unit after the down-
link data is processed by the high speerl serial link

liy adding diversity in this manner, no more bandkvidth is
rcquircrl in thc communication links to support an adrliuonal
signal. Thc only additional hardware requirement is a delay
and an extra RF,'digital transceiver I or each earner signal for
which diversity is desired. A corresponiiing power amphiier
for the diversity earner is also needed If nnly transmit
diversity is used, the additional Rl'igital transceiver does
not require uplink compnnents

In an altcrnatc embodiment, the duplication and timc-
dclay can be implemented within thc RFidigilal Iransccivcr
modules. In this case, the duplication anil time delay tal es
place after Ihe digital signal has been converteii to analo ~

format but liefore frequency up-conversion. 'I'his implemen-
tation has the advantage that the only additional hardware
requirement is an analog delay anil Rir np-converter fnr each
carrier si nal for which diversity is desired (plus a corrc-
spondin power amphticr).
Receive Diversity

A novel technique can be useri to save both processing
requirements and r ommunications banrlwidth (between the
NAN and digital hub) when receive rliversity is used m
conjunction with base statinns that use RAKL'eceivers.
RAKE receivers arc the stanrlard receiver type for demodu-
lating CDMA signals, such as those found in 3G cellular
systems.

For diversity recepuon, the remote sile collects uphnk
signals using Iwo separate receive antennas: one for the
primary signal anil the other for the diversity signal lieth
antennas output primary and diversity signals that pass
through RF power anti distribution unit 1830 and arc con-
vcrtcd to digital format using separate RFDTrx units 1820
and 184U, as shown in FIG. 18. After digital conversion, the
diversity channel is delayed in time by delay 181U and added
to Ihe pnmary channel. Even though the composite signal
still contains all the information that both individual signals
contained liefore the summation, only one nr two extra liits
are required to rcprcscnt thc composite signal digitally.

After thc composite digital signal is created, it is trcatcd
lhe same as any other earner signal as I sr as the high-speed
serial lmk 18UU and NAN,'digital hub processing goes. The
regnal is transmitted through the opucal network to the
digital hub ivhere it is converted to an analog Rl'ignal and
fed into the hase station as if it were a single carrier signaL

Durin thc demodulation process at the base station, thc
RAKE receiver will automatically extract Ihc two original
signals from the composite signal. It will treat the delayed
signal as a mulupath component, extracting it from the
pnmary signal and capitalizing on the spaual diversity
obtained dunng the reception proces~ The time delay used
in the diversity path must be chosen tn be longer than a
sin Ic chip duration and shorter than Ihc maximum rlclay
spread cxpcctcd for thc system. For 5 MHz bandwidth
celhilar systems, the chip durauon is on the order of 0.2,ns.
A typical lime delay value for a macro network could be
selected lo be in the neighborhood of I —5 /as.

lliose skilled in the art will appreciate that the receive and
transmit diversity techniques just rlescribed can be advan-
tageously used togcthcr, as illustrated in FIG. 19. Transmit
and rcceivc diversity signals pass through RF power anti
distnbution module 1940 aml are separately processed by
RF/Digital TRX units 1920 and 1930. Delay 1910 proviiles
both uplink and downlink delays to one of the signals. The
combined.signal is communicated tn and frnm the NAN via
I ligh-speed serial link 1900.

33

LAN Implementauon of High Speed Senal Links
An alternative implementauon the high speed serial links

at thc remote site uses a local area network (LAN) to handle
transmission and rcccption of all data among remote site
components. The I.AN design enables construction of the
local network from standardized components anil allnws for
a very cost-eileclive system. A computer could be used as
the basic platform I or lhe digital network interface unit with
its processor acting as thc rcmotc site CPU controller. Rather

le
than usin hi h-speed serial links to pass rlata bctwcen Ihc
digital network interface unit and the remote radio units, a
netwnrk connectinn running a standard protocol could be
userl. For example, a high-speed Ethernet or other LAN
technology might be used to build a LAN using the host
computer and a number of rcmotc rarho units.

Wtth Ibis type of architecture, even existing cabling coulii
potentially be used at the NAN site. For instance, a remote
site may be deployed on the roof of a tall offic builrling
Potentially, existing I.AN cabling m the building could be
used tn send digitized cellular traffi between the roof
location (where the remote radio unitsrantcnnas exists) and
thc location of thc host computn

What is claimed is.
1 A method of. wireless communication ntmpristn '.
a) at a base station hotel comprising a plurality of base

slauons, generating al each of the base stations a

plurality ofdownlink analog earner signals, where each
downlink analog carrier signal comprises nne or more
dnwnlink information signals modulated onto the
downlink analog carrier signal;

io
Ii) at the liase station hotel, individually digitizing each of

the plurality of downlink analog carrier signals to
produce a corresponrling plurality of downlink digital
carrier signals, formattin thc rlownlink digital carrier
signafs accordin to a digital network protocol, and
communicaung the formaueil downhnk digital carrier
signals lo a remote site via a digital network;

c) at a networl access node at lhe remote site, recovering
the downlinl digital earner signals Irom the formaued
downlink digital carrier signals and communicating the
recovered doivnlink digital carrier signals via a Incal
digital link to antenna units at the remote site;

d) at each nf the antenna units, converting at least one of
the downlink digital carrier signals to a downlink
analog intermediate carrier signal, frequency
up-converting and amplifying thc downlink analo
intermediate carrier signal to produce a downlink RF
earner signal anil transmitung the downlink RF carrier
signal from an antenna lo al least one subscriber uniu

2 The method of. claim 1 iurther compnsing.
a) al each oi. ihe anlenna units, receiving a plurality of

uplinl RF carrier signals at an antenna, frequency
down-converting the uplink Rl'arrier signals to pro-
duce uplink analog intermediate carrier signals, indi-
vidually digitizing the uplink analog intermerliate car-
rier signals to produce a corresponding plurality of
uplink digital carrier signals, and communicatin thc
uplinl digital earner signals to the network access node
al lhe remote sile via Ihe local digital link,

re b) at thc network access node, receiving thc uplink digital
earner signals from lhe antenna units, formatting the
uplinl digital earner signals according to the digital
netvvnrk protocol, and transmitting the formatted uplink
digital carrier signals over the digital netwnrk to the

as base station hotch
c) at the hase station hotel, receiving formatted uplink

digital carrier signals from the remote sites, recovering
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uplink digital earner signals from the formaued uphnk
digital carrier signals, converting the recovered uplink
digital earner signals to produce uplink analog carrier
signals, and providing the uplink analog carrier signals
to base stations in the base station hotel.

3. Thc method of claim 2 further comprising, at each of
the antenna units, ume-delaying a diversity uplmk digual
earner signal anil adding it to the uplink di otal carrier
signal

4 The method of claim 2 further comprising (I) mea- ic

suring at one of the antenna units a set of power levels
corresponding to thc plurality of uplink RF carrier signals,
(2) transmitting thc sct of power levels over an auxiliary
channel from the remote site to Lhe base stauon hotel, anil (3)
using the set of power levels at the base station hotel to
individually set power levels of the uplink analog carrier
signals provided to the hase stations

5 The method of claim 2 further comprising digitally
intcrlcaving the uplink digital carrier signals at Lhc antenna
units. ZO

6. The method of claim 1 funher composing, at each of
the antenna units, transmiuing a ume-delayed downlink RF
carrier signal from a diversity antenna.

7 The method of claim I further comprising (I) mea-
suring at the base station a set nf power levels corresponding
to thc plurality of downlink analog carrier signals, (2)
transmitting the set of power lcvcls over an auxiliary chan-
nel from the base stauon hotel Lo the remote site, anil (3)
using the set of power levels at the remote site to mdtvtdu-
ally set transmit poiver levels when transmitting the cnrre- ic

sponding downlink RI carrier signals from the antenna
units

8. The method of claim 1 wherein thc plurality of down-
link analog carrier signals comprises multiple downlink
analog earner signals corresponding to multiple sectors at a 35

remote site, and wherein the recovered downlmk digual
earner signals are communicated Lo muluple antenna units
correspondmg to the multiple sectors

9 The method of claim I further comprising digitally
intcrlcaving thc rlownlink di ital carrier si nels at thc hase Lc

station.
lb. The method of claim 1 iurther comprising dropping a

diversity channel if a network linl becomes unreliable ami
increasing error protecuon on a pnmary channel.

11 The method of claim 1 wherein the local digital link
comprises a local area network (I AN)

12. A wirelcss communication system comprising:

a) a digital network, wherein the network transmits a

plurality of downlink digital carrier signals from a base
station hotel to a set of remnte sites and transmits a

plurality of uplink digital earner signals from the
remote sites to the base station hotel,

b) the base station hotel including.
i) a plurality of base stations; and
ii) a digital hub composing.

I) a plurahty of hub RFidigital Lransceivers con-
nected to thc base stations, whcrcin each of Lhc

pluraiity of downlink rligital carrier signals is
individually provided by a r nrresponding one of
the plurality of hub Rl",digital transceivers respoli-
sive to an input obtained from a single-carrier
downlink signal, aml

2) a digital intcrfacc connecting thc hub to thc digital
network; and

c) the set of remote sites, each site inclurhng.
i) a local di ital link;
ii) a network access node connecting thc local digital

link tn the digital network; anil
iii) a set of antenna units connected tn the network

access node by Lhe local digital link, each antenna
unit compnsing.
I) an antenna,
2) a plurality of antenna unit Rl'/digital transceivers,

wherein each of the plurality of uplink digital
carrier si nals is inrlividually provided liy a cor-
responding onc of the plurality of antenna unit
RF/rligital Lransceivers responsive to an input
obtainerl from a single-carrier uplink signal.

13. The system of. clrum 12 wherein Lhe local digital link
comprises a local area network

14. 'I'he system of claim 12 wherein the local digital link
comprises a dedicated filter optic communication link.

15. The system of claim 12 wherein thc local rhgital link
comprises a coniposite tiber optic cable providing power to
the antenna uniLs from a centrahxerl common power supply.

16. The system of claim 12 wherein the separation
between the netivork access node and at least one of the
antenna uniis is I m ui 100 In.

17. Thc system of claim 12 wherein thc separation
bctwccn the base station hotel and at least one of thc rcmotc
sites is I km to 10 kni.

18. The system of chiim 12 wherein at least one antenna
umt at the remote site comprises a Lime delay for generating
a transmit diversity doivnlink signal from a regular dnwnlink
signal

19. The system of claim 12 ivhcrcin at least one antenna
umt at thc remote site coniprises a time delay for gcncrating
a dclaycd receive diversity uplink signal from a rcccivc
diversity signal.




