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Performance Analysis of Adaptive Collaborative
Communications in Wireless Networks

Ho Van Khuong' - Hyung-Yun Kong'™ - Jeong Hwi Jae™

ABSTRACT

Broadcast nature of wireless medium and path-loss reduction create a favourable condition for collaborative communications (CC)
among single-antenna users to gain the powerful benefits of multi-antenna system without the demand for physical arrays. This paper
proposes a CC strategy adapting to the propagation environment changes by optimizing the transmit signal amplification factors to simplify
the structure of maximum likelihood (ML) detector and to obtain the minimum error probability as well. The closed—form BER expression
was also derived and compared to the simulation results to evaluate the performance of the suggested solution. A variety of numerical
results revealed the cooperation significantly outperforms non-cooperative counterpart under flat Rayleigh fading channel plus AWGN

(Additive White Gaussian Noise).
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1. Introduction

The transmit diversity has received a great deal of
attention in recent years as an efficient solution to
combat the detrimental effects of channels such as
shadowing and deep fading by deploying multiple
antennas at transmitter[1, 2]. However, it is impossible to
apply this technique in some scenarios where wireless

mobiles may not be able to support multiple antennas due
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to size or other constraints[3]. To overcome this problem,
a new concept called collaborative communications was
born which allows single-antenna mobiles to gain some
benefits of transmit diversity[3-21]). 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 inter-user channel is noisy and faded, this
overheard information is not perfect. Hence, one has to
carefully study the possible signaling strategies that can
exploit the benefits of cooperative communications at
three basic cooperative signaling

most. There are
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methods[3] where amplify and forward strategy is the
simplest and applicable in many wireless networks such
as wireless sensor network, mobile 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 improvement and
channel capacity increase[4-18]. 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. 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
These

practically acquired through training sequences and

channel  variation. amplification  factors — are
feedback channel from the receiver to the transmitter.
This is our motivation to develop an adaptive CC protocol
to optimize weights of user signals with the goal of the
minimum error probability through ML detection. Since
the existence of one relay node in the wireless networks
is almost evident in reality, we only investigate this
scenario. With optimum factors, the signal detection at
the receiver is extremely simple.

The rest of the paper is organized as follows. Part 2
presents an adaptive collaborative commurnications
protocol to optimize the transmit weights for a generic
wireless network. Then the numerical and simulation
results that compare the performance of the proposed
cooperation with non-cooperation (without a relay) are
exposed in part 3. Moreover, this part also discusses
thoroughly about the achieved results. Finally, the paper

is closed in part 4 with a conclusion.

2. Adaptive collaborative communications protocol

Consider a cooperative transmission in a practical and
generic wireless network consisting of a source (S), a
relay (R) and a destination (D) as depicted in (Fig. 1)
where the function of the relay is simply to amplify the
received signal subject to a power constraint and forward

N i

o L

(Fig 1) Cooperative communication network model

to the destination. All users are equipped Wwith
single-antenna. 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
spreading code) is also allocated to each mobile unit in
the network. Therefore, the destination receives two
versions of the original signal, one from the source and
the other with a certain processing delay from the relay.
Based on these two data sequences, the ML detection is
performed and as we will see later, this detector is very
simple without the knowledge of channel state.

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

Ysp [n]= aSDwx[n]+ nSD[n] o))

yR[)[n]: A rpZYsr [n]+ Pep [n] (2)

where

. ySR[n]:aSwa[n_d]+nSR[n_d]

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

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

snsplnl, nsfnl], ngpln]: noise samples corrupting the
S-D channel, S-R channel and R-D channel. They are
modeled as independent zero-mean complex Gaussian

r.v.s (ZMCGRVs) with variances C3psTexsThp corres
pondingly.

«w, z amplification factors at the source and relay.
ed: delay time due to the signal processing at the
relay.

e asp, asp, arp: path gains of the channels between
S-R, 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 léRJéD’/ﬁeD, 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.

To take the effect of path loss into account, we use
the same model as discussed in [9] where

d B
Al =)
L] 0

Here dj is the distance between transmitter { and
receiver j and £ is the path loss exponent. For free-space
path loss, we have =2 and only this case is considered
in the sequel.

At the destination the first signal processing step in
detecting x/n] is simply to add ygp{n] and the d-delayed
version of ysp/n] to generate the following signal

Yn—d] :.VSD[”‘d]"'J’RD[”]
= aSDwx[n _d]+”so[” ‘d]+aRDZySR [”]+ ”RD[”]

= (aso + aSRaRDZ)Wx[n - d]+
aRDanR[n_d]+nSD [”_d]+nko[n] 4

It is noted that the detection technique given in (4) is
different from that in[23] where the maximum ratio
combining of yrp/n] and the d-delayed version of ysp/n]
is performed Additionally, it is realized that the proposed
detection technique is much simpler than that in[23].

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

Y=Ax+N 5)

where
A= (aSD + aSRaRDZ)W 6)
N =azpzng + Ry, + gy, (7

Since  ZMCGRVs nsg, nsp and ngp are mutually
independent of each other, conditional on the fading
realizations, N is also a ZMCGRV with the variance

o =log| o o5+l ok 8
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The ML detection of x given y amounts to minimizing
the following metric:

ly-ax* =|4|x-% +B )

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

% (10)

which is also a complex Gaussian r.v.'s with mean x

and variance ¢ /IA|Z can be interpreted as the output of
an AWGN channel with SNR:

'asu +aSRaRDZ|2|WfZ h \2]

4
SNR="—F =
e <] wol | 0% + 02, + 02,

an

The BER performance of the ML detectors depends

only on the SNE. Thus, given the channel state at S and

R, we can optimize w and z so as to maximize the SNR
in ¥ (or equivalently, minimize the BER). From Eq. (11),
it is found that it is impossible to obtain the maximum
SNR with arbitrary value of z even though the power of
the relay is infinite. Instead, z must be chosen as a
function of the channel realizations during each symbol
period. Therefore, we assume that the source power is
limited to the fixed amount Ps while the relay can
change its power Pr adaptively in accordance with the
channel variations. Restricting the source power to a
fixed amount can be done by using an automatic gain
control (AGC) and the power level variation of the relay
is controlled by the destination through the feedback
channel. Summarily, the problem of SNR optimization is
addressed as

max SNR

w.z

SllbjeCt to Ehwx|2J=PS and E“ZySRrJ:PR

where Ps and Pr are average powers per symbol of
the source and relay; Pr can change correspondingly to
the environment condition.

Without the loss of generality, let Ehxlszl. Then, the

constraint conditions can be represented as

2 Py

I =TT, 2
|aSR| P +og, (12)

M =P and
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where the expectation operation is only taken on
Gaussian random variable.

Based on Eq. (12), we rewrte Eq. (11) in more
compact form
2

aSRa RD

lasp ]2 1+ z

SD

o Vo o2 + 02 0k, (13)

SNR =

Now SNE is a furction of one variable z By using
the knowledge of geometry, we can find the necessary
condition for SNR to be maximized is that the vector
{asgarpz /asp) must have zero-phase, that means

z=c Asp&pp
g (14)

With the constraint on magnitude in Eg. (12), the
constant ¢ is given by

{a’szzam ,

= i it
‘aSRl2PS+O-§R l Fsp ‘ (15)

Substituting z into A in Eq. (6), we have

AR P
LSR¥RD R g, W

A=]1+ a5
‘O‘SR’ Ps+oy (16)

s

To prevent the phase distortion caused by fading, the
term aspw must have zero-phase. Therefore, combining
with the condition in Eq. (12), the optimal value of w is
given by

__aso\/'—

leso| 17
From Egs. (13)-(18), we obtain
2| laga P,
o l+ SR™ RD R
VR sl A *asklz B +ok »
SNR =
P S
I RD[ ]a ] PK o'sR +Og+ 0y (18)
SR
Let
v= Ji—z——PR—-— _|#se%an
,aSR] Py +D_§R Psp
G= [amlloﬁk H=03,+07 19

Rewrite Eq. (18) in the form

SVR IFV}

s

To maximize SNFE with respect to v, we take the
derivative of SNR and set the result to zero

d(SNR) _ 0

FH
Syv=——
dv G

Using Eq. (19), we obtain the optimum transmit power
of the relay adaptively to the changes of channel as

FHY
P =[_G“) ﬁaSRIZPS +U§R)

) 2
={ “a (O-ED to—zo J (jasnlzps +a§k)
Asplpp T sp (20}

Then from Eqs. (14)-(18), the optimal values of z and
SNR are found as

2 2 *
_\Cp+0xp (aSRaRDJ

" ohawl 1)

Asp

2
2 2
(a'sn + O
2
Osr

PsePrp | Hsr

2
oo 1+
Osp | Qsp&pp
2

2 2
(o2, +02,)

pYs] RD 2 2 2
oy | Ot Ogpt O

Osr

SNR

s i |

(leuf e 2l

) ‘(O-SD +0 RD) h (22)

s
| D

QspQpp

Eq. (22) that the proposed’
transmission protocol provides exactly performance as the

shows cooperative
2-level receive maximum ratio combining. Moreover, it
illustrates that SNR, or BER performance does not
depend on the quality of the channel B-D. Therefore, in
order to improve the performance, the source should
adopt a partner such that the inter-user channel (channel
S-R) is negligibly faded.

Since asp and asp are ZMCGRVSs, h=|a5,)l2 and

2

g =("§D+0';2m)0‘sk| e have exponential distributions with
mean values Apandlod +ai W/ o5, correspondingly;
that is, /il)=2e™ and4©)=4e™ where 4 =1/A5pand

A, =02/ B0l + %) and h g = 0, are pdf's of rvs



h and g, respectively. As a consequence, the pdf of
A=h+g can be computed by using convolution theorem

f;.(j')= If},(xl )fg(j’ _xl)dxl
= ]'lhe’l""‘ ige_l‘u_x')dxl

o

4

with 220.

From Eq. (22), it is straightforward to deduce the pdf
of SNRy: as

at, A,
A=A,

[e—ﬂflg}’ _ e—al,,r ]

S SNRapt (7) =

where

2 2
O+ O
g=20 "%

P, (23)

Assume that the original signal x is BPSK-modulated,
the data bit can be recovered easily by

% = sign{Re(»)) (24)

where sign(.): a signum function; Re(.): real part of a
complex number.

Egs. (4)-(24) demonstrate that the
amplification factors at transmit sides makes the detection
at the
probability of error, conditional on SNER,p, is given by

control  of

receiver extremely simple. Moreover, the

P =gl25VR,,) (25)

Here Q() is the Q-function.
Now, the average BER is found by taking the
expectation of P, over SNRyy that is,

Pe_avg = T[Q(ﬁ; )f SNRopt (7)‘17
e

:ﬂifixg)[l‘vmhﬁm[l_m} @)

For the case of non-cooperation (without relay), the

1]
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average BER is given by[1]
! P 105
})en avg = A 1- 2 2
-2 1+ P dsp /o5y 2N

3. Numerical Results

Monte Carlo simulation is performed to verify the
accuracy of the closed—form BER expression in Eq. (26).
The results are shown in (Fig. 2) where the relay
location in the network is depicted in (Fig. 1). The direct
path length S-D is normalized to be 1 and the angle
between the S-D path and S-R path is denoted as h. We
also represent the distance between the source and the
perpendicular projection of the relay on the S-D line as
L. In addition, the noise variances at the relay and

. . 2 _ 2 2 _ 2 _
destination are set to be equalCsp =O%sk =OFrp =0 =l In

all relevant figures, the x-axis signifies the global

signal-to—noise ratio SNR=Pg/ 0 2.

(Fig. 2) reveals that the simulation results are
consistent with the theoretical ones in Eq. (26). This
proves that the analysis is completely exact. Also, (Fig.
2) compares the performance between non-cooperation
and the proposed collaboration with respect to different
relay positions. We find that the network geometry which
is closely related to the path-loss significantly impacts on
the quality of the received signal. Scenarios where the
relay lies near the direct link S-D(h < 60°) provide the
considerable benefit for the cooperation over the whole
SNR range since the cooperation achieves both possible
advantages of spatial diversity (diversity order of 2) and
propagation loss reduction in comparison to the single
transmission. Moreover, because the slope of BER curve
of the cooperative scheme is steeper than that of
non-cooperation, the BER enhancement keeps dramatically
increasing proportionally to the increase in SNE.
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. However in other cases where the
relay is far away from the source and the destination, the
cooperation can be negligibly beneficial or even worse
than the direct transmission. As an illustration, the case
of(L=05 and A=8(°) shows the cooperation’s inferiority to



754 BEHMeIEHEE=EX C M13-CH M6z=2(2006.10)

.......
~~~~~~

——ah— NonCooperation-Analysis
«-athe+ NonCooperation-Simulation
_4| —4%— Cooperation-Analysis-h=0
10| ++3¢++ Cooperation-Simulation-h=0
~—(— Cooperation-Analysis-h=20
)+~ Cooperation-Simulation-h=20
Cooperation-Analysis-h=40
107 Cooperation-Simulation-h=40
—l> Cooperation-Analysis-h=60
++fp=+= Cooperation-Simulation-h=60
——}— Cooperation-Analysis-h=80
1 0—6 *+++-+ Cooperation-Simulation-h=80
0o 2 4 & 8 10 12 14 16 18 20
SNR (dB)

(Fig 2) BER performance of the proposed model with L=05
and different values of h
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(Fig 3) Performance comparison between non-cooperation and
proposed modal with relays on the direct path

non-cooperation for the low values of SNR.

In general, the relaying cooperation is usually expected
to reduce the path loss, corresponding to the situation
that the relay is placed closely to the source or the
destination, and make use of spatial diversity at most.
Therefore, it is better to cooperate with the relay on the
direct link S-D. (Fig. 3) investigates the performance
degradation of collaborative communications in the signal
attenuation due to the path loss when the relay moves
apart from the source(L changes). It shows that the
closer to the source the relay, the less path loss the
transmit signal suffers and the better performance the
attains.
outperforms non-cooperation over the whole range of

receiver Moreover, the cooperation always
relay locations on the S-D line. In addition, (Fig. 3)

demonstrates that the distance between the relay and the

source is a decisive factor for the high performance of
the cooperation regardless of R-D link length. For
example, the case of L=dsg=0.1 achieves a dramatically
better performance than that of dsp=0.1 (L=0.9). On the
other words, the symmetry of the relay position on both
sides of the S-D line separated by its middle point does
not guarantee the same performance. In fact, this result
has been fpreseen from the analytical expression in Eq.
(22) in which ase (or L) but not agp is one of the
parameters that determines the quality of service of the
cooperation.

4, Conclusion

Adaptive collaborative communications protocol to
optimize the amplification coefficients at the relay and
source with the CSI known in advance at the
transmitters to maximize the BER performance was
proposed. This protocol is applicable to an arbitrary
wireless network with a relay node. Under the Rayleigh
fading channel plus Gaussian noise, the numerical results
demonstrate that the proposed cooperation considerably
improves the performance over the non-cooperation.
Moreover, the receiver structure with ML detector can be
implemented with negligible hardware complexity.
Although the analysis is for the case of one relay node, it
is straightforward to extend the results to multiple relays
which are expected to further improve the performance
because larger diversity gain can be obtained through

many independent propagation paths.
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