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Abstract—Cooperative relaying methods have attracted a lot
of interest in the past several years. A conventional cooperative
relaying scheme has a source, a destination and a single relay.
Since it can extend the coverage of wireless systems, this
cooperative technique can support one symbol transmission per
time slot, called full rate transmission. However, existing full rate
cooperative relay approaches are non-symmetrical for different
symbols. In this paper, we propose a cooperative relaying scheme
that is assisted with dual relays and provides full transmission
rate and the same macro-diversity to each symbol.

I. INTRODUCTION

Wireless channels are always proned to multipath fading,
which causes the level of received signal to vary with time and
location. Different diversity techniques have been developed
to enhance the performance of the overall system. The most
commonly used diversity techniques are time, frequency and
spatial diversity [1,2]. In addition to these techniques, a novel
idea to use intermediate nodes as relays has been presented to
exploit the inherent broadcast nature of the wireless networks.
By transmitting through different fading channels simultane-
ously, there are chances that one or more channels do not
fade deeply at the any time and as a consequence, the effect
of multipath fading will be reduced.

A lot of work has been done for systems having a single
cooperative node operating as relay as shown in Figure 1 [3-
6]. Designing such a cooperative system results in two main
advantages: increasing the spatial diversity at the receiver and
attaining rate gains [10]. The drawback of this system is the
asymmetrical transmission of data. By asymmetry, we imply
that the diversity gain is not applied to every transmitted
symbol thus the performance is only partially improved. In this
paper we propose a novel approach to cooperative diversity
employing dual relays to improve system performance. The
proposed scheme not only provides full transmission rate
but also has balanced diversity for each transmitted symbol.
Two approaches are commonly used in cooperative relaying
scenarios. The first is known as amplify-and-forward trans-
mission (AF), where the relay amplifies the received signal
and forwards it to the receiver [8]. The second approach is
decode-and-forward transmission (DF) where relay decods
the incoming signal first and then re-encodes and sends to
the destination. In this paper, we use the AF mode and try
to improve performance over the conventional cooperative
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relaying with single relay and direct transmission between a
source and destination.

The paper is organized as follows. Section II presents the
basic architecture and functionality of systems with direct
transmission, cooperative relaying with single relay and then
with dual relays. Section III provides a more deep insight
into the mathematical modeling of the proposed scheme and
MMSE linear equalizer design for the dual relay transmission.
Finally, in Section IV, we illustrate the SNR gains for our
proposed cooperative network. The paper then concludes with
certain comments in Section V.

II. SYSTEM MODELS

In this section, we will describe a direct transmission
scenario with a single source and destination, a conventional
one relay cooperative scheme, and our proposed scheme for
dual relays.

A. Direct Transmission

Consider direct transmission of a symbol from a source to
destination. The source transmits data at every instant and the
received symbol at the destination is given by

y(k) = ahx(k) + n(k) (D

where « is the path loss coefficient and h is the channel
coefficient assumed to be complex Gaussian with Rayleigh
distribution. Noise 7 is additive white Gaussian noise with zero
mean and o2 variance. The received signal is passed through a
linear equalizer [1-2] to obtain the estimate of the transmitted
symbol.

B. One Relay Transmission

A conventional cooperative relaying scheme is shown in
Figure 1 consisting of a source, S, destination, D, and a single
relay, R. The channel coefficient corresponding to source-
destination and source-relay are denoted by hsp and hgg,
respectively, while hgp is the equivalent channel correspond-
ing to relay-destination. The functionality of this relay scheme
is shown in Table 1.

This relay scheme works as follows. At every odd time
slot, the source transmits a symbol and both relay and des-
tination receives the transmitted symbol. At even time slot,
the relay forwards whatever it receives to the destination,the
source transmits another symbol and the received signal at the
destination is the superposition of transmitted signals from the
source and the relay. This cooperative diversity technique can
support one symbol transmission per time slot, i.e., full rate
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Fig. 1.

Conventional one relay system

TABLE I
TRANSMISSION SCHEDULING FOR ONE RELAY CASE

Time 2k —1 2k
index
S z(2k — 1) z(2k)
(listening) (sending)
R zr(2k — 1) = ahgrz(2k — 1) Brr(2k — 1)
+ nR(Qk: — 1)
D y(2k — 1) = hspx(2k — 1) | y(2k) = Bhrpzr(2k — 1)
+nD(2k71) +hSDI(2k)+nD(2k)

transmission. However, it is non-symmetrical transmission for
different symbols.

The factor § in Table I normalizes the received symbol
energy at the relay and is given as

/ 1
p= alhsg|? + 0%

where 0% is the noise variance at the relay. In summary, the
effective input-output relation for a single relay cooperative
scheme in AF mode is given by

2

3)

where y ,x and n are the received data vector, transmitted data
vector, and the noise vector, respectively, defined as

y = [y(2k — 1) y(2k)]"
x = [z(2k — 1) z(2k)]T
n=[np(2k —1) Bhrpnr(2k — 1) +np(2k)]"

y=Hx+n

and the equivalent channel matrix, H can be expressed as

hsp 0

H=
aBhsrhsp hsp

“4)
The non-diagonal representation of the equivalent channel
matrix explains the non-symmetric behavior of the network
for symbols at different time slots.

C. Dual Relay Transmission

In order to provide a balanced diversity gain to all received
symbols, we propose a symmetrical cooperative relaying
scheme, which overcomes the non-symmetrical transmission
for different symbols in the conventional cooperative relaying.
As shown in Figure 2, the symmetrical cooperative relaying
scheme consists of the source, S, destination, D, and a pair of
relay stations R; and Ro. It can provide full data transmission

rate and balanced gain to each transmitted symbol. As before,
hpq is the channel coefficient from transmitter p to receiver ¢
and s are the pathloss coefficients.

Fig. 2.

System model with dual relays

The transmitted and received signals of this cooperative
relaying scheme are described in Table II. The source is always
sending the data to destination at every time slot. At odd time
slot, one relay, for example 1, is also transmitting what it
received at the previous time slot, while the other relay, in
this example Ro, is listening to what the source and the relay
R, are sending. The destination receives the signal transmitted
by the source and by one of the relays, in this example R;
at every odd time slot. At even time slot, the role of the two
relays will be inverted and the destination now receives data
from source and relay Ra.

Through out the paper, we assume Rayleigh fading channel,
no channel knowledge at the transmitters, perfect channel state
information at the receivers and perfect synchronization.

III. MATHEMATICAL MODELING OF THE SYSTEM

This section is devoted to express the proposed system in
terms of analytical expressions and the derivation of MMSE
linear equalizer (LE), which is different from the MMSE-LE
for traditional communication systems.

A. Input-Output Relationship

From Table II, the received signals at the destination can be
expressed as

y(2k‘ — 1) =/ ERhQDOQDﬂR2 (ij - 2)1‘}32 (2]6 - 2)+

5
VEshspz(2k — 1) +np(2k — 1), ©)
y(2k) =v/Erhipaipfr,(2k — 1)z g, (2k — 1)+ ©)

VEq.hspx(2k) +np(2k),

where F is the transmit power of the source and E is the
transmit power of relays. We assume the transmit power of
relays to be equal. g, (2k—1) and g, (2k—2) are the signals
received by the relay R; at time 2k — 1 and by the relay Ro
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TABLE II
TRANSMISSION SCHEDULING FOR DUAL RELAY CASE

Time 2k —1 2k
index
Source z(2k — 1) z(2k)
(listening) (sending)
Relayl TR, (2k — 1) = ag1VEshs1z(2k — 1)
+a12vV ERBR2 (2k — Z)hlng2 (2]{,’ — 2) + NRq (Qk‘ — 1) TRy (2]{,‘ — 1)
(sending) (listening)
Relay?2 TR, (2k) = agoVEshsaox(2k)
TR, (2]{3 — 2) + a12vV ERBRl (2]{: — 1)h12CCR1 (2]{: — 1) +nR, (2]{:)
y(2k — 1) = vVEshspx(2k — 1) y(2k) = VEshspx(2k)
Destination | +aspVERBRr,(2k —2)hoprr,(2k —2) +np(2k — 1) | +a1pVERPR, (2k — 1)hipzRr, (2k — 1) + np(2k)

at time 2k — 2 respectively. Those signals are defined as
TR, (2k — 2) =v/Esagohgax(2k — 2)+

AV4 ERh12a12$Rl (Qk - 3)'ﬁR1 (Qk - 3)+ (7)
nRg(Qk — 2),

TR, (2/€ — 1) =ag1V Eshs1x(2k — 1)+

1/ ERhlgalngz (Qk — 2)61{2 (2]{,‘ — 2)+ (®)
an(2k — 1),

The factor ai; p comprises of effects of pathloss and shadow-
ing, and is normalized with respect to the distance between
source and destination i.e. dgp. The quantities aep, cge and
a2 are also similar coefficients between relay Rs-destination,
source-relay Ro and relays Ri-Rs respectively.

The factor Ogr,(2k — 1) normalizes the received symbol
energy at the relay R; and is given as

1
D S eme oy )
where
E{Jen, (2k = D[} =adiEfhs [ + o, o
+oy Erlhiaf® [Br, (2 — 2)°
and 0%, = E|ng, | Similarly
By (2 — 2) = an

~ VE{Jzr, 2k - 2P}
Defining the transmitted and received symbol vector as
| y(2k-1) _ x(2k — 1)
S R TC B R e O B
the input-output relation of the dual relay transmission can be
expressed in the matrix form as

Ve =Py._1 +Qx; + Rxp—1 +ny, (12)

where P, Q, R, and n; and are given in the following
equations. Here we omit the timing indices of the factors 3
and denote Og,(2k — 1) as Og, for i = 1,2. Thus
0 VEra1pBRryh2Dh12
P= 9 hip 9 ,
0 Egraisfr, Brohis

o0 VEhsp 0 }
VEn/EraipasiBr hsihip VEshsp |’
o 0 12
R= [ 0 T22 :|
with

ai2hsph
r12 = vV Es\/ EraopfBr, hop (Oészhm - MM)

aiphip

roo = \/ EsEra128r, Br,h12hip
ar2hsphiz
a1pagsahgs — —

1D

and noise is given as

ng =np, — NDIIDK;1 + NRan, (13)
0 VEsaiza2pBryhaphiz
where Np = a1phip np,_,,
0 ERQ%Z/BRlﬂIQh%Q o
N — VERa2pfBr,hap 0
R ErospoipfBr,Br,hiphi2 VERiDBR, PiD
n _ nD(Qk—l) n _ nR(Zk—l)
D= @k | MR T k) |

where np and ngi are noise coefficients at destination and
relays, respectively and defined as complex Gaussian variables.

B. MMSE-LE Design

Concerning the determination of the MMSE for the linear
equalizer, we consider the scheme as shown in Figure 3

Fig. 3. Transmission model incorporating equalizer
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In the block diagram, x; and y, denotes the 2 x 1 input
and output signal vector, respectively, and H is the impulse
response of the channel. C is the equalizer response and Xy
is the estimated symbol vector. Omitting the timing index k,
the MMSE is defined as

S=E{|x—x|?}
S=E{x-x (x-x"}
3= CR,C” — CE{yx"} — E{xy"} C¥ + R,

(14)
(15)
(16)

with = Cy

Ry and Ry are the autocorrelation function of transmitted and
received signals, respectively, where Ry = I and Ry is given
as

R, = E{yy?} with y=H-x+n
as x and n are uncorrelated
= HE{xx} H” +R,
E{yx"} = HR,
E{xy} = RH"
R, = E{nn’’} is the autocorrelation function of noise and
is given as

R, = 0;NgNE + 07 (I- NpNp)
Thus MMSE becomes
S = (C-RH'R; ") Ry (C—RH'R; )"
+R, (I-HYR;"HR,)

Our goal is to minimize the above error equation. Thus finding
the minima of error using stochastic gradient technique, C is
given as

a7

C-RH"R;'=0 (18)

which corresponds to

C =RH"R;" (19)

Thus plugging equation 19 in equation 17, the following
expression for & turns out:

3 =Ry (I- H'R; "HRy) (20)

Using matrix inversion lemma, the MMSE-LE can be found
as

S =R,— (R{' + H'R;'H) 'H'R;'HR, (1)

As can be noticed from input output relationship of equation
(12) that we have to retrieve four unknowns with only two
equations. Thus the system is ill-conditioned. That is why, we
assume that we know x;_; for the first time. Consequently
the equation we are considering now is given as

z =y, — Py, + Rxp1 = Qxp + 1y, (22)
Thus assuming the above linear model, H=Q and the equalizer
from equation (19) is given as

c=Q"(QQ" +R,) 23)

Based on the above mathematical analysis, the designed
receiver is used to detect the transmitted symbols where dual
relay transmission provides a balanced diversity gain to each
symbol. Therefore, the system performance should be the best
as compared to conventional cooperative relaying.

IV. SIMULATION PARAMETERS AND RESULTS

This section gives the simulation results of different trans-
mission scenarios that we have discussed in the previous
sections. In all cases, the transmitted signal is a random bipolar
sequence modulated through quadrature phase-shift keying
(QPSK) modulation. Symbols are transmitted through different
channels that are all considered to be Rayleigh fading with
zero mean and unit variance. For all cases, there is an average
power constrained on the transmit power. We assume the
transmit power to be fixed and the noise variance is changed
for relays and destination to give a defined SNR value. This
is because we assume that we do not have any channel state
information at the transmitter so we can not apply waterfilling
criteria to vary the transmit power according to the fading
coefficients. The definition of noise in direct transmission is
straight forward and has been identified in Table I for one
relay transmission. For the dual relay transmission the noise
ny, is defined as in equation (13).

However, we can address the issue whether the noise, ny,
is still a Gaussian variable. n; is a function of np and ng
that are Gaussian variables but it is not a linear combination
of these coefficients. However considering the central limit
theorem which states that sum of two random variables with
arbitrary probability density functions (pdfs) results in another
random variable whose pdf tends to be a Gaussian one. Thus
n; here can be assumed to be Gaussian.

Figure 4 shows the simulation results for the above stated
simulation parameters. There are three SNR vs BER curves for
three different relay schemes for a Rayleigh fading channel.
We use 20,000 realization of data with 10 iterations to achieve
a reliable result. It can be clearly seen that the performance
is the best in the case of two relays and is considerably the
worst in the case of point-to-point transmission. The case of
one relay lies in between the two curves, as expected.

V. CONCLUSIONS AND RECOMMENDATIONS

We have proposed a novel cooperative relaying scheme with
dual relays and full rate transmission system. Based on the
analysis and simulation results, this new scheme provides bal-
anced diversity gain to each received symbol and thus enhance
system performance over the conventional one relay scheme
and point-to-point communication. If there are not enough
dedicated relay stations between the source and destination
nodes, we may utilize a relay-enabled mobile station or a
base station acting as a relay station. We are working on the
same scenario with optimum power allocation in the source
and its associated relay transmissions which may increase the
performance further.
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4. Performance comparison of three scenarios (1) direct transmission

without any relay, (2) the cooperative relaying scheme with one relay, (3) the
cooperative relaying scheme with dual relays.
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