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ABSTRACT

Cooperative communication is going to play a vital role in the next generation wireless networks. In this paper we de-
rive the expression for symbol error probability (SEP) of a two-user cooperative diversity system, where two users co-
operate through the decode-and-forward (DF) relaying with binary phase-shift keying (BPSK) modulation in a flat
Rayleigh fading environment. We compare the computational results obtained by the SEP expression with the simula-
tion results using maximal-ratio combining (MRC), equal-gain combining (EGC) and selection combining (SC) tech-
niques. Numerical results show the performance of a cooperative diversity system with maximal-ratio combining is
giving better results compared to SC and EGC techniques.
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1. Introduction

Cooperative diversity is a new form of spatial diversity
where diversity is achieved through the cooperation be-
tween users presented in the network. The key idea be-
hind this technology is sharing the power, computation
and antenna resources of the neighboring users in the net-
work. It is also going to be a promising alternative to
combat the multipath fading and to provide the reliable
communication [1]. An analytical study about the user
cooperation is first discussed in [2]. The amplify-and-
forward (AF), decode-and-forward (DF) and coded co-
operation methods are discussed in [3]. In [4], SEP is de-
rived for a two-user cooperative diversity system. In [5],
some new closed form expressions are derived in a flat
Rayleigh fading environment. In this paper we consider a
fundamental cooperative diversity system, where two us-
ers cooperating through the DF relaying with BPSK mo-
dulation in a flat Rayleigh fading environment. The rest
of the paper has been organized as follows. In Section 2,
system model of a fundamental cooperative diversity sys-
tem is discussed and mathematical expressions are given.
In Section 3 different combining techniques are discus-
sed. In Section 4 we derived the SEP expression for a
two-user cooperative diversity system. Simulation results
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are presented in Section 5. In Section 6 we have given
the conclusions.

2. System Model

We consider a cooperative diversity system with two
users and a single destination. Let us assume user 1 acts
as a source and user 2 relays the data received from user
1 to the destination. In time frame 1, user 1 transmits the
data X, to the destination directly as well as to the user
2. In time frame 2, user 2 decodes the data X, and for-
wards as X, to the destination as shown in the Figure 1.

Na =hgX +ny (1)
P :h12X1+n12 2
Ny = hza )’Zl + Ny €))

Iy, 1, are the received complex baseband signals at the
destination and user 2 respectively in time frame 1. I,
is the complex baseband signal at the destination in time
frame 2. h,h, are complex fading gains from user 1
to destination and from user 1 to user 2 respectively. h,,
is the complex fading gain from user 2 to destination. X,
is the transmitted BPSK symbol of user 1 having energy

2ES(Xle{—\/E,\/E}), ng and n, are the addi-
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Figure 1. Two-user cooperative diversity system.

tive white Gaussian noises from user 1 to destination and
from user 1 to user 2 respectively. n,, is the additive
white Gaussian noise from user 2 to destination.

hg, Ny,, hyy are the independent zero-mean complex
circular Gaussian random variables having variances.
Q. Q,,, Q,, respectively and are independent of the
additive noises. n, n,, N,y are independent and iden-
tically distributed zero-mean complex circular Gaussian
random variables with variance 2N, , i.e. having a
CN(0,2N,) distribution.

3. Combining Techniques

3.1. Selection Combining

In the cooperation mode the data is sent by the user 1 is
decoded as &, atuser 2, which can be expressed as

R, = +/2E, sgn(Re(h{‘zr12 )) @)

In the non cooperation mode, the data received directly
from user 1 at the destination. The decoded symbol ob-
tained by the coherent detection is X, , which can be ex-
pressed as

% = 2E, sgn(Re(h,*dr]d )) )

sgn(-) denotes the signum function. Let ):(Sc denotes
the final decoded symbol at the destination using SC is
given by

i \/Esgn(Re(hl*drld ))’|hld |2 >|h2d |2 )
- 2K Sgn(Re(h;drzd))’|hld |2 < |2

3.2. Equal-Gain Combining

In this technique signals received at the destination are
multiplied by a complex weighting factor that com-
pensates the phase rotation of the channel. Let X,
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denotes the output of the EGC, which can be expressed
as

):(egc =/2E sgn[Re(lzz;a, Ny D @)

o, is the weighting factor of EGC, which can be given
by

o = e M ®)
where phase ¢, =Zh, for 1=1,2. ||, |a,| are the
magnitudes of the weighting factors which are same and

do not depend on the signal-to-noise ratio (SNR) values
of the communication links.

3.3. Maximal-Ratio Combining

Let ):(mrc denotes final decoded symbol at the destina-

tion using MRC is given by
~ 2
)’Zmrc = 2Es sgn(Re(zakrkd j] (9)
k=1

a, 1s the weighting factor of MRC, which can be ex-
pressed as

£:|hkd|e_md
de de
where Q,, is the variance of h,, phase ¢, =2h,
for k=1,2.

(10)

ak:

4. Error Analysis
4.1. Non-Cooperation Mode

The SEP conditioned on h,,, obtained by the coherent
detection is given by

2
2E, |hy,]

P (hld):Q N
0

(11)
where Q(-) denotes the Gaussian Q-function.

The instantaneous SNR of the user 1 to destination
link is denoted as

(12)

The average SNR of the user 1 to destination link is
denoted as
E.Q
r,=—-14 13
WITN, 13)

Therefore (12) can be written as

Paa (0) = (42714 ) (14)

using Craig’s formula (14) can be written as

sin* @

P LS G /Y P 15
eld (}’m) . IGXP (15)
0
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After averaging the (15) over the statistics of y,, , we
obtain SEP in the non-cooperation mode as

1 r
Py=—|1- |[—< 16
eld 2( 1+F1dJ ( )

4.2. Cooperation Mode

Let y, and y,, denote the instantaneous SNR of the
user 1 to user 2 link and instantaneous SNR of the user 2
to destination link respectively, given by

2 2
_ Es|hld| _ Es|h2d|
=—g o la=T o (17)
NO NO
Let I'), and T',; denote the average SNR of the
user 1 to user 2 link and average SNR of the user 2 to
destination link respectively, given by
— EsQIQ _ ESQZd

B r -
NO 2d N0

72

(18)

12

We consider the case when user 1 transmits symbol
J2E, , the disjoint events which lead to a correct de-
cision can be enumerated as

gl:{Re(hl*drld)>O7Re<h;dr2d)>0‘xl:\/E} (19)

& ={Re(h1*dnd ) >09Re(h;dr2d)<077/1d > Vad ‘Xl =\/E}
(20)

& :{Re(hl*drld ) <O’Re(h;dr2d ) > 0,714 <729 ‘Xl :\/E}
(21)

Probability of the event & conditioned on y,4, 7,
and y,, can be written as

Pr(gl ) = (1_ P (71d ))((1_ P (72d ))(1_ P (712 )))
)

+PRoq (72d ) P (712
(22)
Pu»Prg and p,, are defined as

. / T, . | To . [ T,
= , = |/, = 23
Pie 14T, Pas 14T, Pro 14T, @3)

Averaging (22) over the exponential statistics of
Via>7-g and y,,, we obtain the probability of the event
g as

Pr(a) = (14 iy )(1+ ) (24)
Probability of the event ¢, can be written as
Pr(gz): (1_ P (71d ))(Pezd (7zd )(1_ Pz (712))

+(1_ Posg (72 )) Pz (72 ))

Averaging (25) over the statistics of y,4,7,4 and 7,

(25)
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under the condition y,4 > 7,4 can be simplified into

® v
Pr(SZ):%I(I_plz +2p12Q(\/E))><FLe T2
0 2d

(26)

T 1ot

1d

_u
e "9 du } dv
Using the integration by parts we get
-v
Tyq 2v
Pr(gZ):(l_Q(\/E))erld +p1dQ{p£J (27
1d

After applying the formula [4], we get

Pe(c,) = Do (1=p0)  Tu (o)) [ [Tl
(T +T,y) (T +Ts) T+,
Jr
+ P (l_pu)l[ 2 ,OJ
Pid

_ Twen | \/ [ig T \/ [igT g j
(F1d+F2d) D+ Vg +T5q

JT
+ P Pro {\/rm > X j
1d

Yo,

(28)

where quantities p,,, and ¢,, are defined as

1—‘121—‘201 A l—‘Zd

A
Prad :\/ €2d Tl o
g+ T+ [y +Th4

We finally obtain the probability of event ¢,
Pr(gz)
_ (1 ~Ciag )(1 ~Pn ) + (1 g )(1 ~ Pad )(3p12 - 1)
2 4

+p1d (1_p12){1 Pad J

4 \/plzd +P22d _plzd /022d

_(1_€1zd)p12 l_Mtan_l[ 1 ]
4 T Prag

+ PaPia Pd PP tan”! P
4 2n P

< tan-! {\/pfd + Pra = PlaPd J

29

_ Pid Pad P2
2“\//312(1 + P35 — Pis P

Prd Pad
(30)

Probability of event &, can be similarly written as

Pr(ey) =Py (710 )((1_ Posg (720 ))(1_ Pz (7’12))

+P.

(D)
e2d (7’zd ) P (7’12 ))
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Averaging the (31) over the statistics of 4, 7,4 and

u

7, under the condition y,4 <7,y can be simplified into

&3 :% T ( ) _m X[Vi(l"'plz 2/012Q(\/>))><1_Le_r;dv] du (32)

1d

Using the integration by parts we get
Pr(z;)

2d

_ (1+p12)€12d (1 ~Piag)

1—‘ldl—‘zd

— 0,641
3 Pri2€i2d (\/Fm T,

Applying the formula as in [4], we get the probability of &,

r,r Jr (33)
,\/ 1d_ 2 J_plzpzdl(\/i’ pldJ
2d

1—‘ld +F2d

Pr(e,)
1- 1+
_ Gnd (1= pua)(1+p12) e Pin 1 pig tan™! 1 L PP PaPrabPi oo i| Pod (34)
4 4 I Piod 4 2n P
~ PisPraPis ot Vo + 3 — P P2
21\l + Pl — PP PrisPaa
The probability of correct decision is given b

p Y g y Pe:1—(Pr(gl)+Pr(52)+Pr(£3)) (39)

Pr(¢ )+Pr(e,)+Pr(e,). Therefore the end-to-end SEP,
which is denoted as P, in cooperation mode can be
expressed as

After substituting the (24), (30) and (34) in (35) we
finally obtain the end-to-end SEP expression as

P
1—
:l_&_ PP _ Prg €124 Pr2d ( p12)+/912d i g—ltanfl 1 (36)
2 2 2 4 2 - Piog
+ Pid Pad (1_/012)

\/P12d + p22d - p12d p22d

For T'\y =T,y >1,T',>1 the expression (36) can
be approximated as

1 1

Pr—t— 37
°o1er;, 8r, 7

5. Simulation Results

In this section we show the numerical results of the SEP
vs average SNR for BPSK modulation scheme. From the
Figure 2, we observe the performance of the cooperation
mode is better than the non-cooperation mode over a
large range of SNR values when the I',, value in-
creases. From the Figure 3, we observe that the MRC
improves the diversity significantly over EGC and SC,
when I', =15dB and I'); is varied between 5 to 15
dB. We also observe similar increase in performance
when I'), =25dB and I'y is varied between 5 to 20
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4 T

Prd Pad

+ P2 o [\/plzd + Prs — Pia P J

dB. From the Figure 4, we also observe that for every 5
dB increase of I',, The diversity range offered by MRC
is approximately increases by 5 dB. SEP values of EGC
are almost close to the MRC because both the schemes
are coherently combining the signals at the destination.
The performance of the MRC, EGC, SC is almost similar
after the points of intersection

(T4.T,)=(15dB,15dB) and
(Ty.T,)=(20dB,25dB).

6. Conclusions

We investigated the performance of a two-user coopera-
tive diversity system using MRC, EGC, SC techniques.
First we compared the cooperation and non-cooperation
modes for different I',, values. We also compared the
MRC, EGC, SC with each other in providing better di-
versity. The obtained simulation and computation results
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Figure 2. Comparison of cooperation and non-cooperation modes.
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Figure 3. Comparison of computation and simulation results with MRC, EGC and SC.
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Figure 4. Improved diversity range of MRC for I',, =25dB,35dB.

agree with each other. Further we also presented some
choice of SNR values with different combining tech-
niques to obtain low SEP values. Finally we proved that
two-user cooperative diversity with MRC implementa-
tion was performing better for low SNR values compared
to SC and EGC techniques.
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