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Performance Analysis of Transmit Weights Optimization for Cooperative

Communications in Wireless Networks
Hyung-Yun Kong" - Ho Van Khuong™

ABSTRACT

Cooperative communications among users in multiple access wireless environments is an efficient way to obtain the powerful benefits
of multi-antenna systems without the demand for physical arrays. This paper proposes a solution to optimize the weights of partnering
users’ signals for the minimum error probability at the output of maximum likelihood (ML) detector under the transmit power constraints
by taking advantage of channel state information (CSI) feedback from the receiver to the transmitter. Simulation programs are also
established to evaluate the performance of the system under flat Rayleigh fading channel plus AWGN (Additive White Gaussian Noise).
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1. Introduction

Signal fading due to multi-path propagation is a
serious problem in wireless communications. Using a
diversified signal in which information related to the
same data appears in multiple time instances, frequencies,
or antennas that are independently faded can reduce
considerably this effect of the channel [1]. Among well~
known diversity techniques, the spatial diversity has
received a great deal of attention in recent years because
of the feasibility of deploying multiple antennas at both

transmitter and receiver [2]. However, when wireless
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mobiles may not be able to support multiple antennas due
to size or other constraints [3], the spatial diversity is
unobtainable. To overcome this restriction, a new technique,
called cooperative communications, was born which allows
single-antenna mobiles to gain some benefits of transmit
diversity. The main idea is that in a multi-user network,
two or more users share their information and transmit
jointly as a virtual antenna array. This enables them to
obtain higher diversity than they could have individually.
The way the users share information is by tuning into
each other's transmitted signals and by processing
information that they overhear. Since the
channel is noisy and faded, this overheard information is

inter-user

not perfect. Hence, one has to carefully study the possible
signaling strategies that can exploit the benefits of
cooperative communications at most. There are three
basic cooperative signaling methods [3] where amplify and
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forward strategy is the simplest and applicable in many
wireless networks such as wireless sensor network,
mobhile communications network, ad-hoc network, relay
network, etc. This is because in every wireless network,
there must be a second independent propagation path
through an idle user besides the direct link for the signal
transmission to the destination. Thus, transmit diversity
is obtained to combat shadowing and deep fading.
Compared to single transmission, the amplify and forward-
based cooperation showed a significant performance irpro-
vement and channel capacity increase [4]-[9]. However, a
majority of the work on this protocol only concentrates
on signal combining at the receiver to minimize the BER.
It is well-known that transmit diversity systems can
perform better if the knowledge about the channel can be
exploited to adapt the weights for each transmit antenna
in such a way that the SNR at the receiver is maximized
[10]. Similarly, it is possible to apply this principle to the
cooperative> communications by considering each user’s
antenna as an element of the physical antenna array and
assigning amplification factors adaptively to the channel
variation. These amplification factors are practically acquired
through training sequences and feedback channel from the
receiver to the transmitter. This is our motivation to
develop an algorithm to optimize weights of user signals
with the goal of the minimum error probability through
ML detection. With optimum factors, the signal detection
at the receiver is extremely simple. In fact, [7] investi—
gated the similar optimization problem but the maximum
ratio combining-based detection technique at the receiver
is different from and more complicated than that in this
paper. Moreover, the optimum factors found in [7] is just
approximate, not exact as in our paper.

The rest of the paper is organized as follows. Section
2 presents a solution to optimize the transmit weights for
a practical and generic wireless network of M relays.
Then simulation results that compare the performance of
the proposed cooperation with non-cooperation (without a
relay) are exposed in section 3. Moreover, this section
also discusses thoroughly about the achieved results.
Finally, the paper is closed in section 4 with a conclusion.

2. Weights Optimization

Consider a cooperative transmission in a generic wireless
network consisting of single-antenna entities:a source
(S), M relays (R, and a destination (D) as depicted in
(Fig. 1) where the function of the relay is simply to
receive the signal from the source and then amplify it

and finally, forward to the destination. To prevent the

multi-access interference among active users, an
orthogonal channel {e.g, a different time slot or a
different frequency band or a different speading code) is
also allocated to each mobile unit in the network. Without
the loss of gene- rality, FDMA (Frequency Division
Multiple Access) is used for channel allocation. Therefore,
the destination receives (M+1) versions of the original
signal, one from the source and the others with
processing delays from the relays. Based on these data
sequences, the ML detection is performed and as we will
see later, this detector is very simple without the

knowledge of channel state.

O TR

P
N

(Fig. 1) Cooperative transmission model

For simplicity of exposition, we use complex baseband-
equivalent models to express all the signals. So, at the
destination the received signals at the time n after being
filtered with a square-root Nyquist filter and sampled at
the symbol rate can be written as

yso[n]= asnwx["]""”so [”] 1)
ymD[n]= @pZ kmY sm [n]+an[n] (2)

where

. ys,,,[n]=as,,,wx[n—d,,,]+ns,,,[n—dm]

sm=1,-M

+yy (=S, m; j=m, D) :received signal at node j when
the transmitted signal is from node i.

* x[n] : modulated symbol generated from S.

* nsplnl, nsm{n], nmplnl: noise samples corrupting the
S-D channel, S-Rn» channel and R,-D channel. They
are modeled as independent zero-mean complex Gau-
ssian r.v.’s (ZMCGRVs) with variances o2,,02,,02,

correspondingly.



* Qg Qgp Qp - path gains of the channels between

S-Rm, S-D and R.,-D. They reflect the fading level
from the transmit antenna to the receive antenna. We
assume slow and flat Rayleigh fading, hence, they are
modeled as independent samples of ZMCGRVs with
variances A, , A5, A%, respectively and constant during
the one-symbol transmission of any given node, but
change over longer intervals. Because of slow fading,
accurate channel estimation is possible at the
receiver. Thus, we will assume perfect channel- state
information at all the respective receivers.
* W, Zpm . amplification factors at the source and relay m.
* dpn:delay time due to the signal processing at the
relay m.

At the destination the first signal processing step in
detecting x/n] is simply to add the dnu—delayed version
of yspln] and the (dpa—dm)-delayed versions of ympln/ to
generate the following signal

y[n] = yAS‘D[n_dmax]+ZymD[n_(dmax —dm)]

= aSDwx[n - dmax ] + fisp [n - dmax ]

3 @z gyl dpy 1 gyl = ) o= (d —, )

M
= (aSD + 2 CmpZ g sm )Wx[” - dmax ] +
m=1

(&)

where dmge is the maximum delay time among propa~
gation paths from S and all relays to the destination.

For further simplification, we drop the time indices in
the sequel. Therefore, v/n] can be written as

y=Ax+N 4)
where
M
A=l agy+ ) &, 12,0, W
( SD ; D% R S) )
M
N= z(amDZRmnSm +an)+nSD 6)
m=]

Since ZMCGRVs nsp, ngm and nmp are mutually inde-
pendent of each other, conditional on the fading realiza—
tions. N is also a ZMCGRV with the variance
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The ML detection of x given y amounts to minimizing
the following metric :

=l =|4ffe-5[ + B ®

where the constant term B does not depend on x and
where the quantity

€)]

which is also a complex Gaussian r.v.'s with mean x and
variance o2 /|A|2 can be interpreted as the output of an
AWGN channel with SNR:

2

SNR =\:_;\2Enx[2]

2

M
[aso + z O pZ pm @ s ]w
= 2
- = £l ]

ool onf 02 + 525 ) 02

M=

il

kS
[0

2

M
IaSD|2 [1+ZamDaSm ZRm]
_ m=] aSD ' 2 ﬂ 2]
M ) ) |w| E x|

Sl a0, + 020} 02, 10

m=1

The BER performance of the ML detectors depends
only on the SNR. Thus, given the channel state at S and
R, we can optimize w and zrm SO as to maximize the
SNR in ¥ (or equivalently, minimize the BER). For this
optimization to be meaningful, we must constrain the
transmit power, otherwise the problem would yield an
unbounded solution (an arbitrarily high SNR can be
achieved by choosing w and zg. large enough). For power
constraints, we use an automatic gain control (AGC) at
the relays in order to comply with current standards [11],
which require control on the output power at the mobile
units. Summuarily, the problem is addressed as

max  SNR

W,Zpm

subject t0 = [wz|]*~P, and E{z,ye./] = Prn

where Ps and Pry, are average powers per symbol of the
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source and relay m.

Without the loss of generality, let E[|x|2] = 1. Then,
the constraint conditions can be represented as
wf* =
PRm
ol =
lsal” By + 0%, an

where the expectation operation is only taken on Gaussian
random variable.

Based on Eq. (11), we rewrite Eq. (10) in more compact
form

2

|“so|

(1 +3 Gansn J

m=1 as[)

SNR = P

P,
.52‘m+U:tD:I+O.§D (12)

M
2 Rm
;@awl ]as,"l2 P +ol,

Now SNR is a function of variables zgn. By using the

knowledge of geometry, we can find the optimal values
of zrm that maximize SNR as

.
amD aSm ]

Asp

=C
ZRmvopl m[ (13)

With the constraint on magnitude in Eq. (11), the
constant (,, is given by

Cm - > R S / DS
laSm, P + 0y, Tsp (14)
Substituting zr, into A in Eq. (5), we have
(l+z m%sm jaww
m=l  Qsp
[amDaSm ]*
M a
-1+ ZamDaSm ZPRm - sD g, w
m=1 aSD |as,,,| Rg +O—s", amDaSm
asD
M
— 1+z|amDaSm| 2PRm - oW
Al aw Wlag[ P +ol, (15)

To prevent the phase distortion caused by fading, the
term agpw must have zero-phase. Therefore, combining

with the condition in Eq. (11), the optimal value of w is

given by.

oy Csp \/—
apr ‘

|asu

(16)

From Egs. (12)-(14), we obtain the optimal values of z
and SNR as

z, _ Pen (aSmamD ]' / X5 mp
- JaSmIZPS +035, k Xsp Asp (17
2 M |a a P
]+ mD™ Sm Rm
,asol [ mz;i ag ‘aqerg +0_§m]
SNR

3. Simulation Results

Monte Carlo simulations are done to evaluate the BER
performance of the proposed cooperation. In the presented
results, we choose the BPSK transmission and set the
noise variances equally as o}, =o;, =02, =1. The x-
axis of all figures represent the signal-to-noise ratio of
the source which is defined as A /o7, Also, we assume
all entities in the network transmit the same power.

For the case of BPSK modulation, the data bit can be
recovered easily by

% = sign(Re(y)) (19)

where sign( +):a signum function; Re( - ):real part of a
complex number.
Then the probability of error is given by

BER=0([25NR,,,) (20)

Here Q( - ) is the Q-function.

Eqs. (3)-(19) demonstrates that the control of amplifi-
cation factors at transmit sides makes the detection at
the receiver extremely simple.

(Fig. 2) compares the BER performance between non-
cooperation (without a relay) and the proposed collaboration
with A4, =A%, =1 and A2, =05 1, 2 In this figure and
those following, the numbers corresponding to the model
in the legend box, for example, Cooperation-M=1-05
mean the performance of the cooperation strategy with
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respect to the varying parameters; specifically, 12,=05
in this example. It is found that weights optimization
significantly contributes to BER improvement over the
single transmission. For instance, at the target of BER
5x1073, the cooperation with optimum weights outper—
forms non-cooperation with the SNR gain of approxi-
mately 6dB, 9dB and 11dB correspondingly to the number
of relays 1, 2, 3. Moreover, the performance of the
proposed model changes negligibly with respect to the
degradation in the quality of the channels Rn-D.
Therefore, the properties of transmit diversity with the
CSI priorly known at the transmitter for the physical
antenna array also holds for the scenario of the virtual
array gained from collection of single antennas of
cooperative users. This once again asserts that the
cooperation among single-antenna users in the wireless
networks can obtain all benefits of spatial diversity.

The investigation of performance degradation in the
quality of channels S-Rn, is depicted in (Fig. 3) where
Ap=Ap=1 and A2 =0.5, 1, 2. It reveals that the
performance of non-cooperation does not depend on
channels S-R,, while the cooperation considerably depends
on the channels S-R, even though the weights
optimization at the relays has been done. This is obvious
since the direct transmission pays no attention to
channels S-R,, but the cooperation must take advantage
of these channels to achieve the spatial diversity. In fact,
this result has been foreseen from analytical expression in

Eq. (18) in which ag, is one of the parameters that

determine the quality of service of the cooperation. An

R-D channel is changing
10° .

~&~ Non-Cooperation-0.5
10" || -©- Cooperation¥=1-0.5
£ Cooperation-M=2-0.5 . - R
~P>- CooperationM=3-0.5 y
-@- CocperationM=1-1 | e,

4| | @ CooperationM=2-1 | Xy K
107 F| -+ CooperationM=3-1 ~.a
€ CooperationM=12 | T~
=¥ CooperationM=2-2
> CooperationM=3-2

o 2 4 & 8 10 12 14 1 8
SNR (dB)

(Fig. 2) BER comparison between non-cooperation and the

proposed model with different number of relays and

the changing Rn-D channels.
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alternative explanation for this performance degradation is
that using the intermediate nodes to relay the source
signal also causes the noise amplification at these nodes.
However, under any condition of inter-user channel, the
cooperation always outperforms non-cooperation and this
gain increases when the channel quality is better and
many more idle users to function as relays participate in
forwarding the original signal of the source to the
destination. This is certain because larger diversity gain
can be obtained through many independent propagation
paths.

S-R channel is changing

T T T T T

10°

10'3 -O- Non-Cooperation
-0~ Cooperation-M=1-0.5
-1~ Cooperation-M=2-0.5
—>- Cooperation-M=3-0.5
- Cooperation-M=1-1
10"l - Cooperation-M=2-1
~p>- Cooperation-M=3-1
) Cooperation-M=1-2
¥ Cooperation-M=2-2
= Cooperation-M=3-2

0 2 4 6 8 1|0 12 14 1é 18
SNR (dB)

(Fig. 3) BER performance of non-cooperation and the proposed

model with different number of relays and the changing

S-Rm channel.

o

10

S-D channel is changing
o
10 T T T T T T T

- Non-Cooperation-0.5 3 =
107 1| -O- CooperationM=1-0.5
-+ CooperationM=2-0.5
~{> CooperationM=3-0.5
>~ Non-Cooperation-1
- CooperationM=1-1
10 L| -3~ Cooperation-M=2-1
P>~ Cooperation-M=3-1
Non-Cooperation-2
Cooperation-M=1-2
Cooperation-M=2-2
5 CooperationM=3-2

0 2 4 6 1‘3 1|0 12 1|4 1l6 18
SNR (dB)

(Fig. 4) BER comparison between non-cooperation and the

proposed model with different number of relays and

the changing S-D channel.
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It is evident that the direct transmission can only obtain
low probability of error when the channel S-D is good.
This is demonstrated in (Fig. 4) where the fading variance
of the channel S-D is changed from 0.5 to 2 (A =05, 1,
2) while the others are unchanged A, =4,,=1 Com-
pared to non-cooperation, the proposed cooperative
transmission yields a better BER performance of about
6dB, 9dB and 10dB at BER of 5x10 for the value
A, =1 and M=I, 2, 3 respectively. Moreover, this im-
provement keeps increasing in the increase of S-D
channel quality and the number of relays.

4, Conclusion

The algorithm to optimize the amplification coefficients
at the relay and source with the CSI known in advance
at the transmitter to maximize the BER performance was
proposed. This algorithm is applicable to an arbitrary
wireless network with multiple relay nodes. The simu-
lation results under the Rayleigh fading channel plus
Gaussian noise demonstrate that the proposed cooperation
considerably improves the performance of about more
than 6dB over the non-cooperation regardless of the
fading and noisy inter-user channels and the different
number of relays. Moreover, the receiver structure with
ML detector can be implemented with negligible hardware
complexity. Therefore, the cooperation scheme with the
proposed optimization algorithm is feasible and is a
promising technique for the future wireless networks
where there exist idle users to take advantage of system
resources efficiently.
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