IEICE TRANS. COMMUN., VOL.E88-B, NO.3 MARCH 2005

1191

[PAPER

Performance Evaluation of Multi-Rate DS-CDMA Using
Frequency-Domain Equalization in a Frequency-Selective

Fading Channel
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SUMMARY Joint frequency-domain equalization (FDE) and antenna
diversity combining is applied to the reception of multi-rate DS-CDMA
signals to achieve the frequency diversity effect while suppressing inter-
path interference (IPI) resulting from the asynchronism of different prop-
agation paths. At a receiver, fast Fourier transform (FFT) is applied for
FDE and then inverse FFT (IFFT) is used to obtain a frequency-domain
equalized DS-CDMA chip sequence for the succeeding despreading oper-
ation. An arbitrary spreading factor SF can be used for the given value
of FFT window size; an extreme case is the nonspread SC system with
SF=1. This property allows a flexible design of multi-rate DS-CDMA sys-
tems. Three types of FDE are considered; minimum mean square error
(MMSE) equalization, maximal-ratio combining (MRC) equalization and
zero-forcing (ZF) equalization. Matched filter bound analysis for achiev-
able BER performance is presented. The improvement in the BER per-
formance in a frequency-selective Rayleigh fading channel is evaluated by
computer simulation. First, we consider the single-user case and compare
the BER performances achievable with MMSE, MRC and ZF equaliza-
tions. How the fading rate and the spreading factor affect the BER perfor-
mance is also evaluated. Furthermore, the BER performance comparison
between FDE and rake combining is presented for various values of SF and
also performance comparison between DS-CDMA and SC signal transmis-
sions, both using FDE, is presented. Finally, we extend our evaluation to
the multi-user case. Both downlink and uplink are considered and how the
BER performances of downlink and uplink differ is discussed.

key words: DS-CDMA, frequency-domain equalization, frequency-
selective fading

1. Introduction

Recently, there have been tremendous demands for high-
speed data transmissions in mobile communications [1].
However, the hostile fading channel is a major obstacle to
achieve high-speed data transmissions. Mobile communi-
cation channel is composed of many distinct propagation
paths having different time delays, resulting in a frequency-
selective fading channel [2]. In the frequency-selective fad-
ing channel, severe inter-symbol interference (ISI) is pro-
duced and the bit error rate (BER) performance is signif-
icantly degraded when single carrier (SC) transmission is
used without using an advanced equalization technique. Re-
cently, direct sequence code division multiple access (DS-
CDMA) is used in cellular mobile communications systems
for improving the BER performance of around a few Mbps
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transmissions [3], where coherent rake combining [4] is
applied in order to exploit the frequency-selectivity of the
fading channel. However, the rake combiner requires as
many fingers (correlators) as the number of resolvable prop-
agation paths so that most of the transmitted signal power
can be collected, otherwise significant performance degra-
dation occurs [5], and hence, the complexity of rake com-
biner increases. Furthermore, large inter-path interference
(IPI), resulting from asynchronism among different paths,
degrades the BER performance even with ideal rake com-
bining. These pose the limitation to the application of DS-
CDMA technique to high speed data transmissions in a se-
vere frequency-selective fading channel.

Recent studies have been shifted from DS-CDMA
to multicarrier (MC) transmission techniques to overcome
the severe frequency-selectivity of the fading channel [6]-
[9]. Much attention has been paid to orthogonal fre-
quency division multiplexing (OFDM) and MC-CDMA.
MC-CDMA has been considered a promising candidate
for broadband wireless multi-access [10]. MC-CDMA us-
ing per-subcarrier one-tap frequency-domain equalization
(FDE) provides a much better BER performance than DS-
CDMA using rake combining [11]. However, MC trans-
mission has a problem of large peak-to-average power ra-
tio (PAPR). To alleviate the PAPR problem, SC transmis-
sion techniques have been looked over again with applica-
tion of FDE as in MC-CDMA [12]. SC transmission with
FDE can overcome the ISI problem arising from the severe
frequency-selectivity of the channel as well as the PAPR
problem and can achieve a BER performance similar to MC-
CDMA.

In next generation mobile communications, a flexi-
ble support for low-to-very high rate of data services or
multi-rates services is required. In DS-CDMA, multi-rate
data transmission can be achieved by changing the number
of parallel orthogonal spreading codes in multicode trans-
mission or by simply changing the spreading factor in the
single-code transmission. Recently, it was shown [13] that
FDE based on minimum mean square error (MMSE) cri-
terion can significantly improve the BER performance of
multicode DS-CDMA transmission in a frequency-selective
fading channel compared to the conventional rake combin-
ing and provides almost the same BER performance as MC-
CDMA. At a receiver, fast Fourier transform (FFT) is ap-
plied for FDE and then inverse FFT (IFFT) is used to obtain
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a frequency-domain equalized DS-CDMA chip sequence
for the succeeding despreading operation. In Ref. [13], the
FFT window size for FDE was assumed to be equal to the
spreading factor. If this is applied to the single-code DS-
CDMA, as the spreading factor reduces (as the data rate in-
creases), the FFT window size becomes smaller and hence
the transmission efficiency reduces due to the insertion of
the guard interval (GI). However, it should be pointed out
here that the FFT window size should not necessarily be
equal to the spreading factor. The same FFT window size
can be used irrespective of the spreading factor (i.e., irre-
spective of data rate). This property allows a flexible design
of multi-rate DS-CDMA using single-code transmission.

In this paper, we consider a multi-rate and single-code
DS-CDMA signal transmission and present the joint use of
FDE and antenna diversity combining to achieve the fre-
quency diversity effect while reducing the adverse effect of
IPIL. The objective of this paper is to (a) show that FDE can
be applied to multi-rate and single-code DS-CDMA with ar-
bitrary spreading factor, (b) derive the mathematical signal
expressions after despreading to discuss the residual inter-
chip interference (ICI) and analyze the matched filter bound,
(c) give performance comparison between single-code and
multi-code transmissions, and (d) discuss the BER perfor-
mance for the uplink and downlink in a multi-rate and multi-
user environment.

Remainder of this paper is organized as follows. Sec-
tion 2 presents the transmission system model for DS-
CDMA with FDE and then, presents how FDE can be jointly
used with antenna diversity combining at the receiver. The
matched filter bound analysis for the BER performance is
presented. In Sect.3, the achievable BER performance in
a frequency-selective Rayleigh fading channel is evaluated
by computer simulation. Three types of FDE are consid-
ered; MMSE-FDE, maximal-ratio combining (MRC)-FDE
and zero-forcing (ZF)-FDE, and their achievable BER per-
formances are compared. The impact of fading rate on the
BER performance is discussed. Performance comparison of
FDE and rake combining is also presented. In the computer
simulation, the performance evaluation for the single-user
case is done first and then extended to the multi-user case. In
the multi-user case, single-rate and multi-rate transmissions
are considered and the uplink and downlink performances
are compared. Section 4 offers some conclusions and future
work.

2. DS-CDMA with Joint FDE and Antenna Diversity
Combining

2.1 Transmission System Model

Transmission system model for DS-CDMA with joint FDE
and antenna diversity combining is illustrated in Fig. 1. At
the transmitter, the binary data sequence is transformed into
the data modulated symbol sequence d(n) and then spread
by multiplying with the spreading sequence c(f) having an
arbitrary spreading factor, SF. The resulting chip sequence
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Fig.2  Frame structure.

is divided into a sequence of blocks of N, chips each and
then, the last N, chips of each block is copied as a cyclic pre-
fix and inserted into the guard interval (GI) at the beginning
of each block to form a sequence of frames of N.+ N, chips.
Figure 2 illustrates the frame structure. The chip sequence
is transmitted over a frequency-selective fading channel and
is received by N, diversity antennas at the receiver. The re-
ceived chip sequence on each antenna is decomposed by N,-
point FFT into N, subcarrier components (the terminology
“subcarrier” is used for explanation purpose only although
subcarrier modulation is not used). Then, joint FDE and an-
tenna diversity combining is carried out and IFFT is applied
to obtain the equalized and diversity combined time-domain
chip sequence for succeeding despreading and data demod-
ulation.

2.2 Transmitted and Received Signals Representation

Throughout this paper, the chip-spaced time representation
of transmitted signals is used. Without loss of generality, the
data symbol sequence {d(n); n = 0 ~ N./SF — 1} and the
spreading chip sequence {c(?); t =0 ~ S F — 1} of one frame
are considered, where |d(n)| = |c(¢)|=1 and N, and SF are
chosen so that the value of N./SF becomes an integer. The
Gl-inserted chip sequence {s(¢); t = —N, ~ N — 1} can be
expressed using the equivalent lowpass representation as

s(t) = N2E /T d([t/SF]) c(t mod SF),
t=-Ny~N.—1, (1)

where E. and T, denote the chip energy and the chip du-
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ration, respectively, and x| represents the largest integer
smaller than or equal to x. The propagation channel is as-
sumed to be a frequency-selective fading channel having L
discrete paths, each subjected to independent fading, where
the time delay 7; of the Ith path (I = 0 ~ L — 1) is given by
7; = [ chips. The chip sequence {r,(f); m = 0 ~ N, — 1,
t = =N, ~ N, — 1} received on the mth antenna can be rep-
resented as

L-1
Fn(t) = ) Ems(t = D)+ (1), @)
=0

where &), is the complex path gain of the /th path experi-
enced at the m-th antenna with ZZL:’OI E[|£,,[*1 = 1 for all m
(E[.] denotes the ensemble average operation) and 7,,() is
the zero-mean complex noise process having a variance of
2Ny /T, with Ny being the single-sided power spectrum den-
sity of the additive white Gaussian noise (AWGN) process.
We have assumed a block fading, where the path gains stay
constant over the duration of one frame; however, the BER
dependency on the fading rate is evaluated by computer sim-
ulation and is discussed in Sect. 3.2.

2.3 Joint FDE and Antenna Diversity Combining

After removal of GI from the received chip sequence {r,,(?);
t= =N, ~ N, — 1}, Nc-point FFT is applied to decompose
{rm(®); t =0 ~ N.—1} into N, subcarrier components {R,,(k);
k =0 ~ N, —1}. The kth subcarrier component R,,(k) can be
written as

Riu(k) = Hpu(k)S (k) + N(k), 3)

where S (k), H,,(k) and N,,(k) are the kth subcarrier compo-
nent of transmitted N.-chip sequence {s(¢); t =0 ~ N, —
1}, the channel gain and the noise component due to the
AWGN, respectively. They are given by

N.—1
Sk= Y sthyexp (— j27rkNLC)

=0
L-1 i
Hy(k) = )" &1 exp (— j27rkﬁ) , )
=0 ¢

N.-1 ;
N, (k) = n(t) exp | —2mk—
k) ZO (1) p( NC)
where E[|S(k)?] = 2E.N./Te, E[Hu(k)P]
E[INu(k)*] = 2NoN,/T..

Joint one-tap FDE and antenna diversity combining is
carried out to obtain

1 and

N,—1

R = 3" Ru(low,(k), (5)

m=0

where w,,(k) is the equalization weight. In this paper, we
consider per-subcarrier one-tap MMSE equalization, MRC
equalization and ZF equalization and compare their achiev-
able BER performances in a frequency-selective Rayleigh
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fading channel in Sect. 3. The MRC equalization maximizes
the signal-to-noise ratio (SNR) at each subcarrier but en-
hances the channel frequency-selectivity after equalization.
The MMSE equalization minimizes the mean square error
(MSE) between S (k) and R(k), while the ZF equalization
gets £ [R(k)] = S (k) for all subcarriers (where the ensemble
average operation is taken over noise samples).

MMSE weights for MC-CDMA are presented in
Ref.[14] and succeeding literature, e.g., Refs. [6] and [7].
An extended work to jointly use the MMSE equalization and
antenna diversity combining is presented for MC-CDMA in
Ref.[15]. These results can be applied to DS-CDMA. Fol-
lowing the study on joint FDE and antenna diversity com-
bining for MC-CDMA [15], the weights for DS-CDMA can
be given by

() MMSE

N,—1
D H (O + (E/No)™
m=0

wn(k) = H,(k), MRC . (©

H;, (k)
N,—1 ’
D Hu (o
m=0

where E./Nj is the average chip energy-to-AWGN power

spectrum density ratio and * denotes the complex conjugate

operation. We have assumed the perfect channel estimation.
Substitution of Egs. (3) and (6) into Eq. (5) gives

ZF

N,—1 N,—1
R(K) = S(K) ) Hylow(®) + Y N(kyw,(k)

m=0 m=0

= S(HHAK) + N(k), @)

where H(k) and N(k) are the equivalent channel gain and
noise after joint FDE and antenna diversity combining, re-
spectively, and are given by

N,—1

A(K) = | Hp(Rwn(k)
m=0

N,-1

Ny = 3" Nu(wp (k). 8)
m=0

N(k) is a zero-mean complex Gaussian variable. As stated
earlier, the MRC equalization enhances the frequency-
selectivity of the channel after equalization. Using the ZF
equalization, the frequency-nonselective channel can be per-
fectly restored after equalization (since we are assuming the
ideal channel estimation), but the noise enhancement is pro-
duced at the subcarrier where the sum of the squared channel
gains of N, antennas drops. However, the MMSE equaliza-
tion can avoid the noise enhancement by giving up the per-
fect restoration of the frequency-nonselective channel. The
above is confirmed in Sect. 3.1.



1194

2.4 Despreading

N_-point IFFT is applied to {R(k);k = 0 ~ N, — 1} to obtain
the time-domain chip sequence of {7(¢);t =0 ~ N, — 1}:

1S k
) = ZR(k)exp(ﬂm—)

Cko

s@t) | — Z H(k)}

‘ko

N.-1 N.-1

Z J2105) Z s(T) exp ( j2n(t - T)—)

CkO

=-‘i

+1(0), ©))

where the first term represents the transmitted chip sequence
and 7j(¢) is the noise samples at time ¢ due to the AWGN,
each characterized by the zero-mean complex Gaussian
variable with a variance of

Ne—1 N,—
- 2No[ Yy Iwm(k)lz] (10)

T ‘kOmO

where w,,(k) is given by Eq. (6). The second terms in Eq. (9)
are the ICI components after FDE (which are called the
residual ICI components); no ICI is produced for ZF equal-
ization. Despreading is carried out on {#(¢)}, giving
(n+1)S F-1
dw) =<z ), HOC0). (11)

t=nSF

which is the soft decision value for succeeding data demod-
ulation on d(n).

2.5 Matched Filter Bound

Neglecting the residual ICI resulting from IPI, the instanta-
neous signal-to-noise power ratio (SNR) y for MRC equal-
ization after despreading is given, from Egs. (6), (8), (9)—
(11), by

N,—1 N.—~1

7= 2r— PN AT (12)

CmOk()

for the given set of {H,,,(k); k=0 ~ N.—landm =0 ~ N,—1}

or {¢;m;1=0~L—-1andm =0~ N, — 1}, where
E.
I“:SF(—‘) (13)
No

is the average symbol energy-to-AWGN power spectrum
density ratio E;/Ny. Using Eq. (4), we have

L-1 L-1

=7
|Ho( = ZZfsz,,,,,exp( ﬂnk—) (14)

=0 I'=

and since

IEICE TRANS. COMMUN., VOL.E88-B, NO.3 MARCH 2005

=

1 ' 4 1 ifl="7
N, v exp(—ﬂnk N. )_{ 0 otherwise * U
we have
| N -1
2 _ 2
2 VO = )l (16)
k=0 =0
Hence, Eq. (12) can be rewritten as
N=1 L1
y=20 3" 3 il (17)
m=0 1=0

which is the sum of SNRs of the signals received via all
paths and is equal to the SNR of matched filter (MF) out-
put. Since we are neglecting the residual ICI, the following
conditional BER gives the MF bound of MRC equalization
[4]:

1
Pb.MF bound(¥) = Eerfc \/g, (18)

where binary phase shift keying (BPSK) data modulation is
assumed. It should be also noted that Eq. (18) gives the co-
herent rake combiner output SNR when the IPI is neglected
[16].

Assuming each path being subject to independent
Rayleigh fading, the probability density function (pdf) of
v is given by [4]

;(Z)H ox (_L)
(L— D! (T/L)F \2 P\"arz )

ifI; = E for all /
p(y) = L ,(19)

L—
21 (— ),ifr,;er,,forz;el’
:or

where I', =TE [Ifl,mlz] for all m and 7; is defined as [4]
L_
I,
= . 20
o ]_[ T (20)

The first equation in Eq. (19) corresponds to the uniform
power delay profile case and the second equation corre-
sponds to the non-uniform power delay profile case, e.g.,
an exponential profile. The MF bounded average BER is
therefore given by [4]

Py MFbound) = f Db MFbound (V) P(Y)dy
0

(Ve Sy

=0

. (2D
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al. . . . .
where ) is the binomial coefficient. An approximate ex-

b
pression for the MF bounded average BER can be obtained
for I'; > 1 using [4]

-1
-1+k 2L -1
(=) @)
=0
We have
Py MFbound)

1 (LN 20 -1
ﬁ(Z) L

2L -1
x 1 L
L~ L1,
4L
=0

r
), if I, = — forall [
L

,Af T # Ty forl#1

—_—
'—JI’_J
~——

(23)

Equation (23) shows that the FDE can achieve an L-th or-
der frequency diversity effect if the residual ICI effect can
be neglected. However, if the residual ICI effect is not ne-
glected, the achievable BER performance degrades. The
performance degradation may be severer with MRC equal-
ization than with MMSE equalization.

2.6 Residual ICI

So far, we have assumed the single-code transmission. Here,
we consider the residual ICI for both single-code and multi-
code transmissions. When multi-code transmission is ap-
plied, the chip sequence (corresponding to Eq. (1)) is given
by

RE. |&
s(t) = TL Zdi(Lt/SFJ)ci(t mod S F) | cyer(2),
¢ Li=0
(24)

where C is the multiplexing order, {c;(¢); t =0 ~ SF — 1}
is the orthogonal spreading chip sequence, and {c,.,(7); t =
0~ — 1} is a scramble sequence used for making the
resultmg multi-code signal white noise-like. Using Eq. (9),
the despreader output for the ith symbol (corresponding to

Eq. (11)) is given by
Z H(k)] din) + pici(n)

o - [2E, (
L L kO

+ llrmise(n)’ (25)

where the first term represents the desired data symbol com-
ponent and the second and third terms are the residual ICI
and noise due to AWGN, respectively. w;c; and i are
given by

(n+1)SF-1

e = <= ) c(t)x—ZH(k)

t=nSF N k=0

1195
N t—71
2k ——
Z;S(T)exp(] b1¢ N )
(n+1)SF-1 Ne—1
Huoise () = <= ) €)% E ¥
t=nSF
ex '27z'ti (26)
pPlJ N.)’
where
c(t) = ¢;i(t mod S F)cye,(2). (27)

The residual ICI can be approximated as a zero-mean
Gaussian process. Since the multi-code DS-CDMA sig-
nal using the scramble sequence is white-noise like, i.e.,
E[s(1)s*(7")] = QE.C/T.)é(r — ') with &(¢) being the delta
function, we can show that the variance of yy¢; is given by
(for the sake of brevity, derivation is not shown here)

1 E. 1
2 _ 1! Lc
Tler = 5 Elluici*] = T. SF.,
1 A 2 1 A ’
v Z |Aw| - v Z J2105) (28)
€ k=0 € k=0

where S F,, = SF/C is the equivalent spreading factor (the
special case is SF,,=SF for the single-code transmission).
It can be understood from Eq.(28) that the ICI variance
is proportional to S F,,. Note that if both single-code and
multi-code transmissions use the same S F,, for the given
chip rate, they provide the same data rate. Therefore, for the
same data rate, the same BER performance can be achieved
with the single-code and multi-code transmissions. This is
confirmed by the computer simulation in Sect. 3.

3. Computer Simulation

The simulation parameters are summarized in Table 1. We
assume BPSK data modulation, the FFT window size of
N.=256 chips and the GI of N,=32 chips. Fading channel is
assumed to be a frequency-selective fading channel having
an L-path exponential power delay profile with decay factor
a(e.,I;=aTyforl=1~L-1). Perfect chip timing and
ideal channel estimation are assumed. First, we consider
the single-code and single-user case and compare the BER
performances achievable with MMSE, MRC and ZF equal-
izations. How the fading rate and the spreading factor affect
the BER performance is also evaluated. Furthermore, the
BER performance comparison between FDE and rake com-
bining is presented for various values of SF and also per-
formance comparison between multi-code DS-CDMA and
single-code DS-CDMA, both using FDE, is presented. Fi-
nally, we extend our evaluation to the multi-user case. Both
downlink and uplink are considered and how the BER per-
formances of downlink and uplink differ is discussed. As
a spreading sequence, a pseudo-noise (PN) sequence with a
repetition of 4095 chips is used for the uplink case while the
product of Walsh sequence and the PN sequence is used for
the downlink [3].
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Table1  Simulation parameters.
Modulation BPSK
Number of FFT points N=256
GI Ng=32(chip)
Transmitter Product of Walsh sequence
Spreading sequence and PN sequence (downlink)
PN sequence (uplink)
Spreading factor SF=1~256
. Frequency -selective
Fading Rayleigh fading
Channel L=16-path exponential power
Power delay profile delay profile
Decay factor =0, 8 dB
Number of receive N=1.2.4
antennas ’
Receiver Frequency-dgmam MMSE, MRC, ZF
Equalization
Channel estimation Ideal
1.E+00
1.E-01 ) "E'-gwi-.-a--g.-E--E--a--E--E--EI--B--EJ
st
w “; 7F
& LE-02 ¢ L/Q
m F . "
0] L IR ARV ¢
ofn o~ -%«- NURE ART)
S 1LE-03 ¢ Lo
E =1 W
E F 0o SF=1 ‘.
LE-04 T L=16 O SF=
B0 e 0 A SF=16
E =0 dB O SF=64
LE-05 = N,=1 A% N\ T MRC
E - == ZF
[ Ne=256 —— MMSE
1E_06 \\\\\\\\\\\\‘\“i\\“\\\\\\\\\\\
0 5 10 15 20 25 30

Average received E » /N o (dB)

Fig.3 Simulated BER performances of single-code DS-CDMA using
MMSE, MRC, and ZF equalizations. Single-user case. No antenna di-
versity (N,=1), L=16, fp — 0 and «=0dB.

3.1 Comparison of MMSE, MRC and ZF Equalizations

The simulated BER performances of single-code DS-
CDMA with MMSE, MRC and ZF equalizations are plot-
ted for comparison in Fig. 3 as a function of the average re-
ceived bit energy-to-AWGN noise power spectrum density
ratio E; /Ny, given by E, /Ny = SF(1 + Ny/Nc)(E.[Ny), for
the case of no antenna diversity (N, = 1), L=16, fp — 0 and
a=0dB. It can be seen from the figure that the ZF equal-
ization gives the same BER performance for all SF' val-
ues since the frequency-nonselective channel is perfectly re-
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Fig.4 Dependency of the BER on the maximum Doppler frequency
fpT. at the average E,/No=15dB.

stored. The BER floors are seen with MRC equalization for
SF=1 and 4, due to the large ICI produced by the enhanced
frequency-selectivity. When SF=16 and 64, however, the
MRC equalization can achieve almost the same BER perfor-
mance as MMSE equalization since the residual ICI can be
sufficiently suppressed by the despreading process. On the
other hand, the MMSE equalization always achieves the best
BER performance. It should be noted that this result is dif-
ferent from the MC-CDMA case. In MC-CDMA, it is well-
known [6] that for the single-user case, MRC equalization
provides the best performance. The reason for this is that
in DS-CDMA, the transmitted symbol energy is spread over
the entire signal bandwidth and hence, MRC equalization
produces large ICI or self-interference due to the enhance-
ment of the frequency-selectivity (however in MC-CDMA,
the self-interference is not produced). Hence, in the follow-
ing, we use the MMSE equalization only.

3.2 Impact of Fading Rate

So far, we have assumed block fading, where the path
gains stay constant over one data frame (the frame length
in time equals (N. + N,)T.). However, in practice, path
gains may vary during one frame if the mobile station travels
fast. It is interesting to see the impact of the fading max-
imum Doppler frequency fp on the achievable BER per-
formance, where fp is given by the traveling speed/carrier
wavelength [1]. The BER dependency on fp7, at the aver-
age E,/Ny=15dB is plotted in Fig. 4 for the single receive
antenna case. It can be seen that the achievable BER is al-
most insensitive to fpT. if fpT, < 0.0001 when N.=256
(this corresponds to the traveling speed of 200 km/h for the
chip rate (1/T.) of 10 Mcps and 5 GHz carrier frequency).
Hence, block fading is assumed in the following simula-
tions.
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3.3 Comparison of MMSE Equalization and Rake Com-
bining

Figure 5 plots the average BER performances of single-
code DS-CDMA using MMSE equalization and those us-
ing rake combining with SF as a parameter for a=0dB
(strong frequency-selectivity) and 8 dB (weak frequency-
selectivity) when fp — 0. It is seen from the figure that,
using small SF values (e.g., SF=1 and 4), MMSE equal-
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Fig.5 Simulated average BER performances of single-code DS-CDMA
using MMSE equalization and using rake combining with SF' as a param-

eter for =0 and 8 dB. Single-user case. No antenna diversity (N,=1) and
fp—0.
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ization provides better BER performance than rake com-
bining; BER floors are seen using rake combining due to
strong IPI, but no BER floors are seen using MMSE equal-
ization. Notice that BER floors when @=8dB are smaller
than when @ = 0dB due to less IPI. However, it should be
noted that using large SF (e.g., SF=64), rake combining can
effectively suppress the IPI and thus, achieves slightly better
BER performance than MMSE equalization. This slight per-
formance inferiority of about 0.5 dB in the required E,/Ny
observed in the MMSE equalization is due to the power loss
resulting from the GI insertion. An improved BER perfor-
mance achieved when @=0dB compared to the case when
a=8dB is due to the effect of increased frequency diver-
sity (increased path diversity) for MMSE equalization (rake
combining). The reduction in the required E;/N, for achiev-
ing BER=10"* when =0 dB from the case when a=8 dB is
as much as about 8.5 dB.

Also plotted in Fig.5 are the MF bound BER perfor-
mances computed using Eq. (21). The average BER perfor-
mance with MMSE equalization approaches the MF bound
as SF becomes large. When SF=4, the E,/N, degradation
for achieving BER=10"* is 4 (3)dB for MMSE equaliza-
tion in the case of @=0 (8) dB. When SF=16, it becomes as
small as 1.7 (0.7) dB in the case of a=0 (8) dB.

3.4 Joint MMSE Equalization and Antenna Diversity
Combining

The simulated BER performances using joint MMSE equal-
ization and antenna diversity combining are plotted in Fig. 6
with the number N, of diversity antennas and the spread-

1E-01 8
3
F3 L =16, f[)_>0,0(=0 dB
i N.=256
1LE-02
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o SF=16
P & SF=64
EE03 |
0 :
on
5
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> r
Z B0
1E-05 ©
1.E-06
0 5 10 15 20 25

Average received E , /N o per antenna (dB)

Fig.6  Simulated BER performance of single-code DS-CDMA using
joint MMSE equalization and antenna diversity combining with the number
N, of diversity antennas and the spreading factor SF as parameters when
a=0dB. Single-user case.
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Fig.7  Simulated BER performance of single-code and multicode DS-
CDMA when SF,;=1 and 16. Single-user case.

ing factor SF as parameters when «=0. It can be clearly
seen that the use of antenna diversity combining is always
beneficial irrespective of SF. When SF=64, an antenna di-
versity gain of as much as about 7dB can be achieved for
a BER=10"* by the use of N,=4-branch antenna diversity
combining.

3.5 Performance Comparison of Single-Code DS-CDMA
and Multi-Code DS-CDMA

So far we have considered the single-code DS-CDMA. It
is seen in Fig.3 that the BER performance improves as
SF increases and the required Ej,/Ny value for achieving
BER=10"* can be reduced by about 4.5dB when SF=64
compared to the case of SF=1. Using SF=1 is equivalent to
the nonspread SC transmission. Hence, the DS-CDMA with
MMSE equalization can achieve better BER performance
by reducing the data rate or increasing the bandwidth for the
same data rate. It is interesting to compare the BER per-
formances of single-code and multi-code transmissions for
the same data rate at the same chip rate (i.e., for the same
equivalent spreading factor SF,). Figure 7 plots the simu-
lated BER performances of single-code and multi-code DS-
CDMA when SF.,=1 and 16. It can be seen that the BER
performance of single-code DS-CDMA is almost the same
as that of multi-code DS-CDMA for the same SF,,. This is
because if SF,, is the same, the variance of residual ICI is
the same for the single-code and multi-code transmissions,
as discussed in Sect. 2.6.

3.6 Multi-Rate and Multi-User Environment
In the previous subsections, we have discussed the perfor-

mance improvement achievable with FDE for the case of
single-user. Here, we assume single-code transmission (i.e.,
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C=1) and consider the uplink and downlink when U users
are simultaneously communicating with a base station at dif-
ferent data rates. Joint MMSE equalization and N,-branch
antenna diversity combining is considered. Without loss of
generality, u=0th user is assumed to be the desired user. The
k-th subcarrier component R, (k) obtained by the FFT oper-
ation, which corresponds to Eq. (3) for the single-user case,
can be given by

U-1
HY (S Ok) + > HY ()8 (k) + Nyu(h)

u=1

for uplink

U-1
Hyn(k) )" S k) + Ny (k)
u=0
for downlink

Ry (k) =

(29)

where the superscript u denotes the user index (u=0~ U —1)
and S ™ (k) is the k-th subcarrier component of u-th user’s
chip sequence. For the uplink case, the first term in Eq. (29)
represents the desired user’s signal component and the sec-
ond represents the multi-user interference (MUI) from U — 1
interfering users.

For the downlink case, all users’ spread signals are
synchronous and go through the same propagation channel.
Hence, H,(,f)(k) = H,,(k) for all u. For the downlink, as un-
derstood from Fig. 7 (different spreading code is assigned to
different user), orthogonal spreading codes can be used to
multiplex as many users as the spreading factor SF™ of u-
th user. In this paper, orthogonal variable spreading factor
(OVSF) codes of length SF® chips are used (SF® is equal
to an integer power of 2) and a PN sequence used in the
single-user case is used as a common scramble sequence.

To derive the MMSE weights, we first define the equal-
ization error. For the uplink case, each user’s spread signal
goes through a different channel, we use S© (k) as the ref-
erence. On the other hand, for the downlink case, all users’
signals go through the same channel, we use Z,ﬁj:_ol S (k)
as the reference. From Eq. (29), the equalization error at the
kth subcarrier is given by

N,—1

2(k) = " wnORw(k) = SO0
m=0

N—-1U-1
= {Z wn(OHY (k)S (“)(k)}

m=0 u=0
N1
+ Z Wi (k)N (k) — S (k) for uplink

m=0

N,-1 U-1
(k) = " wnORn(k) = > S (k)
m=0

u=0

U-1 N,~1
- {Z S (k) Z wm(k)Hm(k)}
m=0

u=0
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N,-1 U-1
+ 2 wnONyk) = 3 SOk
m=0 u=0
for downlink. (30)

The set of MMSE weights {w,,(k)ym = 0 ~ N, — 1}
is the one that minimizes the mean square error (MSE)
E[le(k)[*] for the given set of {H(k);m = 0 ~ N, — 1},
i.e., OE[|e(k)[*1/0w, (k) = O for all m. Since E[|S @ (k)] =
(2E,/T.)N./S F™ (this can be found from Eqs. (1) and (4))
and since N, (k) is a zero-mean complex-valued noise hav-
ing variance 2(Ny/T.)N.), the MSE for the given set of
{H,(qi‘)(k);m =0~ N, — 1} becomes

Ells(0)*]
U-1 N—1 2
SFO ¢
(u)
1+ ) Srw Z;)wmw)ﬂm (k)
2E, N, Nl
s_te (0)
T sFo| ~2Re Z;) wy () H (k)}
TSI N1
E, - 5
+ (STO)NO) Z;) [w,, (k)|
for uplink
N,-1 2
= 1+ Z W (k) H,p (k) @31
N1
—-2Re w,(k)H,,(k
Clog N, mzo (k) ()}
U _ -1
u=0 TC SF() " UZ:I 1 E
44 SF® Ny
N,—1
X " lwm ()P
L m=0
for downlink

Following [15], we can obtain the following MMSE weight:

Hy" (k)
U-1 N-1 -1
1 C E
—= ) IHY 0P + (—)
; SF( ). mzzo No
wy (k) = for uplink B o
U-1 N1 -1
1 N E
SF@ |Hm(k>|2] + (—)
(25| & o)
for downlink

(32)

The equivalent spreading factor S F,, for the multi-rate
and multi-user case is given by SF,, = 1/} (1/SF®).
Figure 8 plots the simulated BER performances of the down-
link, for the multi-rate and multi-user case with the equiva-
lent spreading factor S F,;,=4 and 1 when N,=2. We assume
two groups of users with different data rates using SF=16
and 64, respectively. For comparison, the BER performance
for the single-rate case, but with the same equivalent spread-
ing factor (SF,, = SF/U for the single-rate case) is also
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Fig.8 Downlink BER performance in multi-rate and multi-user environ-
ment.

plotted. The BER performance for ideal rake combining
is also plotted. MMSE equalization provides much better
performance than rake combining, while rake combining
produces BER floors due to MUI resulting from large IPL
With MMSE equalization, the BER performance is almost
the same for the single-rate and multi-rate cases as far as
S F,, is equal. The BER performance with S F,,=1 slightly
degrades compared to S F,,=4 due to the increased MUI re-
sulting from IPI; however no BER floors are seen as for the
rake combining. The above simulation results confirm that
rake combining can be replaced by MMSE equalization with
much improved performance on the downlink.
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Fig.9 Uplink BER performance in multi-rate and multi-user environ-
ment.

Figure 9 plots the simulated BER performances of the
uplink, for the multi-rate and multi-user case with the equiv-
alent spreading factor SF.,=8 and 4 when N,=2. In the
case of uplink, since different user’s signal goes through
a different fading channel and furthermore their transmit-
ting timings are asynchronous, BER floors are seen due to
large MUI for both MMSE equalization and rake combin-
ing. This indicates that an MUI cancellation technique must
be adopted for improving the uplink BER performance. The
study of MUTI is left as a future study.
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4. Conclusion

In this paper, joint frequency-domain equalization and an-
tenna diversity combining was presented for the reception
of multi-rate DS-CDMA signals and the achievable BER
performance in a frequency-selective Rayleigh fading chan-
nel was evaluated by computer simulation. Assuming the
single-code and single-user case, the BER performances us-
ing MMSE, MRC and ZF equalizations were compared to
find that the MMSE equalization gives the best BER per-
formance unlike MC-CDMA. Also found was that as the
spreading factor SF increases, the MMSE equalization im-
proves the BER performance since the ICI produced by the
channel frequency-selectivity can be effectively suppressed.
When a small spreading factor is used (e.g., SF=1 and 4)
for high speed data transmissions, the BER floors appear
when rake combining is used; however, no BER floor is
produced when MMSE equalization is applied. When SF
is large enough (e.g., SF=64), however, BER performances
for rake combining and MMSE equalization are almost the
same. Performance evaluation in the multi-rate and multi-
user case showed that the rake combining can be replaced
by the MMSE equalization with much improved downlink
performance, but the uplink performance is almost the same
for MMSE equalization and rake combining. This indicates
that an MUI cancellation technique must be adopted for im-
proving the uplink BER performance. The mathematical ex-
pressions for the despread signal and the residual ICI after
FDE, derived in this paper, may be useful for the theoretical
BER analysis and the study of ICI cancellation technique.
In this paper, ideal channel estimation was assumed
to compute the equalization weights. In practical systems,
pilot-assisted channel estimation can be used [17]. The use
of pilot-assisted channel estimation in a time-selective fad-
ing degrades the achievable BER performance with MMSE
equalization. This is an interesting future study.
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