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ABSTRACT that can be accommodated on a given channel,
multiple access techniques can be separated into
Multiple access techniques which allow a two basic categories with distinct operating prin-
communication medium to be shared betweenciples: The first category, which can be referred
different users represent one of the most chalto as orthogonal-waveform multiple access
lenging topics in digital communications. In (OWMA), includes FDMA, TDMA, CDMA
terms of the number of users that can be accomwith orthogonal spreading sequences (called
modated on a given channel, there are two disorthogonal CDMA, or OCDMA), OFDMA, and
tinct classes of multiple access techniques. Theany other multiple access scheme which assigns
first class includes the well-known FDMA, orthogonal signal waveforms. On a channel
TDMA, and OCDMA. On a channel whose whose bandwidth i8l times the bandwidth of
bandwidth isN times the bandwidth of the indi- the individual user signals, these techniques can
vidual user signals, these techniques can accomaccommodatéN users without any mutual inter-
modateN users without any mutual interference, ference, butN appears as a hard limit which
but not a single additional user can be supporteccannot be exceeded without reducing user bit
beyond this limiting number. The second classrates. The other category includes CDMA with
includes CDMA with pseudo-noise spreading pseudonoise (PN) spreading sequences (PN-
sequences (which we refer to as PN-CDMA) andCDMA) and multiple access techniques based
some other related schemes. PN-CDMA doeson frequency hopping. Here, we will ignore fre-
not have a hard limit on the number of usersquency hopping and focus on PN-CDMA. In this
that can be accommodated, but is subject totechnique, different user signals interfere with
multi-user interference which grows linearly with each other, and the amount of interference
the number of users. In this article, after review- grows linearly with the number of simultaneous
ing the capacity limits of existing multiple access users. Consequently, the capacity of PN-CDMA
techniques, we describe some newly introducedis not a fixed number; it depends on the receiver
concepts which allow us to accommodaie used on one hand, and on the tolerable perfor-
users without any interference while also accom-mance degradation on the other.
modating additional users at the expense of In this article, we begin with a brief review of

some SNR penalty. different multiple access techniques and analyze
their capacity. Throughout the articld,will
INTRODUCTION designate the ratio of the total bandwidth of the

multiple access channel to the bandwidth of the

Multiple access techniques represent one of thendividual user signals, and we will assume an
most essential functions of access networks,ideal additive white Gaussian noise (AWGN)
whether based on coaxial cable, fiber, radio, orchannel. Then, after observing that:
satellite. The three basic multiple access tech- OWMA techniques are not subject to any
niques are frequency-division multiple access interference up tdN users but have a hard
(FDMA), time-division multiple access (TDMA), capacity limit at that point
and code-division multiple access (CDMA) [1]. * PN-CDMA has a soft capacity that depends
The oldest of these, FDMA, has been in use on the desired performance but is subject
since the early days of telecommunications. to interference as soon as there are two
Today, there is also a modern version of this active users
technique called orthogonal FDMA (OFDMA), we describe two newly introduced concepts [3, 4]
principally introduced for cable networks which which allow to significantly increase the number
suffer from narrowband interference [2]. A basic of usersK beyondN while guaranteeing interfer-
question in any access network is the number ofence-free transmission fé¢ < N. The first con-
users that can be accommodated per cell, and isists of augmenting OCDMA with PN sequences
addition to other physical-layer functions this when theN orthogonal sequences are all
parameter is closely related to the multiple assigned. The excess users which use PN spread-
access technique used. ing sequences are subject to mutual interference

From the standpoint of the number of usersin addition to interference from the set of
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ortnogonal sequences, wnie ortnogonailal system 10or iviopie communications (b oivi),

sequence users only get interference from PNwhich counts today more than 200 million sub-
sequence users. The second concept consists atribers worldwide, as well as the technical speci-
using two sets of orthogonal signal waveforms.fications of several international forums techniqueswhich
In this technique, there is no interference including the Digital Video Broadcasting (DVB)
between users with spreading sequences fronproject and the Digital AudioVisual Council
the same set, but of course there is interferencé DAVIC) for cable networks, microwave multi- communication
between users from different sets. In both tech-point distribution services (MMDS), and local .

niques, iterative multistage detection is used atmultipoint distribution services (LMDS) employ medium to be
the receiver to cancel multi-user interference.time-division multiplexing (TDM) on the for- shared between
Throughout the article, we focus on the single-ward channel and TDMA on the return (reverse)

cell case. This may represent a standalone treechannel [5, 6]. These are only a few well-known  different users
structured cable network, a satellite beam spotexamples. In what follows, we will not make any
or an isolated cell in a radio network. Interfer- distinction between multiplexing and multiple

Multiple access

allow a

represent one

ence analysis in cellular networks requires, ofaccessing. The first refers to the function per- of the most
course, taking into account the interference fromformed at the base station (or cable network .
users located in other cells. head-end) for the forward link, and the second challenging

The article is organized as follows. First, we refers to the function performed by user termi-  tgpjcs in digital
give a brief state-of-the-art review of existing nals to communicate with the base station. The o
multiple access techniques. Next, we give a pre-difference is that in multiplexing all signal com- communications.
liminary discussion on the sensitivity to narrow- ponents are available locally, whereas signal
band interference and the achievable cell capacitcomponents in multiple access originate from
in cellular COMA and TDMA. Then, we present separate geographical locations, and their timing
a CDMA scheme which uses a combination ofand amplitude differences need to be compen-
orthogonal and PN spreading sequences alongated. When this compensation is perfect, multi-
with an iterative multistage detection technique. ple access essentially coincides with multiplexing.

That secction then describes a general multiple TDMA consists of assigning time slots from
access concept that uses two sets of orthogonahe composite signal occupying the entire chan-
signal waveforms. Finally, we summarize our nel bandwidth. In what follows, we consider a
main results and give our conclusions. simple TDMA scheme which formats the com-
posite wideband signal into frames Mftime
slots and assigns theh time slot of each frame

A BRIEF REVIEW OF to thekth user. The composite bit rate in this

M ULTIPLE ACCESS TECHNIQUES system is evenly shared between theisers.
Neglecting the overhead needed for framing, the
FDMA multiplexed signal bandwidth i times the

FDMA is the most classic multiple access tech-bandwidth of the individual user signals in the
nique, widely used today in satellite, cable, andsingle-user case. This example shows that, as can
radio networks to multiplex analog or digital sig- ideal FDMA, TDMA can supporN users on a
nals. It consists of assigning a separate carriechannel whose bandwidth Kstimes the band-
frequency to each user. The available bandwidthwidth of the individual user signals.

is split into a set oN channels, each assigned to

one active user. Frequency spacing of the indi- CDMA

vidual channels is such that there is no overlapCDMA is a multiple access technique that
between adjacent spectra. Furthermore, a suffiderived from direct sequence spread spectrum
cient guard band is left between two adjacent(DS-SS) systems originally developed for mili-
spectra in order to cope with frequency uncer-tary communication systems [7]. DS-SS systems
tainty of the oscillators used and to minimize have two interesting properties which make
interference from adjacent signals after the them extremely attractive for those applications.
receive filter. Neglecting the guard bands, a fre-The first is that after spreading, the useful signal
quency multiplex oN modulated carriers with becomes virtually buried in the background
an individual bandwidth o¥ Hz occupiesNW noise in both the time and frequency domains.
Hz. The basic problem of classic FDMA is that This leads to discreteness and low intercept
N modulators and demodulators need to beprobability. The second is the robustness of the
implemented at the base statioiusers are to  transmitted signal to intentional or unintentional
be accommodated simultaneously. This leads tgamming. The despreading operation at the
excessive complexity and cost in a broadbandreceiver improves the signal-to-interference ratio
access system where the base station must harfSIR) by a factor of 10lod{), whereN denotes
dle hundreds or thousands of users. On the posithe spreading factor. It is, of course, essential in
tive side, one advantage of FDMA is that since this application to use long PN sequences which
each user occupies ({)th of the total band- are difficult to detect, because the whole process
width, channel equalization is either not neededbecomes useless if an unauthorized user is able
or simpler than in other multiple access tech-to replicate the spreading sequence.

niques in which user signals are spread over the PN-CDMA makes use of the second property

entire channel bandwidth. of DS-SS systems to share a communication
channel among different users. (Note that the
TDMA first property is in principle irrelevant to multi-

TDMA is a very popular multiple access tech- ple access, because discreteness is not an issue.)
nique used in numerous international standard€ach user is given a PN sequence for spreading
and proprietary systems. For example, the Glob-the transmitted signal and despreading it at the
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With channel
coding and
interleaving,
OFDM is an

attractive
transmission
technique on
dispersive
channels,
particularly if the
channel impulse
response is long
and/or the
transfer function
has deep

notches.

receiver. Al USErs transmit In tne same pana,latea carriers are st ortnogonal tnanks to wne
and other user signals are regarded as co-channehlrrier spacing of I7 and the symbol timing
interference [1]. If the useful signal power is nor- control which ensures that different user signals
malized by 1 and the spreading factoNisthe  arrive at the cable network head-end in phase.
interference power from each other user ¥ 1/ Although the transmitted user signals are single-
after despreading at the receiver. The total inter-carrier in the basic OFDMA scheme, their sum
ference power is proportional to the number of which is received by the cable network head-end
interfering users, and the cell capacity dependss an OFDM signal. Therefore, a single receiver
on the performance degradation that can be tol{an OFDM receiver) is all that is needed to
erated. If we assume that there &ractive users detect theN user signals as opposed M
(asin a fully loaded TDMA cell), the interfer- demodulators in classic FDMA. From the capac-
ence power isN — 1)/N = 1, which is clearly ity standpoint, there is no difference between
prohibitive for a single-user detector. With such athis multiple access technique and FDMA,
detector, the cell capacity in PN-CDMA is only TDMA, and OCDMA, because to accommodate
N/4 if the interference level is to be kept 6 dB N users requiredl times the bandwidth of the
below the signal level. Of course, capacity can beindividual user signals.
increased by multi-user detectors [8] which can-
cel interference from other users, but it is soll
be demonstrated that PN-CDMA can reach a SOME PRELIMINARIES
capacity ofN users per cell with practically realiz- Before proceeding further, it is instructive to
able detectors and acceptable performance. briefly discuss two interesting issues. The first
OCDMA is similar to PN-CDMA except that concerns the sensitivity of multiple access tech-
it employs a set of orthogonal sequences, such asiques to narrowband interference, on which
Walsh-Hadamard (WH) sequences [9], for spec-quite erroneous ideas are widespread within the
tral spreading. The WH sequence length is equakngineering community. The second is the achiev-
to the spreading factdy, which in turn is equal able cell capacity in cellular systems, about which
to the number of chips per transmitted symbol.there has been a long-standing controversy.
That is, unlike PN-CDMA, in which the spread-
ing sequences look random, spreading sequencesSENSITIVITY TO NARROWBAND INTERFERENCE
in OCDMA are fully deterministic and repeat As mentioned earlier, narrowband interference
from one symbol to the next. Provided the userwas the basic reason for one of the present
signals are well synchronized in terms of symbolauthors to propose OFDMA for the reverse
timing, orthogonality of the spreading sequenceschannel in cable networks. Beyond any doubt,
guarantees that there is no mutual interferencdFDMA and OFDMA are the most suitable mul-
between users. But the maximum number oftiple access techniques to operate on a channel
orthogonal sequences of lengthbeing exactly  with static narrowband interference. Since the
N, this is also the maximum number of userschannel is split intd\ separate bands, the few
that can be accommodated (assuming again thalbands that are corrupted by interference can
all users require a fixed bit rate equal to thepchi easily be discarded in the resource allocation
rate divided byN). This implies that in terms of process. If the interference affedtscarriers of
the number of users which can be accommodatthe N carriers available, there are still-L car
ed on a given channel, OCDMA is equivalent to riers usable, an8l — L users can be supported
TDMA and FDMA. without any performance degradation. This is
true in the strict sense in FDMA with nonover-
OFDMA lapping carrier spectra and is also a good picture
This multiple access technique, described in [2],0f OFDMA although more thaM carriers will
was proposed for cable networks which suffer be unusable in the latter case.
from narrowband interference. It directly derives In contrast to FDMA and OFDMA, the
from the multicarrier transmission technique impact of narrowband interference is the same
called orthogonal frequency-division multiplex- for all users in TDMA and CDMA with PN
ing (OFDM) which has become a standard for sequences. All users suffer from signal-to-noise
digital terrestrial audio and video broadcasting,ratio (SNR) degradation that grows with the
and is pursued today by several standardizatiorinterference power, and the channel becomes
groups as a serious candidate for wireless indooentirely unusable beyond some threshold value
communications. With channel coding and inter- of the interference power. An interesting ques-
leaving, OFDM is an attractive transmission tion concerns the relative sensitivity of TDMA
technique on dispersive channels, particularly ifand CDMA to narrowband interference. Since
the channel impulse response is long and/or theCDMA is based on DS-SS techniques, it is com-
transfer function has deep notches [10]. The twomonly perceived as more robust than TDMA.
basic problems of OFDM are the large peak-to-To the question of which of these two multiple
average power ratio of the transmitted signal,access techniques is more robust to narrowband
which requires costly transmit power amplifiers, interference, it is quite unlikely that someone
and its strong requirement for oscillators with would answer either that TDMA is more robust
very low phase noise. or that the two techniques are equivalent. One
In its simplest form, OFDMA consists of possible reason for this perception is that the
assigning a single carrier to each user. The carriCDMA vs. TDMA issue is erroneously assimi-
er spacing is T, whereT designates the symbol lated into DS-SS vs. narrowband transmission.
period. The transmitted signal is an unfiltered Yet, using continuous-wave (CW) interference,
single-carrier signal, and the si)(x-shaped it is clearly demonstrated in [11] that for a given
spectra of adjacent carriers overlap, but modu-interference power, the SIR at the threshold

76

IEEE Communications Magazine ¢« January 2000

Authorized licensed use limited to: Stanford University. Downloaded on January 13, 2010 at 18:39 from IEEE Xplore. Restrictions apply.


https://www.researchgate.net/publication/227836177_Orthogonal_Frequency-Division_Multiple_Access_and_its_Application_to_CATV_Networks?el=1_x_8&enrichId=rgreq-096fff99-51d7-484e-8e3b-d9335670350f&enrichSource=Y292ZXJQYWdlOzMxOTYxODA7QVM6OTk2NTc3OTk3MDA0ODVAMTQwMDc3MTY4MDQ2NQ==

aetecior mput I1s raentical 1n 1pvpvA ana I ne uiimate souuon wil tnererore aepena
CDMA. It is also shown that in terms of the on the particular application, but analyzing cel-
resulting bit error rate (BER) degradation, lular TDMA and CDMA with the same maxi-
TDMA is in fact slightly superior to CDMA. mum capacity and bandwidth occupancy, the
These results may seem counterintuitive, butpresent authors found [12, 13]) that in a cellular
they are hardly surprising and are easily network with hexagonal cells, assuming that sig-
explained as follows. nal attenuation is proportional to the fourth
It is true that CDMA benefits from a factor power of the propagation distance, multiple
of N in the despreading process, but the sameaccess interference is approximately 10 dB high-
factor is also valid for TDMA since only (4jth er in CDMA than in TDMA when the cells are
of the interference energy affects a given userfully loaded. In turn, this means that CDMA
In other words, the performance of TDMA is must virtually use 10 times more bandwidth
determined by the ratio of the interference than TDMA to achieve the same interference
power to the power of the multiplexed signal level, which may seem surprising given the com-
with N users rather than to the power of the mon perception that CDMA has substantially
individual signals. Another way to see this is to higher capacity than TDMA. The cellular
recognize that TDMA is in fact a special form of TDMA considered in this study has a frequency
CDMA in which the (orthogonal) spreading reuse factor of 4 and a capacitydfusers/cell.
sequences are composed of a single 1 drdl The CDMA scheme was a two-layer CDMA in
zeros, the position of the nonzero element deterwhich the transmitted signal is first spread by a
mining a particular spreading sequence. Signaluser-specific lengthid WH sequence and then
detection can be viewed as windowing the multiplied by a cell-specific PN sequence with-
desired symbol position, rejecting the oth¢r out further spreading. The maximum number of
1 symbols of the frame along with the interfer- spreading sequences in CDMA wis so both
ence energy affecting them, and then stretchingcellular schemes had the same maximum cell
the windowed symbol to the frame length. This capacity and total bandwidth occupancy. Our
process obviously gains a factor Mfagainst the analysis of CDMA in a number of other situa-
interference power, as does the despreadingions led us to the conclusion that capacity is
operation in standard CDMA receivers. precisely the price paid in general for the ease
Once it becomes clear that TDMA and of network planning which is the chief virtue of
CDMA are equivalent in terms of SIR at the this multiple access technique.
threshold detector input, it is easily shown that
CDMA suffers a higher BER degradation. Since NEW M ULTIPLE ACCESS CONCEPTS
there is no special processing of the received sig-
nal in TDMA, the interference at the threshold After the brief review of the principal existing
detector input has a fixed amplitude and uni- multiple access techniques presented above and
form phase. In contrast, the interference at thein the following discussion, we can now summa-
correlator output in a CDMA receiver is a linear rize the capacity issues: As sketched in Fig. 1 for
combination of a large number of segments fromN = 8, all multiple access techniques which use
the original interference which is closely approx- orthogonal signal waveforms (FDMA, TDMA,
mated by a Gaussian process. Recognizing thaOCDMA, OFDMA, etc.) can suppoml users
for a given noise (or interference) power, the without any interference (on a channel whose
Gaussian process leads to a higher BER tharbandwidth isN times that of the individual user
does a constant-amplitude process, one realizesignals), but they reach a hard limit at that point.
that the impact of narrowband interference onOn the other hand, PN-CDMA has a soft capac-

the BER is stronger in CDMA. ity but is subject to interference and BER degra-
dation as soon as there are two simultaneous
CELL CAPACITY IN CELLULAR SYSTEMS users on the channel. Once these observations

The comparison of CDMA and TDMA in terms are made, it becomes strongly desirable to ensure
of the achievable cell capacity in cellular systemsinterference-free transmission for upNousers
has been a subject of strong and long-standingvhile also supporting additional users at the
controversy. Rarely (if ever) in telecommunica- expense of some SNR penalty. This would com-
tions history have technical issues created suctbine the best virtues of existing multiple access
heated debates. There are several reasons fdechniques while avoiding their shortcomings. In
this controversy. First, commercial interests, an attempt to achieve this goal, two new multi-
which often dominate the work of standardiza- ple access concepts were devised recently [3, 4].
tion groups, tend to obscure technical aspectsWe describe them in the following subsections.
and it is not unfair to say that this has been par-

ticularly strong in digital mobile radio. Second, COMBINING OCDMA wiTH PN-CDM A

most existing comparisons are between systemdhe first idea for extending cell capacity beyond
in which TDMA and CDMA are only one ingre- the spreading factdd while maintaining interfer-
dient among many others, and meaningful con-ence-free transmission when the number of users
clusions are quite hard to draw from them as toK is less than or equal 1d is to use OCDMA and
the true capacity of the multiple access tech-augment it with PN-CDMA wheiK exceedsN [3].
niques themselves. Finally, the problem does notMore specifically, the base station in this scheme
have a unique answer, because it consists o&ssigns WH sequences to the fikstisers and PN
comparing one method with a clearly understoodsequences to the additional users. Wite N +
hard capacity limit to another that has a softM users, a set oM users will employ PN
capacity which depends on the receiver used andgequences. Signal detection is carried out iterative
other assumptions made. ly, each iteration consisting of two separate stages

Our analysis of
CDMA in a
number of

situations led us

to the conclusion
that capacity is
precisely the price
paid in general
for the ease of
network planning
which is the chief
virtue of this
multiple access

technique.
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The performance

between the two

orthogonal signal

difference that

was observed

sets of usersin
this technique
motivated us to

use two sets of

waveforms.

sSignal sampies 1roim previous ana iuture sympoaois.
& Consequently, we writ® = (pi 1, Pi2 -.--. 'PiN)
Tk fori= 1, 2, ....M. Also, rather than using real-
b valued WH and PN sequences which take their
g values from the set {+ 1}, we assume in what fol-
5 lows complex spreading sequences [14] taking
EREF their values from the set {exp(gv4),
B PRECORLA exp(%j314)}. Furthermore, to avoid using two
:; LN o T real-valued WH sequences to generate a com-
iy plex WH sequence and divide by two the num-
e i T ber of orthogonal spreading sequences of a given
E sk length, we assume that a complex WH sequence
: \4. consists of multiplying a real-valued WH
1k sequence by a complex PN sequence. In the
sequel,W; (i = 1, 2, ...,N) will designate the
o o Ry - complex WH sequences generated in this way
| R AR R et T rather than the original binary WH sequences.
Mumber of weers After the despreading operation at the receiv-
er,, the total interference from the WH sequence
M Figure 1. Multi-user interference power in users on th&th PN sequence user (the user
OWMA and PN-CDMA foN = 8. with indexN + k) signal is
N N
one for the set of users with WH sequences and Nk gla, jglpk Mj

one for the set of users with PN sequences.

(1)
aRW'

Mz

First Iteration
Stage 1 — Remember that the first set Mfusers
do not have any mutual interference. They onlywhereg is the data symbol transmitted by tike
get an interference power bf/N from the second user during the current symbol interval, and where
set of users. As long @8 remains small, the cor- the superscripts * an@ denote complex conju-
relator output for these users can be sent to ajate and transpose, respectively. Each term in this
threshold detector to make symbol decisions withsum represents the interference from one user.
some good reliability. For examplel, = N/4 leads SincePcandW,, i = 1, 2, ....,N are known to
to an SIR of 6 dB, and since the interference isthe receiver)y+x can be estimated once the
the sum of a large number of random variables, itsymbol decisions are made by the receivers of
tends to be Gaussian. This is equivalent to operatusers 1 tdN. This estimate ofy+ ¢ is then sub-
ing the receiver at an SNR of 6 dB on an AWGN tracted from the corresponding correlator output
channel. For binary phase-shift keying (BPSK) before sending this signal to the threshold detec-
modulation, this leads to a BER on the order oftor. If all decisions are correct, interference can-
10-3. This BER is not sufficiently low to consid- cellation is perfect, and the only remaining
er the first-stage decisions as final, but they caninterference is the mutual interference of PN
be used as preliminary decisions in the nextsequence users. The power level of this interfer-
stage for interference cancellation. ence is M — 1)/N, and as for the first set of
users, signal detection is possible at least to
Stage 2 — Considering next the set 8 users obtain some preliminary decisions. As long as
with PN sequences, they get an interferencethe first-stage decision error probability is small,
power ofN.1IN = 1 from the first set of users in reliability of the second-stage decisions is similar
addition to their mutual interference power to that of the first-stage decisions.
which amounts toNl — 1)/N. The total interfer-
ence power for these users is therefore IM—(  Second Iteration — The symbol decisions
1)N which is clearly prohibitive for a threshold made for PN sequence users in the first iteration
decision device, but the preliminary decisions of are used to synthesize and subtract their inter-
the first stage can be used to synthesize and sulference from the WH sequence users signals.
tract the WH sequence users. Interference synThe interference corrupting theh user signal

1

thesis and cancellation are as follows: (k= 1, 2, ...N) is given by
Let Wy, Wy, ....... ,Wy designate th&l orthog- M N

onal sequences assigned to the first set of users. Iy = za ) zw* o

We write Wy = (Wi 1, Wi 2, ... W) fori= 1,2, 5 N+ = Ki ML

..., N. That is,w; ; designates thgh chip of the
sequencaV;. Next, suppose thay, P, ....,Py
designate the portion corresponding to the cur-
rent symbol of the PN sequences allocated to
the second set of users. Note that tWe This interference is synthesized by substitut-
sequences are independent of the symbol indexng the second-stage decisions of the first itera-
and although the PN sequences do not repeation for the symbols actually transmitted. Since
from one symbol to the next, we also drop their the decisions are correct with a probability close
symbol index, because the signal processing weo 1, the synthesized replica is virtually identical
consider in the receiver is memoryless. That is,to the actual interference. The synthesized inter-
detection of the current symbol does not involve ference is subtracted from théh WH sequence

- (@
= Z aN+iV\4: FfT-
i=1
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user signal at tne correiator output, ana tne

resulting signal is passed to the threshold detec- EOEl I I I I

tor. This process is repeated for all WH .

sequence user signals. TR | i B
The second-iteration decisions for PN i SN U 12

sequence users are made after subtracting the
mutual interference based on the first-iteration
decisions in addition to subtracting the interfer- G
ence of WH sequence users based on the se( &

ond-iteration decisions. The total interference LIt

corrupting thekth PN sequence user is given by —
T M s i thacnd
N, e —o— M
Nk = Ik T Y BNk D PP j ] o e on 1
k'#k =1 (3) —— Third i Ler e (il ) :
— *ol
=Nk t+ zaN+k'H< R . LOE: (P : : y
K2k [ 1 & ¥ § At

The first term in this expression is the inter-
ference from the set of WH sequence users giver| - ...
by Eq. 1, and the second represents the interfer G L ' ' L
ence from the other PN sequence users. Afte EER DLTH L
subtracting the best available estimate of this :n.r.;;ai"l=—t Bl W H -0 s, 12 PHE s
interference, the correlator output for tkidn PN "“‘“-el-_._._! e
sequence user is sent to the threshold detectol I"""‘*--]l"“"i

which makes the second-iteration decision for LOE:( — h“] ;
that user. The results indicate that if the number| R‘H

of excess userBl is not too large, the second H e P
iteration gives sufficiently good performance and !

o

the detection process stops at this iteration. But Ml bl B T Py} %

for larger values oM, further improvements are L iy ] T Lzl s
Tatiiid o Rtk

still possible from additional iterations. T e L § ﬁ

Figure 2 shows the simulated BER perfor- —o—. Third itiaratica. [ |
mance of this multiple access technique using PR I I I I
BPSK modulation, a spreading factNr= 64, i 4 ]
and a number of PN sequence uddrs 12. The Ty file]
first (resp. the second) plot gives the BER curves
corresponding to the WH sequence users (resp

the PN sequence users) after the first, secondm Figure 2. The BER performance of OCDMA augmented with PN-CDMA: a)

and third iterations. The figure also gives the ana-  BER of WH sequence users; b) BER of PN sequence users.
lytic results which were obtained assuming no

decision errors in the interference cancellation

steps. We observe that (as expected) the first iter-

ation does not give sufficiently reliable decisions, which make use of resources from the same set,
but convergence quickly occurs after the secondbut only with users whose resources are from the
or third iteration. We can also see that at all iter-other set.

ations, performance is slightly better for WH We will now describe this general concept
sequence users which are free of mutual interusing OCDMA and TDMA as the two sets of
ference. After the third iteration, the SNR degra- orthogonal signal waveforms. For the sake of
dation from ideal BPSK at the BER of-#@lue  simplicity, we assume that the TDMA frame
to residual interference is virtually zero for WH consists ofN time slots of one symbol each.
sequence users and approximately 0.3 dB for PN This is of course not a practical situation in
sequence users. The performance differencdtself, because TDMA time slots typically com-
between the two sets of users is not surprisingprise a large number of symbols, including both
because in the example at hand WH sequencénformation symbols and overhead. But a TDMA
users are only corrupted by interference from 12signal with L symbols/time slot andN
users, while PN sequence users are corrupted bysers/frame givek isolated symbols with a sepa-

interference from 74 users. ration ofN — 1 symbols when input to a block
interleaver withL rows andN columns in which
USING TwO SETS OF the input data are written row by row, and the
ORTHOGONAL SIGNAL WAVEFORM S output data are read column by column. In other

words, the assumption made about the TDMA
The multiple access technique described in thetime slots is satisfied provided that an appropri-
previous section makes use of two sets of signahte interleaver is employed.) Suppose next that
waveforms, but only one is orthogonal, the otherresource allocation starts with lenghhWH
being a set of uncorrelated PN sequences. Thesequences. Up tN users, the multiple access
performance difference that was observedscheme at hand thus coincides with OCDMA.
between the two sets of users in this techniqueBut once all WH sequences are used, the base
motivated us to use two sets of orthogonal signalstation assigns TDMA time slots to additional
waveforms [4]. In such a multiple access scheme users. All signal waveforms are assumed to have
a given user will not interfere with other users equal energy. Figure 3 shows the instantaneous
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The presented

multiple access

concepts thus
significantly

increase the

number of users

that can
simultaneously
operate on a

multiple access

channel and open

up some
interesting per-
spectives in the
fields of cable
networks, fixed

wireless access,

and mobile radio.

aecisions assuming orokK signailing. 1 nis means
that interference cancellation in stage 2 is close
to ideal even with such a high value ®f In
other words, the second-stage decisions on the
a LRty transmitted TDMA symbols will be very reliable,
and the corresponding BER curve will be close
to the ideal curve corresponding to interference-
free transmission.

%
|

Second Iteration — In the second iteration,
the interference of TDMA users on OCDMA
users is synthesized using the first-iteration sym-
bol decisions for these users. The interference
CICT AL from M TDMA users at the correlator output of
. L OCDMA receivers is expressed as

T AN Tan s powesr

s
o

£} M
Bk Timm Tu= Bl k= sz,iaN+i (5)
i=l

for thekth user. The estimated interference is
- subtracted from the correlator output, and an
M Figure 3. Instantaneous power of OCDMA and jmproved decision is made for the symbol trans-
TDMA pulses foN = 8. mitted by each of thél OCDMA users. Since
most TDMA symbol decisions made in the first
iteration are correct, interference cancellation
power of the waveforms used fok= 8. The from OCDMA user signals in the second itera-
energy of OCDMA waveforms is uniformly dis- tion is close to perfect, and this step hopefully
tributed over the symbol periotk= 8Tc, where  gives the final receiver decisions for these sym-
Tc is the chip period (which is also the TDMA bols. Also, there is little need in the second iter-
symbol period). The TDMA waveform in this ation to use these decisions for canceling in a
figure interferes with the first chip of all second stage the interference caused by the
OCDMA users, but all other chip periods are OCDMA users on the TDMA users since most
free of interference. Since all users have theof the TDMA user signals have been detected
same symbol energy, the interference at the coreorrectly during the first iteration. The simula-
relator output in the OCDMA receivers isNL/  tion results indicate that this is indeed the case
when only one TDMA user is active. Wit¥ for small values oM, but further iterations are
TDMA users, the interference powerM/N. required in the detection process for larger val-
Clearly, 1N is also the interference power ues of this parameter.
caused by each OCDMA user on TDMA users, Performance of this multiple access technique
because only (N)th of the OCDMA pulse ener s illustrated in Fig. 4, which shows the simula-
gy affects a given TDMA pulse. tion results obtained using BPSK modulatidh,
= 64, andM = 12, as previously. Here too, we
First Iteration — Provided thatM remains give the theoretical results obtained in the
moderately small with respect to, the correla- absence of decision errors in the interference
tor output in theN OCDMA receivers can be cancellation steps. The first (resp. the second)
directly sent to a threshold decision circuit to plot gives the results corresponding to the
make preliminary decisions. This is the first OCDMA users (resp. TDMA users) after one
stage of the detection process. The second stagend two iterations. We observe that the first iter-
starts with the synthesis of the interference ofation decisions are not reliable for OCDMA
OCDMA users on TDMA users using the pre- users because these decisions are made in the
liminary decisions obtained from the first stage. presence of interference from 12 TDMA users.
Omitting the time index as previously, the inter- In contrast, the first-iteration decisions of
ference on th&th TDMA user (the user with TDMA users are much more reliable since they
indexN + k) can be written as follows: are made after subtracting the (estimated) inter-
ference from the 64 OCDMA users. But the
sk = ZaiWi . ) most remarkable result is that for both_ sets'of
£ ' users, the BER curve after the second iteration
virtually coincides with the ideal curve, which
where g is the present symbol of thigh corresponds to interference-free transmission.
OCDMA user, andw;y is thekth chip of the  This result implies that no further iterations are
WH sequence assigned to that user. This interneeded, at least with this number of excess users.
ference is estimated by simply substituting the
first-stage decision§; (i = 1, 2, ...,N) for the GENERALIZATIONS
symbols actually transmitted (i = 1, 2, ...,N). First, instead of assigning WH sequences to the
The estimated interference is subtracted fromfirst set ofN users and TDMA time slots to the
the received TDMA signals, and after this oper- additional users, exactly the opposite can be
ation the TDMA signals are passed to a thresh-done. In this case, the firbt users get TDMA
old detector. As in the previous techniqh = time slots and the additional users get lenith-
N/4 leads to an SIR of 6 dB and a BER of WH sequences. The interference problem and
approximately 1€ for the first-stage preliminary its cancellation remain the same as previously,

N
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ainougn periormance may aiier. specincally,
each TDMA symbol in this scheme is corrupted Fri I I I I
by one chip of OCDMA symbols, and the total HER o 0 EDRLA v &
interference power from the set MFOCDMA 1,060 1 Ilhxdfli:t\:;:l:ll'\:ll 13 TO A tsais [
users iSM/N. Again, as long aM does not take ?ﬁii

excessive values (close ™), preliminary deci-
sions can be made on the symbols transmitted b’ Ok
the N TDMA users. Next, those decisions are
used to synthesize and cancel the interference o
TDMA users on OCDMA users and make inter- T.0ED
mediate decisions on the symbols transmitted by

the latter. Further iterations continue as == Wi ddiadon dfrois [hiaciy
described above. VAR e Mo dacehon amors simul g
The TDMA and OCDMA waveform sets are i L.'..}{f.'::.'-_r.; atic :
only one example, and any other sets of orthogo- it
nal signal waveforms can be used. First, note s 5 4
that both TDMA and OCDMA are time-domain
techniques. Their frequency-domain counter-
parts are OFDMA and multicarrier OCDMA iy
(MC-OCDMA) [15]. MC-OCDMA consists of i ! i ! i
spreading the transmitted signal spectrum in the BER. oa TIXRAS 1 pr
N 9 . . BPSK rrocechilaticn
frequency domain instead of in the time domain. 1t -y i O DA, U gars, 13 TOMA skic
This is performed by entering to an inverse dis- ‘_——-.;.._____'
crete Fourier transform the baseband signal
after spectral spreading using WH sequences frEn
The combination of OFDMA with MC-OCDMA
has exactly the same power density representa
tion as that shown in Fig. 3 for combined 105
TDMA/OCDMA except that the time axis in the
abscissa must be replaced by the frequency axis — Hedadsen wras (thasnd
This reflects the fact that an OFDMA signal ] e
occupies only (M)th of the channel bandwidth, == Sucend T aaticn fumal )
while an MC-OCDMA signal occupies all of it. FEFEE I I ] ]
When the same symbol energy is used in both of o 1 L : L &
these multiple access techniques, the power den Egiy Lty
sity is obviouslyN times larger in OFDMA. The thy
bottom line is that the interference between an
OFDMA user and an MC-OCDMA user has a M Figure 4. The BER performance of OCDMA augmented with TDMA: a) BER
power of 1N at the threshold detector input, of OCDMA users; b) BER of TDMA users.
and the general resource assignment concept
and multistage detection technique described
earlier are readily applicable. passing this signal to a threshold detector.
It is also possible to use a combination of time-  The second technique is similar to the first
domain and frequency-domain signal sets, forexcept that the two sets of signal waveforms
example, combine TDMA with OFDMA. A num- used are both orthogonal, and therefore it avoids
ber of those combinations are discussed in [3]. any interference between users with resources
from the same set. The only interference in this
case is that between users with resources from
SUMMARY AND CONCLUSIONS different sets of signal waveforms, and therefore
After analyzing the capacity of conventional detection requires a smaller number of iterations
multiple access techniques and highlighting theirthan the first technique, and the BER perfor-
respective virtues and shortcomings, we havemance is superior. Description of this technique
described two newly introduced concepts whichis performed using a combination of TDMA and
extend the number of users beyond the spreadOCDMA, but its generalization to other signal
ing factorN (the channel bandwidth divided by sets is also briefly outlined. Using BP SK modu-
the bandwidth of the individual user signals) and lation, it was shown that a 20 percent increase in
ensure an interference-free transmissionkar user capacity in this technique is achieved with
N. The first one is a full CDMA which assigns virtually no SNR degradation.
orthogonal sequences to the fifdtusers and The presented multiple access concepts thus
PN sequences to the additional users. WKes  significantly increase the number of users that
larger thanN, interference appears within the can simultaneously operate on a multiple access
set of PN sequence users on one hand, andhannel and open up some interesting perspec-
between the two sets of users on the other handtives in the fields of cable networks, fixed wire-
A multistage iterative detection technique is less access, and mobile radio. Before closing, we
used to cancel this multi-user interference andpoint out that the reviewers of this article
obtain reliable receiver decisions. At each stage brought to our attention that similar attempts to
the interference corrupting the set of users ofincrease cell capacity are currently being made
interest is synthesized based on the receivemwithin the framework of standardization groups
decisions available from the previous stages andor the third-generation cellular systems based
subtracted from the correlator output before on CDMA. The need to allocate more thaln
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The need to
allocate more
than N spreading
sequences per
cell is discussed in
the CDMA2000
standard draft
and in a
contribution to
the UMTS
standard. But
in both
standardization
groups, current
documents only
describe how
these sequences
can be

generated.

spreaaing sequences/cell Is inaeea aiscussea vl

the CDMAZ2000 standard draft [16] and in a
contribution to the Universal Mobile Telecom-
munications System (UMTS) standard [17]. But

in both standardization groups, current docu-

CUIVIAZUUU TTUSTU IR Lalluiuale SUUITITRSIVLTE (Uigl
TIA TR-45.5 Subcommittee, June 1998; available at
http://www.cdg.org.
[17] “Multiple Downlink Scrambling Codes in UTRA/HD”
ETSI SMG2 UMTS Layerl Expert Group, Doc. L1 208/98,
June 1998.

ments only describe how these sequences can be

generated and, to the authors’ knowledge, the

resulting interference problem is not addressed.
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