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BIT ERROR RATE OF TWO–USER COOPERATIVE DIVERSITY
IN FREQUENCY SELECTIVE RAYLEIGH FADING CHANNEL

Chirawat Kotchasarn — Kazi M. Ahmed —
R. M. A. Premanandana-Rajatheva

∗

This paper presents the analysis of cooperative diversity performance over the uplink frequency selective Rayleigh fading
channel. The time division multiple access (TDMA) scheme and the half-duplex mode of transmission are assumed. The
network architecture is defined as symmetrical structure. We analyze the bit error rate of BPSK two-user cooperative diversity
with amplify-and-forward, decode-and-forward, selection relaying, and incremental relaying protocols and investigated the
effects of various interuser SNRs on the performance. The result shows that the higher interuser SNRs, the better bit error
rate performance. From the bit error rate performance comparison of all relaying protocols illustrates that the incremental
relaying protocol give the best performance. This is the result of limited feedback in the incremental relaying protocol from
the destination yield a great improvement on the system performance.
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1 INTRODUCTION

The strong demand for providing services with ever in-
creasing data rates at moderate costs for future wireless
networks call for advanced strategies at various layers. A
frequently considered concept is the use of relay nodes to
help transmit information from a source node to its desti-
nation. Cooperative diversity has recently emerged as an
alternative way to achieve spatial diversity when the users
cannot afford multiple transmit antennas. The main idea
is to share the resources (such as time, frequency, etc.)
among cooperative users and each user serves as a relay,
for transmissions of other users’ information. The user
cooperation diversity can be used as relaying, enabling
the relay mobile to simultaneously transmit its own inde-
pendent information. It provides higher throughput and
robustness to channel variations for both the transmit-
ting and relaying mobiles. There is no cost, in terms of
transmit power, associated with transmitting to both the
ultimate receiver and partner [7].

In [5], presented an information-theoretic model, for
which achievable rate regions and outage probabilities are
examined. The several strategies protocol employed by
the cooperating radios, including fixed relaying, selection
relaying and incremental relaying. The results shown that
except fixed decode-and-forward, all of cooperative diver-
sity protocols are efficient in the sense that they achieve
full diversity. Thus, using distributed antennas, we can
provide the powerful benefits of space diversity without
need for physical arrays.

Amplify-and-forward networks have been discussed
[2], where it is shown how such schemes can be understood
as distributed MIMO systems. More recently, [5] proposed

various cooperative protocols for the three-terminal case.

The conducted analysis from the perspective of outage

probabilities for limited bandwidth and constrained end-
to-end delay shows that relaying may suffer from repe-

tition coding and the necessity of providing orthogonal

resources for reception and transmission at the relays.

The discussion focuses on symmetric networks. The anal-
ysis captures the significant parameters SNR, path loss,

spectral efficiency, and network geometry.

The concept of coded cooperation, where the relay mo-

bile is allowed to perform channel coding, was introduced
[3] and the idea of space-time code and turbo code were

exploited [4]. Coded cooperation provides significant per-

formance gains for a variety of channel conditions. In ad-

dition, by allowing different code rates and partitions,
coded cooperation provides a great degree of flexibility

to adapt to channel conditions. Another related work

is multi user space-time coding in cooperative network

where Alamouti’s space-time block code was applied in a

wireless relay system [1].

In this paper, we represent the cooperative diversity

performance in frequency selective Rayleigh fading chan-

nel over the uplink scheme with relaying protocols. Both
of fixed and adaptive relaying protocols are analyzed at

various values of interuser SNRs. In our case, the time

division multiple access (TDMA) scheme and the half-

duplex mode of transmission are considered. We ana-

lyzed bit error rate performance of amplify-and-forward,
decode-and-forward, selection relaying, and incremental

relaying protocol on the two-user cooperative diversity.

We also compare the performance of various relaying pro-

tocols at different values of interuser SNRs.
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Fig. 1. Cooperative diversity system model

Fig. 2. Time division multiple access scheme for two cooperative
users

2 SYSTEM AND CHANNEL MODEL

A cellular system in which two cooperative users (mo-
bile station: MS) are transmitted their information to the
same destination (base station: BS), as shown in Fig. 1.
Both users share the same frequency band and the mo-
bile of each user cannot transmit and receive signal at
the same time. All terminals are equipped with single an-
tenna transmitters and receivers, half-duplex mode trans-
mission.

The multiple access scheme is shown in the Fig. 2.
This model is called time division multiple access scheme
(TDMA).The total time frames are divided into three
parts. The first time frame belongs to the first user in-
formation. The second time frame belongs to the second
user information. The third time frame is shared between
both users and is used to relay each other’s message. This
partitioning is more efficient since the transmissions share
both time and frequency resources in the relaying frame.
In our case, we consider in three time slots and index by
n = 1, 2 . . . , N and each slots occupies N/3.

In the first time frame, the first user’s mobile transmits
its own message and the destination receiver and the
second user’s mobile receive the signal. At the destination
receiver, we get a direct transmission and the received
signal, y1d[n] , given by

y1d[n]=a1dx1[n] + zd[n] (1)

where x1[n] is a symbol transmitted from the first user at

the nth symbol interval, n = 1, 2, . . . , N/3. The AWGN
at the destination is denoted by zd[n] . At the second
user’s mobile, the received signal, y12[n] , is written as

y12[n] = a12x1[n] + z2[n] (2)

where zi[n] , i = 1, 2 is the AWGN from the other users.

In the second time frame, the roles of the first and the
second users are interchanged. Hence, at the destination

receiver and at the first user’s mobile, the received signals
y2d[n] and y21[n] , are written as

y2d[n] = a2dx2[n] + zd[n] (3)

y21[n] = a21x2[n] + z1[n] (4)

x2[n] denotes a symbol transmitted from the second

user at the nth symbol interval, n = N/3 + 1, N/3 +
2, . . . , 2N/3.

Finally, in the third time frame, both users’ mobiles
act as relays and transmit the relay signals at the same
time. This is called a relay transmission. The signal at the
destination is a linear combination of signals from each
user can be explained as

yd[n] = a1dx1[n] + a2dx2[n] + zd[n] (5)

where x1[n] ,x2[n] are relayed symbols transmitted from

the first and the second user, at the nth symbol interval
n = N/3 + 1, . . . , 2N/3, respectively.

Each user’s mobile can be an information source or
a relay terminal at a specific time frame. The interuser
channels (channels among users) and between the users
and the destination are independent of each other. The
channels are subject to frequency selective fading. Perfect
channel state information in the receivers and perfect
synchronization are assumed. In this case, a discrete-time
filter a is expressed with a delay operator q−1 as [9]

a
[

q−1
]

u (t) =
(

a0 + a1q
−1 + ... + adq

−d
)

u (t)

= a0u (t) + a1u (t − 1) + ... + adu (t − d) (6)

(

a
[

q−1
])

∗

= a∗ [q] =
[

a0 + a1q
−1 + ... + adq

−d
]∗

= a∗

0 + a∗

1
q + ... + a∗

d
qd

(7)

where u(t) is the input sequence and (.)∗ denotes the
complex conjugate and time-reversal operation. A time-
reversal space-time block code, which is employed for
cooperative relaying in this model, is denoted by sequence
block C as [10]

C =

[

c1 −c∗2
c2 c∗1

]

(8)

The transmission scheme with this code can be described
as following: At first, the sequence c1 is transmitted
through the first antenna and the time-reversal version
of sequence −c2 is transmitted via second antenna, and
then the sequence c2 is transmitted on the first antenna
and time-reversal version of sequence c1 is transmit-
ted on second antenna. The second transmitted sequence
xi (i = 1, 2) of the source. The cooperative diversity in
frequency selective fading channel with Alamouti scheme
shows in Fig. 3.
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Fig. 3. Cooperative diversity in frequency selective fading channel.

From above assumptions, the receive signals sequence
yij at the jth relay terminals are given by:

y1j (t) = axj

[

q−1
]

x1 (t) + n1j (t) (9)

y2j (t) = axj [q] x2 (t) + n2j (t) (10)

where a[xj] (j = 1, 2) and nij are the channel impulse

response between the source and the jth relay terminal
and AWGN sequence at jth relay terminal. The jth relay
terminal encodes the received sequences with the code
associated with the jth row of the sequence block x and
transmits the encoded version. Therefore,

y11 (t) = ax1

[

q−1
]

x1 (t) + n11 (t) (11)

y12 (t) = ax2

[

q−1
]

x1 (t) + n12 (t) (12)

y21 (t) = ax1 [q] x2 (t) + n21 (t) (13)

y22 (t) = ax2 [q] x2 (t) + n22 (t) (14)

The received sequences yi of the destination can be writ-
ten as

y1 (t) = a1d

[

q−1
]

y11 (t) − a2d

[

q−1
]

y∗

22 (t) + n1 (t) (15)

y2 (t) = a1d [q] y21 (t) + a2d [q] y∗

12 (t) + n2 (t) (16)

where yi and ni are the received sequence and AWGN
sequence at the destination respectively and ajd indicates

the effects of the channel between the jth relay terminal
and the destination and amplify operation at the jth relay
terminal.

Substitute (11) and (14) in (15), the received signal is
given as

y1(t) = a1d[q
−1][ax1[q

−1]x1(t) + n11(t)]

− a2d[q
−1][x∗

2(t)a
∗

x2[q] + n∗

22(t)] + n1(t)

y1(t) = ax1[q
−1]a1d[q

−1]x1(t) − a∗

x2[q]a2d[q
−1]x∗

2(t)

+ a1d[q
−1]n11(t) − a2d[q

−1]n∗

22(t) + n1(t)

(17)

and substitute (12) and (13) in (16), the received signal
is written as

y2(t) = a1d[q][ax1[q]x2(t) + n21(t)]

+ a2d[q][a
∗

x2[q]x
∗

1(t) + n∗

12(t)] + n2(t)

y2(t) = a2d[q]a
∗

x2[q]x
∗

1(t) + a1d[q]ax1[q]x2(t)

+ a1d[q]n21(t) + a2d[q]n
∗

12(t) + n2(t)

(18)

Take complex conjugate both sides of Equation (18)

y∗

2(t) = [a∗

x2[q]a2d
[q−1]]∗x1(t)

+[ax1[q
−1]a1d[q

−1]]∗x∗

2(t)

+[a1d[q]n21(t) + a2d[q]n
∗

12(t) + n2(t)]
∗

(19)

Let the following notations:

A1 = ax1[q
−1]a1d[q

−1]

A2 = a∗

x2[q]a2d[q
−1]

N1(t) = a1d[q
−1]n11(t) − a2d[q

−1]n∗

22(t) + n1(t)

N2(t) = a1d[q]n21(t) + a2d[q]n
∗

12(t) + n2(t)

The channel gains are modeled as independent zero-mean
complex Gaussian random variables. Since the channels
are fixed during the multiple access time frame, the time-
dependent variable is neglected. The channel gains are in-
corporates the effects of noise and channel path loss. The
additive white noise Ni[t] , i ∈ [1, 2, d] associated with the
users’ mobiles and the destination receiver, are modeled
as independent circularly symmetric complex Gaussian
random variables with zero-mean and variance N0 . The
common SNR without fading is defined as E[a2

ij ]Eb/N0

where Eb is the energy per bit.

The probability of the channel gain is given by [6]

p(a) =

{

a
σ2 exp

(

−a2

2σ
2

)

, for a > 0

0, otherwise
(20)

The received sequence at the destination summarized as
follows

[

y1 (t)
y∗

2 (t)

]

=

[

A1 −A2

A∗

2 A∗

1

] [

x1 (t)
x∗

2 (t)

]

+

[

N1 (t)
N∗

2 (t)

]

. (21)

3 PROTOCOL CLASS

In cooperative diversity systems, the relaying protocol
is a crucial component to achieve diversity. Each protocol
has its own trade-offs among performance, complexity
and data transmission rate. The relaying protocols in this
paper are taken from [5] with some adaptations.
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A. Fixed Protocols:

The time division scheme is used and the relay always
forwards what it has received from the source in the
preceding time slot. These protocols are classified as

• Amplify-and-forward transmission:

The relay transmits a scaled version of its received
noisy signal. The first mobile user transmits its informa-
tion as x1[n] for n = 1, 2, . . . , N/3 in the first time frame.
During this frame interval, the relay processes x12[n] ,
and relays the information by transmitting

x12[n] = βy12

(

n −
2N

3

)

(22)

x12[n] = β

[

a12x1

(

n −
2N

3

)

+ z2

(

n −
2N

3

)]

(23)

for n = 2N/3 + 1, . . . , 2N/3. The second mobile user
transmits its information as x2[n] for n = N/3 +
1, . . . , 2N/3 in the second time frame. During this frame
interval, the partner processes y21[n] , and transmits the
new signal for n = 2N/3 + 1, . . . , 2N/3 + 2, . . . , N as

x1[n] = γy21

(

n −
2N

3

)

(24)

x1[n] = γ

[

a21x2

(

n −
2N

3

)

+ z1

(

n −
2N

3

)]

(25)

Since the symmetric channel is assumed, then |a12| =
|a21| . The amplifier gain depends on the fading coefficient
of both users. To remain within its power constraint (with
high probability), an amplifying relay must use gain [5]

β, γ 6

√

Eb

|a12|
2
Eb + N0

(26)

• Decode-and-forward transmission:

In this protocol, the relay mobile fully decode the re-
ceived codeword before detection the relay signal. In this
scenario, ’decode’ refers to coherent detection and ’for-
ward’ refers to transmission of repetition of decoded sym-
bols from the relay mobiles. The first mobile user trans-
mits its information as x1[n] , n = 1, . . . , N/3. During
this interval, the partner processes y12[n] by decoding an
estimate x̂1[n] of the first user transmitted signal. Un-
der a repetition-coded scheme, the partner transmits the
signal

x2[n] = x̂1(n −
2N

3
) (27)

The second mobile user transmits its information as
x2[n] , n = N/3 + 1, . . . , 2N/3. During this interval, the
partner processes x21[n] , by decoding an estimate x̂2[n]
of the second user transmitted signal. Under a repetition-
coded scheme, the partner transmits the signal a

x1[n] = x̂2(n −
2N

3
) (28)

The relay fully decodes, re-encodes and retransmits the
source message.

B. Selection Relaying:

In [5], selection relaying was proposed in which not all

relay mobiles are allowed to transmit the relay signals.

The permission to transmit the relay signals or not de-

pends on the amplitudes of the fading gains between the

source mobile and the relay mobile. If these values fall

below a certain threshold, the relay mobile is not allowed

to transmit the relay signal but instead transmit its own

information signal. The destination knows whether the

mobiles are transmitting the relay signals or not so that

it can apply an optimal decoding scheme.

In this paper, the cyclic redundancy check (CRC) bits

have been added at the source mobile before encoding.

Then, at the relay mobile, the receiver performs CRC

check after decoding to see if the whole frame has been

received correctly. If the frame is received correctly, the

relay mobile is allowed to perform re-encoding and for-

ward the relay signal, otherwise it does nothing. In our

case, we assume that both the CRC bits are neglected

when evaluating the performance and the CRC check is

perfect.

C. Incremental Relaying:

In [5], the incremental relaying was proposed which ex-

ploits a limited feedback from the destination. The feed-

back is in a form of a single bit to inform each relay

whether it needs to transmit the relay signal. The feed-

back relies on the SNR between each user and the desti-

nation. If the SNR is sufficiently high, the feedback will

notify the relay mobile not to transmit the relay signal.

In this paper, we employ CRC to detect error. CRC

bits have been added at the source mobiles. Then, CRC

check is performed at the destination to see whether the

frame is received correctly from the direct transmissions.

If the frame is received correctly from the direct trans-

mission, the feedback from the destination will notify the

corresponding relay mobiles not to transmit the relay sig-

nal. In the analysis, we assume that CRC check is perfect

and CRC bits as well as feedback bits are neglected when

evaluating the performance of the protocol.

4 SIMULATION RESULTS

We investigate the performance of two-user coopera-

tive diversity in frequency selective Rayleigh fading chan-

nel. The average SNRs between each user and the desti-

nation are equal and the interuser channels are symmetric

case. The channel state information is known at the user

mobiles or at the destination.
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Fig. 4. Bit error rate of two-user cooperative diversity with amplify-
and-forward relaying protocol in Frequency Selective Rayleigh Fad-

ing channel at various interuser SNRs.

As shown in Fig. 4, the amplify-and-forward relaying
protocol achieves a performance gain over BPSK when
the interuser SNRs are greater than 15 dB.

Fig. 5. Bit error rate of two-user cooperative diversity with decode-

and-forward relaying protocol in Frequency Selective Rayleigh Fad-
ing channel at various interuser SNRs.

From Fig. 5, the decode-and-forward relaying proto-
col achieves a performance gain over BPSK when the in-
teruser SNRs are greater than 10 dB. As the interuser
SNRs increase, the protocol has some gains over BPSK
cooperative transmission as long as the interuser SNRs
are greater than the direct transmission SNRs.

Fig. 6. Bit error rate of two-user cooperative diversity with se-
lection relaying protocol in Frequency Selective Rayleigh Fadiing

channel at various interuser SNRs.

The performance of the selection relaying protocol in

Fig. 6 and the incremental relaying protocol in Fig. 7 show

similar characteristics. At 10 dB interuser SNR both se-

lection and incremental relaying achieve the performance

gain about 5 dB over nocoperation BPSK but at high

value of interuser SNRs incremental relaying is better.

This is the result of limited feedback in the incremen-

tal relaying protocol from the destination yield a great

improvement on the system performance.

Fig. 7. Bit error rate of two-user cooperative diversity with in-
cremental relaying protocol in Frequency Selective Rayleigh Fading

channel at various interuser SNRs.

In order to make a comparison among amplify-and-

forward, decode-and-forward, selection relaying proto-

col, and incremental relaying protocol, we should nor-

malized the SNR. We define the normalized SNR as

SNRnorm = SNR
2R

−1 , where R is the transmission rate.

In our case, we perform BPSK modulation, so R is equal

to one. Fig. 8 represents the performance comparison of

various relaying protocols. From this figure, both of selec-

tion and incremental relaying achieve full diversity while

decode-and forward relaying protocol is better than direct

transmission in the medium SNR range. The incremental

relaying protocol gives the best bit error rate and close

to the transmit diversity bound.

Fig. 8. Performance comparison of various relaying protocols,
decode-and-forward, selection releaying, and incremental relaying

at 20 dB interuser SNRs.
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5 CONCLUSIONS

In this paper, the bit error rate of relaying protocol in
the uplink frequency selective Rayleigh fading channel is
proposed. The two-user cooperative diversity is transmit-
ted the signal but not the same time. Therefore, the time
division multiple access scheme is represented with half
duplex mode. From all relaying protocols, the more in-
teruser SNRs the better performance. Our proposed sys-
tem achieves second-order diversity with appropriate re-
laying protocols at sufficiently high interuser SNRs. The
results obtained shown that the incremental relaying pro-
tocol give the best performance since it exploits a limited
feedback to allow only necessary relaying which results in
an increase in the transmission rate.
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