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Abstract—Although cooperative diversity (CD) systems are
widely considered in recent wireless communications standards,
little research has been undertaken on their performance under
practical conditions. In this study, we study the impact of the
channel estimation error on the performance of the multilevel
quadrature amplitude modulation (M-QAM) based regenerate-
and-forward CD systems. In addition, we investigate the effect of
user mobility on channel estimation. After a pilot symbol assisted
modulation is proposed for CD systems, the analytical BER
performance of the proposed CD system is derived and results
are verified via simulations. Numerical results demonstrate that
estimation error degrades the performance of CD systems.
Furthermore, the inter-user channel estimation error has greater
impact on the performance of CD systems than that of the user-
to-base station channel. Moreover, the choice of pilot symbol
insertion period is crucial and it trades effective data rate for
BER performance.

I. INTRODUCTION

Cooperative diversity (CD) emulates multiple input and

multiple output transmissions when the transmitting terminals

cannot house multiple antennas. User cooperation not only

creates a virtual MIMO transmission, but may also improve

system performance in the presence of channel fading, be-

cause the separation between cooperating users is usually

much larger than that between transmitting antennas in a

single terminal. CD gains have the effect of improving power

consumption and transmission rates, and hence spectral effi-

ciency [1], [2]. Moreover, cooperation can improve network

performance by choosing to cooperate only when network

conditions permit, i.e., battery life and channel condition [3].

Cooperation can be used in many situations, e.g., in cognitive

radio communications [4]. Another technology known for its

high spectral efficiency is multilevel quadrature amplitude

modulation (M-QAM). These features describe the motivation

behind combining both technologies in the considered system.
Coherent CD systems require perfect channel state infor-

mation (CSI) in terms of channel coefficients. On the other

hand, non-coherent CD systems do not require knowledge

of CSI to demodulate the received signals at the expense of

error performance degradation [5]–[7]. For both coherent and

non-coherent CD systems, power is appropriately allocated

among the source and the partners based on the CSI, e.g.,

the variance of the channel coefficient [8]. Perfect CSI is

normally assumed, but in practice, CSI must be estimated at

the receiver and fed back to the transmitter. CSI estimation

introduces estimation error and processing delay [9], so that

in practical systems, CSI values used at the transmitter are

imperfect. These issues underscore the importance of studying

the effects of channel estimation error on the performance of

quadrature signaling-based CD systems.

Although, perfect knowledge of CSI is a common literature

assumption with the exception of [10], [11] for amplify-and-

forward (AF) CD systems, in practice, CSI is subject to esti-

mation error. The authors in [12] and [13] have investigated the

effect of channel estimation error on the performance of AF

systems. Despite the difference in the evaluated performance

metrics, symbol error rate in [12] and BER in [13], both

conclude that noise in channel estimation significantly affects

the performance of CD, especially at high Doppler frequency.

[14] studies the performance of regenerate-and-forward (RF)

for BPSK over non-symmetric Nakagami fading channels. In

particular, [14] provides a bit error rate (BER) expression that

can be used in evaluating cooperative network performance

in specific scenarios. The outage and capacity performance

metrics for RF are evaluated in [15]. Expressions in [14] and

[15] were derived under the assumption of perfect knowledge

of the channel. Assuming imperfect CSI, [16] presents an

approximate receiver for RF cooperative networks that employ

binary modulation. The author analyzes the performance of the

proposed receiver in terms of average BER. According to [16],

a 5% decrease in correlation coefficient between the true and

estimated channels introduces a degradation by an order of

magnitude in average BER. It would seem, therefore, that in-

accuracy of channel estimation would have significant impact

on the performance of the considered system. Thus, further

investigations are needed in order to analytically analyze the

BER performance of quadrature-based regenerate and forward

CD systems, considering CSI inaccuracy.

The following are the main contributions of this work:

(a) proposal of a Pilot Symbol Assisted Modulation (PSAM)

scheme to facilitate CSI estimation in Section IIB, and (b)

evaluation of system performance in Section IV under the

imperfect CSI regime introduced by the estimation error

The remainder of the paper is organized as follows. Sec. II
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describes the system model and defines the problem. The

performance analysis of the proposed scheme is given in

Sec. III. Numerical results are presented in Sec. IV. Finally,

concluding remarks are made in Sec. V.

II. SYSTEM DESCRIPTION

Source

Relay
Base Station

Fig. 1. Cellular network with users cooperation

We consider a wireless cellular network where the base

station (BS) of a radio cell supports U mobile users as shown

in Fig. 1. Each user is capable of cooperating with another

user, i.e., cooperation between two active users. A cooperat-

ing partner for a user is pre-selected by a partner selection

algorithm. The partner forwards the frame if it was correctly

received. The BS and the mobile devices each has a single

antenna. The uplink signals (transmitted by the sender and

relayed by the partner) are combined at the BS using maximal

ratio combining (MRC). The cooperative diversity scheme

thus emulates a “two inputs one output” (2I1O) situation.

The inter-user and user-to-BS channels are assumed to exhibit

time selective and non-frequency selective Rayleigh fading and

independent of each other. The rate of change of CSI over

a symbol duration is negligible. Moreover, the receivers are

assumed to have proper carrier and symbol synchronization.

A. Cooperative Diversity Scheme

Consider a cooperative diversity scheme based on M -

QAM signaling in which a user (the sender) cooperates with

another user (the partner) to transmit signals in the uplink of

an infrastructure based network. Cooperating users transmit

their own and their partners’ signals simultaneously using

quadrature signaling. In quadrature signaling, we assign the

in-phase channels at both users to user-1, i.e., I1, I2 and I1,2,

and the quadrature channels to user-2, i.e., Q1, Q2 and Q1,2,

[17].

Fig. 2 shows the frames of symbols broadcasted by user-

1 on I1 and I1,2 to the BS and user-2, respectively. User-2,

then relays the information in the next frame to the BS on

I2. For example, user-1 broadcast the solid black frame on I1
and I1,2. Then, user-2 transmits the received solid black frame

on I2 to the BS. The same applies when user-2 broadcasts its

frames on Q2 and Q1,2 which are relayed by user-1 on Q1. The

signals transmitted by the sender and relayed by the partner are

combined at the BS receiver using MRC. Fig. 2 also shows the

constellation plot with the in-phase and quadrature channels

of each user; the inter-user constellation plot is omitted due

to space limitation.

Since user-1 and user-2 use the in-phase and the quadrature

components of the M-QAM modulation, respectively, each

user equivalently employs
√
M -pulse amplitude modulation

(PAM). In the uplink receiver of both users, the in-phase and

quadrature components are demodulated separately and the

detected and regenerated partner’s frame is forwarded to the

BS if the frame is detected error free.
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Fig. 2. Illustrative CD network with a cooperating pair (user-1 and user-2),
and a base station showing the time line of frames sourcing and relaying on
each of the users’ channels.

Let the baseband equivalent received signals from user-i,
i = 1, 2, at the BS be denoted as ri,B(t). Similarly, user-i’s
uplink signal received by user-j, j = 1, 2 and i �= j, is denoted

as ri,j(t). From the system model, ri,B(t) and ri,j(t) can be

written as

ri,B(t) = hi,B(t)si(t) + ηi,B(t) (1)

ri,j(t) = hi,j(t)si(t) + ηi,j(t), (2)

where the channel coefficient between user i and the BS

is denoted by hi,B(t) and that from user i to user j by

hi,j(t). The inter-user channel is assumed symmetric, i.e.,

hi,j(t) = hj,i(t). The processes ηi,B(t) and ηi,j(t) are additive

noise at the respective receivers and assumed to be zero

mean circularly symmetric, complex Gaussian distribution

with variance N0/2 per dimension, where N0 is the one-

sided power spectral density of white Gaussian noise. si(t),
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chosen from an M-QAM signal constellation, is the transmitted

signal from user i. Therefore, s1(t) and s2(t) can be written

as s1(t) =
√
log2M · Eb1/2(a1(t)+ ıā2(t−Tf )) and s2(t) =√

log2M · Eb2/2(ā1(t−Tf )+ıa2(t)), respectively, where ı is

the unit complex number, Tf is the frame duration and Ebi is

the energy spent per bit using non-cooperative diversity (NCD)

transmission at user i. To have a power consumption equal to

that of an NCD system, the CD system equally shares the

power in transmitting the user’s and the partner’s information

bits at each mobile device. ai(t) is the I-PAM information

symbol of user i. āi(.) is the corresponding reproduced symbol

at the partner (user j), given by

āi(t) = arg min
ā1εSI

(
�{ĥ∗j,i(t)rj,i(t)}

)
(3)

where ĥj,i is the estimate of hj,i and ( )∗ denotes the

complex conjugate. At the BS, if each user relays the partner’s

information, the signals received from both user channels

are combined using MRC and decoded using the maximum

likelihood (ML) rule. The decoded symbols are given by

ã1 = arg min
ā1εSI

(
�{ĥ∗1,B(t− Tf )r1,B(t− Tf )

+ ĥ∗2,B(t)r2,B(t)} − (|ĥ1,B(t− Tf )|2 + |ĥ2,B(t)|2)ā1
)

and

ã2 = arg min
ā2εSI

(
�{ĥ∗2,B(t− Tf )r2,B(t− Tf )

+ ĥ∗1,B(t)r1,B(t)} − (|ĥ1,B(t)|2 + |ĥ2,B(t− Tf )|2)ā2
)
,

(4)

where �{Z} and �{Z} denote the real and the imaginary

parts of the complex number Z, respectively. SI is the set of

I-PAM information symbols.

B. Pilot Symbol Assisted Modulation

The inaccuracy of channel information degrades the per-

formance of CD systems by affecting demodulation, power

allocation and partner selection. It is extremely important to

employ a suitable channel estimation mechanism that adapts

the system parameters to channel variations. Receivers of the

relay and the BS estimate the CSI and demodulate the received

signals. The inter-user CSIs are reported to the BS for power

allocation and partner selection. The CSIs can be sent through

a dedicated feedback channel or placed in the header of the

next frame after the estimation. The BS provides the power

and partner information to users through the control channel.

The accuracy of the CSI depends on the accuracy of CSI

estimation, averaging window size of CSI, signal processing

delays and feedback delays.

Before presenting the performance analysis, we propose

a PSAM-based coherent CD system with sinc interpolation

filtering at the receivers to estimate the rapid varying fading

channels. The PSAM provides better error performance over

non-coherent modulation systems for both quasi-static and

time varying fading channels. Simulations later show that the

number of used pilot symbols that yields the best performance

is a function of the channel variations.

In order to estimate CSI, pilot symbols are periodically

inserted in the frame [18]. Each frame is fragmented into N
subframes and each subframe has L symbols, including one

pilot symbol at the beginning of each subframe. The estimates

of CSI, such as ĥi,B and ĥi,j , are required for coherently

detecting data symbols at the partner and the BS, respectively.

The receivers of the relay and the destination estimate the CSI

and demodulate the received signals.

Without loss of generality, consider inter-user channel es-

timation. The matched filter output of the received signal for

the nth subframe’s pilot symbol, ri,j((n− 1)L+ 1)), can be

written as

ri,j((n− 1)L+ 1)) = hi,j((n− 1)L+ 1))

×Sp((n− 1)L+1)) + ηi,j((n− 1)L+ 1)) (5)

where L denotes the length of a sub-frame. The fading channel

coefficient can be extracted by dividing the received signal,

ri,j((n−1)L+1)), by the known pilot symbol Sp((n−1)L+
1)). It can be written as

h̃i,j((n− 1) L+ 1)) =
ri,j((n− 1)L+ 1))

Sp((n− 1)L+ 1))

= hi,j((n− 1)L+ 1)) +
ηi,j((n− 1)L+ 1))

Sp((n− 1)L+ 1))
. (6)

Since the channel is time varying, the extracted fading

channel coefficient, h̃i,j((n − 1)L + 1)), in the pilot sym-

bol duration is not the same as that of the data symbol’s

duration. In addition, the received signal contains additive

white Gaussian noise. Thus, h̃i,j((n − 1)L + 1)) is not a

perfect estimate of hi,j((n − 1)L + 1)). To overcome this

problem, a number of filtering methods, including Wiener filter

interpolation, Gaussian interpolation and sinc interpolation

have been proposed in the literature. In this paper, we use a

sinc interpolation filter with ω taps which yields performance

similar to the optimal Wiener interpolation.
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ĥi,j((n− 1)L+ l)

Fig. 3. Fading channel estimator using PSAM

The sinc interpolation filter estimates the CSI for the lth

symbol in the nth subframe from the ω nearest pilot symbols.

The interpolator uses �(ω−1)/2� pilot symbols from the previ-

ous subframes, the pilot symbol from the current subframe and

the pilot symbols from the �ω/2� subsequent subframes (as

shown in Fig. 3) to estimate the CSI. Therefore, the estimated

fading channel coefficient for the lth data symbol of the nth
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subframe can be written as

ĥi,j((n−1)L+l) =

�ω/2�∑
k=−�(ω−1)/2�

W (k, l)h̃i,j((n+k−1)L+1))

(7)

where W (k, l) = sinc( l
L − k) and l = {2..L} are real

interpolation coefficients.

III. PERFORMANCE ANALYSIS

Based on the BER performance of the single input and

single output (SISO) and MRC systems [19], we derive

the analytical BER performance of the proposed cooperative

diversity system. The BER, Pb(N), for M-QAM is given by

Eq. (9) of [19]

Pb(O) =
1

L− 1

L−1∑
l=1

⎛
⎝ 4

M

√
M∑

q1=1+
√
M/2

√
M∑

q2=1+
√
M/2

pc,l,q1,q2,O

⎞
⎠

(8)

where pc,l,q1,q2,O is the conditional BER of the transmitted

symbol, si(nL+l) is (2q1−1−
√
M)d+ı(2q2−1−

√
M)d, with

Oth order receive diversity. The reader is referred to [19] for

additional information on the detailed derivation of pc,l,q1,q2,O
which is evaluated by:

pc,l,q1,q2,O =
2

log2 M

{
H√M,q1

Pr

(
(
√
M − 2)d, l, q1, q2, O

)

+

√
M−1∑
q=2

Hq,q1

[
Pr

(
(2q −

√
M)d, l, q1, q2, O

)

−Pr

(
(2q − 2−

√
M)d, l, q1, q2, O

)]
+ H1,q1Pr

(
(2q − 2−

√
M)d, l, q1, q2, O

)}
(9)

where Hθ,ϑ is the hamming distance between code words

representing for
√
M -AM symbols (2θ − 1 − √M)d and

(2ϑ − 1 − √M)d. Also, d =
√

(3 log2 M/2(M − 1)) and

the probability that the decision variable is greater than β is

given by

Pr(β, d, l, q1, q2, O) =

∑O−1
o=1

(
2O−1

o

) (− v2
v1

)o

(
1− v2

v1

)2O−1
(10)

where constants v1, v2, and v0 are evaluated as follows

v1 = v0 −
√

v20 +
1

Rr|l,q1,q2Rr̂|l,q1,q2 − |Rrr̂|l,q1,q2 |2
(11)

v2 = v0 +

√
v20 +

1

Rr|l,q1,q2Rr̂|l,q1,q2 − |Rrr̂|l,q1,q2 |2
,

(12)

and v0 =
−βRr̂|l,q1,q2

1
2R

∗
rr̂|l,q1,q2

1
2Rrr̂|l,q1,q2

Rr|l,q1,q2Rr̂|l,q1,q2 − |Rrr̂|l,q1,q2 |2
. (13)

The second moment functions Rr|l,q1,q2 , Rr̂|l,q1,q2 and

Rrr̂|l,q1,q2 of the received and estimated signals are shown

in the Appendix.

In the proposed system, the received signal at the partner

has diversity order of one, i.e., O = 1. Given the BER of the

SISO system, the frame error probability at the partner can be

written as

Pf = 1− (1− Pb(1))
NL. (14)

If the received frame at the partner is error free, the partner

forwards the frame, and the destination combines the signals

received from both the source and the partner using MRC,

i.e., O = 2. Otherwise, the destination only uses the signal

transmitted from the source, i.e., O = 1. In other words, the

probability of cooperation is the probability of error free frame

received by the partner. Therefore, the effective BER of the

proposed PSAM based CD system is given as

Pb,coop = PfPb(1) + (1− Pf )Pb(2). (15)

The analytical BER performance of the CD system, Pb,coop,

is validated using results obtained by simulation.

IV. NUMERICAL RESULTS

In this section, we investigate the effect of channel esti-

mation error on the BER performance for different system

parameters such as modulation level, user mobility, number

of pilot symbols in a frame, inter-user and user-to-destination

channel quality. Unless explicitly stated, modulation order

M = 4, pilot symbol Sp = 1 + ı, the normalized Doppler

frequency FDTs = 0.015, length of a sub-frame equals 16

symbols, each frame has 15 sub-frames, the number of taps

in the sinc interpolation filter is ω = 15, and the two uplink

channels are the same (SNR1,D = SNR2,D).
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Fig. 4. BER performance of both estimated and perfect CSI (SNR1,D =
SNR2,D , SNR1,2 = 30dB, L = 16, M = 4, normalized Doppler=0.015
and ω = 15)

First, The BER performance of the channel estimation

scheme is compared with the perfect channel assumption in

Fig. 4. The performance of CD system with both channel

estimation and perfect channel assumption improves as the up-

link SNR increases. But, the relative performance degradation
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due to channel estimation errors becomes more pronounced

when the uplink SNR increases. At the low SNR region, the

AWGN seriously corrupts the received signal and the error

due to channel estimation is insignificant. On the other hand,

the impact of estimation error is significant in the high SNR

region compared with AWGN. In addition, the overall CD

system performance depends on the inter-user SNR. With high

inter-user SNR, the CD system employing channel estimation

exhibits less performance degradation compared to the perfect

channel case.

The analytical BER is verified by simulation results. Fig.

5 illustrates the BER performance of a 4-QAM based CD

system for various inter-user SNRs (ISNR=15dB, 30dB and

infinity dB). From the figure, we observe that the analytical

results closely match the simulation results. This validates our

BER performance analysis based on the analytical approach

from the literature for the cooperative system. In addition, the

BER performance of the CD system improves with the uplink

SNR. The diversity order achieved by the CD system primarily

depends on the inter-user channel quality and it performs better

when the inter-user SNR increases. The results shown in Fig 6

is the accuracy of the analytical results for various modulation

orders (M = 4, 16, 64). Similar to the conventional QAM

system, the BER performance of the proposed CD system

degrades as M increases for the given SNRs. The higher-

order QAM is more sensitive than the lower-order QAM since

the minimum Euclidian distance of higher-order QAM signal

constellation points is smaller than that of lower-order QAM

signal constellation points.
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Fig. 5. BER performance of both analysis and simulation (SNR1,D =
SNR2,D , SNR1,2 = 30dB, L = 16, M = 4, normalized Doppler=0.015
and ω = 15)

Finally, the BER performance versus normalized uplink

Doppler frequency is studied in Fig. 7. Basically, increas-

ing the normalized Doppler frequency means increasing the

mobile user speed. Thus, the fading channel between the

transmitter and the receiver varies rapidly. The channel have
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Fig. 6. BER performance for various modulation level (SNR1,D =
SNR2,D , SNR1,2 = 30dB, L = 16, normalized Doppler=0.015 and
ω = 15)

to be tracked at a high resolution by the estimator. For a

finite number of pilot symbols in a frame, the estimator

cannot track the channel closely after some limit. It can be

accomplished by inserting more pilot symbols in a frame (or

reducing the size of a sub-frame) as shown in Fig. 7 for

L = 16, 12, 8, 4. But, increasing the number of pilot symbols

reduces the effective data rate. So, there is a tradeoff between

estimation performance and effective data rate. The number of

pilot symbols to be used to yield the best tradeoff is a function

of the channel variations.
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Fig. 7. BER performance versus normalized Doppler of the uplink channels
for various sub-frame size (SNR1,D = SNR2,D , SNR1,2 = 30dB, M =
4, normalized Doppler frequency of inter-user channel=0.015 and ω = 15)
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V. CONCLUSION

In this paper, we have analytically analyzed the performance

of M-QAM based CD system and proposed a PSAM based

channel estimation technique for CD system employing M-

QAM. We show that analytical works reported in the literature

for conventional and MIMO systems can be extended for

cooperative systems with symmetric uplink channels. From

the numerical results, it is seen that the inter-user channel

estimation error plays an important role in the performance

of CD systems. In addition, choosing a pilot symbol insertion

period is crucial and it trades off with the effective data rate

and BER performance.

It should be noted that this study has been primarily

concerned with the BER performance of symmetric uplink

channels. Currently, we are investigating the BER performance

of the asymmetric time-selective channel towards the destina-

tion and optimizing the parameters of the channel estimator

and the number of pilot symbols needed for a frame.

APPENDIX

The second moment-functions of the received and estimated

signals for the imperfect channel estimation case are given by

[19]

Rr|l,q1,q2 =
Ω
(
(2q1 − 1−√M)2 + (2q2 − 1−√M)2

)
d2

2

+
N0

2
, (16)

Rr̂|l,q1,q2 =
Ω

2

�ω
2 �∑

k1=−� (ω−1)
2 �

�ω
2 �∑

k2=−� (ω−1)
2 �

f l
k1f

l
k2

× J0(2πFD(k1− k2)LTs)

+

�ω
2 �∑

k=−� (ω−1)
2 �

f2l
k

N0

2|SP |2 , (17)

and

Rrr̂|l,q1,q2 =
Ω
(
(2q1 − 1−√M)d+ ı(2q2 − 1−√M)

)
d

2

×
�ω

2 �∑
k=−� (ω−1)

2 �
f l
kJ0(2πFD(l − k2L)Ts). (18)

In the above equations, Ω is the average fading power, Ts is

the symbol duration, J0 is the zeroth-order Bessel function

and f l
k is the normalized interpolation coefficient that is

f l
k =

W (k, l)∑�ω
2 �

k1=−� (ω−1)
2 �W (k1, l)

. (19)

For the case of perfect channel estimation, Rr̂|l,q1,q2 and

Rrr̂|l,q1,q2 are substituted with

Rr̂|l,q1,q2 =
Ω

2
, (20)

and

Rrr̂|l,q1,q2 =
Ωsi(nL+ 1)

2
. (21)
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