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Abstract: Several space-time coding based transmit diversity techniques for wideband code division multiple
access (WCDMA) systems with four transmitter antennas are investigated. Performances of the rake receivers
are analyzed and compared with those of the multi-antenna receive diversity techniques. Theoretical analysis
shows that the multi-antenna transmit diversity techniques provide considerable performance gain at the
mobile receiver in the wireless channel with less inherent multipath diversity, especially the G, coding based

scheme. Compared with the multi-antenna receive diversity techniques with the same diversity order, the
transmit diversity techniques introduce much more multi-access plus multipath interference and require
measures of interference suppression in the multi-user environments.
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Diversity is an effective technique to combat
fading and improve the link and system performance
in wireless communication systems. Among various
techniques, transmit diversity has received consider-
able attention recently ' . Since the multiple antennas
are actually mounted at the base stations, transmit
diversity can improve the downlink performance and
be beneficial to all the mobile stations in the cell,
whereas receive diversity (RD) benefits the uplink
performance.

The transmit diversity techniques proposed by
the wideband code division multiple access (WCDMA)
standard is for two antennas at the base station
transmitter and can be classified as the open loop
mode and the closed loop mode *~* . The distinction
is that the open loop system employs space-time block
coding at the transmitter and has no knowledge of the
channel at the transmitter. The closed loop system has
some knowledge of the channel at the transmitter by
implementing a feedback path from the receiver to the
transmitter. The diversity techniques employing more
than two antennas at the base stations are promising
for future wireless systems due to their capacity for
providing much greater performance gain ' . Several
space-time coding transmit diversity schemes for four
transmit antennas have been proposed and their
performances in the WCDMA systems need further
demonstration and comparison. This paper intends to
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investigate the performances of space-time block
coding based open loop transmit diversity techniques
in the case of four antennas at the base station
transmitter and compare them with those of the multi-
antenna receive diversity techniques.

1 System Model

We consider a transmission on the downlink of a
WCDMA based system with four widely spaced
antennas located at the transmitter of the base station
and one antenna at the receiver of the mobile handset.
The system block diagram supporting the space-time
coding based transmit diversity techniques is shown in
Fig.1. The transmit diversity techniques differ in their
space-time encoders. Channel coding and interleaving
are done as in the non-diversity mode.
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Fig.1 Block diagram of the transmitter and receiver

The transmitted signals propagate through a
multipath frequency selective channel, which is
modeled as tapped delay lines. A rake-type
architecture is required for reception to collect the
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signal energy from the separable multipaths ° . The
received signals can be written as

4 L
rt o= Y Yhyts t-T, +nt 1)
=1 [=1

where s; ¢ is the transmitted signal from the i-th

transmitter antenna, h, ¢ is the independent
complex-Gaussian fading coefficient of the [-th
multipath of the i-th transmitter antenna, having
Rayleigh distributed amplitude and uniformly
distributed phase, 7, is the relative delay of the
separable multipath component, and n ¢ is the
additive white Gaussian noise with zero-mean and
two-sided power spectral density equal to N,/2. The
multipath channel is assumed to remain stationary
across p consecutive symbols.
hy t =h, t+T, = =h, t+ p-1T, =h,
i=1 4 [=1 L 2)
In the following part of the paper, we use
n m to denote a wideband system with n
transmitter antennas and m receiver antennas for

simplicity.
2 Receiver Algorithm and Performance
Analysis

2.1 Space-time code proposed by Tarokh, et al

The space-time encoder shown in Fig.1 can be
described by a matrix. The space-time codes for four
transmit antennas, which are orthogonal and enable
the diversity order of four at the receiver, are

proposed by Tarokh, et al. and shown as °
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where the columns denote the signals transmitted from
different antennas. As can be seen from Egs.(3) and
(4), the data rate is 1/2 for G, with p =8 and is 3/4

for H, with p =4.

In the case of the G, coding based transmit
diversity scheme, the received signals of the [-th
multipath, after being despread at the receiver, can be
written as

le,
g, = ZILGJ’I +2 q ®)

re b

comprises eight consecutive received symbols, g, is

where r) 6, = {r, 1, 5 o5 g 1

the k-th symbol energy transmitted, 1/4 makes the
transmitter power constant, b, = { h;, hy, hy hy}"
is the [-th multipath channel coefficient vector, and
Z,, is the noise plus interference vector after the
operation of despreading. The combinable decision
vector in the [-th finger of the rake receiver for the
transmitted symbols is given as

{811 321 Z131 841}334 =ﬁ' 2 ‘hu |2 + |h21 ‘2 +
|h31‘2+ ‘hzu‘z {d, d, d, d4}(Ti4+Z; a (6)
where z, ¢, is the noise plus interference vector after
the linear combination.

According to Eq.(6), the instantaneous bit signal-
to-noise ratio (SNR) at the output of the rake receiver
for the G, coding based transmit diversity technique
can be given as

Y6, =

L
;(‘hu m ‘2+ ‘hzz m ‘2+ ‘hy m ‘2+ ‘h41 m ‘2)
2N0/8k+'l}§ (;4

)
where v, g, = (rﬁ a, T/ &, a; g, 18 the variance of the
multi-access interference plus multipath interference.

For performance analysis in this paper, a
uniformly multipath intensity profile is assumed for
the multipath fading channel. The probability density
function of vy, can be given as 7

Yy
= 1 _ yéﬁexp(—_G ) ®)
4L-1 vy, Yia

fy ’)/04

where vy, 6, = 07/(2N,/€, +v.6,) is the averaged
SNR of the I-th multipath, o/ is the averaged power of
the /-th multipath. Therefore, the average bit error
rates (BERs) of the rake receiver for G,, denoted as
Pg,, can be obtained as

_g[ 1 _ | L
P(;4 —E[?erfc /ve, ]— [ > (1—
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For the H, coding based transmit diversity scheme,
the combinable signal in the [-th finger of the rake
receiver for the transmitted symbols can be given as

{811 Ezl 831 841}114 =

le
Ik |h11‘2+ |h21‘2+ ‘h31|2+ ‘hu‘z :

{d, d, d, d4}L4 +z; H, (10)
where z; y, is the noise plus interference vector after
the linear combination. And the instantaneous output
bit SNRs of the rake receivers for H, can be given as

YH, =

1 L
T{Z; ‘hu m ‘2+ ‘hzz m ‘2+ |h31 m |2+ |h41 m |2

2]V()/¢S‘k + Ug H,

(1)
where v, y, =0y, Ty/&, 0y, denotes the variance of
multi-access interference and multipath interference.

The average BERs of the rake receiver for H,,
denoted as Py , can be given as
Yi n,

4L
1 1
R T N e |
Yi H,

- !

1 Y! H,

- 1 -
L+, u,

where v,y = a1/4 / 2N,/g, +vg ).
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2.2 STTD-OTD

The space-time coding based transmit diversity-
orthogonal transmit diversity (STTD-OTD) scheme is
compatible with STTD for two transmitter antennas,
which is adopted by WCDMA standard in 3G systems.
The corresponding space-time code matrix can be
describe as

O dl dz dl dz O
D_dz* dl* —d; dl* D
C, =0 4 d, -d, —d4D (13)

O-d, d5 dy -di 0,
As can be seen from Eq.(13), the data rate is 1.

At the receiver, the received signals of the [-th
multipath, after being despread, can be written in a

vector as
E
r o = ZCJ’[ Tz ¢ (14)
where r, o, = {r, r, r; r,}"' comprises the
consecutive received symbols, k, = { h,, hy, hy

h, } " is the [-th channel coefficient vector, and z, c, I8
the vector of noise plus interference after the

operation of despreading.

The combinable signal can be obtained by the
linear operation on the despreaded signal r, ., as

follows:
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where Z| ., is the noise plus interference vector after
the above linear combination.

According to Eq.(15), the instantaneous bit SNR
for d,, d, and d,, d, at the output of the rake receiver
can be given respectively as follows:

L
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(16)
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where v, s oip = Oes_om Ty/&,  Ogs_om is the

variance of the multi-access interference plus
multipath interference.

Similar to the derivation in section 2.1, the
average BERs of the rake receivers for STTD-OTD,

denoted as Pg 4, can be given as

_ 2
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where y, s_om =07/(2N,/ ¢, + U, s_om)-

2.3 (1, 4) receive diversity

In this subsection, we will investigate the
performance of the rake receiver when multi-antenna
receive diversity is available. In the case of a
WCDMA system with a single transmitter antenna and
four receiver antennas, the instantaneous bit SNR at
the output of the rake receiver can be obtained as

L 4
55 !

= 19

Y 2N0/8k+l)§ - ( )

The average BERs of the rake receivers for four

receiver antennas diversity, denoted as P, ,), is given

as

_ 4
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1

(4L -1+0\| 1 Yioia
sefif )]
L+yr 14
where ';, .4 =0,/ 2N,/¢, U g U7
reflects multi-access interference and multipath
interference.

2.4 (2,2) STTD transmit and receive diversity

In the case of a WCDMA system with two
antennas at both the transmitter and the receiver,
STTD can be employed at the transmitter. Therefore
both transmit diversity and receive diversity gain can
be attained with the diversity order of four. The
instantaneous output bit SNR of the rake receiver, can
be given as
Y22 =

1 L
7,24 [y me Pt g m [P+ Thyy m P [hy m 2

2N0/8k +‘U§ 22

@0

The average BERs of the rake receivers for the

transmit and receive diversity scheme, denoted as
P, s given as

_ 4L,
res sl e [5[[2)|
L+y, 2,

— 1
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L+y; 22
where y, ,, =

v, ,, reflects the
interference.

0172 / 2Ny/e, + v, 5,

multi-access and multipath

3 Numerical Results and Discussion

Selected numerical results have been obtained to
show the performances of the different diversity
techniques for multi-antenna WCDMA systems. In
order to provide a fair performance comparison, the
total transmit power for the desired user’ s traffic
channel is always fixed for a given E,/N, level, no
matter how many antennas are employed at the
transmitter. Perfect power control, perfect channel
estimation and Gaussian multi-access and multipath
interference are assumed. The Gaussian approximation
of the multi-access plus multipath interference for a
(1, 1) WCDMA system is given as °

KL -1

YeT 3N
where K is the number of users in the cell, L is the
number of resolvable multipaths, and N is the
spreading factor of the data channel. Performance
parameters for the different transmit schemes are

23)

shown in Tab.1.
Tab.1 Performance parameters for transmit
diversity techniques

Transmit Performance MAI o,

scheme  Diversity order Averaged SNR of the [-th path ©
a1 1 a7/ 2Ny/ey +vg KL -1 /3N
G, 4 ot/ 2No/ey +vg ¢, 4KL-1 /3N
H, 4 o7/ 4 2No/ey +vg 4KL -1 /3N
STTD-OTD 2 ot/ 2Ny/ey +vg s om 4KL -1 /3N
(2,2)STTD 4 a1/ 2 2No/ey +vg 2 o 2KL -1 /3N
(1,4)RD 4 o1/ 2No/ej +vg 1 4 KL -1 /3N

Fig.2 shows the rake receiver BER performances
in the single user environments with different
multipath fading channels. As can be seen from the
plot, the transmit diversity schemes provide
considerable performance gain over the non-transmit
diversity (NTD) schemes. Among all the transmit
diversity schemes for four transmitter antennas, the G,
space-time coding based transmit diversity scheme
presents superior performance to the others, even to
the (2,2) STTD transmit and receive diversity scheme.
However, the cost of the superior performance is a
data rate of 1/2, while the data rate of H, code is 3/4
and the others have a full data rate of 1. Compared
with STTD-OTD providing a diversity order of two, H,
coding provides lower SNRs at the output of the rake
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Fig.2 BER performances in the single user environments.
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receiver with a diversity order of four. Therefore the
H, coding based scheme provides better performance
than STTD-OTD at high SNRs in a single multipath
channel, while it is inferior to STTD-OTD in a 3-
multipth channel due to the increasing inherent
multipath diversity. The performance of STTD-OTD is
between those of G, coding and H, coding. It is
obvious that (1, 4) receive diversity provides the best
performance of all the diversity schemes.

Fig. 3 plots BER performances of the rake
receivers in the multi-user environments with different
multipath fading channels. As seen from the plot, the
performance for all the transmit schemes deteriorates
dramatically in the multi-user environments because of
the increasing introduced interference. Worst of all,
the rake receivers for H, and STTD-OTD based
transmit diversity schemes cannot function normally.
In some cases H, and STTD-OTD based transmit
diversity schemes are even inferior to the non-
diversity scheme. This shows that, in multi-user
environments, some measures should be taken against
multi-user interference at the receiver to ensure
normal performance. However, similar to the cases in

single-user environments, G, provides the best
performance among all the transmit diversity
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Fig.3 BER performances in the multi-user environments.
(@L=1 K=10; (b) L=3 K=10

techniques. The (1, 4) receive diversity technique is
superior to all the schemes since it does not introduce
any additional interference.

4 Conclusion

In general, multi-antenna transmit diversity
techniques provide considerable performance gain at
the mobile receiver in the wireless channel with less
inherent multipath diversity. Among the space-time
block coding based transmit diversity schemes for
four transmitter antennas WCDMA systems, the G,
coding based scheme provides the best performance,
even better than that of the (2, 2) STTD scheme. The
H, coding based scheme is inferior and even inferior
to STTD-OTD in multi-user environments. STTD-OTD
coding provides a performance between those of G,
coding and H, coding with diversity orders of two and
full data rates. Compared with the multi-antenna
receive diversity techniques with the same diversity
order, the transmit diversity techniques introduce
much more multi-access plus multipath interference
and require measures of interference suppression in
multi-user environments.
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