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7.2 A CDMA Air-interface for Mobile Access
M. A. Beach, University of Bristol, U.K

7.2.1 Project Rationale

A threeyear projectfundedthroughthe U.K. DTI/EPSRCLINK Personal
CommunicationdProgramme(PC019)was establishedn 1992 in orderto
carry out a rigorousevaluationof CDMA for third generatiormobile radio
systems,culminating with a field trial demonstratiorof the selectedDS-
CDMA architecture Membersof the consortiumincluded AT&T NS UK
Ltd, HewlettPackard_aboratoriegBristol) andthe Universitiesof Bradford
and Bristol, with approximately25 man years of funded effort spread
throughout the partners. The key objectives of the project were as follows:

e Study of UMTS requirements - teleservices and bearers.

« Comparativestudy of frequencyhopping(FH) anddirect sequence
(DS) CDMA for UMTS service provision.

* Design and development of a DS-CDMA field trial system.

« Demonstratiorof a working DS-CDMA radio link, with a subsetof
the proposed UMTS services.

7.2.2 Service Requirements for UMTS

The Universal Mobile TelecommunicationSystem(UMTS) was takenas
the target EuropeanPersonalCommunicationSystemfor this project. The
diverserangeof teleservicesand environmentsenvisagedor UMTS were
studiedby the consortium,and numberof key teleserviceattributeswere
identified. In particular, bit throughput, error rate, connectionduration,
delay,andoccupancywasevaluated14, 15] for a wide rangeof teleservices
encompassingoth low and high bit rate voice and audio, as well as, data
transfer,graphicsand video services,in orderto ascertainthe radio bearer
requirementsTo satisfytheserequirementsthe bearerclassificationsvithin
the IBC Common Functional Specification D730 was adopted by the
consortium.Here thereare essentiallytwo typesof bearerservice- circuit
mode and packetmode. The former providesa predeterminecamount of
transmissioncapacity on an exclusive basisfor the duration of the call.
Packetmode providesa variable bit throughputby the use of packetsand
connections by routing. This activitiusprovidedthe baselinespecification
for the project, as well as highlighting the needfor a completelynew air
interface specification in order to fully support the UMTS Vidqib@].

7.2.3 Assessment of DS and FH CDMA for UMTS

In orderto assesshe most appropriatespreadingtechniquefor a CDMA
basedUMTS implementationthe capacity,hardwarecomplexity, network



Potential Radio Interface Subsystems 375

managemenissuesand overall quality of service(QoS)aspectf both DS
and FH CDMA were appraisedThe architectureof the LINK CDMA test
bed was then based on the outcome of these studies.

7.2.3.1 Traffic Capacity

The results reported in literature indicate that both DS and FH can

potentially support high traffic loads for voice only communications,
althoughthe figures given differ widely. The resultsof both DS and FH

capacity simulation carried out as pafthis study[17,18]indicatedthatthe

traffic capacitythat could be supportedby slow FH was equivalentto, or

betterthan, a DS system.This resultis summarisedn graphicalform in

figure 3.1 where it can be seenthat the FH schemecould offer 24

users/MHz/cell compared to 21 users/MHz/cell vibi®. However,giventhe

error bounds of this type of approach,the result does not indicate a

significant advantage either way.

The sensitivity of thesecapacityfiguresto variationsin systemparameters
wasthe focusof muchof the simulationwork. The resultsindicatedthatDS
is extremely sensitive to, for example, variations in the propagation
environmentand power control errors. This is clearly a difficult issuefor
any future DS-CDMA systemandshouldbe given carefulconsideratiorif a
DS solution is selected for UMTS.

Title: VT93 F1. EPS
Creator: Freelance Plu
CreationDate: 3/12/199

Figure 7.2.1: Performance Comparison of DS and FH CDMA
* Total number of base-stations: 37
 Path loss exponent: 4
* Log-normal shadowing std. dev.:8dB
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« Power control: Shadowing & path loss.
« Power control error (std. dev.): 0 dB

« Handover margin: O dB

« Voice activity factor: 0.5

* Cell sectorisation: None

« Antenna diversity: Dual
 Spreading/hopping bandwidth: 1 MHz
7.2.3.2 Hardware

The choiceof CDMA scheme specifically direct sequenceor fast or slow
frequencyhopping,will influenceheavily the designandimplementatiorof
both mobile station and base station transceiverhardware. The power
consumptionsize and cost constraintsof presentstate-of-the-arintegrated
circuit (IC) technologyweretakenasthe startingpointsfrom which to base
predictionsfor the potential UMTS hardward17]. Thesecan be briefly
summarised as follows:

DS-CDMA
« DS chip sets are readily available providing a very flexible solution.

« The need for a Rake receiver increases complexity significantly.
« Power consumption and cost increase significantly with bandwidth.
FH-CDMA

e Limitations of RF synthesisettechnologyrestrict FH to lessthan
1khop/sec, i.e. slow frequency hopping.

e A digital solution is possible (exploiting commonality with DS)
enabling the hop rate to increase.

Giventhatthe systemperformance®f DS andFH arefoundto be basically
equivalent,or at least complementaryfor certain scenariosthen it was
expectediltimately thatthe hardwareconsideration®f cost,sizeandpower
consumption will be evenly matched for both DS and FH.

7.2.3.3 Network Infrastructure Management

CDMA potentially offers completefrequencyreusewithin eachsectoror
cell, thereby considerablyeasingthe task of network planners,but the
network topology may impose other restrictions. These problems were
consideredn the contextof a mixed cell environmentwith both handover
andsignalling overheadsThe following conclusionswere drawn from this
activity:
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e Theneedto supporta comprehensiveetof UMTS teleservicewill
requirea large bandwidthto be allocatedto eachoperatorwithin a
given geographic area.

A mixed cell architecturewill require CDMA to operate with
different frequency bands unless alternative near-far resistant
techniques are considered.

* Multiple operatorsand the needfor a contiguousbandwidthcould
limit the maximum allocation for DS-CDMA to as little as 5MHz.

e Initial studiesshowthatthe signallingoverheador the seamlessor
soft handover,offered with Qualcomm'sDS-CDMA systemis no
greaterthanwith the hard handovemprocedureof GSM. However,
the networktraffic would be increasedn proportionto the number
of base-stations involved.

e The tight power control requirementsor DS-CDMA increasethe
signalling overhead.

7.2.3.4 Quality of Service

The definition of ‘Quality of Service’ (QoS) adoptedfollowed established
CCITT practicesalthoughthis was extendedo include suchparametersas

spectralefficiency. The project output[19] was a set of QoS parameters,
togetherwith targetvalues.Theserangedfrom specifyinga maximumBER

of 10-3 for speechto a handoversuccesgate of greaterthan 99.95%. Of

particularinterestwas how theseparametergould be tradedoff with each
other,e.g.spectrakfficiency or systemcapacityversusSNR. The extentand

easeof this processwas itself consideredan important quality aspectof

system implementation.

7.2.3.5 Selection of Spreading Techniqgue for LINK CDMA Demonstrator

Although manyof the issuesassociatedvith the selectionof eithera DS or
FH air interface for UMTS remain unansweredthe results summarised
aboveindicatedthat there would appearto be nothing to choosebetween
the two techniquesin terms of available traffic capacity and hardware
implementation.Thus, on balanceit was decidedthat DS would offer the
better, lower risk solution at this point in time. This argumentwas based
upon the amountof backgroundwork already carried out with DS, i.e.
Qualcommand CoDiT, and the level of supportfor this techniquefrom
hardwaremanufacturerd,e. chip-setsaimedspecificallyat DS applications.
This is not to say that there is no future with FH CD}24].
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7.2.4 Test Bed Specification & Design Issues

Key parameters defining the channel structure and air interface
specificationsof the 8.2Mchip/sof the LINK CDMA testbed are givenin
figure 7.2.2 and table 7.2.1 respectively.

N/

- Common System Channels:
- Pilot Channel (PIC) - no data
- Sync Channel (SYC) -1kbps
11kbpslkbps
Dedicated User Channels:
- Power Control Channel (PCC) - 4kbps
- Forward Control Channel (FCC) - 64kbps
- Forward Traffic Channel (FTC) - 64kbps

Common System Channels:
- Random Access Channel (RAC) - 64kbps

Dedicated User Channels: ~

L o\

- Reverse Control Channel (RCC) - 64kbps —_— B
- Reverse Traffic Channel (RTC) - 64kbps - E °F _e)
Figure 7.2.2 LINK CDMA Channel Structure

Original plansincludedthe productionof two basestation (BS) and two
mobile station(MS) units connectedogetherthroughthe fixed networkvia
a Mobility Manager(MM). However,in orderto obtainmeaningfultestbed
results within the time period and with the resource limitations, the
configurationwas restrictedto a single basestationand mobile stationas
shownin figure 7.2.3.Although muchof the softwarewaswritten andtested
to supportan ISDN interface,there was insufficient time to completethe
systemintegration,andhencethe fixed terminalinterfacewasreducedo an
analoguetelephoneor 64 kbps data interface. Since the aim of this
assessmenwas principally to evaluatethe radio link performancethe loss
of the ISDN call set-up facility in no way devalues the results obtained.
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Downlink

Uplink

Channel Structure:

System

User

All defined as separate physical
code assignment.

channels with a uniqus

PIC - Pilot PN sequence with ng
data.

SYC - 1kbps continuous data

RAC - Random
access channel for
call set-up. Non-
continuous with a

channel carrying essential systemburst transmission

information, e.g. system timing
reference.

rate of 64kbps.

PCC - Variable rateg4kbps) to
control MS Tx power during a
call.

FCC - Carries all signalling and
control messages to MS includin
paging. Non-continuous at
64kbps.

FTC - Supports continuous user|

RCC - Carries all
signalling and contro
messages to BS.
Non-continuous at
g64kbps.
RTC - Supports
continuous user
traffic with Bearer A

traffic with Bearer A or B.

or B.

PN Code Assignment:

System

User

All codes synchronised to timing

reference at MM.

Augmented m-sequence with ea
BS assigned a fixed phase offse

Length = 27 chips (16msec

cis for user channels
. below.

period).

Long m-sequence with each user assigned a unique pH

offset based on user ID. Each channel is then given a

further fixed offset.

Length = 29-1 chips (65.5 sec period).

Error Control Coding

__rate, constraint length 7 convolutional code (industry
standard) on all channels except PIC and PCC.

Block Interleaving

12msec frame for Bearer A (speech) and 36msec framg

for Bearer B (data).

Modulation &
Spreading

QPSK with a preferred pair of PN
sequences.

N BPSK with
RAC/RCC in phase
quadrature with the
RTC.

PN

ase
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Pulse Shaping 33 Tap digital FIR filter (3dB signal BW 8MHz)
Chipping Rate 8.192MHz
RF Carrier Frequency 1823MHz 1727 .5MHz

Table 7.2.1: Air interface parameters.

BASE STATION MOBILE STATION
HP i I HP
BS Controller ! i MS Controller
H 1
AT $ BS i BS ! BS
Modulator. | | Downlink_ty Demod
A ! RF RxR 1 Terminal
Interface ! : Interface |
Adaptor ~ BD i BD | BD Adaptor
Demod. L Uplink Uplink i _Modulator.
<€ T &— F
1 RERXR RETXR !
H 1
V' 19" External 19" External
VME Shelf | rack otV VME Shelf

2.048 Mbit/s G.703 Link (J\J

MOBILITY MANAGER

AT AT AT Unit responsibilities
AT = AT&T
A Digital Basic (oZxe) BD = University of Bradford
ety s o T A BS = Universiy of Bristol
’ : HP = Hewlett Packard Labs
VIME Shelf

Figure 7.2.3 Partitioning of LINK CDMA Test Bed
7.2.4.1 Downlink Design

Herethe BS digital modulatorgproducethe encodedinterleaved spreadand
filtered signalswhich are combinedin analogueform at basebandefore
being upconvertedin quadraturedirectly to RF and transmitted. The

receivedsignalat the MS is mixeddownto afirst IF at 70MHz whereAGC

is carried out, prior to the final downconversionprocessto quadrature
basebandndsubsequenanalogue-to-digitatonversionThereafterfollows

the processof extracting the user data from the spreadsignal, the key

modules of which are illustrated in figure 4.3.
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Crucial to this whole processis the acquisitionand tracking of the Pilot

signal.This synchronisationaskis on a numberof levelsandcanbe broken
down as follows:

1. Acquire the Pilot PN code from the strongestBS signal (coarse
acquisition).

2. Acquireandtrack carrierandprovidenecessarFC for the 70MHz
local oscillator.

3. Recover and track clocks, synchronising with the downlink data.

4. Generateestimatef the channelcoefficients(amplitude,phaseand
time) for coherent Rake reception.

5. DemodulateSYC to extractsystemtiming and align long PN code
generators as well as establish frame synchronisation.

Title: DEMODL. EPS
Creator: Freel ance Pl u
CreationDate: 6/13/199

Figure 7.2.4 MS demodulator.

Central to this is the Pilot Matched Filter (PMF) which generatesthe
compleximpulseresponsdrom the receivedPilot signal. This employsan
FIR filter structurewith thelocally generatedPilot PN sequencéorming the
filter coefficients.Thefilter is 128 spreadingchipslong giving animpulse
responsef 15.6mseavhich is sufficientto enableall significantmultipath
activity to be detectedand utilised. This is carriedout by the PeakSearch
andSort processvhich extractsthe strongesmultipathcomponentgup to a
maximumof four) and passeghe channelcoefficientdatato an embedded
DSP which programsthe Rake receivers.Each of the Rake receivers
comprisesup to four paths,or tines, eachconsistingof a programmable
delay block, serial despreadeand complexcoefficient multiply. The time-
alignedoutputsarethencombinedin a maximalratio sensebeforethe final
demodulationprocessextractsthe data. During handover,a secondPilot
MatchedFilter detectsand tracks anotherBS. The DSP simply treatsthe
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outputsas additionalmultipathwhich are combinedin the Rakereceiverin
the same manner.

In order to maximise the resolution of the multipath signals, the PMF
outputsareaveragedver a numberof integrationcycles.The choicefor the
numberof cyclesis a compromisebetweenproviding sufficient dynamic
rangein the filter to detectthe signalsand beingfast enoughto follow the
rapidly changing phase.To allow further investigation, the integration
period can be varied betweenl, 0.5 and 0.25msec,providing coefficient
update rates of 1, 2 and 4kHz respectively.

7.2.4.2 Uplink Design

The uplink air interfaceandreceiverdesignarevery similar to thosefor the
downlink. The principal differencesrethatno pilot channels availableand
that BPSK ratherthan QPSK modulationis used.In addition, the uplink
requiresaccuratgpowercontrolin orderto takeinto accountthe distanceof
the MS transmitter from the BS.

Theuplink receiveris a coherentakestructurewith four tines,asillustrated
in figure 4.4. The signalreceivedat the basestationis down-convertedrom
1727.5MHz to basebandia a 70 MHz IF. It is thenconvertedo digital asa
complex basebandsignal, sampledat 24.576 MHz. As in the downlink
receiver,a parallelestimateof the channelimpulseresponses formedfrom
the averagedoutputs of a filter matchedto the incoming PN sequence.
Becausano pilot sequencés transmittedthe filter mustobtainits tapsfrom
the traffic channelPN sequenceA decision feedbackloop is therefore
required,to removethe effect of the traffic channeldata. The matchedfilter
usedis half the length of that usedin the downlink, providing a 7.8
microsecond window on the channel impulse response.
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Title: bs_dempic.dvi _
Creator: dvipsk 5.58f Copyright 1986, 19
Creati onDat e:

Figure 7.2.5 Coherent Rake Receiver for Uplink

Sincethereis no pilot channelon the uplink, thereis a 180 degreeambiguity
in the phaseof therecoveredthannelestimate This mustbe resolvedbefore
de-interleavingand decodingin order that the symbolsfrom different base
stationsmay be combinedduringhandoverThe phaseambiguityis resolved
through the transmissionof regular polarity symbols, using the (code
separatedjeversecontrol channel.The overheadrequiredto transmitthese
symboilsis small (<0.2 dB performancealegradation)In addition,no carrier
frequencyrecoveryis donein the basestationreceiver.Insteadthe system
relies upon a frequencyextractionand re-transmissiorioop in the mobile
station.Becauseof this, the frequencyoffset at the basestationreceiveris
guaranteedo be no greaterthan twice the Doppler frequency plus the
inherent frequency tolerance of the oscillator (<1ppm). This greatly
simplifies the design of the coherent uplink.

The basestationreceiverusesa reducedsearchalgorithmfor acquisitionof
the mobile. This is possiblebecausehe phaseof the PN sequencen the
mobile is setusing systemtiming information recoveredrom the downlink
SYC channel.This phaseand that of the PN sequencén the basestation
shouldthereforebe the same,to within the round-trip delay over the radio
link. Oncethe PN sequencéhasbeenacquired,carrier phaseis trackedby
meansof the matchedfilter channelestimate,as describedabovefor the
downlink. Thereis also a simple loop which tracks any clock offset by



Potential Radio Interface Subsystems 384

adjustingthe receiverPN sequencdiming so that the largestpeak of the
channel estimate is forced to a fixed position in the channel estimate vector.

In orderthat systemcapacityis maximised the transmissiongrom a mobile

station are power controlled by a fast accurate closed loodo®peseshe

downlink PCC channelto senda streamof power control commandsEach

commands a singlebit, indicatingthatthe mobile shouldeither"turn up" or

"turn down" its power. The bit rate may be setto one of a rangeof values,
the greatestbeing 4 kbps. These bits are generatedin the base station

receiver,by comparingan estimateof the post-despreadingignal-to-noise
ratio with a presetthreshold.The power control stepin the mobile may be

setto eitherl or 2 dB. The mobile stationhasan 80 dB rangein its output

power.

7.2.4.3 Mobility Manager Design

The mobility manageiprovidesthe interface(control and user)betweerthe
fixed ISDN terminal equipment and the base station(s2 Xid8Mb/s G.704
links. In particular,the MM convertsthe speech/datdo a format that is
acceptabldo interfacewith the radios,i.e. convolutionalencoding/Viterbi
decodingfor all control/traffic channelsandthe interleaving/de-interleaving
function. In addition, it can supportthe diversity handoverfunction asthe
mobile station passes from one base station operational region to another.

7.2.5 Validation and Test Bed Performance
Testing was broken down into four phases:

* Phasel - Basicerrorratemeasurementgerformedon thebench
with the multipath simulator. These were carried out at the
unencoded rate of 128kbps.

 Phase2 - As with Phasel but at 64kbps with coding and
interleaving.

« Phase 3 - Radiating tests in the laboratory.

* Phase4 - Repeatof Phase3 test but fully mobile in various
outdoor environments.
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Figure 7.2.6 Uplink BER measurements with the channel simulator.

At the time of writing, only Phasel and 2 have beencompletedto any
extent,with radiatingtestslimited to the laboratoryenvironmen{21]. One
of the manybasicsetsof BER measurements givenin figure 7.2.6for the
uplink using a multipath channelsimulator developedby the consortium.
This providesup to 9 parallel paths,eachhavingits attenuationcontrolled
eithermanuallyor via a PC. Instantaneoubandwidthin excesof 10MHz s
providedtogetherwith delaysin the range5nsto 1000ns;Dopplercanalso
be added to one of the paths.

The different curves shown in figure 7.2.6 representfour simulated
channels Note that no power control is employedand that the averaging
processin the channelestimatoris over 32 channelfilter outputs. This

correspondgo a period of 0.25msear an updaterate of 4kHz. The static
channelemployedincreasingnumbersof fixed, equalamplitudepathswith

offsets from the undelayedpath (single path) of 250nsecand 500nsec
respectively This ensureghat no pathsarewithin a singlechip period.The
singlepathoffers anadditivewhite Gaussiamoise(AWGN) channel.Using

equalamplitudepathsin the multiple pathchannelgprovidesa "worst case”
scenario.The Doppler pathis a single path with a fixed amplitudeand a

150Hz offset.

The systemperformsbestwith the single static path channel,as expected.
Thereis animplementatioross(relativeto the theoreticalperformanceof a
perfect cohereneceiveron an AWGN channelalsoshownonthe graph)of
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betweenl and 2dB. This implementationloss is slightly worse for high
BERsthanfor low ones,beingaroundl1.5dB at a BER of 10-2, a possible
operating point for the coded system.

The BER over a statictwo path channelis only slightly worse than for a

single path channel.This provesthe rake receiverto be giving a multipath
gain. Without the rake a degradatiorof at least3dB would be inevitable.A

further and more severedegradationis apparentwhenthe channelmovesto

threestatic paths.The degradatioris about1dB. Whena 150Hz frequency
offset betweenmobile and basestationis included,the performancefor a
single pathis slightly worse.This is becausahe channelestimationloop is

too slow to trackthe changingcarrierphaseaccurately Thereis howeverno

cycle slipping and no irreducible BER.

7.2.6 Conclusions

The resultsobtainedto dateby the consortiumillustrate that a DS-CDMA

radiolink basedon a singlemobile, basestationand mobility manageifor a

sub-setof the UMTS teleservicesis viable. The system supports two

commonchannels(pilot and synchronisation)and three channelsper user
(power control, forward control and forward traffic) on the downlink. On

the uplink it supportsa commonrandomaccesschannelandtwo channels
peruser(reversecontrol andreversetraffic). All channelson the samelink

are code separatedvith a commonchipping rate of 8.192 Mchip/s. The

mobility managerarchitecturecan supportseveralbasestations,handling
ISDN control signals, converting betweenline and radio signal formats
including coding and interleaving, and supporting diversity handover.

A rangeof specialtest equipmentand assessmertbols was developedto
supportthe designof future generationCDMA systemsandemployedhere
to facilitate bit errorratetestingovera multipathsimulatorwith andwithout
coding and interleaving. This clearly demonstratingthe need for these
functions,andthe trade off betweenchannelestimatoraveragingtime and
Dopplertracking capability. Further,the diversity gain of the Rakereceiver
wasclearly demonstratedn addition,the robustnes®f the synchronisation
processandthe effectsof varying the power control loop updaterate were
also demonstrated

Many potentialfollow-on activitieshavebeenidentified, both for exploiting
the test-bedsa facility andbuilding on the spirit of collaborationwhich has
been built up among the partners.



