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Abstract. The symbol error rate (SER) performance of decode-and-forward (DF) relay cooperative
system over flat Rayleigh fading channels is analyzed in this paper. Using the moment generating
function (MGF) based analysis approach, the closed-form expressions for the average SER of
coherently detected M-ary phase-shift keying (MPSK) for the system are derived. In addition, the
SER performance of system with no cooperation is also given to compare with that with relay
cooperation. Numerical results show that better SER performance can be achieved by increasing the
average receive signal-to-noise ratio (SNR), and the SER performance of system with DF
cooperation is better than that with no cooperation. The correctness of theoretical analysis is
verified by simulation results.

Introduction

In the conventional point-to-point wireless communication, receiver cannot receive the messages
if the channel or link is interrupted or disabled, which makes it impossible to guarantee the
continuous communication. To overcome this weakness, cooperative communication has been
created and applied widely in wireless networks [1]-[8]. It is developed based on the idea that all
mobile users or nodes in a wireless network can send messages through mutual cooperation [1] and
obtain the cooperative diversity gain [2]. Reference [3] put forth several cooperative
communication protocols for wireless network. When a user assists other users to forward messages,
the user will decode the messages received as a relay prior to forwarding, or simply amplify and
then forward the messages. The former is called decode-and-forward (DF) protocol, while the latter
is called amplify-and-forward (AF) protocol. Reference [4] introduced a cooperation strategy based
on channel code, that is, coded cooperation (CC). Studies show that the cooperative communication
techniques can improve not only the coverage and throughput of system, but also the quality of
system transmission.

Reference [5] analyzed the average performance of AF relay cooperative system’s symbol error
rate (SER) over the Rayleigh fading channels with channel estimation error. The performance of DF
cooperative system over Nakagami-m fading channels was studied in References [6] and [7].
Reference [8] illustrated the SER expression of the cooperative system using the DF protocol over
the Rayleigh fading channels, but did not present the closed form, which resulted in the complicated
algorithm. By carefully analyzing the SER performance of DF cooperative communication system,
this paper derives the closed-form expressions for the average SER of the system modulated by
using the M-ary phase-shift keying (MPSK) over the Rayleigh fading channels. The algorithm used
in this process is very simple. In the end, the numerical calculation and computer simulation are
carried out.

System Model

In the model of cooperative communication system with single relay as shown in Fig. 1, the
relay R adopts the DF protocol to process the signals received. There are two time slots in the
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communication process from the source node S to the destination node D M. Within the first time
slot, S sends the message x to D and R, and the average power of x is P.. Thus, R and D receive the

following messages respectively:

S hsd =@

FIGURE 1. Cooperative System Model with Single Relay

rsr = \/Elhsrx + nsr (1)
r-sd = \/Elhsd X+ nsd (2)

In which, h_and h, stand for the channel fading coefficients from S to R and D respectively. It
is assumed that every channel of the system is a flat Rayleigh fading channel; h, and h, are
complex Gaussian random variables with the average value 0 and the variance 1; n, and n

denote the additive white Gaussian noises (AWGN) over the links S-R and S-D respectively, which
are subject to the complex Gaussian distribution with the average value 0 and the variance N,.

Within the second time slot, the relay R decodes the signal received, and then forwards the decoded
signal to D under the average power P,. If the relay R decodes accurately, there is P, =P,.
Otherwise, the relay R remains idle, so there is P, =0. Therefore, the signal received by the
destination node D within the second time slot is:
My :\/32 h X+n, 3)
In which, h,, is the channel fading coefficient over the R-D link, which is a complex Gaussian
random variable with the average value 0 and the variance 1; n,, stands for the AWGN over the R-
D link, which is subject to the complex Gaussian distribution with the average value 0 and the
variance N, .

When the S-R and S-D links and R accurately decode the signal received, their transient signal-
to-noise ratios (SNR) at the receiving end of the R-D link are as follows:

7sr =| hsr |2 P1/ NO (4)
Vsd = hsd |2 P1/ N, (5)
Yea =l Nig |2 P, /N, (6)

In the DF relay cooperative system, it is assumed that the destination D employs the maximal
ratio combining (MRC) to combine the signals received within two time slots. Eventually, the total
transient output SNR at the receiving end of the node D is presented as follows:

:lhsd |2 F)1+|hrd |2 lsz

7o N, (7)

MPSK Performance Analysis
The conditional SER of coherently detected MPSK signals is obtained as follows ©':

_ 1 m-nam Owvipsk
Pupsk (7’)—;].0 eXp(—WV do (8)

In which, g,,.« =Sin’(m/M); y stands for SNR. According to Reference [8], the source node S
sends the MPSK symbol, so the probability of the relay R decoding erroneously is B (7). and
there is P,=0; the probability of the relay R decoding accurately is 1— P, (7,,), and there is

39



P, = P,, s0 we can obtain the conditional SER of the DF cooperative system as follows:

P.(¥5:74) = Pupsk (75) ||52=o Pupsk (7r) + Pupsk (75) ||52=p2 [1- Pupsk (7)1 9)

In which, the first item on the right of the equation denotes the conditional SER of the node D
when R decodes erroneously, and the second item stands for the conditional SER of D when R
decodes accurately. Equations (4) and (7) are substituted into Equation (9), so the conditional SER
in Equation (9) can be presented as follows:

hy I P h, [ h, P P+|h, P
P.(hy hg hy) = Pupsc (w) MPSK (l a P L)+ Pupsk (| = | [N | 2) x
0 0 N,
h. |° P
[1-Pypsk (l = | ] (10)

The channel fading coefficients are used to statlstlcally average the conditional SERs in Equation
(10). With Equations (8) and (10) as well as Equations (2.8) and (9.15) in Reference [9], the
moment generating function (MGF) can help obtain the expression for the average SER of the DF
cooperative communication system modulated by MPSK as follows:

2
1 M-Dwm g P
P =|= 1+-SMPSK 1) Agg | +
e,MPSK [TE _0" ( NOS|n2 0)

E(M_]ZMM( gMPSK 1 ) ( gMPSK 2 ) 1d9 (1_1(’%:]2““% (1 gMPSK 1 ) ] (11)
T N, sin® @ N, sin T N, sin’

Assuming that the total transmission power of the system is B, =P, + P,, this paper employs the
power allocation P=P,=R /2. By letting =P, /N,, and utilizing Equation (5A.24) in
Reference [9], the closed-form expression for the average SERP, .5« in Equation (11) is derived as

follows:
1 M-yim sinZg 2 1 MM sin2 o ng
Popsk =| = _[ -2 ——do | +— I s 2 — x
Ty SINTO+ 07 12 T SIN“ 0+ gypsc 7 1 2

(M-1)x/M . _ _
1_£ J' sin” ¢ do | = |(1 upsk? (M _1)75) i + |(2 uesk? (M _1)7zj
nooy SN0+ Qypsy /2 2 M 2 M

{l— I (1, gMPSK7’ (M _1)7[ﬂ (12)

2 M
In the above Equation the function 1(-,-,-) is defined as follows !

_Q_ﬁ (2 _1

sin(tan” a)zz(l ay [cos(tanfla)]z‘“')”} (13)

r=1 1=1

o ()7 oe-v-als oo
In which, T, = A2(r-0+1|; BAJ——sgn@ ; a A—pcotd ; —n<O<T.
r r—I =\V1+d =

Equation (12) is the closed-form expression for the average SER performance of the DF relay
cooperative system modulated by MPSK over the flat Rayleigh fading channels..

Numerical Calculation and Simulation Results
To verify whether the results of the above theoretical analysis are correct, the quaternary

phase-shift keying (QPSK) and 8PSK modulated signals are used in the computer simulation and
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numerical calculation respectively to obtain the results presented in Fig. 1 and 2. Fig. 1 and Fig. 2
show the SER performance of DF cooperative system modulated by QPSK and 8PSK over the flat
Rayleigh fading channels respectively, which is compared with the system performance during
transmission without the relay. As revealed in such two figures, the accurate SER theoretical
calculation obtains the results very close to the simulation results of the DF cooperative
communication system, proving the correctness of the theoretical analysis in the above section. As
we can see in the figures, the system performance with the relay cooperative transmission is better
than that without the relay transmission.
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FIGURE 2. Average SER of DF Cooperative System Modulated by QPSK
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FIGURE 3. Average SER of DF Cooperative System Modulated by 8PSK
Additionally, it is also revealed in these figures that the gradual increase of the average SNR at
the receiving end keeps improving the SER performance of DF relay cooperative system like the
system without the relay transmission.

Conclusion

This paper analyzes the SER performance of the DF cooperative communication system over the
flat Rayleigh fading channels, and employs the MGF technique to derive the accurate closed-form
expression for the average SER of the system modulated by MPSK. This closed-form expression is
so simple that the time-consuming numerical integration or computer simulation is abandoned. The
simulation results prove the correctness of the theoretical analysis results. As shown in the results,
the SER performance of the DF relay cooperative system is better than the system without the relay,
and improving along with the gradual increase of SNR at the receiving end.
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