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Abstract— Some information theoretic aspects of
cellular communication systems are addressed, focus-
ing on a simple multi-cell model suggested by Wyner
(1994). Accordingly, the system cells are ordered in
an infinite linear array, and only adjacent cell inter-
ference is present, characterized by a single param-
eter 0 < ¢ < 1. Starting with the downlink channel,
it is assumed that only a single user is to be served
in each cell. A linear joint preprocessing plus encod-
ing scheme is proposed, which significantly enhances
performance, while putting the complexity burden
on the transmitting end. The approach is based on
L() factorization of the channel transfer matrix, com-
bined with the “writing on dirty paper” approach
(Costa (1983)) for eliminating the effect of uncorre-
lated interference, while fully known at the iransmitter
but unknown at the receiver. The attainable average
rates with the proposed scheme approach those asso-
cinted with receiver based optimum joint processing
at the high SNR region. Extensions and applications
are also discussed. Turning to the uplink channel,
we investigate an optimally coded randomly spread
DS-CDMA. system with multiuser detection. The
discussion is confined to asymptotic analysis where
both the number of users per cell and the processing
gain go to infinity, while their ratio goes to some
finite constant. The spectral efficiency of various
multiuser detection strategies is evaluated assuming
single cell-site processing, and equal transmit pow-
ers for all users in all cells. Comparative results
demonstrate how performance is affected by the in-
troduction of inter-cell interference, and what is the
penalty associated with the randomly spread coded
DS-CDMA strategy.

I. INTRODUCTION

The increasing penctration and widespread de-
ployment of cellular systems throughout the world,
during the last decade, made them the subject of nu-
merous scientific researches considering both prac-
tical and theoretical system aspects, and in partic-
ular means for enhancing system performance. The
available literature can be divided into works deal-
ing with the downlink channel, eg., [1], 2], [3] (sce
also references therein) and [4], and works deal-
ing with the uplink channcl, eg., [5] — [12]. Ex-
ploring the possible methods for enhancing system
performance, joint processing of signals related to
differentl users is cvidently the most appcaling ap-
proach. However, a fundamental difference emerges
in this respect between the downlink and the up-
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link channels. The downlink chanuel is a broadcast
channel. In the common downlink channel model,
cach mobile user reccives transmissions of neighbor-
ing ccll-sites in addition to the transmissions from
its “own” cell-site, plus an additive white Gaussian
noisec (AWGN). Since practical considerations usu-
ally limit the mobile receiver’s complexity, it is rea-
sonable to assume that it is restricted to single-user
detection, and hence a suitable channel model is
that of a Gaussian noisc plus interference channcl.
The complexity considerations at the cell-site are
howaver much less restrictive, and the use of trans-
mitter based joint preprocessing ftor system perfor-
mance enhancement is called for. The uplink chan-
nel is a multiple access channel. In the common up-
link model each cell-site receives the transmissions
of users operating in its “own” cell, with the ad-
dition of signals originated from uscrs operating in
neighboring cells (accompanied by AWGN). Here,

joint processing of the received signals at the cell-

site (by means of various multiuser detection tech-
niques [13]) is the appropriate approach, reasonably
assuming non-cooperative transmissions of the mo-
bile users.

In this paper we dcmonstrate the impact of em-
ploying joint processing at the cell-site on system
performance, by reviewing some recently obtained
results, as presented in (4] and [12]. The focus
is on a simple multi-cell system model, based on
the model suggested by Wyner in [5] (see also [6]).
Accordingly, a fully synchronous cellular system is
assurned, where the cells compose an infinite lin-
ear array. In the uplink channel model, the re-
ceived signal at each cell-site is the sur of the sig-
nals received from intra-cell users, plus a factor o
(0 € a < 1) times the sum of the signals generated
by users in the two adjacent cells. Non-adjacent
cell users are assumed to produce no interference.
The received signal is embedded in ambient Gaus-
sian noise. The multi-cell elfect on performance is
thus specified by a single paramecter (o). The down-
link channel model is completely analogous, and the
signal received by cach of the users is composed of
the signal received from the “local” cell-site, plus a
factor a times the signals originated from the two
adjacent (only) cell-sites, and an ambicnt Gaussian
noise.

Seclion I is devoted to the downlink channcl,
where we review a novel transmitter based prepro-



cessing plus encoding scheme [4]. The setup is re-
stricted to either non-fading or slowly changing er-
godic flat-fading channels, considering the casc in
which a single user is to be served in cach of the
cells. This model represents intra-ccll TDMA, or al-
ternatively a direct scquence code division multiple
access (DS-CDMA) scheme employing orthogonal
spreading sequences (assuming no mullipath fading
is present), as is the case for example in the down-
link of IS-95 systems. It is assumed that all ccll-
sites can cooperate via a central Cell-Site Controller
(CSCQC), that is fully informed by the ccll-sites regard-
ing the channel gains between each of the transmit-
ting cell-sites and each of the receiving users. This
CSC can arbitrarily process and cncode the mes-
sages to be transmitted to the users, and determine
in advance the signals to be transmitted by each
of the cell-sites at each discrete time. However, re-
stricting the discussion to single-user decoding, the
users’ rcceivers are assumed to be uninformed re-
garding the codebooks of users in adjacent cells,
and thus joint decoding and possibly cancellation
of interfering signals addressed to other users is not
applicable. The setup is hence of a “broadcast chan-
nel” in the classical information theorctic sense.

In the proposed scheme the signals transmitted
by the cell-sites are a linear transformation of the
outputs of the encoders corresponding Lo each of
the users, based on the L{) factorization of the
channel transfer matrix, and equivalent to the noise
whitening matched filter in single-user inter-symbaol-
interference (ISI) channels. A coding scheme is then
applied, based on the “writing on dirty paper” con-
cept suggested in [14] (see also [15], additional ref-
crences in {16], and [17] wherc the multi-antenna
broadcast channel is considered). The “dirty pa-
per” approach can be used to eliminate the effect of
uncorrelated additive interference on the capacity of
a Gaussian noise plus interference channel, in which
the interfering sequence is unknown at the receiver,
provided that it is known before hand at thc trans-
matter, thus achicving the AWGN channel capac-
ity [15]. The combined preprocessing plus encod-
ing scheme can be shown {o approach the average
rates (where the average is taken over all users) at-
tained with optimum joint processing of the recesved
signals, in the high signal-to-noise ratio (SNR) re-
gion [17]. The proposed scheme shall henceforth
be referred to as “LP-DP” (stands for “Lincar Pre-
processing Dirty Paper”). This approach is clearly
superior to the common practice in current sys-
tems, where each cell-site transmits information to
the users operating in its own cell only, the mobile
receivers treat interfering signals from neighboring
ccll-sites as an additive noise (henceforth referred
to as the “conventional” approach), and the system
is thus interference limited. However, perlormaice
enhancement is achieved also with respect to the

zero-foreing approach of [2] and references thercin
(see [17] for a proof), and with respect to a spa-
tial Tomlinson-Harashima based precoding [18], [3].
Various extensions of the basic technique are also
discussed.

Section I is devoted to the uplink channel, and
considers an oplimally coded (in the information-
theoretic sense) randomly spread DS-CDMA sys-
tem, with multiuser detection at the cell-site re-
ceiver. Some recent results [12] on the spectral
efficiency of multiuser detection strategies arc re-
viewed, considering the linear cell-array multi-cell
model, and assuming flat-fading channels (Rayleigh
fading is assumed whencver explicit results are pre-
scnted). DS-CDMA systems with random spreading
are the focus of many information-theoretic analyses
of recent years, in view of their wide-spread practical
use (e.g., IS-95 and 3G systems). Particularly, the
limiting scenario is examined, where both the num-
ber of users and the processing gain go Lo infinity,
while their ratio goes to some finite constant. Thus,
deterministic system performance measures of inter-
est, can be obtained, using relevant random matrix
theory results (c.g., [19], [20]). Analyses of a single-
cell DS-CDMA systemn, were recently presented in
[7], [8] and [10] (see also references therein). As-
suming cqual reccived powers and no fading, ex-
pressions are presented in [7] for the spectral effi-
ciencies of the optimum detector, the matched-filter
detector, the decorrelator, and the lincar minimum
mean squared error (MMSE) detector. The impact
of frequency-flat. fading on these detectors is ana-
lyzed in [10]. Signal-to-interference-plus-noise ratios
(SINRs) at the output of the above mentioned lin-
car detectors are presented in [8]. The results of [7]
and [10] are extended in [11] and [12] to the linear
cell-array model.

The asymptotic scenario is considered in the fol-
lowing (as in [7], [8], [10]), in which denoting by
K the number of intra-cell users (assumed constant
and equal in all cells), and by N the spreading factor
(processing gain), K, N — oo, while —/%— — 3 < 0.
The factor § is commonly referred to as the “sys-
tem load”. Assuming single cell-site processing, four
types of multiuser detection strategics arc consid-
cred:

1). The “conventional” matched-filter detector that
treats all interference (either intra-cell or inter-cell)
as AWGN;

2). A single-cell optimum (SCO) detector that
“optimally” detects Lhe transmissions of intra-
cell users, while treating inter-cell interference as
AWGN;

3). The linear MMSE detector that knows the sig-
nature sequences of all interfering users (both intra-
cell and in adjacent cclls) and mitigates their inter-
ference by means of a lincar MMSE filter;

4). A detector that employs MMSE based succes-
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sive interference cancellation (MMSE-SC) to de-
code transmissions of intra-cell users, while inter-
cell interference is mitigated by means of a linear
MMSE filter (the MMSE-SC detector is, in fact, op-
timum in terms of spectral efficiency in the setting
considered in this paper, as briefly explained in Sub-
section III-B).

It is emphasized that neither the linear MMSE
detector, nor the MMSE-SC dctector, try to de-
code the transmissions of adjacent cell users (which
might be prohibitive if a is small). In fact, the
receiver at the cell-site may actually be ignorant
regarding codcbooks or code-mask sequences em-
ployed in other cells, but is aware, as usually is the
case in practice, of the signaturc sequences of all
users in adjacent cells. In addition to the above, it
is also assumed that all detectors are provided with
the required knowledge regarding the received pow-
ers of the interfering signals. The usc of adaptive
MMSE detection may be attractive in this respect,
as it makes no distinction betwcen intra-cell and
adjacent-cell intcrference.

Identitying the spectral efficiency as the funda-
mental measure of system performance for coded
systems [7], the spectral efficiency of all four detec-
tion strategies is obtained, and comparatively ex-
amined assuming a constant (fading independent)
transmit power. The results are then compared to
analogous results without fading (appropriately re-
produced from [11}]). Finally, the penalty in systemn
performance due to random spreading is also ex-
amined, by comparison (following [6]) to the spec-
tral efficicncy of a few corresponding detectors, in
the setting in which all bandwidth is available for
coding (as opposed to bandwidth expansion by DS-
spreading).

1I. DOwWNLINK CHANNEL RESULTS

A. Downlink System Modcl

Let IV denote the number of cells (which we even-
tually assume to go to infinity). Omitting time in-
dices for simplicity of notations, an equivalent dis-
crete time channel model for the setting in concern
is given by the following equation:

y=Hx+n. (2-1)

In this model y € CN denotes the vector of signals
received by cach of the users at some arbitrary dis-
crete time, and x € CV denotes the vector of trans-
mitted signals by each of the cell-sites. The entries
of the N x N channel transfer matrix H, denoted
{ h.ij}f,ljzl, represent the (generally complex) chan-
nel gams, with h;; being the gain of the channel
between the jth cell-site and the ith nser. Finally,
n represents the N independent AWGNSs received
by cach of the users, with underlying distribution
N:(0,1). We thus normalize without loss of gen-
crality all powers with respect to the noise spectral
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density. The cell-site transimissions are also assumed
to be subject to the following average system power
constraint (which in fact represents an SNR con-
straint following the above normalization):

1 )
ﬁkZ:lE{mk;(in Vepvi, @2

where (i) denotes the output of the kth cell-site
at the ¢th discrete time.

B. Linear Preprocessing

Applying the L@ factorization on the N x N
channcl transfer matrix H yields H = LQ, wherc
L is lower triangular and @ is unitary. Hence
HH' = LL' (with ()7 denoting conjugatc trans-
pose). Let z € CN denote the vector comprising the
encoders’ outputs (each encoder being designated
to a different uscr). We now propose the following
linear onc-to-one transformation between z and the
cell-sites output vector x:

x=Qz. ‘ (2-3)

Assuming the encoders’ outputs to be zero mean
random variables with variance & {,47,4: } = it
is easily seen Lhal the power constraint of (2-2) is
rctained as long as we identically constrain the vec-
tor of encoder outputs (in fact the stronger relation
1 N rey12 N Loray2 \ N
% Dot TR (T = % 2ok [21(0)]” holds). The re-
sulting owerall discrete time equivalent channel is
thus given by

y=Hx(z)+n=Lz+n. (2-4)

C. The Attainable Rales

Observing the expression for the received signal
vector as given by (2-4) and rccalling that L is a
lower triangular matrix, one immediately sees that
the signal received by the kth user is given by the
following equation:

B—1
Yk = lkkzk—I—Zl;”-zi +n, ke {1,2,...,N},
i=1
(2-5)
where {lij}?’jzl represent the entries of L. Hence,
cach of the users indexed k. = 2,3,..., N expcri-

ences an additive Gaussian noise plus interference
channel, with the additive noise term being white,
and the additive interference term being a linear
combination of the code symbols (ransmitted to
users of preceding indices. The first user (k = 1)
experiences a standard Gaussian noise channel with
no interference at all. It is important to note here
that with the above structure any coding scheme
employed by any of the users has no effect on the
performance of users of preceding indices.



The key observation at this point is that follow-
ing the underlying assumptions regarding the CSC,
as presented in Section I, the CSC has full @ priors
knowledge of the interference terrns received by each
of the users, as given in (2-5). The system hence
falls exactly within the setup of “writing on dirty
paper” as depicted and analyzed in [14] and [15],
where with an appropriatce cucoding scheme the ca-
pacity of the channel experienced by each user is cx-
actly that of a standard Gaussian channcl, without
any effect of the additive interference term. The
capacity achieving statistics is thercfore Gaussian,
and the rate achicvable by the nth user is given by

Ro = By {log(1+ B0}, (2:6)

where the expoectation is with respect to the realiza-
tions of the channel transfer matrix H. Focusing
on the average rate (throughput) over all userd we

get

B 1 N
R= Fx {7\—, > o (L + [bun|® Hn)} L2

n=1

The above average rate can now be optimized
with respect to the cncoders’ oulput power allo-
cation, subject to the average power constraint of
(2-2). The optimum average rate is given by

N
R = Fiy {% >~ tog [max(0 tunl 1) } , (2-8)

=l

wheare # is a constant determined by the equation

N
Ey {%\}7 Z max |:(9 — ‘TH—IZF),O:[ } =F (29

n=1

For the sake of comparison, the average rate at-
tained when all received signals are jointly processed
is also considered, given assurning no linear prepro-
cessing by

_ 1 .
Rmzﬁﬁ{ﬁkg@uI+HPﬂﬂ}, (2-10)

where P = F { zzT}. The above average rate can
also be optimized with respect to the choice of in-
put covariance matrix P, while satisfying the input
power constraint (2-2) (in such case it can be shown
that the linear preprocessing of (2-3) induces no loss
in the average attained rate, when joint processing
is employed, which follows from the one-to-one cor-
respondcnce between & and z). The cxpressions
for the maximum attainable average rate with joint
processing arc completely analogous to (2-8) and
(2-9), with the absolute squares of the diagonal en-
tries of L replaced by {'/\n}f:":l, the eigenvalues of
HH' = LL.

As mentioned in Scction I, it was cstablished that
the LP-DP scheme achieves the maximal possible
asymptotic throughput for N = 2 [17], and in gen-
cral [21]. '

D. Particular examples

In order to demonstrate the cffect of LP-DP on
system performance, we first consider the lincar cell-
array model (as described in Scction I) assuming
no-fading is present. Omitting time indices, the re-
ceived signal of the k-th cell user is given by (c.f.
(2-1)):

Y = QTp_1 + T + QTpy g + Ng. (2-11)
It hence follows that the matrix H has a Toeplits
form satislying:

a |[i—jl=1,
[H]

=hij =<1 =y, (2-12)

0 otherwise.

ij

Focusing on the asymptotic scenario in which
N — oo, we can apply well known results on
the asymptotic behavior of Toeplitz matrices (c.g.,
[22]) to obtain analytical expressions for the aver-
age attained rates, both with LP-DP and with joint
processing of the received signals (for conciscness
we bring here only final results and the interested
reader is referred to [16] for more details on the
derivations). Accordingly, the average attainable
rates with LP-DP are given by (the equal power
allocation is optimum in this case):

2
. 14 /T—da? B 1
R0t — log (1 + (““‘“‘”“———2 ) P) 0<a<s,

log (1 + o2 P) az> i
= R
(2-13)
With joint proccssing the corresponding rates are
given by
B 1 2n
RY = ;~/ log(1+(1+ 2 cosw)?P) dw , (2-14)
’ =T Jo

for the case of equal power allocation, and with op-
timum power allocation onc gets

B 1 27
RoP™ = / log [max(6(1 + 2a cosw)?, 1)} dw ,
2m Jy

e
(2-15)
where 8 is determined by the cquation

1 [ 1
Zr—/o max [(aﬁm.——(l+2acosw)2)’OJ dw =P .
(2-16)
Finally, we also state here, for comparison, the ox-
pression for the average attained rate with the “con-
ventional” approach given by (neglecting boundary
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Fig. 1. Avcrage attainable rates without fading, for N — oo.

§

cells for N — oo):

. i
o= t0g (14 50p)

In Fig. 1 we show somec numerical results for
the above setup, assuming an interference factor of
o = é (in such case, with equal powcer allocation,
the power of adjacent cell interference equals one
half of the received intra-cell power). The attain-
able rates are shown as a function of the system
average %‘;, defined through P = R%’é—. The re-
sults clearly demonstrate the dramatic performance
enhancement of LP-DP, as compared to the inter-
ference limitcd conventional approach. LP-DP is
not interference limited, and the attainable average
rate grows without bound with %, approaching the
rates %tta.ined with optimum joint processing, as we

i,

take F — oo An intcresting observation is that

for low valucs of IEVO”—, the “conventional” approach is
preferable over LP-DP, which is readily explained by
comparing (2-17) and (2-13), while taking P — 0.
We now turn to consider system performance in
Rayleigh flat-fading channels. In this setup, the re-
ceived signal of the k-th cell user is given by (c.f.

(2-1)): -
Yr = QrTr—1 + etk + QpTryr + nk,

where {q’);,:},:vzg, {fk}gzl, and {’L/Jk}llc\]:—ll are i.i.d. zero
mean complex Gaussian random variables with unit
variance.

Unfortunately, analytical derivation of the aver-
age attainable rate in this model, either with LP-
DP or with joint processing, is still an open prob-
lem. Upper and lower bounds for the attainable rate
with joint processing can be found in [9]. Although
the uplink channel is considered in [9], the perfor-
mance of the super multi-cell receiver with intra-
cell TDMA discussed thercin is completely equiva-
lent Lo the downlink channel considered here, when

(2-17)

(2-18)
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Fig. 2. Average attainable rates with Rayleigh fading, for
N = 30.

joint processing is employed. The average attained
rate with the “conventional” approach is given by
(Epep{-} denotes the cxpectation with respect to
the fading gains)

2
Reon = Egg,p {log | 1+ |§|2P 5
L+ a?(Jol” + [97) P
(2-19)
which for Rayleigh fading can bce analytically ex-
pressed by means of the exponential intcgral func-
tion (see [6]).

In Fig. 2 we show some numerical results for the
above fading model, assuming a finite linear cell-
array of N = 30 cells. The presented rates werc
ecvaluated using “Monte-Carlo” simulations, aver-
aging over 500 random generations of the channel
transfer matrix H. As in the non-fading scenario,
the significant improvement with LP-DP over the
“conventional” approach, and the approach to the
optimum joint processing results for high 7%15 are
clearly demonstrated. It is also observed that when
fading #s present, LP-DP performs no worse than
the “conventional” approach even in the low % re-
gion (as opposed to the non-fading scenario). We
note here that this observation holds while averag-
ing the attained rates over many random gcnera-
tion of the channel transfer matrix. However for
individual realizations of H, preference of the “con-
ventional” scheme for low % may be observed. An-

other observation is that for very low values of —%‘0*
the attained rates with LI>-DP and optimum power
allocation, surpass the ones attained with joint pro-
cessing but with equal power allocalion.

For the sake of comparison we also bring here
in Fig. 3 the corresponding results without fading
for the finite dimensional system of N = 30 cells
(please note the scale differente between Fig. 8 and
Fig. 2). The slight improvement in system perfor-
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mance with LP-DP, as compared o the limiting re-
sults of Fig. 1, is due to non-negligible boundary
effects in the finite dimensional case. As observed,
the attained rates with faeding are higher than the
rates attained without fading. This result should
come in no surprise in view of [9], where the hene-
ficial effect of independent fading was shown in this
sctup (beyond some critical value of «), considering
joint processing. Since LP-DP approaches optimuimn
performance as % — 00, the beneficial cffcet of
fading holds as well. This phenomena is explained
(sce also [9]) by the fact that the diversity cffect of
multiple transmitters together with fluctuations of
the received signal, whose realizations are known at
the transmitter, helps rather than degrades perfor-
mance when the interference factor is high cnough.
For the “conventional” approach the results can go
cither way, depending on % and the interference
factor a (for low a no fading is beneficial). An ex-
plicit expression for the high SNR limit is given in
[6], by which indeed fading is seen to be beneficial

g = 1
for @ = 5.

I7. Discussion and Extensions

We have presented the basic precoding technique
based on the “dirty paper” paradigm. This tech-
nique has been called “Ranked Known Interference”
(RKI) in [17], where also an improved modified RKI
technique has been introduced. In the modified
RKI, relation (2-3) is replaced by: = = Q'Rz,
where R is an upper triangular matrix subjected
to optimization. It has been established in [17] that
for the two user case this approach achieves the op-
timal possible throughput (sum-rate). In {17], an
improved Sato type outer bound on the sum-rate,
which is tighter as the onc in (2-10) has been in-
troduced. It is based on optimizing the cooperative

bound with respect to all possible correlations of
the noise components of all users maintaining the
marginal distribution of these noises, that is stan-
dard unit variance circularly symmetric Gaussian,
A compact form of this optimization is given in [23].
This result has been extended to the K user case in
[21], cstablishing the optimality of this techuique
as far as sum rates are concerned. This modified
technique can be applied here in a straightforward
fashion.

The basic RKI procedure outlined in this paper
raiscs the issue of optimal user ordering, that is par-
ticularly important in the presence of fading. Cell-
sites ordering manifests itscll in permutation of rows
in the matrix H, and affects the rclevant entries of
the L matrix in the L(Q factorization. Pivoting tech-
nicques can be harnessed as Lo optimize the users’ or-
der with respect to a desired optimization criterion,
as sum-rate for example [21].

The actual implementation of the “dirty paper”
coding can be based on algebraic ratber than ran-
dom binnig, utilizing the features of certain classes
of nested Iattice codes. See the general treatment in
[24] and a specific application 1o the vector broad-
cast sotting in [17].

The vector “dirty paper” technique [25] can be
applied as to extend the results to channels with
multi-receive antennas at the user’s site. In this re-
spect see also [21] which is based on the basic RKI
procedure. The insightful duality between the vee-
tor broadcast channel and a corresponding multiple
access channel [26] is most useful in the actual cal-
culation of the associated rates of the general “dirty
paper” broadcast capacity region, [21}, [25], {26] and
[23] where it is shown that these extended tech-
niques are also optimal in terms of sum rates.

While the basic selting here addresses a single
user per cell (TDMA) scheduling, it is casily ex-
tended to a modified TDMA technique where the
user por cell is sclected by some optimal scheduling
algorithms that consider its instantancous channel
realization, as is done for example in the recent IS-
856 standard. Further, the technique of co-cell-site
processing is by no means limited to TDMA, and is
extended in a straightforward fashion to other intra-
cell multiple access procedures thal allow a simul-
taneous transmission of morc than a single user per
cell. This fact increases the number of users to be
serviced, but does not modify the principle struc-
ture to which the proposed approach applics. Fur-
ther, also coded DS-CDMA signals can be treatod
within this [ramework of “dirty paper” precoding.
See [3] for a Tomlinson-Harashima based approach
in a single-cell scenario with suboptimal matched-
(ilter based receivers. Our approach can also accom-
modate multiple receiving antennas of the uscrs, sec
[21}.
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I1I. UrLINK CHANNEL RESULTS
A. Uplink System Model

Using the standard discrete time equivalent chan-
nel representation, the signal vector received at an
arbitrary ccll site, at the discrete time related to the
transmission of the ith symbol, is given by

y, = SiHx; +oSTHx] +oSTHz} +n; .
(3-1)

The vector x; = [a;l,i,...,a:K,i]T in (3-1) com-
prises the K code symbols transmitted by inira-

cell users at the ith discrete time. The vectors

o l.x
x; = ["”1,1"- .

symbols originated from users operating in adja-
cent cells. These symbols are assumed to be ii.d.,
proper complex Gaussian {which conforms with the
capacity achieving statistics), with E{zs ;} = 0 and
E{|z;1°} = P Vk,j, where P is the cqual’ trans-
mit power of all users. This model js justified by
assuming that the codebooks of all users are chosen
randomly, governcd by an underlying i.i.d. Gaussian
distribution per symbol, and independently for each
message transmission [6].

The matrices S; and S;Tt are N x K matrices,
whose columns are the N-chip long spreading se-
quences (signatures) of the K users in the consid-
cred cell and in its adjacent cells, respectively. The
entrics of the above matrices are treated as i.i.d. zero
mean random variables, with variance 1/N. The
vector n; represents a zero mean white proper com-
plex Gaussian noise vector, with b{n,n:‘} = I, Vi.
Without loss of generality all received powers are
thus normalized with respect to the noise spectral
level, and represent in fact the SNRs at the input
to the multiuser detectors (as in Section IT).

Finally, H; 2 diag (hi4,--,hr;) and HY &
diag (hfi, ce h%‘.’i), where {2y ;}i< | and {llZ‘1 o,
designate the assumed i.i.d. zcro-mean channel fad-
ing gains associated with the signals of the differ-
ent users, at the ith discrete time. It shall be as-
sumed henceforth that as the system size becomes
large (N,K — oo, % — 3 < oo), the empiri-
cal distribution of the channel fading (power) lev-

2
+ + _—
els, 1/; 1‘,) £ h,;-c i)‘ , converges a.s. to a distribu-

.,:r;c\.i] denote the vectors of code

tion F,. The fading levels are assumed throughout
to be normalized so that their expectation satisfies
Ey {v} =1 (where v denotes some arbitrary fading
level).

B. Spectral Efficiency of the Multiuser Detectors

The per cell spectral efficiency {7], [10], or
throughput, is defined as the total number of
bits/sec/Hz that can be transmitted arbitrarily re-
liably in each cell. The spectral efficiency of a lin-
ear detector is conveniently cxpressed in terrns of
its multiuser cfficiency [13], defined as the ratio
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hetween the detector’s output SINR and the SNR
(note that multiuser efficiency may depend, as is
the case with the MMSE based detectors, on the
presence of fading, see {10] and equation (3-4)). De-
noting the multiuser cfficiency by 1, and following
central limit results showing that the interference at
the output of cach of the two lincar detectors, i.c.,
the matched-filter detector and the linear MMSE
detector, is well approximated by a Gaussian noisc
(sce [7], [11] and references therein for justification
of this Gaussian approximation), the spectral cffi-
ciency of these detectors equals (bit/sec/Hz)

C = BE£, {}og (1 + Un}:’)}
A 1 (3-2)
= 3eFn € —
pe 1<P77)10g6’

Raylcigh

where & () & f:) -e;—’ dt, (t > 0) is the exponential
integral function. The spectral efficiency of the two
non-linear detectors, i.e., the SCO detector and the
MMSE-SC detector, is most conveniently evaluated
using inter-relations between the spectral efficiency
of the optirnum multiuser detector and that of the
linenr MMSE detector, as derived in [10] and [11].

Due to space limitations, only the final results for
the spectral cfficiency in flat-fading channels of all
four multiuser detectors are presented in this review.
The interested reader is referred to [12] for morc
details on the derivation of the above results, and
to [11] for the corresponding results in non-fading
chaunels. The notation (+)_ . ()., (). and (5),
is used in the following to designate entries related
to the matched-filter detector, the SCO detector,
the linear MMSE detector, and the MMSE-SC de-
tector, respectively. It is noted thal when different
systems are to be comparced (with possibly different
spreading gains and data rates), it is uscful to ex-

press the spectral efficiency iu terms of —%, which is

done through the relation P = ;76’ % [10]. How-
ever, for simplicity of notation, equations are ex-
pressed in terms of the reccived power (which is in
fact the SNR, following the normalization with re-
spect to the noise spectral level).

In the limiting scenario considered here, the spec-
tral efficiency of the matched-filter detector is given
by:

=~ Pv
C,.=0FE log {1 S
wr = B }‘,,,{08< +1+/3(1+2a2)P)}

414 1 .
= ﬂc[%ﬂj(l*”‘m?)]&(f + B+ 2az)) loge.
Rayleigh P
(3-3)
The multiuser efficiency of the lincar MMSE de-

tector converges a.s. to a non-random limit 7.,
equal for all users, given by the unique positive so-



lution to the implicit equation

. P, 20% Pum,,,,
I = .+ BE =} 1
Thuw + f Fu { 1+ Pl/'r]"m t 1+ OC2PUT]"H
1 1
= — P, ms —
Rayleigl Tl + /j [3 P’l],m e 81( PT],,”)

2 PN T 1
= e P £ = | | .
a? P, o? Py,
(3-4)

The spectral efficicncy of the detector is then cval-
uated by substituting the result in (3-2).

T the multi-cell sctting considered in this pa-
per, adding a mild restriction that the additive
adjacent-cell interference is crgodic in sccond mo-
ment, the SCO detector is equivalent to an optimum
detector in a single-cell system, where the additive
white Gaussian background noise process has spce-
tral level given by 1428302 P (sce [11] aud references
therein for justification). Following {10], the spec-
tral efficiency of the SCO detector is hence given
by

1
C.. = BEx, {log [] + P(qlfnm]} + log —

e
Mhes

+ (i —Dloge

R 1 1
B gl< _)
Raylnigh ]zq'q’m N
+ (nill —

Lyloge ,
(3-5)

with 727 heing the unique positive solution of

P, L
1= 9 + BE, 20 s
b + BB, { 14 Peql/v):jj}

+ /3 L T

— —_— TRt —

ayteigh o P(,qn;‘,;; ! Poqmis
(3-6)

and P 2 P

and Peq = m

Finally, the spectral efficiency of the MMSE-SC
detector is given by

Chrrne = BEx, {log (1 + f’z/ng)}

+ 2685, {log (1 + 0 Pune)
1

+log — + (ne — 1)loge
Ne

— I:Zﬁ Iir, {]og (1 + (]{QPI/‘I]G)} —+ log ;;—1——
&

+(ne — l)loge} )
(3-7)

which in the casc of Rayleigh fading channels yiclds

A 1
Y = =
Chie . Bloge [( 81< e )

1 1
+ 2¢TPue & o
l(azpmc)

e
a2 Pie

+ 102{:7]—6 + (e —ne)loge .
[

—_ ‘)p"' P'lh E (
(3-8)
ne and 7s in (3-7) (3-8) above arc uniquely deter-

mined by solving the following two implicit equa-
tions, respectively,

Puije }
1=ne +BE, 4 ——210C
le + BEyx, { 1+ Poe

‘ v2 Py
v, (e ]
i e Ly 39
== + 3 3 TR 'ng 2
Ty loigh e +/ [ Prne ¢ 1<P770:)

2 1

Ll oW TFue 51(

D)
o? Pre

e
0'2]37]¢ !

aQ f’u'r]@,
1 +a2Ping

+28]1 e 3 ! )
Ru):uiu,h e (IQPHG ! ('12 P’I[G ’

(3-10)
It is imnportant to note at this point, that in terms
of speetral cfficiency the MMSE-SC detector is in
fact the optimum multiuser detector, under the as-
sumption of single cell-site processing, and the as-
sumption that the receiver has no knowledge of the
codebooks used in the adjacent cells, and thosc code-
books are randomly selected per message (as is in-
deed assumed in the system model considered, sec
Subsection [II-A). This is cvident by noticing the
information preserving property of the MMSE csti-
mator in the Gaussian regime, and that the sum of
rates attained in the present model by the successive
cancellation process, can be shown to correspond to
the chain decomposition rule for mutual m[ormam()n
(see [11] for more details).

and

l=ns +20FF, {

C. Summary of Results

Examining the spectral cfficiency results of Sub-
scction ITI-B, it can be seen that both the matched-
filter detector and the SCO detector are interference
limited, i.c., their spectral efficicncics rcach a limit
as % grows without bound. It is also obscrved that
in terms of spectral efficiency, it is optimum, using
the above two detectors, to increase the system load
4 to infinity (sec also [10} and {}1]). In such case,
the effect of fading is eliminated and the spectral
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Fig. 4. Spectral efliciency comparison for o« = %, and opti-
mized system load 8 (Rayleigh fading).

cfficiency of the detectors coincides with that at-
tained in non-fading channels. This result holds, in
fact, regardless of the fading distribution. Increas-
ing the system load without bound also climinates
the penalty due to the use of random spreading.
This is observed by comparison to the spectral ethi-
cicnicy of the SCO detector, and that of a detector
equivalent to the matched-filter detector, when no
spreading is employed and all bandwidth is avail-
able for coding, as given in [6] (it is noted that the
clfect of fading in the no-spreading setting is also
climinated in the infinite number of users regime).
In contrast to the above two detectors, the lin-
car MMSE detector and the MMSE-SC detector are
not interference limited, provided that the system
load [ is appropriately chosen. For low 7\@,:)—’, it is
optimum, with both detectors, to incrcase the sys-
tem load without bound. In such case, the spcec-
tral cfficiencies of the linear MMSE and MMSE-
SC delectors coincide, respectively, with those of
the matched-filter and SCO detectors (this equiva-
lence holds for 8 — oo regardless of E—’—) However,
beyond some critical " the optimum system load
gtarts to decrease f10m infinity, eventually becom-
ing lower than + 5, and the spectral cfficiencies of both
detectors grow withiout bound with o
Comparative spectral efliciency rebults of all four
multiuser detectors arc plotted in Fig. 4 for the
case of Rayleigch fading channels an for the opt:-
mum choice of system load (3. Analogously to Sec-
tion 11, the interference factor a was set to % to
mimic the case in which the average inter-cell inter-
ference power equals one half of the average power
of intra-cell transmissions (22 = 3), which is also
in agreement with the early reports on IS-95 sys-
tems. The above described behavior of the spec-
tral cfficiency of the detectors is clearly observed in
the figure. The sort of “knee effect” in the lincar
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Fig. 5. Spectral efficiency of the linear MMSE detector, with
3 fixed and a = % (Rayleigh fading).

MMSE and MMSE-SC curves designates the region
in which the optimum choice for system load starts
to decrease from infinity. It is also obscrved that be-
yond some critical —f—,ﬂ, the relatively simpler linear
MMSE dctector, that is more informed regarding
adjacent-cell interference, is preferable over the in-
terfercnce limited SCO detector that cmploys non-
linear dctection of intra-cell users, while treating
inter-cell interference as noise.

For the sake of comparison, the spectral eflicien-
cies obtained in non-fading channels arc also pro-
vided in Fig. 4, demonstrating the performance
degradation with both linear MMSE and MMSE-
SC detectors due to the prescnce of fading. It is
noted however that for the MMSE type detectors
and a fized system load § > %, Rayleigh fading
becomes, in fact, beneficial in terms of bpe(,tral ef-
ficiency beyond some critical (/3 (lopendod) , and
the spectral cfficiency with fading surpasses tha,t of
non-fading channels. This result is explained by
the “interference population control” effect of fad-
ing, effectively reducing the system load as seen by
the receiver (see an elaboration on this phenomena
in [10]). This behavior is demonstrated in Fig. 5,
where the spectral efficiency of the linear MMSE de-
tector is plotted taking 8 = 0.2 < %, for which the
spectral efficiency without fading always surpasses
the spectral efficiency in Rayleigh fading channels,
and taking 8 = 0.5 > %, for 'which Raylcigh fading
becomes beneficial beyond some critical I—V-L Corre-
sponding results for the MMSE-S5C detector arc of
gimilar naturc.

To complete the comparison (in view of {11]), the
gpectral efficiency of what is referred to in [6] as
the adjacent-cell decoder (ACD) was also consid-
cred. This detector, that employs no-spreading, also
knows the codebooks of users in adjacent cells, and
either decodes their transmissions, or treats them as



additive Gaussian noise, whichever is preferable in
terms of spectral efficiency. The spectral efliciency
of this detector is given by (note the equivalence of
K and f in the non-spreading setting)

s KP
CACD =max|log|{ 1+ m ,
min (élog (1 +(1+2a*)KP),
—;—log(l +2a2KP))} . (3-11)

and the corresponding numerical results are pro-
vided in Fig. 4. As can be seen, for low % it is
preferable not to decode adjacent-cell transmissions,
and the spectral cificiency of this detector coincides
with that of the SCO, and MMSE-SC detectors,

for the optimum choice of g (Which is § — o00).4

oS

However beyond some critical N where decoding
is preferable, the curves depart and the spectral ef-
ficiency of the ACD grows quite rapidly with -F—:l- (as

compared to the other detectors).

IV. CONCLUDING REMARKS

We demonstrated in this review the significant
enhancement of system performance that can be
achieved by employing joint processing at the cell-
site, for both downlink aud uplink channels. Start-
ing with the cellular downlink channel, we discussed
a linear preprocessing and cncoding scheme, that
dramatically improves system performance as com-
pared to the “conventional” approach, climinating
its interference limitcd bchavior and approaching
optimum performance at the high SNR region. The
main advantage of the scheme is that the whole
complexity burden is put on the transmitting end,
agsuming the availability of full channel state in-
formation, while keeping the complexity of mobile
receivers as low as possible. It is noted that the sin-
gle user per cell assumption taken in this respect, is
in fact optimal (as far as throughput is concerned)
in the non-fading regime, and that is even if opti-
mal decoding for intra-ccll uscrs is allowed. This is
immediately scen by mnoticing that the problem re-
duces to the single user framework, if we allow joint
trcatment (decoding) of all intra-ccll only uscrs to-
gether. Clearly in practice this will not be the case,
as different users in different locations experience
different. channel conditions. It is also noted that
system performance attained with LP-DP can be
further improved by choosing a more general linear
transformation, termed as modified RKT {17]. Uni-
formity in user rates can be achieved by appropri-
ately changing the cell-site ordering. These issues
arc under current investigation, as well as the ap-
plication of LP-DP to morc complex channel mod-
els. Further generalization as to account for general

non-TDMA intra~cell scheduling, multi-antenna re-
ceivers, and DS-CDMA signalling were also shortly
discussed.

Turning to the uplink channel, the benefit of uti-
lizing information about interfering signals in tering
of system performance has been dernonstrated. The
effect is most clearly seen by comparing the linear
MMSE detector and the SCO detector, that repre-
gent a tradeoft between intra-cell transmissions pro-
cossing complexity, and additional information on
adjacent-cell interference. It was shown that one
can gain cven without trying to dccode the trans-
missions of the interfering users in adjacent celly
(which enables interference cancellation), or treat-
ing them optimally in the setting of an interference
channel (see discussion in [6]). The gain emerges
by the very fact that the linear MMSE filtor ac-
counts for the reduction of interference, provided
that the signatures of interfering users are known
not only at the intended cell-site, but at those cell-
sites where they cause interference. 1t may be con-
cluded that for high data rates, inherently demand-
ing high -—]%1'-, it is advantageous to mitigate onut-of-
cell inlerference through linear MMSE processing.
Assuming equal transmit powers, it was shown that
the matched-filter and SCO detectors are asymptot-
ically unaffected by the presence of fading, in the
large (optimum) system load region. In contrast,
the linear MMSE and the MMSE-SC detectors ex-
perience pertformance degradation, when fading is
present, at the hlgh :; region where the ﬂy%tom

load 3 is lower than . However when fizing 0 > —,
both detectors benefit [rom the presence of iadlnp,‘
due to its “population control” effect, and attain
higher spectral efficiency, as compared Lo the non-
fading case, beyond a critical 1{;" value. Finally, it is
noted that the analysis of the optimum power con-
trol policy in the presence of fading, as well as the
optimum and suboptimum multi-cell-site processing
detectors (see [5], [9]), are currently investigated.
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