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Abstract—In this paper, the effect of imperfect channel estima-
tion on the transmit diversity based on space—time block coding
for the downlink of a direct-sequence code-division multiple-ac-
cess system is studied. Two transmit antenna and one receiving an-
tennas are employed. However, the results of this paper can be ex-
tended to the system with more receiving antennas. Each channel
is modeled as frequency-selective Rayleigh fading and the pair of
channels corresponding to two transmit antennas are mutually in-
dependent. Both spatial diversity gain and multipath diversity gain
are obtained in the system. The system performance is evaluated
in terms of bit-error rate under the perfect and imperfect channel
estimation. A pilot-assisted channel-estimation scheme with one
common spreading code sequence is exploited. It is shown that
the inaccurate channel estimates suffering from multiple access
and multipath interference significantly degrade the system perfor-
mance and can be effectively improved by use of a simple low-pass
filter. The investigation of the power ratio of pilot to data chan-
nels illustrates that the base station should dynamically adjust the
transmit power of the pilot channel according to the varying system
configurations in order to achieve the best performance.

Index Terms—Channel estimation, code-division multiple access
(CDMA), Rayleigh fading, space—time block coding (STBC), spa-
tial and multipath diversity, transmit diversity (TD).

1. INTRODUCTION

N RECENT years, transmit diversity (TD) has been studied

extensively as an effective technique to achieve spatial di-
versity for downlink with multiple transmit antennas at a base
station (BS) rather than multiple receiving antennas at mobile
terminals [1]-[4]. Since the future mobile multimedia services
will be involved with high data rate, it is desirable for TD tech-
niques to provide improvement of both link-level performance
and system capacity on the high-speed downlink without in-
creasing the total transmit power [5].

The TD scheme based on space—time block coding (STBC)
proposed in [4] is quite attractive due to its simplicity. The TD is
able to achieve comparable diversity gain with receiving diver-
sity for a given number of antennas without bandwidth expan-
sion. Due to its significance, the two-antenna TD with the STBC
scheme has been adopted in the third-generation (3G) wireless
communications standards [6], [7].

The essential virtue feature of the TD-STBC scheme [4] is
its inherent coding orthogonality. This guarantees that at the re-
ceiver only simple linear decoding is required to provide the
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spatial diversity gain that is equivalent to the maximum ratio
receiving combining (MRRC) in the case of perfect channel es-
timation. However, due to multipath propagation and multiuser
interference under the real radio propagation environment, the
orthogonality of TD-STBC is no longer preserved, so that the
pair of signals transmitted simultaneously from two antennas
will cause some mutual interference terms that cannot be can-
celled out by the simple linear decoding at the receiver. So far,
flat fading channels have been assumed in many papers [1]-[5],
[8]; however, a more realistic channel model should be the fre-
quency-selective fading channel, especially for the 3G systems
in which the spreading bandwidth is much greater than the co-
herent bandwidth of the typical cellular environment [9], [10].

In this paper, the TD-STBC under multiuser and multipath
fading environment is studied for CDMA systems. A two-di-
mensional (2-D) RAKE-type (2-D-RAKE) receiver is utilized
to collect the signal energy from multipaths, where the signals
to be combined in multiple paths will first be STBC decoded.
Since the TD-STBC is very sensitive to channel-estimation
errors [11], [12], the impact of imperfect channel estimation
on TD-STBC in the CDMA system is studied. The rest of this
paper is organized as follows. Section II gives the description
of basic system framework, including the transmitter, channel,
and receiver models. In Section III, assuming that the ideal
channel-state information (CSI) is available at the receiver, the
bit-error rate (BER) of the 2-D-RAKE combining approaches
are studied. Section IV investigates the effect of imperfect
channel estimation on TD-STBC, where the common pilot
channel is exploited to assist receivers to estimate the channel
coefficients. In Section V, the system performance and optimal
parameters are demonstrated by representative numerical eval-
uation. Finally, Section VI draws the conclusion.

II. SYSTEM MODEL

A. Transmitter Model in CDMA Downlink

In this paper, two transmit antennas are employed at a BS
while only one receiving antenna is used at each mobile station.
It is assumed that there are K active CDMA users in total and
a common pilot signal is transmitted simultaneously from the
two transmit antennas for channel estimation [6]. Thus, totally
K+1 different spreading code sequences are required, which are
mutually orthogonal within one symbol interval. Furthermore,
it is assumed that all spreading codes are unit-norm complex
random binary sequences with value (1+7)/v/2, where j =
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Fig. 1. Block diagrams of the transmitter and receiver.

v —1. As shown in Fig. 1, the low-pass equivalent transmitted
signals at the two antennas are, respectively

() = n_ijw V- ébw /N )

- Sa(k,n) +/9E. - Sp(n)] gt —nT.) (1)
sa(t) = n_ﬁ; VE. - éb’(la ln/N])

- Sa(k,n) + /9B, - (=)™ Sp<n>]

~g(t —nT.) 2

where E. is the chip energy of the data channel and g is the
power ratio of the pilot to data channels. The operation | - |
stands for the integer part of the operand. S;(k, n) represents the
data-channel spreading code sequence of the kth user and S,,(n)
stands for the spreading code sequence of the pilot channel.
N is the spread factor (SF). T, is the chip interval and g()
is the chip waveform. For the sake of simple analysis, the bi-
nary phase-shift keying (BPSK) modulation scheme is consid-
ered and the data symbol b(k, n) of the kth user is assumed as
real value. In (2), b’ (k, n) is the STBC encoded data symbol [4],
given by

“(k; [n/N] + 1),

, (b [n/N |is even
V(k,[n/N]|) = {b*(k, [n/N| —1),

In/Nisodd

where the superscript * represents the complex conjugate oper-
ation.

B. Channel Model

In this paper, the discrete tap-delay-line channel model is as-
sumed and the channel from the sth transmit antenna to the
receiving antenna comprises L discrete resolvable paths, ex-
pressed through the channel coefficients h;; (¢ = 1,2 and | =
1,...,L). The two sets of temporal multipaths corresponding
to two transmit antennas experience independent but identically
distributed (i.i.d.) Rayleigh fading with a constant multipath in-
tensity profile (MIP). In other words, the second moments of the
channel coefficients for all paths are the same. Therefore, it is
assumed that the channel coefficients h;; are complex-valued
Gaussian random variables with zero mean and the same vari-
ance of 2 in both real and imaginary parts. The low-pass equiv-
alent complex impulse response of the channel between the +th
transmit antenna and receiving antenna is

L
ht(t) = Zhu -5(t—Tl) (4)
=1
where 7; is the delay of the I/th resolvable path, irrespective of
antenna index . In this paper, the path delays are treated as
known constants that can be estimated by perfect acquisition
and tracking algorithms. For a given temporal path index [, the
fading coefficients hy; and hy; are Rayleigh distributed and
independent of each other. Moreover, for a given antenna, h;
and h; (I # ) are independent random variables. Finally, h; ;
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is assumed to be invariant over at least one STBC block that is
refered to as every two consecutive symbols.

C. Receiver Model

For any mobile user, downlink signals from K synchronous
data channels and one pilot channel experience the same fre-
quency-selective fading and arrive at the receiver as

L

D lhag - sa(t—=m) + oy - sa(t =) +0(t)  (5)
=1

r(t) =

where 7(t) represents the additive white Gaussian noise
(AWGN) with double-sided power spectral density (PSD) of
n0/2.

The signal of each path can be resolved by a matched filter
(MF) with the local delayed spreading sequence. Within the
context of wide-band CDMA, it is assumed that multipath de-
lays are approximately a few chips in duration and smaller than
the symbol period, so that interdata-symbol interference can be
neglected. Without loss of generality, let us focus on the mth
STBC block. By sampling the output of the pulse-matching
filter, the received signal in the first and second symbol interval
of the mth STBC block can be given as, respectively

u (m,n)

EZJ_ Sq(k,2mN +n — |7/T.))

[ (]C ) hl,l — b2(k7m) - h271]
+ Z V9E. - S,(2mN +n — |1 /T.|)
=1
(b1 + o) + 0™ (m,n) (6)
(2)( n)
K L
ZZf Salk,(2m +1) - N +n — |n/T.]]
11=1
[ (k ) hl,l + b1(k7m) . hQJ]
+ Z VIE. - S,[(2m+1)- N +n — |7/T.]]
=1
(h1g = hag) + 1P (m,n) (7

wheren = 0,1,..., N—Landb;(k, m)(j = 1,2) stands for the
7th data bit of the kth active user transmitted in the mth STBC
block. 79 (m, n)(j = 1,2) is the sampled AWGN in the jth
symbol period of the mth STBC block.

III. RECEIVER WITH PERFECT CHANNEL ESTIMATION

In this section, it is assumed that the ideal CSI is available at
the receiver so that the pilot signal transmission is not required,
i.e., g = 0 in (1) and (2). Therefore, (6) and (7) reduce to

u®(m, n)

K
ZZ\/_C-Sd(k,2mN+n— |7/T.])
11l=

[ ( ) hl,l — bz(k7m> . h2,l]
+ M (m, n) ®)
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,(2m+4+1)-N+n—|n/T.]]

K oL
=>"> VE.-Sak
- [ba(k,m) - hyg + by (k,m) - hog] + 0P (m,n). (9)

The first user (k = 1) is assumed to be the desired user.
Assuming the perfect chip-timing synchronization and the local
despreading code sequence locked to the /th resolvable path, the
data channel of the first user at the /th path is despread during
the first and second symbol period of the mth STBC block as

N-1
r‘(il)(m, I) = ™ (m,n)
n=0
-S3(L,2mN +n — |7/T])

o= ba(L,m) <y ]+ i (m, D)
K L )
R
. [bl(k m) . }Ll 1 — b2(kﬂ’b> - }LQJ] (10)
(2) Z U 2) (m,n)
Sd[l, 2m+1) - N+4+n—|7/T.]]
= E.-N-[bs(1,m)
hy g+ bi(1,m) - hy gl + 77((12) (m,, 1)
K L
+3 3 VE. - RE)(m. ksl D)
k=1 I=1
121
. [bQ(k,m) hl,l + bl(km) - hgyl]. (11)
The background AWGN components 77(3 (m,)(j = 1,2)
are given by
N-1
= 7Y (m,n)
n=0
Syll,(2m4+5—1)-N+n—|1/T.]]. (12)

R‘(ij_‘)i(m./ k;l, i) (j = 1,2) is the N-length discrete aperiodic
correlation function [13] of two time-delayed data-channel
spreading-code sequences used in the jth symbol period of the
mth STBC block given by

N-1
> sl
Sd[ 7(2m—i—j —1)-N+4n—|1/T.]]

Since two different spreading-code sequences with the
same time delay are orthogonal over one symbol interval,
Rflfc)l(m,k;l,i) = Owhen! = [ and k # 1. Otherwise,
when [ # I, the two code sequences are nonorthogonal and
R((ij()i(m k;1,) is modeled as an i.i.d. random variable with

R((i]()imkll 2m+j—1)-N+n—|7/T.]]

13)

zero mean and variance Var{R((iJ ()l(m ki1 0)} =

With respect to the [th resolvable path, it is assumed that the
ideal CSI hZ j 18 available at the receiver; thus, the random vari-
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able of the first estimated data bit in the mth STBC block is
constructed through STBC decoding [4] as

da(m, 1) = r§ (m, D) - b+ 0P (m, D) - by
=VE.-N- b( m) - (|hy 3* + hy i)

+nc(, (m,1) - h; —l—n( ) (m,1) - hyj
K L
oF
+ > S {VE R ki)
k=1 =1
1#1

“[bi(k,m) - hag —ba(k,m) - ha] - h)lk,f
+VEe - RY) (m, k; 1,1)
. [bl(k,m) . h’;,l + b2(k7m) : hil] ’ hZ,i}

= E1(m,l) + Ni(m,l) + I1(m,]) (14)

where E1(m, i) is the desired signal component, Ny (m, i) is the
background AWGN component, and I (m, [) is the multiple ac-
cess and multipath interference component, respectively, given
by

15)
(16)

m, 1) = /E.-N -by(1,m) (|h1,i|2+|h2,2|2)
( i)—nfl”(m.n oy 1 (m0) - hy

=3 > {VE

k=1 =1
121

“[b1(k,m) - hy g — ba(k,m) - hay] - h;j

+VE. - R (m, k31, 1)
(o1 (s, m) < b3+ ba(kym) - B )y b (1)

VEe - Ry (m, k;1,1)

On the other hand, the random variable of the second estimated
data bit can also be constructed as [4]
d(m, 1) = v (m, 1) - b7, - w0 (my0) - hyy o (18)
Since the data bits b;(k, m)(j = 1, 2) are i.i.d. binary random
variables taking values 1 and R((l Bl(m kil ) are i.i.d. random
variables with zero-mean and variance N thus conditioned on
hy ; and hy, j, I1(m, () is a random variable with zero mean and
the variance given by

Var{l1(m,l)} = E.- N - ZZE{|h1z| + |hoa|?}

=1 =1
1#£1

: (|h1,i|2 + |h2,2| )
=FE.-N-K-(L-1)
o? - (|hy * + by 1 1%) (19)
where 0% = (1/2)E{|hi, |}. The background AWGN compo-
nent Ny(m, () is a zero-mean Gaussian variable with variance

Var{Ny(m, D)} = N - T (Ihy P + [hyy?). 20)
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Since the data bits from K active users and the channel-
fading coefficients along L resolvable paths are independent
random variables, dy (m,[) in (14) is the sum of many inde-
pendent random variables and, hence, can be approximated as
a conditional Gaussian variable. Therefore, conditioned on the
channel-fading coefficients /, ; and the data bit b1 (1,m), the
random variable dy(m, [) is a Gaussian random variable with
the mean and variance

E{dy(m, 1)} = Ex(m,]) @1
Var{dy(m,)} = Var{Ny(m, )} + Var{I;(m,])}
[E N-K-(L—1)-40®+ N - ’70}
([ 3%+ LRy ). (22)

Similarly, the conditional statistics of d(m, ) can be derived.

After despreading and STBC decoding at each path, a
RAKE-type receiver is exploited to combine the signal energy
from L.(L. < L) selected paths. This can be regarded as a
2-D-RAKE combiner that collects both spatial and path diver-
sity gain benefiting from TD-STBC and DS-CDMA merits,
respectively. Note that the STBC decoding at each path con-
ducts essentially maximal ratio combining (MRC) at the first
dimension in the spatial domain.

A. Maximal Ratio—Equal Gain Combiner

In the maximal ratio—equal gain-combining (MR-EGC) re-
ceiver, the signals of first L. arriving paths among total L resolv-
able paths are selected and combined. Assuming that the fading
of each path is independent and that the random variables in
distinct branches of the 2-D-RAKE are independent from each
other, the output of the 2-D-RAKE combiner can be represented
as

L.

dj(m) =" d;(m,]l).

=1

(23)

When L. = L, the signals from all resolvable paths are com-
bined. The decision variable d;(m) (j = 1,2) is a Gaussian
variable with conditional mean and variance given by

E{d;(m }_ZE{dml}
_\FNblm(

) = S Varldy .}
=1

(24)

Var{d;(m

- [EC-N-K-(L—1)-402+N-%} ¢
(25)
where ( is defined as
L.
(26)

¢= (haal” + |hoal).
=1
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Therefore, conditioned on the instantaneous fading channel
amplitudes of the multipaths, the BER can be obtained by [14]

5y 1/2
P.pae(y) =Q {%} =Q(/2y) @7

where Q(z) = (1/v/2m) [ exp(—t?/2) dt and by definition

xr

B E.-N-¢
E.-K-(L—-1)-80%+n

vy (28)

Since h1; and hg; are independent from each other, the
summed random variable ( in (26) follows the chi-square or
gamma distribution with 4L, degrees of freedom. The proba-
bility density function (pdf) of v in (28) is given by [15]

1 2L, -1 < v )
=" ct.exp| —— 29
p+(7) Eren o (29)
where by definition
E.-N - (2052
Ve (207) (30)

T E.K-(L-1) (82 +m

The resultant BER can be obtained by averaging the condi-
tional BER P. pac(7y) in (27) over the pdf of « in (29), [15],
ie.,

P.rcc = / P.vac(y) -py(7) - dy
J0

(l-u 2L{”f 2Le—1+1\ (L+u)'
- 2 l 2

=0

(3D
where by definition
1
e 4K - (L -1) 1}_5
= =1+ ———+ — 32
TV { N % e

where 7, is the average signal-to-noise ratio (SNR) per bit and
is defined as

2E,.-N - o2
7o .

M = (33)

In order to more clearly elaborate on the performance im-
provement benefiting from the spatial diversity gain due to
TD-STBC and path diversity gain due to multipath RAKE
combining, we define the average SNR per bit per antenna per
path as

_ T 2Ec -N - 02
Tp = = (34)
NT - L o - NT - L
where N is the number of transmit antennas and Ny = 2

for TD-STBC while Ny = 1 for the conventional DS-CDMA
system with only one transmit antenna. This implies that the
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total transmit power is restricted as a constant for different
system scenarios in order to evaluate and compare the perfor-
mance improvement merely resulting from spatial diversity
gain and multipath diversity gain.

B. Maximal Ratio—Generalized Selection Combiner

It is expected to adaptively select and combine the sig-
nals from the L. paths with the highest signal-to-interfer-
ence-plus-noise ratio (SINR) among the total L resolvable
paths. Thus, a maximal ratio-generalized selection-combining
(MR-GSC) 2-D-RAKE receiver that selects and combines
the L. strongest paths is exploited next. It can be proven that
dy(m,l) and da(m,!) have the same SINR property. For the
branch random variables d;(m,l)(I = 1,2,..., L), its instan-
taneous SINR can be derived from (21) and (22) as

|E{dy (m, D)}

=2 35
Var{dy(m, )]~ 2" (35)
where +; is defined by

B E.-N
 E.-K-(L—1)-85%+1mn

Y (|h1a]” + [haal?).  (36)

Since the variable v;(I = 1,2,. .., L) follows chi-square dis-
tribution with four degrees of freedom, its pdf and relevant cu-
mulative distribution function (cdf) are given by

Y il
P () = W—IQ exp (—;j) 37)
iol} Vi
=1-(1+2= -z
F’Yl (’Yl) ( + 71) €xXp ( '7!) (38)

where 7, is defined as the same as (30), i.e., 71 = ..

For L. strongest paths selected from L resolvable paths,
Y1:.L > 7Y2:L = --- > 7L..r are defined as the order statis-
tics of instantaneous SINR, which are obtained by arranging
{v|l=1,2,...,L.} in the decreasing order of magnitude.
The joint pdf of the order statistics [16], [17] is given by

p"/l:L:’Yz:L;--q'YLF:L (71:L7 Y2:Lsy - 77LC:L)

L.
S0 () R CHCT) Sy | PR
=1

where F'( -) represents the cdf and p( -) is the relevant pdf.

After the L. strongest paths are selected and combined by
a MR-GSC 2-D-RAKE receiver, the total output SINR can be
represented as [18]

L.
Yasc =2 Z Vi:L- (40)
=1

Hence, the BER, conditionedon {~,., |l = 1,2,..., L.} canbe
obtained by

P. asc(vasc) = Q(v/asc). 41)
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Therefore, the resultant BER can be achieved by averaging over
the joint pdf of the selected paths in (39) as

- [T [
YLo:L 7 Y2:L

L.

2- nyl:L

=1

) ,YLC:L)
(42)

“Dyviip,v2iLsee VLo (’VI:L: Y2:Ls- - -
“dvyp - dvap - dvp,p

Substituting (37) and (38) into (39) to get the joint pdf and
deriving from the general integral formula (42), we further ob-
tain the closed-form BER for several special cases. As L, = 1,
only the strongest one path is selected so that the closed-form
BER can be induced as [19]

-1 1
(m(—l- 1>>"+2 fa < H1LE > @
where by the definition
(k +1/2)

Ia(p,a) =

p
Z 7
k=
When L. = 2 or L. = 3, the two or three strongest paths are
selected and combined so that the resultant BER can be further
manipulated through a two- or three-fold integral in (42). The

closed-form BER results are derived in [19] and presented in the
Appendix.

14 >k+1/2]' (44)

IV. RECEIVER WITH IMPERFECT CHANNEL ESTIMATION

In the downlink, two common pilot signals are transmitted
simultaneously from two antennas, which are employed to assist
mobile stations to estimate the channel-fading coefficients. The
2-D-RAKE receiver structure is shown in Fig. 1. During the first
and second symbol period of the mth STBC block, the pilot
channels of the [th resolvable path can be despread from (6) and
(7) as

Zu

gE-

)+ S,2mN +n— |7/T.])
'(hli

hyj —i—Z\/qE R (m; 11

1;&1

+ZZf RS (m, ks 1, 1)

k=1 l=1
1#1

- [bi(k,m) - hiy — ba(k,m) - ho ] + ﬁ;,(,l)(mvi)
(45)

) (h1i+ hay)
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n)- S3l(2m + 1)
fE+n—hwnn

:1/qE N i— A)
+Z\/9E - RP (m; 1,1) - (hay — hay)

z¢z

+ZZf RE) (m, k;1,1)

k=1 =1
1#£1
- [ba(k,m) - hig+ bi(k,m) - hoy] + n]()Q)(m, i)

(40)

where the background AWGN components mgj ) (m,)(j =1,2)
are defined by

(J) Z 79 (m,n)

Si[@m 4+ —1)-N4n—[n/T.]]. @47)

The discrete aperiodic correlation function Ré{%(m; 1,0) and
Rfﬁ;(m7 kil j) are given by (13) with the substitution of the
code S4 by the corresponding code S, and have the same
properties as those of (13).

Considering the [th (Z = 1,2,..., L) path of the reference
user k = 1, the data channel is despread during the first and
second symbol period of the mth STBC block as

N-1
7D (m I) = Z u® (m, n)
n=0

 S3(1,2mN + 1 — |1/T.)

L
N+ V9E.
1#1
RO (ms 1) - (hag + hay)
N—-1

#(m,0) = 3 u® (m,n)

n=0

Sy, (2m+1) - N +n— |1/T.]]

L
= r((f)(m,i) + Z \/gEc
1;7
R1(;2¢)i(m, l»lA) ’ (hl,l - hz,z)

(48)

(49)

where 7 (m,1)(j = 1,2) are given in (10) and (11). By
comparing (48) and (49) with (10) and (11), it is seen that the
despread data channel signals suffer from one more interfer-
ence term due to the pilot signals. Rz(7] )(m l l) is given by

(13) withthe substitution of S; by .S}, and has the same statistic
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properties. Therefore, conditioned on the channel-fading coef-
ficients at the /th path in the mth STBC coding block and the

data bits, the mean and variance of f((lj )(m, D = 1,2) are

given by
E{i om0 b= VE N - r(1m) - by g = ba(1,m) <y ]
(50

{42)

Var {f((ij)(m l)}

} VEe-N-[ba(1,m) - hyj+bi(1,m) - hyjl

(51)
B {[#9 .0 - 8 {5 .}
-[f,(zj)(m - E {fflj)(m,i)}r}

:EC-N-(g+K)~(L—1)-402+N-%.
(52)

Based on the despread pilot signals in (45) and (46), the initial
estimates of pair of channels between two transmit antennas and
receive antenna at the /th resolvable path in the mth STBC block
can be manipulated as

i m. ) = \/_ [ O (m, 1) + ré”(m,l)}
o (1) (2)
it N T T [ D P (. D)
1 L
+ W - [Rélg(m l l) (hl,l + h2,l>
1;7
R (m: 1) - (ha i — o)
RY(
ZZ (m, k;1,0)
Ak i s
[b1(k,m) - b1y — ba(k,m) - hy ]
+R$) (m, k1, 1)
- [b2(k,m) - b1y + bi(k,m) - hZ,I]} (53)
A 7 1 7 /
Al = e e =)
1 A A,
= hyj+ m : [nél)(m, 1) - 77](;2)(m7l)]
R (ms 1) - (hay + hoy)

+ o Z [
— RO (m; 1) - (hay = ho ,)]

ZZ{ R (m, ks 1,0)

2N \/_ k=1 l=1

1#1
. [bl(k,m) . hl,l — bz(k/fﬂ) . h2,l]
— R (m, k;1,1)

. [bg(/i}/m) . hl,l + bl(k7m) . h2,l]} . (6]
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Similarly, conditioned on the channel-fading coefficients at

the /th path in the mth STBC coding block, the initial estimates

f“}(f (m, 1) (i = 1,2) have the same variance, given by

Var {#0m. 0} = B { [ m.D) ~ B {0 m. D }]
[ - e {0 0}]}

1
- g+ K)-(L-1
oK) (L)
1 7o

2024 —— .0 55

Tt YN E, 2 (53)

Note that the above initial channel estimates with the assis-
tance of pilot transmission suffer not only from the background
AWGN, but also from the multiple access and multipath in-
terference (MPI) resulting from data channels of all simulta-
neous active users as well as two pilot channels. It is seen that
the channel estimation under TD-STBC is deteriorated by more
MPI than that in conventional DS-CDMA system with only one
transmit antenna. Therefore, it is vital to exploit some tech-
niques to estimate channels more accurately so that the perfor-
mance of TD-STBC can be improved significantly.

For the slow-fading channel, it is assumed that the channel
coefficients h;; remain invariable during several consecutive
STBC blocks; thus, a Np-tap low-pass filter (LPF) can be used
to improve the accuracy of the pilot-assisted channel estimation.
In other words, the improved channel estimation can be obtained
through time averaging

. 1 s
hii(m) = —- Z rl())(mJ)

P meo®

(56)

where any one of example sets given below might be adopted as
the timing-average window

@E{m—Np+17m}

o= e[ e 2]}

Assummg that the noise and interference terms in successive
A(Z (m,l ) with different m are independent from each other, one
obtalns

(57

(58)

B{hia(m)} = { (mDf=h; (69
Var{h; (m)} = N_P - Var {TAS’)(m, i)} . (60)

With respect to the [th resolvable path, the branch random
variables of two estimated data bits of the first user in the mth
STBC block can be constructed through STBC decoding as

. 9 P

#0(m. 1) - b3 5 (m) 4+ #7 (m, 1) - by y(m)
A ~ ~ 1 * A ~

= #4 (m0) - by (m) = 74 (. 1) - oy (m).

Since the pair of channel coefficients i, ; and h, ; are mutu-

ally independent and the discrete aperiodic correlation functions
of spreading code sequences are independent random variables,

(61)
(62)
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all of 72((1 )(m 0, A(Q)(m./ ), iLlj(m), and flzz(m) are indepen-
dent from each other. Moreover, the two-branch random vari-
ables of estimated data bits tfj(m, I)(j = 1,2) are the sum of
many independent random variables and can be approximated
as Gaussian variables, conditioned on the channel fading coef-
ficients of the /th path h, (z = 1,2) and the data bit by (1, m).

The conditional mean of d1 (m, 1) is given by

E{dy(m,D)} = £ {#" (m,D)} - E{h; y(m)}
+ B {8 (m, D)} - B{hy j(m)}
=VEc- N -by(1,m)- (|h1,i|2 + |h2,2|2)- (63)

Meanwhile, the conditional variance of dy(m, [) can be ob-
tained as

Var{dy (m, 1)}
=& im0} - Var i m)
1B )} - Var {7 (m, D)}
o+ Var {7 (m, i) } - Var{h; ;(m)}
+ |2 {52 DY Vargh, m)
+ By ym)} P - Var {2 (m, D)}

+ Var { P (m, )} Var{h, ;(m)}

1
=N-(1+— E. - K
( +qu> [ e (9+K)
(L=1)-40%+ D] - (g + g )
1

+ TN B [Ec-(g+K)
(L—1) 40 + %]2 (64)

Similarly, the conditional statistics of da(m, ) can be derived.

A. Maximal Ratio—Equal Gain Combiner

After the despreading and STBC decoding at selected paths,
a 2-D-RAKE MR-EGC receiver is utilized to combine the sig-
nals from the first L. arriving paths. Under the assumption of
mutually independent channel fading along multiple paths, the
decision variables in different branches of 2-D-RAKE receiver
are independent from each other and the output of the combiner
can be represented as

L.

Zcz]ml

=1

(65)

~

Thus, the decision variable Jj(m)( j =1,2) is a Gaussian vari-
able with conditional mean and variance given by

E{d;(m }_ZE{d (m, 1)}

_be1mg

(66)
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L.
Var{d;(m)} = Var{d;(m,1)}
=1

1
=N-. 1+—>
< gNp
2, Mo
B g+ K) - (L-1)- 40 +5]-<
+L
gNP'Ec

-[EC-(.C/+K)-(L—1)-402+%0}2 (67)

where ( is defined as the same as that in (26). It is seen that the
variance in (67) will reduce to the expression of (25) when the
parameter Np — oo and g < K. In other words, when the
number of taps of the LPF trends to be infinite, perfect channel
estimation is roughly achieved under the assumption of static
channels. Therefore, the system performance will approximate
to the results given in Section III.

Furthermore, conditioned on the instantaneous fading
channel amplitudes of the selected paths, the BER is the same

for d}(m)(j = 1,2) and given by
. 9y 1/2
Proo($) = @ [ § M
r Var{d;(m)}
& 1/2
= _ 63
Q (A-C+LC-B> (68)
where, by the definitions
L.
{= 2— Z: ) + |haal?) (69)
< ’JNP )
.[2-( +K).(L—1)+£] (70)
g 2%
1 N1
B= GNp N2 [2'(.G+K)'(L—1)+2—%} - (71

Since the channel fading coefficients h; ;(m) are assumed as
Li.d. complex Gaussian distributed random variables, the pdf of
( is given by

A 1

Therefore, the resultant BER can be obtained by averaging
the conditional probability P, EGC(C ) in (68) over the pdf of C
in (72), i.e.,

_ész—1 e (72)

Perac = /0 Pepac(C) - pg(é) - d¢

- ;2 1/2
el()
0 A-(+L.-B

pe(C) - d¢
1 i 1>
I'(2L.) /0 Q( Ay+L B)
y?r V. dy (73)
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Note that for a given SNR and number of active users, the
parameter of power ratio g might impact the system perfor-
mance significantly. When ¢ is very large, the pilot channel
signal might introduce severe multipath interference to all active
users. On the other hand, when g is very small, the channel-esti-
mation quality becomes poor, so that the BER degrades. There-
fore, there exists an optimal value of power ratio g that would
maximize the SINR or minimize the BER under certain sce-
narios, such as given average transmit power and the number of
the active users. By setting 9 (A - ( + L. - B)/9g = 0, condi-
tioned on é’ , the optimal g is given by

AN /al'é+b1
gopt(o = a0 '<-A+b2

(74)
where, by definitions
a; =8K -(L—1)-N+2N? 5,1 (75)
bp=L.-[8K-N-(L-1)-7;"
+ N%.572 4+ 16K? - (L — 1)2} (76)
ay=8-(L—1)-Np-N (77)
by = 16L, - (L —1)% (78)

Similarly, the average gop¢ can be obtained by averaging the
conditional gopt(¢) in (74) over the pdf of ¢ in (72) [13], i.e.,

A~

Gopt = / Gopr (6) - p(0) - dC
-e

(fZLC—l

0
1

(2
/ 1 ¢+ _Z-dé
az - ¢+ bo

B. Maximal Ratio—Generalized Selection Combiner

Noted that d;(m,l)(j = 1,2) have the same SINR prop-
erty and based on (63) and (64), the instantaneous SINR of the
branch random variables dy(m,!) in the ith (I = 1,2,...,L)
path is derived as

B mn)” &
Var{d;(m,l)} A-(+B
where, by the definition

Clzﬁ

It can be proven that the variable 4; in (80) is the monoto-
nous increasing function of the variable (f} in (81). Therefore,
selecting the paths with highest instantaneous value of é’l is
equivalent to selecting the paths with highest instantaneous
SINR #;. Moreover, (1., > (o, > > (p.1, are de-
fined as the order statistic of variables, obtained by arranging
{61 |l =1,2,..., L} in the decreasing order of magnitude. The
joint pdf of the order statistic variables {A”l; L 1s given by

N LJ/O

(79

2
|

(80)

~(lhagl® + |hag ). (81)

pél:m@:l”_wéh(:,‘ (Cl:L; CZ:L? EEEE) CLC:L)
L.

= () [ (@a)] T Tt @
’ l

=1
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where the pdf and cdf of fl are given by
e, (G) = G - exp(—=)
Fr(Q)=1-(1+§) - exp(=G).

Thus, the total output SINR of the 2-D-RAKE MR-GSC re-
ceiver that selects and combines L, strongest paths can be pre-
sented as

(83)
(84)

N 2
(Zlecl Cl:L)
A- ZIL:Cl él:L +L.-B

Yasc = (83)

and the BER, conditioned on {fl:L [l=1,2,...,L.},is given
by

P. asc(Fasc ) = Q(VAasc)-

Then, the average BER can be obtained by averaging (86)
over the joint pdf of the selected fading paths in (82) as

N LE o0 o0 o0 N R
Pe<,G5>c = / / / P, asc(fasc)
0 CLe:L 2:L

. p&l:L,é&L;---,éLC:L (CI:L7 CZ:L; R CL,:L)
: dCl:L . dCZ:L e dCL,:L'

(86)

(87)

V. NUMERICAL RESULTS

In this section, the effects of different system configurations
and parameters on the BER performance of TD-STBC are nu-
merically evaluated. In order to show the spatial and path diver-
sity gain provided by the 2-D-RAKE receiver, the total transmit
power is restricted as constant, irrespective of the number of
transmit antennas and resolvable multipaths. Therefore, the pa-
rameter of SNR per bit per antenna per path 7, in (34) is used to
calculate BER while the SNR per bit 7y, in (33) is used to plot the
performance figures. Unless otherwise noted, the number of re-
solvable multipaths L = 6, the number of active users K = 10,
and the spreading factor N = 128, the power ratio of the pilot
to data channel g =3 dB and the number of taps of LPF adopted
Np =4.

In Fig. 2, the BER of the 2-D-RAKE MR-EGC receiver is
illustrated versus the average SNR per bit 4, for a different
number of RAKE fingers, i.e., L. =1, 3, 6, respectively. For
comparison, the BER results of imperfect channel estimation
and ideal CSI are shown. It is clearly seen that the RAKE re-
ceiver improves the performance for both imperfect channel es-
timation and ideal CSI when the number of fingers increases.
However, the improvement in BER for imperfect channel es-
timation is not as much as that for ideal CSI. A similar trend
in BER can be seen and the same conclusion can be obtained
from Fig. 3 when MR-GSC is used, instead of MR-EGC. In
order to clearly show the difference of BER performance be-
tween MR-EGC and MR-GSC, the two idle curves (L. =3)
from both Figs. 2 and 3 are placed into Fig. 4. It can be seen
that MR-GSC outperforms MR-EGC. However, the cost of this
outperformance is more implementation complexity.
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K=10, L=6, N=128

Bit Error Rate
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1 1 | ) )
0 5 10 15 20 25 0

SNR per bit (dB)
Fig. 2. BER of the 2-D-RAKE MR-EGC receiver.
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Bit Error Rate
=

10
— Imperfect chan. est. Tl
N, =4 and g = 38 e . ]
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Fig. 3. BER of the 2-D-RAKE MR-GSC receiver.
K=10, L=B, Lc=3, N=128
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©
©
o
g
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Fig. 4. BER comparison of the MR-EGC and MR-GSC receiver with L. =3.
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K=[10 20 30], L=Lc=6, N=128
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E 4g?
e
W
m
10°
—— Imperfect chan. est. RN
Np =4 and g = 3dB T ]
B e 3
--- Ideal CSI b
0 5 10 15 20 25 30
SNR per bit (dB})
Fig. 5. BER of full 2-D-RAKE MR-GSC/EGC receiver with a different

number of users.

K=10, L=Lc=6, N=128,N; =[1 2 4 16], g=3dB

10"
2
S 1a?
S
w0
m
S N= 1 . T
10°H o Ny= 2 T .
— Ny= 4
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Fig. 6. BER of the full 2-D-RAKE receiver with different quality of channel
estimation.

Fig. 5 directly shows the BER performance of full (i.e., L. =
L =6) MR-GSC or MR-EGC 2-D-RAKE receivers under per-
fect and imperfect channel estimation for a different number
of active users. It can be seen that the gap in BER between
the imperfect channel estimation and ideal CSI decreases when
the number of users increases. However, the required SNR to
achieve a desired BER actually increases with K; therefore, the
accurate channel estimation becomes increasingly more impor-
tant as more users are involved.

Fig. 6 shows the BER of full (i.e., L. = L = 6) MR-GSC
or MR-EGC 2-D-RAKE receiver for various numbers of taps
Np =1,2,4, and 16, respectively. It can be seen that the system
performance can be improved significantly when Np increases
in static (or slow) fading channels. This is because increasing
Np means improving the quality of the channel estimation.
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K=[10 20 30], L=Lc=B, N=128, g=3dB, SNR=20dB

T

—— Imperfect chan. est.
--- Ideal CSI

Bit Error Rate

Number of taps of the Low Pass Filter

Fig. 7. BER of the full 2-D-RAKE receiver versus the number of taps of LPF
with a different number of users.

K=1[5 10 20 30], L=Lc=6, N=128, N;=4, SNR=20dB

Bit Error Rate

. 7 —~— K=5
. —— K=10 |
SR —-©- K=20
—+ K=30
-4
10 L 1 1 1
-5 0 5 10 15 20
Power ratio of the pilot to data channel g (dB)

Fig. 8. BER of the full 2-D-RAKE receiver versus the power ratio g with a

different number of users.

Fig. 7 shows the BER of the full 2-D-RAKE receiver versus
the number of taps of LPF with different number of users when
the power ratio of pilot to data channel is ¢ = 3 dB and the
average SNR 4, = 20 dB. It can be seen that for a given K,
when Np increases from a small number, the performance of
imperfect channel estimation improves significantly. However,
further increasing Np only improves performance slightly. For
example, increasing /N p beyond 20 improves BER performance
insignificantly.

Fig. 8 illustrates the BER of the full 2-D-RAKE receiver
versus the power ratio g with a different number of active users.
The number of taps of LPF is Np = 4 and 7, = 20 dB. It can
be observed that an optimal power ratio g exists for a given K
and increases as the number of active users increases. This is be-
cause, when the number of users is large, the multiple access and
multipath interference increases for pilot. In order to maintain
the quality of channel estimates, more pilot power is needed.
For K = 10, the optimal power ratio g is around 3 dB. This is
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K=1[5 10 20 30 40}, L=Lc=6, N=128, SNR=20dB

10

W= H
[==N=N=1
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Optimal power ratio g (dB)
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Number of taps of the Low Pass Filter NP

Fig.9. Optimal power ratio g, versus the number of taps of LPF for the full
2-D-RAKE receiver.
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Fig. 10. Comparison of the analysis and simulation results of the full
2-D-RAKE receiver.

consistent with the optimal ratio g, derived by (79), which is
shown in Fig. 9. This implies that the BS should dynamically
adjust the power ratio of the pilot to data channels according to
the number of total active system users.

In Fig. 9, for the full 2-D-RAKE receiver the average optimal
power ratio gopt defined in (79) is plotted versus the number of
the taps of LPF with a different number of active users. Again,
the average SNR is large, i.e., 7, = 20 dB. It can be seen that
the optimal value g,p¢ decreases monotonously as the number
of taps of LPF increases. This is because increasing Np can
improve the channel estimation so that the transmission power
of the pilot signal can be proportionally reduced to maintain a
given channel-estimation quality. Moreover, the optimal ratio
Jopt increases as the number of active users increases. This is
consistent with Fig. 8.

Finally, Fig. 10 shows the comparison of the analytical and
simulation BERs of the full 2-D-RAKE receiver for both cases
of ideal CSI and imperfect channel estimation. It can be seen
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that the simulation results coincide approximately with the an-
alytical results.

VI. CONCLUSION

In this paper, the downlink BER performance of a CDMA
system with TD-STBC is investigated under frequency-selec-
tive fading channels. A 2-D-RAKE receiver is exploited to col-
lect both spatial and multipath diversity gain. Under the as-
sumption that the ideal CSI is available at the receiver, some
closed-form BER results are obtained when the pair of chan-
nels h1; and hy; are mutually independent. Without demand
for additional spreading code sequence, a pilot-signal-assisted
channel-estimation approach is exploited. It is illustrated that
the imperfect channel estimation significantly degrades the per-
formance of the TD-STBC system. Furthermore, the LPF can
be employed to increase the accuracy of channel estimates, thus
improving the BER performance under the slow-fading channel
scenario. The following conclusions are drawn.

1) The RAKE receiver improves performance for both im-
perfect channel estimation and ideal CSI when the number of
fingers increases. However, the improvement in BER for im-
perfect channel estimation is not as much as that for ideal CSI.
Both equal gain combining and general selection combining
improve performance significantly. However, MR-GSC out-
performs MR-EGC.

2) When the number of taps of LPF Np increases from a
small number, the performance of imperfect channel estima-
tion improves significantly. However, increasing Np further
only improves performance slightly. For example, increasing
Np beyond 20 improves BER performance insignificantly.

3) The optimal power ratio of the pilot to one data channel
increases as the number of active users increases. For K =
10, the optimal power ratio g is around 3 dB.

APPENDIX
DERIVATION OF BER FOR AN MR-GSC
RECEIVER WITH IDEAL CSI

When L. = 2, the two strongest paths are selected and com-
bined so that the closed-form BER can be manipulated as [20]

) I, 0o 0o 3
Pse=(5) 2 [ [ e
Jo Sy

Py (71:1) - Py (V2:1)

where, by the definition

poy _ 1 1672 + 5652 + 707, + 35 89)
T2 32 (149 I+ 1/
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ST 2 mnt3 (14 79.) /1 + /7
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2

-1 4 (n—{—l,mj_ )
27,

(90)

O

where 7. is given by (30) and the function I4(, -) is defined in
(44).

As L. = 3, the three strongest paths are selected and com-
bined so that the closed-form BER can be manipulated as

L oo oo oo _
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JO  Jyzip Jy2iL

92)

where, by the definition
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