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Multicell Uplink Spectral Efficiency of Coded
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Abstract—A simple multicell uplink communication model is The above asymptotic assumptions are particularly appealing

3999$Sted and anizllyzgfi.fpf Optiwary coded r(aDnSd%ﬁE)lKA :ffiﬁkl]d since in such case performance measures of interest, such as
irect sequence code-division multiple access - . The ; ; ; ;

model ad(;\eres to Wyner's (1994) iani)nite linear cell-array model, output signal-to-interference-plus-noise ratio (SINR) or spec-
according to which only adjacent-cell interference is present, and tral .eff|C|ency, converge to deterministic values, that caaibe .
characterized by asingle parameter 0 < o < 1. The discussion alytically expressed. These performance measures are functions
is confined to asymptotic analysis where both the number of users of the empirical eigenvalue distribution of random matrices of
and the processing gain go to infinity, while their ratio goes to some particular structures, which is known to converge, when dimen-
finite constant. Single cell-site processing is assumed and four gisns g9 to infinity, to some limiting distribution (determined in

multiuser detection strategies are considered: the matched-filter th idered h th hits Stielties t f 5
detector, “optimum” detection with adjacent-cell interference e case considered here through its Stieltjes transform, see [3]

treated as Gaussian noise, the linear minimum mean square error @nd Appendix). In contrast, the problem becomes analytically
(MMSE) detector, and a detector that performs MMSE-based intractable even for moderafeite system sizes (except for
successive interference cancellation for intracell users with linear some particular random matrix structures). Furthermore, pre-
MMSE processing of adjacent-cell interference. Spectral efficiency o5 results indicate a rather fast convergence to the asymptotic

is evaluated under three power allocation policies: equal received limits with t ize d trating th tical i t
powers (for all users), equal rates, and a maximal spectral effi- Imits with systeém size, demonstrating the practical importance

ciency policy. Comparative results demonstrate how performance Of these limits. The reader is referred to [3], [6], and [7] for some
is affected by the introduction of intercell interference, and whatis numerical examples and an analysis of the rate of convergence.

the penalty associated with the randomly spread coded DS-CDMA Assuming equal received powers and nonfading channels,

strategy. Finally, the effect of intercell time-sharing protocols as : ; ;
suggested by Shamai and Wyner (1997) is also examined, and Jour multiuser detection strategies are compared and analyzed

significant system performance enhancement is observed. in [1], in terms of spectral efficiency. The authors examine
optimum decoding, the matched filter detector, the decorre-

Index Terms—Capacity, cellular communication, code-division ' |4ting detector, and the linear minimum mean squared error
multiple access, multiuser detection, random signatures, spectral (MMSE) detect,or In addition to explicinalvticalexoressions
efficiency. e : P Yy i P )

for the spectral efficiencies of the four detection strategies,
asymptotic analysis for cases in which the system load or
. INTRODUCTION E,/Ny go to either zero or infinity is provided, and also

NFORMATION theoretic analyzes of direct sequenc€omparison to the spectral efficiency without (the constraint of)
I code division multiple access (DS-CDMA) systems havePreading, and the spectral efficiency obtained with orthogonal
gained much attention in recent years, as a result of the raffigterministic) spreading sequences. It should be noted here
development of commercial cellular systems employing thigat it is well known [8] that the optimum spectral efficiency
multi-access strategy. Results forsingle cell DS-CDMA  (without spreading) can be achieved wattihogonalspreading
system were recently presented in [1][4] (see also referen@&§luénces when the system load equals unity. Itis also known
therein). These works explicitly relate to CDMA system&] that even when the system load is higher than unity, there
with randomspreading sequences, and the limiting scenario§¥ist spreading codes that incur no loss in capacity relative to
examined, where both the number of users and the procesditgfti-access with no spreading. The results obtained in [1]
gain go to infinity, while their ratio goes to some finite constanfXtend also to the case of homogeneous fading where each of

This ratio is commonly referred to as theystem load.” the spreading sequences’ chips is assumed to be affected by
independent identically distributed (i.i.d.) fading coefficients

with unit variance. The impact of flat (nonhomogeneous)
fading on the four multiuser detection strategies considered in
Manuscript received December 13, 2000; revised May 10, 2001. The worl%lg is analyzed in [2] SINRs at the output of linear detectors
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system’s cells compose an infinii@ear array, where the re- ference while using simpler interference mitigation techniques
ceived signal at each cell site is the sum of the signals receivfed intracell users. In this particular case, the SCO detector is
from intracell users, plus a facter (0 < « < 1) times the fully informed regarding intracell transmissions and performs
sum of the signals of users in the two adjacent cells, as receivgatimum joint demodulation and decodindpile treating adja-

at their cell sites. Nonadjacent cell users are assumed to peent cell interference as additive Gaussian noise. In contrast,
duce no interference. The received signal is embedded in aime linear MMSE detector (per each user) is only aware of
bient Gaussian noise. The multicell effect on performance the signature sequences and received signal-to-noise ratios
thus, specified by aingleparamete(«). (SNRs), but this holds foall interferers (both intracell and in

Nonfading channels are assumed, as in [11], and the spagjacent cells), and the detector emplégsar (suboptimum)
tral efficiency obtained by employirgptimallycodedrandomly  interference mitigation followed bgingle user decodingrhe
spread DS-CDMA with multiuser detection is analyzed. As igxplicit effect of the above tradeoff is of great practical interest,
[1] and [3], the limiting case is considered in which, denotingnd this paper provides amalytical performance comparison
by K the number of intracell users (assumed constant and eqoflthese two approaches as well as the matched-filter and
in all cells), and by/N the spreading factor (processing gain)MMSE-SC detectors.
K,N — oo, while K/N — 8 < oo (i.e., the factor3 de- Identifying the spectral efficiency as the fundamental mea-
notes the system load). Assumisingle cell-site processing sure of system performance for coded systems (see Section Ill),

four types of multiuser detection strategies are considered. the spectral efficiency of all four detection strategies is com-
paratively examined under three power allocation policies,

corresponding to three possible practical system design goals.
Birst considered is the equal-powers policy that assigns equal
receivedpowers to all users. Next, the equal-rates policy that
employs a power assignment function such that all users attain
equal rates (in the sense of information theoretic capacity).

3 |$;c]erl<_:ell mtiﬂrf'\irseél((:je ?s f\\:\rﬁGtNli the sianat The last policy to be considered is the one that maximizes the
) Thelinear etectothat knows 1ne signature se- pectral efficiency. Particularizing to equal received powers,

quences of all mterlf(.erlng users .(bOth intracell and in a ﬁfe penalty in system performance due to random spreading is
jacent cells) and mitigates their interference by means

: i &so examined, by comparison (following [12]) to the spectral
4 ilmdeir I\{[IMSItEhﬁItter, lovsMMSE-based _efficiency of the SCO detector, and that of a detector equivalent
) it fe ector- tha “ertr_1p Oyl?/IMSE S asz sduccf[esswe[o the matched-filter detector, when no spreading is employed.
interierence canceration ( o ®. ecode rans- pqther detector considered in this respect isat@cent-cell
missions of intracell users, whilatercellinterference is decoder (ACD) that also knows theodebooksof users in
mlygated by means of a linear MMSE filter. To dlst'n'ad'acent cells, and chooses either to decode their transmissions
guish between this detector and a detector that perfor

MMSE based Ve interf llati treats them as an additive Gaussian noise, whichever is
vased successive nterterence cancetiation Ovgl ro apie in terms of spectral efficiency (see Section IV for
all received transmissions, the latter shall be referred

. ) i ore details). Finally, the effect on system performance of
as thefull_l\_/IMSE-SC detecto@hls detector 'S equivalent o cey) time-sharing (ICTS) protocols, as suggested in [12],
to a decision-feedback receiver, see Section IlI-D for .

. - i€ also analyzed.
more detailed description of the MMSE-SC scheme). This paper is organized as follows. Section Il presents the

It is emphasized that neither the linear MMSE detector, nor tegstem model. Section Il includes general equations through
MMSE-SC detector, try tdecodehe transmissions of adjacentwhich the spectral efficiency of the four detectors is obtained.

cell users (which might be prohibitive if is small). In fact, the Sections IV-VI discuss the three power allocation policies men-
cell-site detector may actually be ignorant regarding codebodisned above. Section VIl is devoted to the examination of ICTS

or code-mask sequences employed in other cells, but is awaratocols, and finally, Section VIl ends the paper with a sum-

as usually is the case in practice, of the signature sequencemafy and some concluding remarks.

all users in adjacent cells. In addition to the above, it is also as-

sumed that QII detectors_ are provided with _the req_uired_ knowl- Il. SYSTEM MODEL

edge regarding the received powers of the interfering signals. . .

The above four multiuser detection strategies were choserf ©/lowing [11] and [12], the uplink of a fully synchronous
to demonstrate the effect of information on interfering signaf€!lular COMA system is considered, whose cells are ordered
on system performance. The matched-filter detector and t§ganinfinite linear array, as depicted in Fig. 1. Using the stan-
MMSE-SC detector represent the extreme cases in the analydfd discrete time equivalent channel representation, the signal
the first being the least informed, and the latter the mo¥gctor received at an _arbltrary cell-site gt the discrete time re-
informed (in fact, the MMSE-SC detector is optimum in term&t€d to the transmission of thigh symbol is given by
of spectral efficiency in the setting considered in this paper,

1) The“conventional” matched-filter detectaihat treatsll
interference (either intracell or intercell) as additive whit
Gaussian noise (AWGN);

2) A single-cell optimum (SCQJetector that “optimally”
detects the transmissionsiofracell users, while treating

as shall be explained in Section I1I-D). The SCO detector and y; = Sixi + aS;x; +aSTzl +n;. (2-1)
the linear MMSE detector reflect a tradeoff between additional
information and detection complexity with respect to intracelThe vectorz; = [z14,...,7x,]" in (2-1) comprises the{

users, versus having more information on adjacent-cell inteede symbols originated from intracell users atdthediscrete
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Received Signals from Adjecent-Cell Users to the common practice ifading channels, where the power
/ \ control law is a function of the instantaneous channel gain
Received Signals from of each user. It is also noted that the roles of different users
oSzt e e a§m gl (which correspond to the user enumeration parametenay

be switched from frame to frame, in order to achieve a more
homogeneous/fair performance for different users.

I1l. SPECTRAL EFFICIENCY OF THEMULTIUSER DETECTORS

The fundamental figure of merit for system performance is
the per cellspectral efficiencyl], defined as the total number
time. The vectore: — [a:f x%: ]T denote the vectors of bits per chip that can be transmitted arbitrarily reliably in each

) ) L7 Y Ko

of symbols originated from users operating in adjacent celf&€!l- Denoting byy,. the SINR at the output of a linear detector

These symbols are assumed to be i.i.d., Gaussian (which cfgy-userk, and following central limit results showing that the

forms with the capacity achieving statistics), Wiz ;} = 0 interference at the output of each of the two linear detectors,

andE{z2 .} = P, ¥k, j, whereP; is the received po\,’jér of the I-€-, the matched-filter detector and the linear MMSE detector,
¢,J 1J v . . . .

kth user according to the applied power allocation policy. Thi§ Well approximated by a Gaussian noise (see [1], [13], and [14]

model is justified by assuming that the codebooks of all usdf¥ justification of this Gaussian approximation), the spectral

are chosen randomly, governed by an underlying i.i.d. Gaussgfficiency of these detectors is given by

distribution per symbol, anthdependentlyfor each message X )

transmission (see [12]). The matricfs and ST are N x K~ .. 1 1. B

matrices, whose columns are tNechip long random spreading ¢= K}Vlgloo, N Z 2 log(1 + gk) = log(1 + g(x))dz

£ L pcoo k=1

(signature) sequeces of ti€ users in the considered cell and N (3-1)

in its adjacent cells, respectively. The entries of the above rqj"’s'ing the integral representation as in (2-3), and dengfing
trices are treated as i.i.d. zero-mean random variables with Vardk/K) . g@) z € (0,1]. Itis how;aver convenient
anf:el/ N.The \{ectomi r$presents gzerp-mean white Gaussi f some cases to express the spectral efficiency in terms of the
noise VeCtor.W'thE{ni"i} =1, Vi W'thOl,Jt lOSS.Of 9ener- multiuser efficiency(see [15]) of the detector, defined as the
ality, all received powers are, thus, normalized with respect 19.: ' b stween the detector’s output SINR and the SNR, which
the noise spectral level and represent, in fact, the SNRs at he continuous argument function notation becom@s ’é

input to the multiuser detectors. .y ) .
i . i . x z). Hence the spectral efficiency is equivalently ex-
As mentioned in Section I, the effect of power allocation polg( A P y g y

Fig. 1. Linear cell-array model.

. . ressed by
cies on the overall system performance is analyzed. The “power
allocation policy” refers here to a system-defined centrally con- -8t
trolled function, that assignsraceivedpower level to each of C=3 / log(1 + n(z) f(z))dz. (3-2)
0

the intracell users (it is assumed that the users adjust their trans-

mission power so as to be received at the prescribed levglls noted here that (3-1) and (3-2) also apply to tiealinear

According to the system model considered, exactly the safRISE-SC detector since at any stage of the interference
power allocation policy is applied to all cells. In addition, a limzancellation process, the detector emplgear MMSE pro-

iting continuous argument assumption is imposed, accordingd@ssing, but with the number of interfering users getting smaller
which it is assumed that as the number of users grows to iy-each stage (see Section 111-D). The spectral efficiency of the
finity, the discrete power (SNR) assignment functid®. };_;  (nonlinear) SCO detector is most conveniently evaluated using
converges to a limit given by a function of a continuous argyhterrelations between the spectral efficiency of the optimum

ment, denoted henceforth byz)(0 < = < 1), i.e. multiuser detector and that of tHmear MMSE detector as
E E shall be explained in Section 1lI-C. The reader is referred to
P, =f <E> Pand f(z), stge T2 %€ (0,1] [16] for an alternative derivation based on the interrelations

between the spectral efficiency of the optimum detector and
that of the full MMSE-SC detector.
The above power assignment function is assumed to be subjecthe following generally describes how the spectral efficiency
to an average power constraint, given by of all four multiuser detectors is obtained in terms of the power-
assignment function. The notation 0d..r, (-)scor (+)ms, and
1 & 1 _ ()m—sc IS Used to designate entries related to the matched-filter
K Z B ,‘j;o/o fe)dz = P (2-3)  getector, the SCO detector, the linear MMSE detector, and the
k=1 MMSE-SC detector, respectively. It is noted that when different
where the definition of the Riemann integral has been usedggstems are to be compared (with possibly different spreading
arrive at the integral notation. gains and data rates), it is useful to express the spectral effi-
It is emphasized that in the nonfading regime considereddrency in terms oft, /Ny, which is done through the relation
this paper.f(z) is to be fully specified by the system designe = (2/3)C(E;/No) (see [1]). However, for simplicity of no-
according to the chosen system design goal. This is in contrtedton, equations are expressed in terms of the received power

k=1,2,... K. (2-2)
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(which is in fact the SNR, following the normalization with re-applying Lemma 3.2, it follows that the multiuser efficiency of

spect to the noise spectral level). the linear MMSE detector is given by the unique positive solu-
tion to the implicit equation

A. Matched-Filter Detector

The matched-filter detector simply passes the received signal,, = /3/1 [ Thns £ (C) 9 P ims f(€) dc =1
through a filter matched to the signature sequence of the user of o LI+mmsf(Q) 14 a?mmsf(C)
interest, while treating all interfering signals as a pure AWGN. . - L (8-7)
In the limiting scenario considered here, the following result [é’}nd the resulting spectral efficiency is given by [cf. (3-2)]
on the convergence of the multiuser efficiency of the matched- ) g
filter detector in asingle-cellsystem holds. Crs = 5 / log(1 + s f (7)) da. (3-8)
Lemma 3.1 (Tse—Hanly [3])Let the empirical distribution 0
of the received powers of all users converge almost surely (a.s.)
asK,N — oo, K/N — [ < oo, to some nonrandom limit
‘H(P). Then, the multiuser efficiency of the matched-filter de?' SCO Detector
tector converges in probability to a nonrandom limit:, equal As mentioned at the beginning of this section, the spectral

for all users, given by efficiency of the SCO detector is most conveniently obtained
using interrelations between the spectral efficiency of an op-

i = 1 (3-3) timum multiuser detector and that of the linear MMSE detector.

14 BEx{P} The following Lemma is a result obtained in [2] with respect to

here ¢ at ith ” single-cell systems and flat-fading channels (a factdr/a@fwas
w Tere 'H{.t} r&preser:_ S Iexpec ﬁ.'orlllw' drelspec -(SP)'d h added to account for real channels, as considered here).
urning to the particular multicell model considered Nere, ) o,ma 3.3 (Shamai-Verdu [2] Theorem IV.Det the em-

the rlnatcrllled-f{llter dg‘t;ctor effectlvilly gpefra:]gsr:retgm_vailent ”pirical distribution of the received powers of all users converge
single-celisystem oBK users, one-third of which (the intracelly g 3, | emyma 3.2 to some nonrandom lii{ 7). Then, the

users) are recglved at (nonrgndom) POWErs as glyeﬁ(by, pectral efficiency of the optimum multiuser detector is given
x € (0,1], while the remaining two-thirds (the adjacent-cel y

users) are received at powersf (z mod 1), z € (1, 3]. Hence,

applying Lemma 3.1, while considering the average power con- N 1 1 (e — 1)
straint of (2-3), it is straightforward to see that the multiuser ~ Csco = Cns® + S log —— + = loge  (3-9)
efficiency of the matched-filter detector is given by s
1 wheren- ¢ is the limiting multiuser efficiency of the corre-
Mt = T 501+ 202D (3-4)  sponding linear MMSE detector, as given by Lemma 3.2 ((3-6)),
and
and its spectral efficiency satisfies . 3
O = 5 Er{log(1 + 13, “P)} (3-10)

~ 1 ms 5
e = 2 / log <1 v f() . ) dv.  (3-5)
2.Jo 1+ B(1+2a%)P is the spectral efficiency of this detector.
In order to apply the above Lemma to the multicell model

B. Linear MMSE Detector considered here, the following observation is required. By
finition, the SCO detector treats adjacent-cell interference

. : . d
The linear MMSE detector passes the received signal throug@ an AWGN, which tacitly implies that joint nearest neighbor

tahllnehar f'lt?r. tha’; r:;]lmmlz;as .thezmlean s(,thl;]ar?ﬂ e,rror tiewtveﬁecoding is employed for the detection of intracell transmis-
e channel input [the vectarin (2-1)] and the filter's output. sions. However, the additive interference originating from

Follqwmg IS a result from [3], as It is formulated in [2], thatadjacent—cell users is, in factn@nwhiteGaussian noise, which
applies to single-cell systems with flat fading channels.

) .2 ..~ . putsus in the framework of the mismatched decoding problem,
Lemma _3'2 (Tse-Hanly [3])Let the empirical distribution as analyzed in [17]. According to [17], adding a mild restriction
of the received powers of all users converge a. (a8 — oo,

) that the additive adjacent cell interference is ergodic of second
K/N — . to some nonrandom limit{(7). Then, the mul- moment, and under the assumption, adhered to in this analysis,

tiuser efﬂuency qf the linear MMSE detectpr CONVETges a.s. {Rat all codebooks are Gaussian, the spectral efficiency of
ananandom_llmlnnls,e_qual_ f_or all USErs, given by the UNI9USHe detector depends on the actual noise plus interference
positive solution to the implicit equation distribution only via its power, and thus coincides with the
Nens P spectral efficiency in awhite Gaussian noise channel with
m} } =1 (3-6) signal and noise powers equal to those of the original channel.
Following the above result, it may, therefore, be concluded that
As with the matched-filter detector in the considered multin terms of spectral efficiency the SCO detector is equivalent to
cell nonfadingmodel, the linear MMSE detector also operatean optimum detector in single-cellsystem, where the additive
effectively in an equivalent single-cell system3d users with white Gaussian background noise process has spectral level
power distribution, as described in Section Ill-A above. Hencgiven by1 + 232 P. This implies that the power assignment

Thns + ﬁEH { |:
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function f(z) in the equivalent single-cell setting should b&he spectral efficiency of the MMSE-SC detector is given by
replaced by

1
f(.’L') Cmfsc = g /0 IOg(]. + 77111fsc(37)f(37))d37- (3'15)

A
A 311
Jeal®) = 1755 55 (3-11) o - .
. o o In cases in which only the spectral efficiency (sum rate) is of
Following similar arguments to those used for deriving (3-hterest, and not the individual user rates, an alternative compu-

and applying Lemma 3.3, the spectral efficiency of the SCtionally simpler approach for evaluating the spectral efficiency

detector is finally given by of the MMSE-SC detector may be taken. The key tool in the
3 1 derivation is the equivalence, in terms of spectral efficiency, be-
Chaco :/_ / log(1 + 7sco feq(2))dz tween the (full) MMSE-SC detector and the optimum detector in

2Jo asingle-cell environment.e., whenall received transmissions

+ llog + l(nm —1)loge (3-12) areto be decoded at the receiver (e.g., see [1],[18], and [19]).

2 Nsco 2 The first step is observing that the spectral efficiency expres-

where 7., is the multiuser efficiency of the correspondin%‘;n of (3-15) equals the sum of the maximum attainable rates

linear MMSE detector, given by the unique positive solution t each of the intracell users, normalized by the processing gain,
the implicit equation and written in the continuous argument function form (consid-

ering the limiting scenario oK', N — oo, K/N — 3 < o).
Let (3-15) be rewritten in the following way

1 7/]scofeq(C)

sCO 3 ——=2d(=1. 3-13
et [ @ 19

1
Crsc = é / log(1 + mm—sc(z) f(x))dz + S — & (3-16)
2 Jo

D. MMSE-SC Detector

The MMSE-SC detector uses a successive interference C\évrq_eres denotes the normalized sum of the maximum rates that
cellation scheme, with linear MMSE processing at each Sta\évgeur:g::\\lsit?g? S;t:rlgegrgy;és?:gs:ﬁ Mﬁé{%@%ﬁiﬁ(i:
(essentially as described in Section IlI-B). Starting from the ﬁrstith the first K users ,recef\)/ec)j/ at powerg(z) € (0,1] '
intracell user, the detector uses linear MMSE processing to Mk P th T ’

igate the interference generatedddy — 1 users § — 1 intra- and the remaining X users received at powes f(x mod 1),

cell, and2K at adjacent cells), as experienced by user 1. Aftdr € (1,3] (which are the received POWers of the adjacent-cell
ui)ers). Here the reader must be cautious as not to confuse the ad-
|

decoding, the signal generated by user 1 is reconstructed, jl.!lll onal rates (those summing up&) with the actual attained

tracted from the total received signal, and the result is passe on ; . . .
: . rates of the users in adjacent cells, as these must be identical
to the detector for the second intracell user, now experienci

{Pthe rates of théirst K users (with corresponding indices),

interference generated 3% — 2 users K — 2 intracell, and . . .
Ice g K i that represent the true rates of the intracell users in the multi-
2K at adjacent cells). The procedure is repeated until the las . ; .
; . . cell scenario, as all cells are assumed to be identical from all
intracell user (usek), which due to the cancellation process - ; )
) . . aspects. Rather, these fictitious single-cell scenario rates were
experiences only interference generated bytheadjacent-cell . .
. ; ! . introduced here for mathematical purposes only, as they lead to

users. Since by the underlying assumption the cell-site detector

is unaware of the codebooks of adjacent-cell users, no decodt n equivalent expression for the spectral efficiency that is sim-

. ; . ISr to compute. Returning to the single-cell interpretation, the
and cancellation are performed with respect to the signals g (ghowing is observed. The sum of the first two elements in the
erzgig l:;y tr;gz(zhusfﬁ:sébtainin the spectral efficiency of t r.h.s. of (3-16) can be interpreted as the spectral efficiency of the
MMSE-S%pdetector is first evgluatin pits multiuser efﬁcienc ull MMSE-SC detector in a single (isolated) cell wii” users
(continuous argument) functio g(x) and then usin ¥ind with received powers as explained above. This spectral effi-
(3-2). In contragt to théinear Mh'zgésaetéctor the multiusgr ciency is denoted by. In addition, the temd in (3-16) can also
efficiency of the MMSE-SC detector is not equal for all user§Je interpreted as the spectral efficiency of the full MMSE-SC

. ) . de*ector in a single (isolated) cell witmly 2K users, wherall
as they experience interference from a decreasing number 0

. ; ers are received with powerd f(x mod 1), = € (0,2], and
users as the successive cancellation process progresses. '('?11%) mav be rewritten as
naturally holds also for the full MMSE-SC detector. y

Applying Lemma 3.3 to each user (with the appropriate inter- Copce=C— 8. (3-17)
pretation as in Section IlI-B), the multiuser efficiency function
of the MMSE-SC detector is given by the unique positive soldrhe validity of this alternative interpretation follows from the

tion (for each value of) to the implicit equation fact that within the MMSE-SC detection scheme the filst
. users (out of3K) have no effect on the rates attained by the
" (@) + 8 / Nn—sc(®) () dc remaining2 K" users, as they are cancelled out in the successive
mese o L Do) f(O) interference cancellation process.
1 5 The above single-cell interpretations allow to express the de-
+ 2/ O m—sc(2).f(C) acl =1 sired spectral efficiency as a difference of spectral efficiencies of
2 - . . . .
0 14 ?m—sc(x)f(C) full MMSE-SC detectors in two differerstingle-cellscenarios.

(3-14) Toward this end, the equivalence in terms of spectral efficiency
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of the optimum detector and the full MMSE-SC detector in a IV. EQUAL POWERS

single-cell scenario can be used, and Lemma 3.3 can be aPs 4tisfvi ;
. L atisfying the average power constraint of (2-3), the equal-
plied to expres§ andS as the spectral efficiencies of the cor- fying ge p (2-3) q

. i i owers policy simply implies settinfi(z) = P,V0 <z < 1.
responding optimum detectors. Accordingly, the spectral erE’ubstitutin the above power assignment function in (3-5), the
ciency of the MMSE-SC detector (in the consideredlticell g P 9 (3-5),

o spectral efficiency of the matched-filter detector is given by
scenario) is given by

- Jéj P
Crut = = log |1 _ | 4-1
e R ey (“-1)

B[t
Cin—se =3 / log(1 + ne f(x))dx
0

L 5 As can be seen, the above result reaches a limit as the average
'H}/O log(1 + ane f(x))dx power (or E;,/No) grows without bound, which is in accor-
1 1 1 dance with the well-known interference-limited behavior of the
+ 3 log 77_c + 5(770 —Dloge matched-filter detector. The same behavior is observed taking
1 [ — oo, which is also optimum in terms of spectral efficiency
- [/3/ log(1 + a”ns f(x))dx [1].
0 The spectral efficiency of the SCO detector is evaluated by
1 11 substitutingf(z) = P into (3-12) and (3-13). Fortunately, the
+ 3 log — + 5(775 —1)log e] (3-18) resulting spectral efficiency with equal received powers admits
s a closed explicit form expression, as observed for the single-cell

scenario in [1]. Accordingly, the spectral efficiency of the SCO

wherer is the unique positive solution to detector is given by

1 1 2
nef(¢) / a’ne f(€) }
3 B _qe42 | — 20 gl =1 - J¢] _ 1., -
w0 | [ | e o1 Csco = 105 |1+ Poy = 17 (Fuas )]
[ i iti i 1 _ 1 -
andrs is the unique positive solution to + 3 log [1  Pofd ZF(Peqaﬁ):|
! o?ns f(C) loge ., -
+23/ —— = d(=1. 3-20 — —=—F(Poy, 4-2
) Trarns " (820 5hy” e ) (42)
After deriving the spectral efficiency expressions, it is usefynere P.q 2 P/(1+2B8a2P) [see (3-11)], and

now to shed some light on an interesting property of the A 5 5
MMSE-SC detector. A careful observation shows, that in termfs(®>2) = (\/“7_(1 +V2)? + 1___\/“7(1 V2 1)

of spectral efficiency the MMSE-SC detector is in fact th&s with the matched-filter detector, it is observed that the above
optimum multiuser detectounder the assumption of singleSPectral efficiency reaches a I|r2n|t letting, /N, — oo (note
cell-site processing, and the assumption that the receiver 3@t in such caséxy — 1/28a7). This interference-limited

no knowledge of the codebooks used in the adjacent ceits behavior of the SCO detector emanates from the fact that
those codebooks are randomly selected per message (as igfgrcell interference is treated as AWGN. Agajf, — oo is
deed assumed in the system model considered, see Sectiorpﬁjr'.mum in terms of spectral efﬂgency. o
This is evident by noticing, that the matched filtering over The SINRatthe output of the linear MMSE detector is given
all signatures sequences (both of intracell and adjacent-d®ithe positive root of the following cubic equation obtained by
users) constitutes sufficient statistics, and the fact that, in thedstitutingf(z) = P andnus = gws/F into (3-7)

Gaussian regime, the MMSE estimator extracts all the desired 1 s DPla? a1

information in the mutual information sense. By exactly 3 [1+B8-DPla?+1 ,

ms gllls
the same arguments used in [19] for the the full MMSE-SC _042 _ _
detector in a single-cell scenario, the sum of rates attained in + (20 -DPa”+(f - 1P+ 1gms _P_ 0.
the present model by the successive cancellation process, can o? o?

be shown to correspond to the chain decomposition rule for (4-3)

mutual information. Hence, the MMSE-SC detector achieves ) )

the maximum mutual information between the channel outpff€a1y, With equal powers the output SINR for the linear
[as represented by the vecpin (2-1)] and the channel input MI\_/I_SE detector is identical for all users, a_nd thus., the spectral
due to intracell users only [as represented the vegtan efficiency of the linear MMSE detector is simply given by
(2-1)], with the above restrictions on information available with _ 3

respect to adjacent-cell interference. It is noted, however, that Cms = 7 log(1 + gus) (4-4)

. . . . 2

in the case in which the codebooks of adjacent-cell uasrs

known or chosen once for good, the MMSE-SOis longer whereg,, is the positive root of (4-3) [see (3-8)]

the optimum receiver, as the problem falls within the difficult In contrast to the matched-filter and the SCO detector, the
framework of joint multiple-access/interference channels (skeear MMSE detector is not interference limited if the system
also Section V). loadg is appropriately chosen. By examining (3-7), substituting
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Spectral Efficiency for Optimum p («=0.5)
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Fig. 2. Spectral efficiency with equal powers,= 1/2, and optimum system load (N.S.: No spreading).

nms = 9gms/ P, it can be shown that the spectral efficiency off 3 is appropriately chosen (again the optimum choice here
the linear MMSE detector grows without bound Bg/Ny — is setting < 1/3 for large F;/Np). Taking 3 — oo it is

oo, provided that3 < 1/3. It is also seen that the optimumobserved that the spectral efficiency of the MMSE-SC detector
choice fors is lower thanl /3 for large £}, /Ny. Taking — oo, coincides with that of the SCO detector, which is in agreement
the spectral efficiency of the linear MMSE detector coincidesith the behavior of the linear MMSE detector fr— cc.

with that of the matched-filter detector, as expected from theFig. 2 compares the spectral efficiencies of the four detectors

single-cell results of [1]. discussed above with = 1/2 and the optimum choice of.
Finally, substitutingy,—sc(z) = gm—sc(z)/P (@and f(z) = The value ofa = 1/2 has been chosen to mimic the case in
P) into (3-14) results again in a cubic equation which the average intercell interference power equals one half
) _ of the average power of intracell transmissi¢@a? = 1/2)
P () + 14+a® [14+P((3 —2)8 - 1)] 2 which is in agreement with the early reports on 1S-95 systems.

B a? The spectral efficiencies were evaluated atagpgmumsystem
N 14+ P[(28 -1 +p(1—xz) —1] (@) load 3 (which for the two MMSE based detectors is a function
a2 Jm—scl of E,/Np) in view of its cardinal effect on system performance,
p making it a major system design parameter (as can be observed
T2 0 (4-5) from the preceding discussion, and also indicated in [1]). There-
Ig%re, it is only reasonable to assume that for each multiuser de-
: ection scheme the system is optimally designed, and to com-
function of the MMSE-SC de’gectgglll_sc(x), v € (0.1] ﬁll’e the detectors on the basis of best achievable performance
(note that here the SINR function is not a constant although W make the comparison fair
users are received with equal powers). Obtaining the SINR func- i

. . - Accordingly, for low E, /N, where it is optimum to choose
tion, the resulting spectral efficiency can be evaluated throu . o, the spectral efficiencies of the linear MMSE and the

whose positive root determines the value of the output SI

[see (3-15)] MMSE-SC detectors coincide with those of the matched-filter
. B [t detector and the SCO detector, respectively. Howevé, @87,
Cm—sc = 5 / log(1 + gmsc())dz. (4-6) increases beyond some critical value, the optimum choigg of
0

for the two MMSE based detectors decreases, eventually be-
As mentioned in Section IlI-D, the spectral efficiency may beoming lower tharl /3, and the spectral efficiency of these de-
alternatively evaluated through (3-18)—(3-20), however (3-1#gctors grows without bound with;, /N,. The decrease in op-
lends itself more easily to asymptotic analysis, whose resulisium g is the reason for the “knee effect” observed in the
are described next. spectral efficiency curves of these two detectors (it is noted that
Considering again (3-14), substituting,,—..(z) = the phenomena is not observed when the spectral efficiency is
gm—sc(x)/ P, the spectral efficiency of the MMSE-SC detectoplotted for afixed value of 3). The slope of the spectral effi-
can also be shown to grow without bound Bs/N, — oo, ciency curve of the MMSE-SC detector is however steeper than



ZAIDEL et al: MULTICELL UPLINK SPECTRAL EFFICIENCY OF CODED DS-CDMA 1563

that of the linear MMSE detector. One can also notice that bleaves us with the examination of the MMSE-SC detector. Also
yond some critical value af;, /Ny (around 16 dB in Fig. 2), the considered, for the sake of comparison, is the MMSE-SC de-
spectral efficiency of the linear MMSE detector surpasses thattor that treats adjacent cell interference as additive Gaussian
of the SCO detector. noise. This detector is equivalent to the SCO detector in terms
Another interesting issue is the penalty due to randoaf (overall) spectral efficiency (see Section IlI-D and [16]).
spreading. Following [12], the spectral efficiency (sum rate) The desired power assignment function that attains equal
without spreading of the detector equivalent to the matchedtes can be numerically determined by substitutitg) =

filter detectot is given for any number of usefs by W/ f(x), for some constanitV, into either (3-14) or
- K P
== IOg <1 + = = (4'7) ' 7711175A:(-/L')fe (C)
mi T g 1+ (K —1)P+2K 2P> m,SCa:Jrs/ 1 d¢ =1 5-1
(K —DP +2Ka Al A e T g &

and the spectral efficiency of the SCO detector is given by o o ) o
which is the corresponding implicit equation defining the mul-

1 log [ 14+ KP (4-8) tiuser efficiency of the detector that treats adjacent-cell interfer-
9% 1+2Ka2P )" ence as noise, anfl,(z) is defined by (3-11). These equations

i ) canthenbe solved sothatthe power constraint of (2-3) is satisfied,
Since in (4-7) and (4-8K = 3, one can check that the spectray, o hjyiding the intervdD, 1] into M equal intervals, approxi-

efficiencies (with spreading) of both the matched—_filter detect%atmg integrals through sums, and using successive approxima-
and the SCO detector [cf. (4-1) and (4-2)], are equivalent to (4-178” methods (the following results are basedidn= 25).

and (4-8) while taking? — oo [which is the optimum choicé  the hymerical results show that in terms of (overall) spec-

(see_ Fi_g. ). , , ) tral efficiency, evaluated at the optimum choice fothe equal-

. St',” n 'tEe nonspreading frame\r/1vork,| ankmterestmg ConI:palréteS policy is almost as good as the equal-powers policy, at least
ISon 1S W_'t re_spect toa detectqrt atalso nowsc_xb!ﬁaeboo S for L, /Ny values of up to 20 dB. For example (and within the
of users in adjacent cells, and either decodes thelrtransm|53|geéuracy of the numerical approximations as specified above),

as well, or treats them as additive Gaussian noise whichevegissiqering the detector that mitigates adjacent-cell interfer-

preferable in terms of spectral efficiency. This detector is '&hce by means of a linear MMSE filter, the spectral efficiency

fer.re.d to as the adjacent-cell decoder (ACD), and its spect hieved with the equal-rates policy turned out to be about 98%
efficiency is given by (see [12]) of that with the equal-powers policy, &, /N, = 20 dB and
. 1 KP with « = 1/2. The results obtained for the detector that treats
Ciép =max [— log <1 + —2> , adjacent-cell interference as noise were even closer in this case
2 1+2Ka”P (about 99:8%). Forx = 0 (and E, /Ny = 20 dB) the spectral

C«n.s. _

SCO

(1 o efficiency with the equal-rates policy was about 97:6% of the

min| = log(1+(1+2a”)KP), spectral efficiency with equal powers (both detectors are equiv-
alent in this case). The spectral efficiency difference was ob-
served to slowly increase with, /Ny.

The equal-rates policy may, however, be preferable in terms
of a more equitable rate allocation, as can be seen from the ex-
As can be observed from Fig. 2, for lol, /Ny the spectral ample described by Fig. 3. This figure shows the ratio between
efficiency of the ACD equals that of the MMSE-SC detectdthe rate per user while using the MMSE-SC detectors with equal
and the SCO detector since it is preferable to treat adjacent ¢gaivers, and the rate attained by the equal-rates policy (given by
interference as noise. However, beyond some critical valuelog(1+g¢(x))/log(1+W)),for £, /Ny = 15dB,« = 0andl/2,

E, /Ny , where decoding is preferable, the curves depart andd optimum choice gf (the latter is very similar for both poli-
the spectral efficiency of the ACD grows quite rapidly withouties with interference suppression, less than 1% difference, and

ilog(1+2oc2KP)> . (49

bound withE}, /Ny (in comparison to the other detectors).  identical when interference is treated as noise, thus making the
comparison valid). Taking the rate under the equal-rates policy as
V. EQUAL-RATE POWER ASSIGNMENT representing a minimum rate requirement, identical to all users,

The SCO detector provides equal rates to all users by guecansee thatwith gqual powers alarge proportion qfthe USers
I . . o ails to meet the requirement. The unbalanced rate distribution
signing equal received powers to all. With the remaining three ; S S . .

in particular, striking forx = 0, i.e., in a single-cell envi-

i . i
detectors, guarante_elng equal rates to all users requires thatr:(i)’ﬁement (which should have been expected). For example, with
SINR functiong(z) is a constant. As can be seen from Sec:

— 15 0, |
tion 1V, the above requirement is satisfied for the two Iinea%rb/N0 15 dB around 76% (!) of the users fall under the rate

detectors, i.e, the matched-filter detector and the linear MM§£ta'.ned by t_he_qual-rates policy with= 0. The nqnumfor-
o : . mity in rate distribution under the equal-powers policy becomes
detector, by assigningqual received powet® all users. This

moderate as the level of adjacent-cell interference is increased,
1Shamai and Wyner consider in [1@fdebandcommunications, where all however even forv = 1/2 around 40%—-60% of the users fall

bandwidth expansion is due to coding, and this detector is referred to in [12]g§der the rate attained with the equal-rates policy (depending on
a“single-user decoder,’as it treats all other-user interference as AWGN. It i

in that sense that this detector is equivalent to the matched-filter detector insﬁ? chosen detector). Results #/N, = 20 dB, are of sim-
spread systems. ilar nature. It may therefore be concluded that the equal-rates
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Rate Ratio for Optimum p (EbNo=15dB)
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Fig. 3. Ratios of the rates attained with the equal-powers policy and those attained with the equal-rates phligyWfoe= 15 dB and optimum system loagl
(8 — ~ isrepresented by = 10). IS: Adjacent-cell interference suppression. Gl: Interference treated as noise (both are equivaleat(fpr

policy is preferable over the equal-powers policy, in terms seClearly, f,(x) satisfies the average power constraint of (2-3).
vice fairness, when all users are to be equally serviced. Furth€he rationale behindf,(z) is that the power assignment
more, when the, /Ny at which the system operates is not tofunction provides a mean for applying a “population control”
high, choosing the equal-rates policy incures (almost) no lossiitechanism (see [2]) to enhance system performance. Given
overall spectral efficiency. With this respect it is noted that thg system, with some fixeds, /Ny, interference factora,
difference between the spectral efficiency with equal powers agdd system loag, one might gain in spectral efficiency by
that with equal rates waanalytically obtained in [20], consid- effectively “shutting down” part of the users’ transmissions by
ering a single-cell scenario and the decorrelator based succesgig@ns of the power assignment function, and assigning more
Cance”er, which is asymptotic to the MMSE-SC detector at t%wer to the remaining users while Satisfying the average
high SNR region. The difference in spectral efficiency was fourghwer constraint. It is noted however, that using the function
to be increasing proportionally to the logarithm of the spectral ef- .y still confines us to equal power assignment to all effec-
ficiency, which is indeed quite slow. tively active users. Obviously, assigning all power to a single
user(p — 0) is useless since this drives the system'’s spectral
efficiency to zero. The power assignment functifz) comes
into effect if there exists some value pf= p* < 1 for which
Observing (3-5) it is quite straightforward to show, usinghe spectral efficiency is maximized. In the particular case
Jensen’s inequality and the concavity of thg(1+x) function, i which p* = 1, f,(z) simply reduces to the equal-powers
that the spectral efficiency of the matched-filter detector isyjicy discussed in Section IV. The above “population control”
maximized by assigning equal powers to all users. The saf@chanism is in fact equivalent to the optimization of the
result hplds for the spectral efficiency of the SCO detector, @Bectral efficiency with respect t8 under the equal-powers
shown'm the Appendix. o ) policy, for fixed E;, /Ny, if the initially set value ofg is higher
Solving the general optimization problem with respect to the 5, “the optimum value (note thdit(x) cannotincreasethe
spectral efficiency qf bot-h the linear MMSE detector and thggactive load). Hence, for a given system, at a fixed working
MMSE-SC detector is quite complex, as can be seenfrom_(3—5)]int specified byE, /Ny, a, and 3, the spectral efficiency,
(3-8), (3-14), and (3-15). Hence, alower bound on the maximu, imized over the set of power assignment functions, is lower
spectral efficiency is pursued. Consider the power assignmeinded by the spectral efficiency obtained by substituting
function f,(x) defined as f,(x) into (3-7) and (3-14) (or alternatively (3-18)), and by
evaluating the spectral efficiency at= p*.
0<z<p, Itis noted that the “population control” mechanism, based on
fo= - 0<p<l. (6-1) the power assignment functiofy(z), has also a natural prac-
tical implementation interpretation, in the form of a random-

VI. MAXIMUM SPECTRAL EFFICIENY

Y]

jen)

otherwise,
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Spectral Efficiency for Optimump (a=0.5, B=1)
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Fig. 4. Spectral efficiency wittf, (x)|,=.+, @ = 1/2, and system loag = 1.

ized time division multiple access (TDMA) scheme. Due to the _ interference
. . . no adjacent cell region

major role of the loagh in determining system performance (as o<t interference power: i1 P

also emphasized by Fig. 4 to be discussed below), the systen / power: upP

designer can employ a TDMA scheme in which the number of bNF (1= 2Ny ——phEy,

-]

simultaneously active users in each cell is chosen to yield an op-even cells __\ — (1-0)Nr
w (1—0)Np T~ odd cells

timum load according to the desired system working point, and

the active users are randomly selected every time frame soast . .

offer a uniform service quality to all users. <«——— Np Symbols ———>
Some comparative results, demonstrating the effect of maxi-

mizing the spectral efficiency via the power assignment functidig. 5. ICTS scheme.

are demonstrated in Fig. 4, where the spectral efficiency of all

four detectors is plotted fat = 1/2 and/ = 1. The spectral VII. | NTERCELL TIME-SHARING (ICTS)
efficiency of the linear MMSE and MMSE-SC detector is eval-
uated using the power assignment funcfw), with p = p". Following Shamai and Wyner [12], it is also of interest to ex-

For the matched-filter detector and the SCO detector the SP&fine the effect ointercell time-sharingICTS) protocols be-

tral efficiency has been evaluated with the equal power assiglo oy adjacent cells within the scenario considered here. The
ment (which attains the maximum). Also included in Fig. 4 argne_sharing protocol suggested in [12] is described in Fig. 5. It
the spectral efficiencies without spreading of the three detgg-555ymed that the transmission time is divided into frames of
tors mentioned in Section IV (denoted by “N.S."), as given by . channel symbols per frame. The users in each of the cells
(4-7)~(4-9). From Fig. 45 = 1), it can be seen that for low yge only a fraction of — 6 of the frame(0 < 6 < 1/2): the

E, /Ny, the spectral efficiencies of the linear MMSE detectqlisers in even-numbered cells modulate the initlal- 6)N

and the MMSE-SC detector are lower than the spectral efﬁciefgymbms of the frame, and those in odd-numbered cells mod-
cies without spreading of the matched-filter equivalent and SGfhte the ending1l — 6) Ny symbols of the frame. Thus, the
detectors, respectively (equality is attainedffor- oc). Thisis ysers in each cell are interfered by adjacent-cell users for a
also the case with the spectral efficiency of the matched-filtgraction 1 — 26 of the frame, and experience no adjacent-cell
and the SCO detector, fall values ofE;, /Ny. However, be- interference for a fractiod of the frame. For simplicity, the
yond some critical values df, / N the optimunys for the linear  analysis is restricted to the equal-powers policy, however it is
MMSE and the MMSE-SC detectors decreases below unity, aassumed that the received power level is optimized according
thus using the power assignment functifyiz) (with p = p*)  to the channel state (i.e., with/without adjacent-cell interfer-
brings the spectral efficiency of both detectors to its maximuance), while satisfying the per-user average power constraint.
value with the equal power assignment (cf. Fig. 2). Denoting by, P the (equal) received power allocated to users
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Spectral Efficiency for Optimum § and 8 (a=0.5)
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Fig. 6. Spectral efficiency with optimum ICTS, = 1/2, and optimum system loag.

when adjacent-cell interference is present, ang.p# the re- SCO and MMSE-SC detectors. Thus, the spectral efficiencies of
ceived power when itis not present, the latter requirement yieltltee two latter detectors coincide (recall the equivalence in terms
pr = (1 —(1—20)uy)/68,v6 € (0,1/2) (obviouslyp; = 1 of spectral efficiency of the MMSE-SC and the optimum de-
for & = 0, andpu, = 2 for § = 1/2). Further denoting by tector for Gaussian inputs, as mentioned in Section Ill). For the
O(P, «, B) the spectral efficiency expression obtained witholinear MMSE detector, no ICTS is optimal upfy /Ny = 6 dB,
time-sharing and with equal powers, given an average poweihile full ICTS is optimal for highet}; /N, (ashorttransition
constraint?, interference level and system loag@, as in Sec- interval where partial ICTS is optimal is observed in between).
tion 1V, the resulting spectral efficienayith ICTS is obtained As can be seen, in particular by comparing Figs. 2 and 6, the in-
as a function ofF;, /Ny by solving the following equation [sub- troduction of ICTS protocols considerably improves the spectral
stituting P = %O;\ES efficiency of all multiuser detectors considered, except for the
’ matched-filter detector. The dramatic enhancement in system
% 5 5 5, 5 performance is most clearly observed while taking as reference
C=1=20)C0ul, 0. p) +0C(u2l,0,5). (7-1) the spectral efficiency curve of the ACD. As can be seen from
Fri]g. 2, without ICTS the ACD is superior to all other detectors.
It—lowever, with the introduction of ICTS, the spectral efficien-

The above spectral efficiency can then be further optimized wi

respect to thg tlme—sharmg parametemd the system load. cies of all detectors but the matched-filter surpass beyond some
Comparative results with such ICTS protocol are plotted N cal E /Ny the spectral efficiency of the ACD (in fact the
Fig. 6, again withaw = 1/2 (it is noted that the results are 57270 P y

highly dependent on the value aj. The results were ObtainedMMSE-SC and the SCO detector exhibit superior performance

by first solving numerically the equatiomé/dul = 0 (ac- for all E,/Ny values). The matched-filter detector is interfer-

cording to (7-1)) in order to obtain the optimum power distri€nce limitedregardlessof whether adjacent cell interference is

bution givend, and whenever relevant also givér(recall that present or not, and thus no improvement in spectral efficiency

for the matched-filter detector and SCO detector it is always opn be obtained with ICTS fai < 1//2. The performance

) ; aWays O hancement is at most striking for the SCO detector adrnit is
timum to take — oo0). Next, standard numerical optimization - .
! ) . terference limitedwvithout ICTS.
tools were used to determine the optimum valueé&dgiven
53, unless3 — o). Finally, the same standard numerical opti-
mization tools were also used to determine the optimum system
load 3 for the linear MMSE and MMSE-SC detectors. For the This paper has analyzed the spectral efficiency of four mul-
sake of comparison, the spectral efficiency of the ACD (with nguser detectors that differ by the amount and type of information
spreading and no time sharing), as given by (4-9), has also beesde available to the detector with regard to interference (both
included in the figure. intracellandintercell). The assumptions on available information
The results show that for af;, / Ny values no-ICTS is optimal were made in view of the common practice in practical COMA
for the matched-filter detector, while full ICTS is optimal for thesystems, and, in particular, those based onthe 1S-95 standard [21],

VIIl. CONCLUSION
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as described below. Clearly, the cell-site receiver (in any systesijering a single-cell system 8K users, wherd users are re-
must be aware of the exact signature sequences and codebooksived with powers according () and the res6 K users are
allintra-cell users, as otherwise no detection is possible even wieiteived with powers according ¢d f(z). The results can also
the “conventional” matched-filter detector. Furthermore, whdre extended rather straightforwardly (using Lemmas 3.1-3.3) to
soft-handoff is employed (see [21]) each cell site must also benulticell model with more than just adjacent-cell interference,
aware of the signature sequences of users in adjacent cells (whigliefining multiple interference factorg > as > ... > «,.
for example in the 1S-95 standard are in essence phase-shifibé complexity of the equations, though, increases accordingly.
versions of the same long pseudo-noise (PN) sequence), and&hether simplification, assumed for analytical tractability, is the
option exists of detecting their signals as well. In order to avottiefull synchronism of the received signals (this model has been
excessive complexity at the receiver, it was assumed that teed in a number of previous works, see [11], [12], and [23]). A
receiver is unaware of thmvdebooksf adjacent-cell users. It is more realistic asynchronous model posessiderabldifficul-
noted that the use of adaptive MMSE multiuser receivers is &as and analytical results for an asymptotic system model with
attractive option in this respect (e.g., see [22]) as those do mahdom spreading, as considered here, are not yet available. An
distinguish between intracell and other-cell interferers. attempt in this direction can be found for example in [6], where
The results obtained in this paper explicitly demonstratesingle-cellasynchronous but chip-synchronous system (as op-
the dramatic effect of information about interfering signalposed to dully asynchronous system) is analyzed. In general,
on system performance. The effect is most clearly seen the results indicate that synchronous system performance pro-
comparing the linear MMSE detector and the SCO detectoides a rather tight upper bound to the performance of finite
which as mentioned in Section | represent a tradeoff betwekarizon linear receivers for analogous asynchronous systems.
intracell transmissions processing complexity, and additionBlhe approach taken in [6] can be used, in principle, to extend
information on adjacent-cell interference. It was shown that otige results obtained here to the asynchronous case. However it
can gain even without trying to decode the transmissions of tiseemphasized that the general nature of the results, the effect of
interfering users in adjacent cells (which enables interferenkgowledge on the structure of interfering signals on system per-
cancellation, or treating them optimally in the setting of arformance, the cardinal role of the system Iga@nd the relative
interference channel [12]. The gain emerges by the very fgmrformance of the different detectors should be essentially re-
that the linear MMSE filter will account for the reduction oftained in an asynchronous system as well.
interference, provided that the signatures of interfering users ard-inally, it is noted that the random signature model analyzed
known not only at the intended cell-site but at those cell-sité®re can also be used to modielquency-selectiviading, for
where they cause interference. It was shown that whgfiv, example by considering the dual to DS-spreading: multicarrier
and the interference factarare not too low, the relatively simple CDMA (see [15]). Extension of the multicell results obtained in
linear MMSE detector, which is more informed regarding adjathis paper to flat-fading channelwith DS-spreading) is under
cent cell interference, is preferable over the interference limitedrrent study, as well as the analysis of the optinmaniticell
SCO detector that employs nonlinear detection of intracell uses#ie processingetector [11], and the characterization of te
while treating intercell interference as noise. It may, thereforémumpower allocation policy, in terms of spectral efficiency,
be concluded that for high-data rates, inherently demandifay the linear MMSE and MMSE-SC detectors.
high E,/Ny, it is advantageous to mitigate out-of-cell inter-
ference through linear MMSE processing. The penalty due to APPENDIX
random spreading was also demonstrated via comparisonBQUAL-POWERSPOLICY IS OPTIMAL FOR THE SCO DETECTOR
corresponding detectors suggested for nonspreading systems
[12]. Finally, it was shown that a dramatic increase in spectrfg

efficiency can be achieved by employing intercell tme-shanrarst, observe that since all adjacent-cell interference is treated

protocols for all (_jetecto_rs but the n_watched—ﬁlter detector. by the receiver as an additive Gaussian noise, the discrete time
Power allocation policy comparison shows that the eq”aéqmvalent channel of (2-1) can be replaced by
powers policy obtains equal rates with the matched-filter de-

tector, the SCO detector, and the linear MMSE detector, and it Y, =Sz + 7 (A-1)

attains the maximum spectral efficiency with the matched-filtgjherer, represents an equivalent zero mean Gaussian noise
and the SCO detectors. This policy may also provide a lowgéctor with distribution\'(0, (1 4 28a2P)I) (see justification

bound to the maximum spectral efficiency of the linear MMSk, section 111-C). Now, the spectral efficiency of the above
and the MMSE-SC detectors. The obtained resultsshowthatgﬁanne| (expressed as the normalized input_output mutual

plying the equal-rates policy to the MMSE-SC detector resuligformation) converges to
in almost no loss in spectral efficiency, in comparison to the 1 o
equal-powers policy (wheh), /Ny is not too high). Conditions Coo= lim —F {log det {I + PeqS; SiA)}

1R the following, the optimality of the equal-powers policy
r the SCO detector, in terms of spectral efficiency, is shown.

atwhich the equal-rates policy is preferable were also discussed. ;1;:2; 2N

This paper considers a simple linear cell array model which 3 1K
has now gained recognition as a tractable model amenable to == lim F {— Zlog(l + Peq)\k)}
analytical analyzes. It is emphasized, however, that extension 2 %’f;ﬁ; K k=1
of the results to the popular hexagonal (two dimensional) mul- 3 ’ oo - )
ticell model is quite straightforward, using again the equivalent =3 « lim £ {/ log(1 + Peqr)dFy (y)}
single-cell interpretation as in Section Il above, but now con- E g 0
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(A-2)
whereP.,= P/(1+23a*P) (asin Section IV)Ais theK x K

diagonal matrix with entries equal to the received powers of
the K intracell users, normalized with respect to their average[

powerP, { A\ H< | are the eigenvalues of the matH;SiA, and

F)(\I()(l/) is their empirical distribution. It is also assumed that
the limiting empirical distribution of the normalized received

powers converges almost surely to a distributtonsatisfying
| e -1 (A-3)

Following [5], the empirical eigenvalue distributioﬁA(K)(u)

converges almost surely in distribution 1Q.(») specified by

its Stieltjes transform

o0 1
mp(C) = /0 E1—-pB—-p¢mp(0)—¢

dH(§)  (A-4)

[
and the last equality in (A-2) can be rewritten in terms of the

limiting eigenvalue distribution as

3 _
Cun =5 [ los(14 PiBs (). (A5)
0

The Stieltjes transform is defined (assuming nonnegative

eigenvalues) for any distributiof () as

mr(C) :/OOO ,,iCdFA("’)’ V¢ect. (A-6)

Hence, it follows from (A-5) that there is a simple relation be-[14]
tween the Stieltjes transform of the limiting eigenvalue distribu-
tion and the derivative of the spectral efficiency with respect tq15]

P., given by
dCeco(Pay) B | 1 1 1
Pscorled) _ 20 = ——|. (A7
Doy 2 |Py P2\ P, (A1)

The spectral efficiency can now be expressed as

5 B Peq 1,/
Csco( Peq) :/ dc%o(s)ds. (A-8)
0 S

[
By observing (A-7), it is clear that the power distribution that

minimizes the Stieltjes transform, maximizéS,..(Pey)/dPeq

and, thus, the spectral efficiency through (A-8). However, from,q;
the convexity ofl /z, Jensen’s inequality, (A-4), and (A-3), it

follows that
1
> A-9
and the above lower bound is attained by letting
H(E) =uUE—1) (A-10)

wherel{(£) is the unit step function. It has thus been shown tha
the spectral efficiency is maximized by the equal-powers policy.
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