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Performance of a Hybrid Receiver in the
Downlink Multicell CDMA System
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Abstract—In this paper, we propose a novel low-complexity
receiver, namely, a hybrid receiver (HR) for the downlink of
a multicell code-division multiple-access (CDMA) system with
a transmit delay diversity transmission scheme. The proposed
receiver is designed by combining the merits of the decorrelating
receiver (DR) and the conventional receiver (CR). Unlike most
multiuser receivers, HR operates with the same information as
CR. For a target performance metric (e.g., bit error probability
(BEP) = 1072), the reduced-complexity HR significantly out-
performs CR, DR, and minimum mean-square error (MMSE)
receiver with estimated channel information. We also compare the
performance of the reduced-complexity HR with a reduced-com-
plexity MMSE receiver, which slightly outperforms the former at
a price of higher complexity.

Index Terms—Code-division multiple-access (CDMA) system,
conventional receiver (CR), decorrelating receiver (DR), eigen-
value decomposition, intercell interference, intracell interfer-
ence, minimum mean-square error (MMSE) receiver, multicell,
signal-to-interference-plus-noise ratio (SINR).

1. INTRODUCTION

ODE-DIVISION multiple-access (CDMA) systems have

been commercially deployed to support multimedia traffic
in mobile radio systems. Voice-based CDMA systems (e.g.,
IS-95) are generally symmetric in their uplink and downlink
traffic, whereas in third generation (and beyond) CDMA sys-
tems, which support data traffic together with voice messages,
the downlink carries the major portion of the total system traffic.
In practical CDMA systems, such as IS-95 and CDMA2000,
under ideal conditions (no multipath), the downlink is free
from intracell interference due to the use of orthogonal Walsh
codes. However, in practice, the orthogonality of the codes is
destroyed when the downlink intracell signals are received by
a user through a multipath channel. In next-generation CDMA
systems, where multiple antennas will be used with sufficient
spacings between them, it will not be possible to guarantee
good cross-correlation properties among the downlink intracell
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received signals. Thus, designing effective low-complexity
interference suppression schemes for the downlink CDMA
system is an important area of research.

The idea of equalizing the downlink channel to restore
orthogonality among the users’ spreading sequences and
thus reduce the interference has been proposed in numerous
works (c. f. [1]-[4]). Two types of channel equalization have
been considered in these works: zero-forcing and minimum
mean-square error (MMSE). Zero-forcing equalization com-
pletely eliminates the multiple-access intracell interference
introduced by multipath. However, it enhances the noise vari-
ance and intercell interference. Finite-impulse-response (FIR)
linear MMSE equalization, which is computationally very
complex, is used to minimize the noise enhancement associated
with the zero-forcing equalization and to suppress the intercell
interference. In [1], an average MMSE chip equalizer and its
symbol-level adaptive version is proposed to reduce the com-
plexity of linear MMSE chip equalizers. All these prior works
on downlink channel equalization considered a single-antenna
element at the base station.

Multiple-antenna open-loop transmit diversity schemes do
not require downlink channel knowledge at the transmitter
and, therefore, are very attractive for scenarios where channel
estimation and tracking is difficult. Some open-loop transmit
diversity schemes without using extra resources, (e.g., extra
spreading codes for the downlink CDMA) include orthogonal
transmit diversity (OTD) [5], space—time transmit diversity [6],
space—time spreading (STS) [7], transmit delay diversity (TDD)
[8], and multiphase spreading (MPS) [9]. The works of [5] and
[7] put more emphasis on diversity than on multiple access
interference (MAI). Although the decorrelating detector in [9]
can mitigate the MALI, it requires knowledge of the other users’
codes. In [10], the Rake receiver and the MMSE receiver are
developed for OTD, STTD, and STS schemes, and using the de-
rived SNR expressions, the performance of these three schemes
are compared for both receivers. Reference [11] discusses the
relative performance of OTD, STS, and TDD using both Rake
and signal-to-interference-plus-noise ratio (SINR) maximizing
(max-SINR) receivers. It shows that in the noiseless case, the
zero-forcing equalizer is the max-SINR receiver under the
TDD scheme. The filtering operation under the decorrelating
receiver (DR) is the same as that of a zero-forcing equalizer,
which eliminates the intracell multiuser interference by em-
ploying the pseudoinverse of the channel matrix on the received
signal vector followed by despreading. We prove that in the
downlink of a single-cell CDMA system, the performance of
DR is the same as the conventional decorrelating receiver [12,
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Ch. 5] when all orthogonal codes are in use. The conventional
decorrelating receiver [12] decodes the desired user’s signal by
zero-forcing the interfering users’ signals with the knowledge
of all active users’ codes.

In this paper, we propose a novel low-complexity receiver for
the downlink multicell CDMA system with TDD scheme, which
we refer to as the hybrid receiver (HR). The proposed receiver
HR efficiently combines the structures of conventional receiver
(CR) and DR to provide a desirable tradeoff between the inter-
ference suffered by CR and the enhanced intercell interference
and Gaussian noise suffered by DR. At the same time, HR pre-
serves the key advantageous feature of CR and DR, namely that
it operates without the knowledge of other users’ codes. How-
ever, this would not be the case if we design linear multiuser
receivers such as the decorrelating receivers of [13] and [14],
the MMSE receiver of [15] and [16], and the partial decorre-
lating receiver of [17]. Moreover, the adaptive implementation
of these receivers is not feasible when signature sequences of a
user change from one symbol to another.

Since the main complexity in designing HR arises due to
finding the eigenvectors of the channel autocorrelation matrix,
we derive reduced-complexity HR (and DR) using the circulant
approximation of the channel autocorrelation matrix [18] [in
which the eigenvectors of the time-varying channel autocorrela-
tion matrix are approximated by the time-invariant fast Fourier
transform (FFT) basis vectors]. We also present a reduced-com-
plexity MMSE receiver by approximating the eigenvectors of
the average (over the coherence interval) received correlation
matrix by the FFT basis vectors. Extensive Monte Carlo simu-
lations are performed to compare the performance of HR and
reduced-complexity HR with all other receivers of interest. We
observe that for a target performance metric (e.g., bit error prob-
ability (BEP) = 10~2), reduced-complexity HR provides sig-
nificant capacity gains over the capacity of the average MMSE
receiver, reduced-complexity DR, CR, and max-SINR receiver.

The remainder of this paper is organized as follows.
In Section II, we describe the system and channel model.
Section III presents the receiver designs; the analysis of the
conditional BEP of DR; reduced-complexity implementations
of HR, DR, and the average MMSE receiver; and the com-
plexity analysis. Simulation results are given in Section IV,
and the paper is concluded in Section V. In this paper, we
use uppercase bold letters to denote matrices, lowercase bold
letters to denote vectors, and uppercase or lowercase letters to
denote scalars. We use notations X ', X', and X* to denote
the transpose, Hermitian, and complex conjugate of matrix X,
respectively.

II. SYSTEM MODEL

In a CDMA system, each symbol results in the baseband
transmission of a sequence of pulses (or chips) of duration 7.
seconds. The symbol duration is T' seconds, and thus the pro-
cessing gainis N = T'/T.. There are K users in the desired cell
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and without loss of generality, we assume that user 1 is the de-
sired user and the transmitted symbols of user K are pilot sym-
bols. Each base station transmits signals using two antennas,
and each mobile in the system is equipped with a single an-
tenna. The mth symbol of user ¢ is b,(m). We consider the
binary phase-shift keying (BPSK) signaling scheme! where in-
formation symbols of different users are equally likely +1 in-
dependent random variables. Thus, for ¢ # K, E[b,(m)] = 0
and |bg ( )2 1. However, the pilot symbol by (m) = 1.
Let {sq )( m)}2_, be the complex chip sequences for symbol
by (m) at each antenna, where j is the chip index. The spreading
sequence vector for symbol b,(m) at each antenna is s
[s0(m), ..., s (m)]T. Sequences {5 (m)} and {ng

are orthogonal for ¢ # k and they are normalized such that
l|sq(m)||? 1. Similar to IS-95, these spreading sequences
are derived by multiplying the orthogonal Walsh codes with the
base-station-specific random codes. The total transmitter power
for user ¢, denoted by P,, is kept constant by splitting it equally
among the two transmlt antennas.

The transmitted signal of antenna g arrives at user 1 over L
paths and the delay caused by path [ is (I—1)T.. The base station
applies the TDD transmission scheme by introducing a delay of
79 = LT, at antenna 2. As a result, the multipath spread of the
first user’s channel is Ty,.x = (2L — 1)T... User 1 processes the
received signal for the mth symbol interval using an observation
window of duration W71, where W = N +2L — 1. We assume
that the multipath spread 7,,,,x is much smaller than the symbol
duration T', which allows us to ignore intersymbol interference.
If this is not the case, we will employ a symmetric (over the de-
sired symbol) observation window of several symbols duration.

At the end of the mth symbol interval, the chip matched filter
outputs yield the contribution from user ¢ to the received signal
of user 1 as

m)/PyHs,(m

where H is an W x N matrix whose components are the func-
tions of parameters of two downlink multipath channels and the
structure of the transmitter pulse p[t]. If the contribution of an-
tenna g to H is H, then under the TDD scheme, H is expressed
as H = (1/V2) 252,:1 H,, where the factor 1/v/2 is due to
splitting the total transmitter power equally among two trans-
mitting antennas. The size of H, is the same as that of H. To
describe the channel matrix H,, we denote hg as the complex
fade of path [ of antenna g and write hm = [0(pg @ )), h,, 0(W -
L- pgj))g ,where j=1,...,N, p(J) = —1+(.CI—1)L and
h, = [hgl) . th)]. The notation O(Z) denotes the all-zero
row vector of size /. Combining the expressions for H and h$) ,
we write the contribution of antenna ¢ to the channel matrix
HasH, = [hgl), e th)]. Notice that we have omitted the
subscript 1 from H because in the downlink all intracell users’
signals come through the same channel of the desired user.

Yq(m) = (1)

IFor simplicity, we restrict our analysis to BPSK signaling scheme. However,
in simulations, we use both BPSK and quadrature phase-shift keying (QPSK)
modulation schemes.
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Lumping intercell interference into white Gaussian noise,?
we finally write the overall signal received by user 1 as

HZb )V Pysq(m (m) )

where n(m) is a complex white Gaussian noise with covariance
matrix oIy, where Iy is an identity matrix of size W x W.

III. RECEIVER DESIGN

The three receiver structures of interest, namely DR, CR, and
HR, consist of a maximum ratio combiner (MRC) at the front
ends followed by their own filters. MRC applies linear transfor-
mation H on the chip matched-filter output vector y(m) in (2)
yielding in the output of MRC as

K
y(m) =HHY by(m)\/Pysy(m) + Hn(m)  (3)
q=1

where Hn(m) is a zero-mean Gaussian N X 1 noise vector with
covariance matrix E[H 'nn"H] = ¢2HH. The output of MRC
is sent through the individual filter of each receiver which is
presented in the following section. For simplicity, we will omit
the symbol index (m) in the following development.

A. Conventional Receiver

Let @ denote the CR for symbol by, given by ®cr = sj.
Applying ®cr on the MRC output of (3), we find the decision
statistic for symbol b; as

K
yor = /Pibis]H'Hsy + > /Pyb,s]H Hs, + s{H'n
q=2
=yl + yik + ner @)

where y(cif){, 1/8,\, and ncg are the desired, intracell interference,

and noise portions of the CR output, respectively, and derived
explicitly.

Next, we derive ['cr, the instantaneous SINR of symbol b at
the output of CR as a function of the eigenvalues and eigenvec-
tors of the channel autocorrelation matrix HYH. The instanta-
neous SINR of symbol b; is defined as the ratio of the instanta-
neous received power of symbol b; to the sum of average (over
the information symbols) interference and noise powers at the
output of the receiver. Let Ecr, Icr, and O’%R denote the in-
stantaneous power of symbol by, average intracell interference,
and noise powers, respectively, at the output of CR. Using the
expressions of these terms derived in (23), (24), and (25) of the

2All three receivers of interest detect the desired symbol without knowledge
of the intercell interference. Our analysis is based on the SINR of these receivers,
which depends on the second moments of the interference and the Gaussian
noise. Since the intercell interference and the Gaussian noise are mutually in-
dependent and both are independent of the desired user’s signal, we lump them
together. However, in our numerical study, we model the intercell interference
explicitly.

Appendix, respectively, the SINR of symbol b; at the output of
CR is given by

N 2\ °
Py (Zj:l Aj ‘Siuj‘
022_] 1

K
Zq=2 Pq

Z] 1Asu1usq ilstu,

(&)

where ); is the jth eigenvalue of H'H and u; is the corre-
sponding eigenvector. In a multiple-access system, the main
cause of the SINR degradation is the multiple-access interfer-
ence (MAI), i.e., the first term in the denominator of (5). An
increase in the number of in-cell users gives rise to MAI re-
sulting in a decrease in I'cr. Therefore, although CR is a good
receiver choice for a single-user environment or for a lightly
loaded system, it becomes highly suboptimum, even for a mod-
erately loaded system.

In the next section, we describe DR which requires the same
information as CR to decode a user’s symbol. However, unlike
CR, it completely eliminates intracell interference.

B. Decorrelating Receiver

Let ®pgr be the DR for the desired symbol. It can be
easily shown that the channel autocorrelation matrix H'H
at the output of MRC is a finite-order Hermitian Toeplitz
matrix of order 2L with hy = Z§=1 SERPZ > 0in
the main diagonal. Due to the Toeplitz structure of HH, if
h; denotes the (j,m)th element of HTH the (m,j)th ele-
ment of H'H would be A*. It is trivial to show that h; =
Sy (T B 4 (W)Y 4 S (b ) hgY
forj =1,...,L—1,h; = Zk:jfLH(} (k- HL)) ) for
j=1L,...,2L —1,and hj = 0 for j > 2L. Note that hy is the
total temporal and spatial diversity offered by the system and
hj for j = 1,...,2L — 1 is contributed by the cross-correla-
tion terms among the multipath fading coefficients. Using the
finite-order Hermitian Toeplitz property of HTH together with
the fact that /g is a continuous random variable (thus, kg # 0
with probability 1), we can show that HH is always invertible,
which is the necessary condition for the existence of DR. Now,
we define the DR for the desired symbol as

QDR = (HTH)_ISL (6)

Under DR, the decision statistic for the desired symbol b; is
obtained as

YDR = V Plbl + S‘{(HTH)_IHTH = y](jdl% + npr (7)

where y( Y is the desired portion of ypr derived explicitly and
npr 1s a zero-mean complex Gaussian random variable with av-
erage power o3y = o> Z?]:l(l/)\j) |u;r~sl |2, which is obtained
by applying the eigenvalue decomposition (EVD) of (HTH)~!

Next, we state a theorem that will provide a valuable insight
into the performance of DR.
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Theorem 1: In the downlink of a single-cell CDMA system,
irrespective of the number of orthogonal codes in use, the per-
formance of DR is the same as the worst-case performance of
the conventional decorrelating receiver [12].

The proof of Theorem 1 is given in the Appendix. Theorem
1 implies that if the number of active users in the downlink of a
single-cell CDMA system is less than the processing gain, the
conventional decorrelating receiver [12] outperforms DR. This
result follows from the fact that DR detects the desired user’s
signal assuming all orthogonal codes are in use. However, this
performance gain of the conventional decorrelating receiver is
achieved at the cost of acquiring knowledge of all active intra-
cell users’ codes. In general, this information is not available to
the users in the downlink. Moreover, in a CDMA system with
long codes, the structure of the conventional decorrelating re-
ceiver changes from one symbol to another. Here, the adaptive
implementation (references in [12, p. 271]) of the conventional
decorrelating receiver is also not feasible.

Now, we derive the instantaneous SINR of symbol b; at the
output of DR. Let Epr and o3y be the instantaneous power
of symbol b; and the average noise power at the output of DR,
respectively. Since Ejvzl |sfu;|2 = 1, the instantaneous power
of symbol by at the output of DR can be written as Epg =
P = Pl(Z;.V:l |sTu;]2)2. Using Epr and 02, we obtain the
instantaneous SINR of symbol b; at the output of DR as

N 2\?
P, (Zj:l ’SJ{UJ" )

Epr
FDR:U%R_ N 3 ®)
o2y i " ujsl‘

Comparing (5) with (8), we see that DR does not suffer from
intracell interference. However, it experiences an enhancement,
by a factor of E;\Ll |siu;|2/);, in the average noise power. As
long as the degrading effect of interference plus noise of CR
is less severe than the degrading effect of the enhanced noise
of DR, CR performs better than DR. This would be the case in
a lightly loaded system. However, in a highly loaded system,
the degrading effect of the enhanced noise of DR would be less
severe than the degrading effect of interference plus noise of CR
and hence the performance of DR would be superior. This fact
motivates us to search for areceiver that suffers moderately from
enhanced noise in a lightly loaded system and from interference
in a highly loaded system under the constraint that this receiver
should operate using the same set of information as required by
DR and CR. As a first step, we analyze the conditional BEP of
DR given H as well as the structures of DR and CR using the
eigenvalues and eigenvectors of HTH. Then, we show how to
efficiently combine the structures of DR and CR to design the
proposed hybrid receiver, which is referred to henceforth as the
HR.

C. Conditional Bit Error Probability Analysis

Given H and using the central limit theorem, npgr can
be approximated as a zero-mean complex Gaussian random
; ; : 52 2N Teq 2] =
variable with variance o = %> _; (1/A))E[| ujs1 |°] =
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(02/N) S0, (1/)), where we used the result E[| uls; |?] =
u}[E[slsI]uj = (1/N), which follows from the fact that
spreading sequences are derived by multiplying the orthogonal
Walsh codes with the base station’s specific random codes.
Therefore, the conditional BEP of symbol b; given H under

DR is
2P1 2P1
Pyg = \=| = 9

where ()[-] represents the standard (-function defined as
Qle] = (1/2)erfe(x/v/2).

From (9), it is clear that at the output of DR, the noise vari-
ance is increased by a factor of (1/N) Zjvzl 1/);. Since 1/);
is the eigenvalue of (HTH) !, both the effect of channel decor-
relation and the gain due to diversity are embedded in it. To see
those effects explicitly, we decompose HTH as a sum of two
matrices as follows: H'H = Hp+H,, where Hp isan N x N
diagonal matrix containing hg on the diagonal. The term H A is
a Hermitian Toeplitz matrix whose diagonal elements are zero
and off-diagonal elements are the same as those of HTH. Recall
that hg is the total diversity offered by multipath and multiple
antennas. Let the jth eigenvalue of Ha be 7;, which satisfies
Aj=ho+mnjfory=1,..., N. Substituting A; into (9), we

obtain the following expression for conditional BEP:

P =Q[ -
b|H \/(02/]\/') Zj\:l 1/(ho +n;)

(10)

Since the trace of H, is zero, we have Ejvzl n; = 0 [19],
which implies that some of {7;} are non-negative and some of
{n;} are negative. In (10), notice that when n; = 0, A\; = ho
for all 5 and we achieve full diversity. Due to the monotonicity
of the Q-function, the conditional BEP under DR will be higher
for larger values of (1/N) Zf;l(ho + ;)" Ifn; < 0, or
A; < hg, we lose some diversity resulting in increased BEP.
Based on this analysis, we categorize the eigenvalues of HTH
into two groups, namely 1) “strong eigenvalues,” where A; > hg
and 2) “weak eigenvalues,” where \; < hy.

D. Hybrid Receiver

Now, we describe a novel receiver structure that compensates
for the higher noise power caused by the ‘weak eigenvalues’ at
the output of DR. Let us first look at the structures of both DR
and CR. Using EVD of H'H, an alternate way to express DR

and CR is
]\T

N
1

q)DR: E Yuju;r-sl; QCR: E ujuj»sl.
J

i=1 =1

(1)

Comparing the above expressions of ®pr and ®cg, we ob-
serve that if we scale the eigenvalues of H H to 1, the filtering
operation of DR will be the same as that of CR. Let the first M
eigenvalues of HTH be the “strong eigenvalues” and the rest
(N — M) be the “weak eigenvalues.” Since the “weak eigen-
values” of HYH are the ones that enhance the noise variance at
the output of DR, the proposed HR uses the value of 1 in place
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of the actual value for the weak eigenvalues as it is the case in
CR. Thus, the proposed HR is derived as

(12)

QHR—Z)\ uJusl—l— Z uJusl

J=M+1

From (12), it is clear that HR is a hybrid version of DR and CR.
Applying ®gr on the MRC output, we find the decision
statistic for b; under HR as

(d) (1)

YHR = Ynp + Yur + MHR (13)

where yfﬁ%, yI({)R, and nyr are the desired, intracell interfer-
ence, and noise terms resg)ectively, at the output of HR. The
expressions for yHR are ypp are derived in (26) and (27) of the
Appendix, respectively. The noise term nyg at the output of HR
and can be expressed as

T T
NHR = Z)\ slu]u +] %:—Hsluju H'n.

(14)

If I'yr, Egr, Igr, and UIQ{R denote the instantaneous SINR,
instantaneous power of symbol by, average power of intracell
interference, and noise at the output of HR, respectively, then
T'ur = Enr/(Tur + 0fR)- The expressions for Exgr, Inr and
J%IR are derived in (28), (29), and (30) of Appendix, respec-
tively. Comparing the expression for I'yg with (5) and (8), we
can see, as expected, that the instantaneous SINR equation of
HR is also a combination of that of CR and DR. When most of
the eigenvalues of H'H are strong, i.e., M = N, HR operates
like DR and I'yr = I'pr. On the other hand, if most of the
eigenvalues of HH are weak, HR operates like CR in which
case I'gr looks more like I'cr. These are the two extreme cases
of the performance of HR. Thus, when some of the eigenvalues
are strong and some are weak, HR is a hybrid version of DR and
CR.

E. MMSE Receivers

Next, to compare the performance of the proposed HR, we
present the expressions for two MMSE receivers, namely the
average MMSE receiver [1] and max-SINR receiver [11] using
our system model. The performance of these receivers are of
interest since they are designed to minimize the noise enhance-
ment associated with zero-forcing equalization and also to
suppress intracell and intercell interference. Let ®y\\vsg and
@\ xsingr denote the average MMSE receiver and max-SINR
receiver, respectively. According to the definition of [1], the
average MMSE receiver is given by

-1

K

P 1

Privsk = Nl (N E P,HH' + O'ZIW') Hs;. (15)
q=1

Using the average received correlation matrix R =
(1/N) X0, P,;HH' + 6°Iyy-, the max-SINR receiver derived
according to [11] is given by

®yaxsive = RTTHHR TH) s, (16)

F. Reduced-Complexity Receivers

Although both HR and DR use the same set of information as
CR to decode the desired user’s signal, the practical implemen-
tations of HR and DR are dominated by the high complexities
of finding the eigenvectors and eigenvalues of HH for HR and
inverting H'H for DR. Since these receivers are implemented
in the downlink, battery power at the mobile becomes a limiting
factor to perform these operations. We propose low complexity
implementations of HR and DR by approximating the eigenvec-
tors of HTH by the FFT basis vectors.

In [18], it is shown that any finite-order Toeplitz matrix of
size n X n and order m + 1 can be approximated by a circu-
lant matrix if n > m. Since H'H is an N x N finite-order
Toeplitz matrix of order 2L and in practice N > 2L, the cir-
culant approximation allows us to approximate the eigenvectors
of the time-varying channel autocorrelation matrix H'H by the
columns of the time-invariant FFT matrix F defined as

F = VN{*™*/N.m k=0,1,...,N — 1}

where ¢ = /=1 is a complex number. Using F, the jth eigen-

value of HTH is approximated as )\ (F'HTHF)J j» where
(A); ; denote the jth diagonal element of matrix A. Using this
approximation, we derive reduced-complexity DR and HR, re-
spectively, as follows:

7)

N

N 1

QDR = Z :\—u]u;rsl (18)
j=17"\
Mo N

q)HR = :\—ﬁ ljl;rSl + Z uJu S1 (19)
j=17"\ j=M+1

where { A } —, are the appr0x1mated eigenvalues of H'H in

descending order and {uj} , are the corresponding approxi-
mated eigenvectors which are the columns of F.

Now, to compare the performance of the reduced-complexity
HR and DR, we introduce the low-complexity implementation
of the average MMSE receiver [1]. From (15), we see that the
average MMSE receiver can be directly calculated from knowl-
edge of the average received correlation matrix R which is, in
turn, obtained from knowledge of the channel matrix, the sum
powers received from the desired base station, and the noise co-
variance matrix which includes intercell interference. However,
in practice, R needs to be estimated. One way to estimate R
is to take the time-average of R = y(m)y'(m). Since R is a
rank-one matrix, it is ill-conditioned, and good estimation of R
requires averaging over many symbols within the coherence in-
terval which is not possible in a rapidly time-varying channel.
The poor estimation of R negatively affects the performance of
the average MMSE receiver.

It should be noted that R with perfect knowledge of the
channel matrix, the sum powers of the serving base station,
and noise covariance matrix is a nearly Toeplitz matrix in
the sense that most of its diagonal elements are equal except
2L — 1 elements at both ends of the diagonal. Moreover, Ris
a sparse matrix, whereas the estimated R (which is denoted
as R) would not be sparse due to the estimation effects of R
in a time-varying channel. Since the order of R. depends not
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only on the mulitpath delay profile of the desired base station
but also on that of other interfering base stations, it would be
difficult to modify the structure of R to be a sparse Toeplitz
matrix. We present reduced-complexity MMSE receiver by
approximating the eigenvectors of R by the FFT basis vectors.
This approximation serves two purposes: 1) it reduces the
complexity of inverting R and 2) it modifies the structure of R
towards a circulant matrix (which is a sparse Toeplitz matrix).
We will see later that the above modification of the structure
of R dramatically improves the performance of the estimated
average MMSE receiver.

Now, we describe the process of deriving reduced-complexity
MMSE receiver. First, we estimate the W x W average received
correlation matrix as R = (1/0) Z§=1 y(n)y'(n), where 3 is
the number of symbols within the coherence interval and W =
N + 2L — 1 is the length of the observation window as defined
in Section II. Let F'; be the W x W FFT matrix. To approximate
the jth eigenvalue of R, we write 4; = (FIRF); ;. Using 4;,
the reduced-complexity MMSE receiver is given by

w
) L )
MMSE —
N
=1

>|H

iy ;0] Hs (20)

2

where {#;}!7, are the approximate eigenvalues of R in de-
scending order, and {11 J}}Ll are the corresponding approxi-
mated eigenvectors which are the columns of the FFT matrix
Fy.

G. Complexity Analysis

In this paper, our objective is to evaluate the performance
of the receiver in terms of capacity as well as the complexity
of implementing it. In this section, we quantify the computa-
tional complexity of CR and the proposed reduced-complexity
receivers in terms of the number of multiplications required. De-
noting Ccr, Cur, and Cyivisg as the number of multiplications
per coherence interval required to implement CR, reduced-com-
plexity HR, and reduced-complexity MMSE receiver, respec-
tively, we derive these quantities as® Ccr = NGL(B + 1) +
2(GL +1),Car = NGL(B + 1) + (1/2)(GL + 1)(GL +
4)+N(GL-1)(3GL—-2)+N(2GL—1)(N—-2GL+2)+3N?+
2(M — N), and Cypvise = W3 + W2(B + 4) + W(NGL +
3)+NGL(B + N + 2) + GL(BN + 2) + 5. In the above ex-
pressions, GG is the number of transmitting antennas, therefore,
W = N + GL — 1, N and L are as defined in Section II,
and M is the number of strong eigenvalues. Comparing, Ccr,
Cpr, and Cygr, we can easily see that the complexities of CR,
reduced-complexity HR, and reduced-complexity MMSE re-
ceiver are O(BNGL), O(2N2GL), and O(W3), respectively.
To make the complexity comparison more apparent, we quan-
tify it using some typical values for the parameters. Let NV = 64,
G =2 L=2and M = N = 64. Note that M = N is the
worst-case complexity of reduced-complexity HR, because in
this case, in Cgg the term 2(M — N) has the highest number
of multiplications. Let § = 32, which corresponds to 45-mi/h

3Multipath channel coefficients are estimated using a matched filter receiver.

Most of the multiplications are complex in nature. The inversion of a number is
equivalent to one multiplication.
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vehicle speed for 2GHz carrier frequency. For the above pa-
rameters, the number of multiplications required for CR, re-
duced-complexity HR and reduced-complexity MMSE receiver
are 8458, 48660, and 487925, respectively. Hence, the com-
plexity of reduced-complexity HR is at most 5.8 times that of
CR, whereas the complexity of reduced-complexity MMSE re-
ceiver is at least ten times that of reduced-complexity HR. We
use the word at least because in case M < N, the number
of multiplications to calculate reduced-complexity HR would
be less than 48 660. Moreover, from the expressions of Ccg,
Cpr, and Cyg, it is straightforward to see that with the in-
crease in coherence interval and processing gain, the increase
in the complexity of reduced-complexity MMSE receiver will
be more than the increase in the complexity of both CR and re-
duced-complexity HR.

IV. SIMULATION RESULTS

For our simulations, we model a multicell CDMA system
with seven equally loaded contiguous circular cells. The center
cell is assumed to be the desired cell. The radius of each cell
is r¢ = 2000 meters and mobiles are uniformly distributed
within the desired cell. This assumption yields a probability
density function f(r) = 2r/r2 for the distance of a user from
the desired base station. The path loss exponent is 4. The height
of the base station is 30 m so that the downlink channel gain
to a user from the base station is h = 1/(r7 + 30%)%. The
number of transmitting antennas at the base station is two.
The channel attenuation coefficient of each path is modeled
as an independent identically distributed complex zero-mean
Gaussian random variable with average power 1/2L. The
length of the spreading sequences is 64. Similar to IS-95, these
spreading sequences are derived by multiplying the orthogonal
Walsh codes with the base-station-specific random codes. The
background noise variance o2 = 1. Each base station uses the
same transmitter power for all its users.# The transmitter powers
of all seven base stations are also the same. Thus, the received
signal-to-noise ratio (SNR) at each cell boundary is the same
for all users. In most experiments, we plot BEP against the
load per cell defined as K x d/L, where d is the dimension of
the modulation schemes (e.g., d = 1 for BPSK and d = 2 for
QPSK modulation schemes). We use BPSK modulation scheme
except in the last experiment where we use gray-coded QPSK
modulation scheme. We use the abbreviations “Perf.,” “Est.,”
“Approx.”, and “c.” to denote perfect channel state information
(CSI), estimated CSI, reduced-complexity implementation of
receivers, and simulation with coding, respectively.

First, we investigate the hybrid characteristic of the proposed
HR. In Fig. 1, we plot the average number of strong eigenvalues
normalized by the processing gain (i.e., E[M]/N) as a func-
tion of the number of paths per transmitting antenna. Here, we
use the perfect CSI. Notice that for L = 1, E[M]/N =~ 0.5
and as the number of paths per transmitting antenna increases,
the average number of strong eigenvalues decreases. This result
suggests that as the number of paths per transmitting antenna
increases, HR starts to operate more like CR than DR.

4The real systems like CDMA2000 and WCDMA utilize power control and
therefore the results presented here are not directly applicable to those systems.
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Fig. 1. Average number of strong eigenvalues normalized by the processing
gain (i.e., E[M]/N) as a function of the number of paths per transmitting
antenna.
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Fig. 2. Performance comparison of DR, CR and HR with reduced-complexity
DR and HR using perfect CSI.

In our next experiment, we compare the performance of DR,
CR and HR with that of reduced-complexity DR and HR as-
suming perfect CSI at the receiver. In Fig. 2, we plot the perfor-
mance (BEP) of these receivers as a function of load per cell.
Here SNR = 12 dB at each cell boundary and L = 2. Re-
duced-complexity DR and HR are denoted by DR (Approx.)
and HR (Approx.), respectively. From Fig. 2, we observe that
at a target BEP = 102, DR (Approx.) suffers from a 38% de-
crease in capacity compared with DR, whereas the capacity of
HR (Approx.) remains almost the same as the capacity of HR.
This result suggests that HR is more robust to the errors caused
by the circulant approximation of the channel autocorrelation
matrix HTH. This observation is not surprising, because it is
more difficult to approximate (or estimate) weak eigenvalues
than to approximate (or estimate) strong eigenvalues and un-
like HR, DR processes (or inverts) both weak and strong eigen-
values. It is also observed that for a lightly loaded system DR

| —e— DR (2 Users)
| —%— CR (2 Users) |
| —— HR (2 Users)
—+&— DR (25 Users),
- | —#*— CR (25 Users),
: HR (25 Users)};

100 j i i i ; —
1 1.5 2 25 3 3.5 4
Number of Paths at Each Antenna

Fig. 3. Effect of the number of paths on the BEP. Here, the number of users per
cell is two and SNR = 12 dB at each cell boundary and perfect CSI is assumed.

(Approx.) performs better than the DR. This result reflects the
behavior of approximation, which does not yield an upper (or a
lower) bound on the performance of DR.

Next, we investigate the effect of number of paths on the per-
formance of DR, CR and HR assuming perfect CSI. In Fig. 3,
we plot the BEP while varying the number of paths of each
antenna. Here, the number of users per cell is 2 and 25, and
SNR = 12 dB at the cell boundary. It is clear from Fig. 3 that
in a lightly loaded system, all three receivers, especially CR and
HR, gain in performance with the increase in the number of di-
versity branches. Note that although CR performs slightly better
than HR for L = 1 and L = 2, HR starts to outperform CR as
L increases to 3. In the case of 25 users, both DR and HR do
not pick up significant performance gains from the increase in
the number of paths. On the other hand, the performance of CR
starts degrading as the number of paths increases. This result is
explained as follows. Under CR, orthogonal Walsh codes com-
pletely eliminate the intracell interference when the number of
transmitting antennas is one and L = 1. The gain from the or-
thogonality of the Walsh codes diminishes with the increase in
the number of paths or transmitting antennas. When the system
is highly loaded, the increase in the intracell interference (due
to the increase in the number of paths) dominates over the di-
versity gain resulting from the increase in the number of paths
for CR. On the other hand, for highly loaded systems, the per-
formance of DR and HR remain almost constant as the number
of paths increases.

Next, we investigate the performance of DR, CR, and HR as a
function of SNR at each cell boundary in Fig. 4 assuming perfect
CSLI. In this experiment, L. = 2, and the number of users at each
cell is 15. At low SNR, HR outperforms CR and DR while CR
outperforms DR. However, at 12 dB, the performance of DR be-
comes comparable to HR and at this point, both DR and HR out-
perform CR. At high SNRs (starting from 14 dB), DR performs
better than both CR and HR. This result is expected because in
our simulation an increase in the desired signal power causes a
simultaneous increase in the interfering powers. Since, unlike
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Fig. 4. BEP as a function of SNR at each cell boundary. Here, the number of
users per cell is 15 and L = 2 and perfect CSI is assumed.
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Fig. 5. FEP as a function of load per cell for eight fades within the frame using
estimated CSI.

CR and HR, DR does not suffer from intracell interference, it
realizes more performance gain from the increase in SNR. How-
ever, it should be noted that in a CDMA system with many cells,
the transmitter power of a base station is controlled in order to
avoid causing interference to other cells.

In the next experiment, we study in Fig. 5 the performance
of reduced-complexity HR, reduced-complexity DR, and CR in
terms of frame error probability (FEP) with respect to system
load. Here, the receivers have estimated CSI. A 20-ms frame
of a user consisting of 48 symbols is sent through a (2,1,9)
convolutional encoder, which is used in the IS-95 standard.
Bit interleaving is performed following the channel encoder,
where channel encoded bits are written into the matrix along
its columns and read out from its rows. In this experiment,
L =2, SNR = 12 dB at each cell boundary and the number of
fades per path over one frame is eight, which corresponds to a
60-mi/h vehicle speed for a carrier frequency f. = 2 GHz. The

2N —O— DR (Est. Approx., 3—-bit window); : -
—%— CR (Est., 3-bit window) =
bbbbbb HR (Est. Approx., 3—bit window)|
1075 i i i i i i
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Load per cell

Fig. 6. BEP as a function of load per cell in ISI channel using estimated CSI.
Here, SNR = 12 dB per dimension.

channel coefficients follows block-fading channel model and
a soft Viterbi decoder is used. From Fig. 5, we see that for a
target FEP = 10~1, the reduced-complexity HR provides 30%
capacity gain over CR.

In all the previous experiments, we ignore the effect of
intersymbol interference (ISI) on the BEP performance. In
this experiment, the performance of reduced-complexity HR,
reduced-complexity DR and CR are compared in presence of
ISI and each receiver operates with estimated CSI. Here, a
frame of a user consists of 192 BPSK symbols and its duration
is 20 ms. The coherence time of the channel is defined as
A = (0.423/f,») [20], where f,, is the maximum Doppler
frequency. For velocity v 45 mi/h and carrier frequency
fe 2 GHz, the number of fades per path over one frame
is approximately six. Each symbol gets interference from
one previous symbol and one future symbol. The number of
paths at each antenna is four. The desired frame is decoded
by employing an observation window of both one-symbol
and three-symbol duration. Fig. 6 shows that both CR and
reduced-complexity HR shows similar performance irrespec-
tive of the length of the observation window. However, the
performance of the reduced-complexity DR greatly degrades
under one-symbol observation window. This result is explained
by the fact that the performance of the reduced-complexity
DR improves under three-symbol observation window due to
better approximation and less approximation errors. However,
since the reduced-complexity HR approximates only the strong
eigenvalues, it remains robust to ISI under both one-symbol
and three-symbol observation window.

In the next experiment, we compare the performance of all
receivers of interest namely, DR, CR, HR, reduced-complexity
DR, reduced-complexity HR, average MMSE receiver, reduced-
complexity MMSE receiver, and max-SINR receiver. For the
average MMSE receiver and the reduced-complexity MMSE re-
ceiver, we consider two different scenarios: 1) the receiver has
perfect knowledge of R and the channel from the serving base
station to the desired mobile and 2) the receiver has estimated
information of R and the channel from the serving base station
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Fig. 7. BEP as a function of load per cell for six fades within the frame using
both perfect and estimated CSI.

to the desired mobile. Since our focus is on designing low-com-
plexity receivers, we employ a matched filter receiver to esti-
mate multipath channel coefficients. In this experiment, a frame
of a user consists of 96 gray encoded QPSK symbols and its
duration is 20 ms. For velocity v = 45 mi/hour and carrier fre-
quency f. = 2 GHgz, the number of fades per path over one
frame is approximately 6. Here SNR = 15 dB per dimension
and L = 2. In Fig. 7, we plot the performance (BEP) of these
receivers as a function of the load per cell. Notice the difference
in performance of MMSE (Perf.) and MMSE (Est.) in Fig. 7.
At a target BEP = 1072, MMSE (Est.) suffers from a 71%
decrease in capacity from the capacity of MMSE (Perf.). This
result agrees with our discussion in Section III-F. Fig. 7 also
shows that at a target BEP = 102, with HR (Est. Approx.), the
capacity increases almost by 72%, 48%, 30%, and 10% over the
capacity with MMSE (Est.), DR (Est. Approx.), CR (Est.), and
MaxSINR (Est.), respectively. The proposed MMSE (Est. Ap-
prox.) performs better than HR (Est. Approx.) at a price of at
least ten times higher complexity.

V. CONCLUSION

In this paper, we propose a novel low-complexity hybrid
receiver (HR) for the downlink of a multipath multicell CDMA
system with TDD transmission scheme. The proposed receiver
HR provides a tradeoff between the interference suffered
by CR and the enhanced intercell interference and Gaussian
noise suffered by DR. In addition, HR preserves the key ad-
vantageous feature of CR and DR, namely that it operates
without the knowledge of other users’ spreading codes. Using
the circulant approximation of the channel autocorrelation
matrix and the average received correlation matrix, we derive
reduced-complexity HR and DR, and reduced-complexity
MMSE receiver, respectively. Both the reduced-complexity
HR and reduced-complexity MMSE receiver provide consid-
erable capacity gain over CR. The reduced-complexity MMSE
receiver performs slightly better than reduced-complexity HR
at a price of higher complexity.

APPENDIX

Proof of Theorem 1: To prove Theorem 1, we assume that
all orthogonal codes in the desired cell are in use, thus K = N.
When user 1 wants to decode all in-cell users’ symbols by using
DR, from (6), we can write the DR for all K users as

&), =sfHH)! Q1)
where S is an N X N matrix whose columns are the orthonormal
codes of all users. If user 1 wants to decode the symbols of all
in-cell users by using the conventional decorrelating receiver
of [12], it will first apply the matched filtering operation to
the MRC output and then apply the inverse of the autocorre-
lation matrix. Therefore, the entire filtering operation used by
the decorrelating receiver [12] is @EEC =T 'St where T =
STHTHS is the cross-correlation matrix of the in-cell received
spreading sequences. Since the codes are orthonormal, ST =
S—1, which allows us to write ™' = ST(HTH)~'S and

ol o =STHH)!ss ! =sfEHH)"L. (22
Comparing (22) with (21), we obtain the desired result.

Derivation of Ecr, Icr and oy : Note that HTH is a Her-
mitian matrix. Thus, y(cdf){ = \/Pis!H'Hs; is real. Since EVD
of H'H yields H'H = Z;\;l )\juju;( squaring y{) first and
then using EVD of HH, we obtain the instantaneous power of
symbol b; at the output of CR as

2
N
[ECR:P1 Z/\J SIUJ' (23)
j=1
Next, we derive the average power of the intra-
cell interference for symbol b; at the output of

CR. Squaring the magnitude of yg)R, we obtain
| ?/(Cl%a * = Zf:g 25:2 \/E\/qubq’SIHTHSqSTI’HTHSI-
Since the information symbols of different users are indepen-
dent with zero-mean and | b, |*> = 1, taking expectations of
both sides of the above expression with respect to information
symbols first and then using the EVD of HTH, we obtain the
average intracell interference power as

K N
ICR = Z Pq Z )\jSIu]'uj-Sq
q=2 Jj=1

2

(24)

Squaring the magnitudes of ncg of (4), then taking expecta-
tions with respect to Gaussian noise and applying EVD of H'H,
we obtain the average noise power at the output of CR as

N
2 2 E .
Ocr =0 A]

i=1

(25)

T
S,

Derivation of yﬁ% and y&){

output is
M 1 N
(d) _ T T T T
Z rslujuj + Z sjuju;

j=1"1 j=M+1

The desired part in the HR

yHR = \/FlblHTHsl.
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Applying EVD of H'H to the above equation first and then
using the fact that the eigenvectors of H'H are orthonormal,
we obtain yl({df){ as

M 2 L2
VPiby Z ‘siuj + i lsiu; (26)
i=1 J=M+1
Similarly, we obtain yl({%{ as
K M N
Z \/Fqbq Z siuju}sq + Z )\jsJ{uju;r-sq 27
q=2 j=1 j=M+1

Derivation of Enr, Inr, and og: Squaring the magnitude

of y(d) in (26), we obtain the instantaneous power at the output
of HR as 9
M
Egr = P1 Z sluj Z Ajlst uJ (28)

j=1 j=M+1

Squaring the magnitude of y in (27), then taking expec-
tation with respect to 1nf0rmatlon symbols and using the fact
that information symbols of different users are independent with
zero-mean and | b, |2 = 1, we obtain the average intracell inter-
ference power at the output of HR as

IHR—ZP Zs uju; sq—i— Z Aj slujujsq

J=1 j=M+1

(29)

Squaring both sides of (14) and taking expectation with re-
spect to Gaussian noise, we obtain

UHR =2 Z —s 1uu TH*HZ —ukulsl
Aj

j=1
Z sluj THTHZ—ukuksl

j=M+1
Mo N
+ o2 Ys{uju;HTH Z ukuzsl
j=1 "7 k=M+1
N N
+0? Z SJ{uju;L»HTH Z uku;rcsl.
j=M+1 k=M+1

Applying EVD of H'H along with the fact that the eigenvectors
of HYH are orthonormal to the above equation, we get

M
1
ohR =0 Z)\ qu Z Aj su] (30)
j=1 J j=M+1
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