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Abstract: In this paper，the performance analysis of cooperative space shift keying（SSK） system with dual ⁃ hop
amplify and forward（AF）in receive⁃correlated Rayleigh channel is presented. By means of the performance analysis，
a closed ⁃ form approximate expression of the average bit error rate（BER）is derived for the performance evaluation.
With this expression，in a high signal⁃to⁃noise⁃ratio（SNR）region，a tight closed⁃form asymptotic BER of the system
is also derived. It can simplify the calculation of average BER and provide effective evaluation for asymptotic
performance. By minimizing this asymptotic BER expression，a suboptimum power allocation（PA） scheme is
developed，and the closed ⁃ form PA coefficients are obtained. Simulation indicates that the suboptimal PA scheme
outperforms the conventional equal PA scheme，and its performance is very close to that of the exhaustive search
based optimal PA scheme but with low complexity. Moreover，the system performance under the spatially correlated
channel is worse than that in spatially independent channel due to the effect of spatial correlation.
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0 Introduction

Cooperative communications have been investi⁃
gated extensively thanks to its abilities to reduce the
error probability，increase the coverage and enhance
the capacity of wireless communication system［1］. One
of the fundamental transmission protocols is amplify
and forward（AF）relaying strategy，in which the relay
only amplifies and retransmits the signals received
from the source. As a simple and effective cooperative
protocol，AF relaying has gained a lot of attention.

Space shift keying（SSK） is a spectrally effi⁃
cient and low ⁃ complexity technique，and it offers a
good solution to trade⁃off between the complexity
and data rate. In SSK，the information bits are con⁃
veyed in spatial domain，so only one radio frequen⁃
cy（RF） chain is used during each transmission.

Therefore， inter⁃channel interference and antenna
synchronization will be eliminated. A novel relay se⁃
lection strategy for cooperative SSK systems was
presented in Ref.［2］，and the corresponding error
performance was analyzed. With transmit antenna
selection adopted at the source，the performance of
the multiple ⁃ relay assisted SSK system can be fur⁃
ther improved， and the theoretical bit error rate
（BER）expression of the proposed SSK system was
derived［3］. Combining the advantages of both cooper⁃
ative communication and SSK， cooperative SSK
has been widely investigated. In Refs.［4 ⁃ 5］，SSK
with cooperative relay was introduced， and the
closed⁃form expression for average BER was given.
In Ref.［6］，BER performance of SSK with decode
and forward（DF） protocol was analyzed，and an
exact analytical expression for the end ⁃ to ⁃ end BER
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was derived. Moreover，the error performance of
the single relay aided SSK system using hybrid de⁃
code AF cooperative protocol was analyzed in
Ref.［7］，and the corresponding BER expression
was derived in closed form. The proposed relaying
scheme was also compared with other relaying proto⁃
cols such as AF relaying and DF relaying，and simu⁃
lation results show the superiority of the proposed re⁃
laying scheme to the one with AF（DF）relaying.

System designs often assume that the fading is
independent， however， spatial correlation among
the antenna elements exists in many practical situa⁃
tions due to the physical space constraints and poor
scattering conditions. The performance of SSK sys⁃
tems was analyzed in Ref.［8］ for correlated fading
channel， and the corresponding theoretical BER
was derived. In Ref.［9］，an optimal power alloca⁃
tion scheme was developed for spatial modulation
system with DF cooperative protocol over the corre⁃
lated fading channels. However，none of the afore⁃
mentioned research involves the error performance
and power allocation scheme for SSK system with
AF relaying over Rayleigh fading channels in the
presence of receive correlation.

Based on the analysis above，in this paper，we
study the performance of the dual ⁃ hop relay ⁃ aided
AF ⁃ SSK system over receive correlated Rayleigh
channel. First，we give the system model of AF ⁃
SSK and derive a closed⁃form expression of the mo⁃
ment⁃generating function （MGF） for effective
SNR. With this result，the average pairwise error
probability（APEP）can be derived and the average
BER is obtained by means of the upper bound for⁃
mula. After that，we analyze the asymptotic perfor⁃
mance of the system under high SNR，and provide
asymptotic BER expression. Based on this，the di⁃
versity gain of the system is derived. By minimizing
the asymptotic BER expression，a suboptimal PA
scheme is proposed， and closed⁃form PA coeffi⁃
cients are attained. Simulation results illustrate that
the presented theoretical analysis and PA scheme
are effective. The derived theoretical BER and as⁃
ymptotic BER can match the corresponding simula⁃
tions well，and the proposed PA scheme performs
better than the conventional equal power scheme

since the power are well allocated in terms of chan⁃
nel information.

Notation：[ ⋅ ]T，[ ⋅ ]H represent the matrix trans⁃
position and conjugate transposition， respectively.
( 0，δ2 ) denotes a complex Gaussian distribution with
zero ⁃mean and variance δ2.C m × n denotes the com⁃
plex ⁃valued matrix with dimensions m × n. IN rep⁃
resents the identity matrix with dimensions N × N.
Pr { ⋅ } is the probability of an event.E [ ⋅ ] indicates
the expectation operation.  ⋅ 2

F
is the Frobenius

norm.Re { ⋅ } stands for the real part of a variable.

1 System Model

As shown in Fig.1，we consider a dual⁃hop AF⁃
SSK system. It includes a source（S）terminal and a
destination（D） terminal with Nt transmit antennas
and Nr receive antennas，respectively，and there is
a relay（R） terminal with single antenna. We sup⁃
pose that the communication link between the
source and destination is only established via the re⁃
lay terminal due to their larger distance. The chan⁃
nel vectors between the S⁃R are given by
h sr ∈ C1 × Nt，and the channel vectors between the
R⁃D is given by h rd ∈ CNr× 1. The entries of the
above vectors are independent and identically distrib⁃
uted. They are complex Gaussian random variables
with ( 0，δ2mn )，where δ2mn= d -αmn ，mn ∈ { sr，rd }，dmn
represents the normalized distance between the ter⁃
minals m and n，and α is the pass loss. In SSK
scheme，only one transmit antenna is activated，and
log2Nt bits will be conveyed at each time slot.
Thus， the transmitted signal can be described as
x= e i，where e i is the ith column of INt，and i de⁃
notes the index of the selected transmit antenna.

Consider the dual ⁃ hop AF ⁃ SSK system with
correlation at the destination terminal only，charac⁃
terized by a receive correlation matrix R d. A typical
scenario for this is a downlink transmission，where

Fig.1 Dual⁃hop AF⁃SSK system model
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the antennas at base station（i. e.，source terminal）
can be easily spaced far enough to achieve spatial un⁃
correlation. But for user（destination）terminal，the
antennas will exhibit spatial correlation due to small⁃
er antenna spacing which is from the limited volume
and size of user terminal. When the correlation
among the receiving antennas exists，according to
the Kronecker correlation model［10⁃12］，the channel
vector between the relay and destination is ex⁃
pressed as h rd=R 1/2

d ĥ rd，the elements in R d are writ⁃
ten as [ R d ] v，v̂= σ rv，v̂= ρ || v- v̂

r ，for v，v̂ ∈ {1，…，Nr}，
and ρr represents the correlation coefficient at the
destination.

Based on the above analysis，the received sig⁃
nal at the relay is given by

ysr= Ps h sr x+ nsr= Ps hisr+ nsr (1)
where Ps is the transmitted power at the source，hisr
represents the i⁃th element of h sr，and nsr is a zero ⁃
mean complex Gaussian random variable with vari⁃
ance N 0. Then，the relay with AF protocol ampli⁃
fies and forwards the signal ysr，and the received sig⁃
nal at the destination is expressed as

y rd= A Ps h rd hisr+ Ah rd nsr+ n rd=

A Ps h rd hisr+ n (2)

where A= Pr/ ( )Psδ2sr+ N 0 ，n rd ∈ CNr× 1，whose

entries are complex Gaussian random variables with
variance N 0，and Pr is the transmitted power at the
relay. Let n= Ah rd nsr+ n rd， then its covariance
matrix is given by

Σ̂n=( A2h rdhHrd+ INr )N 0 (3)
The colored Gaussian noise n can be whitened

by pre⁃multiplying Σ-1/2
n ， where Σ-1

n = INr-
A2h rdhHrd

A2  h rd
2

F
+ 1

. After whitening process，we can ob⁃

tain
ŷ rd= Σ-1/2

n A Ps h rd hisr+ n̂ rd (4)
where n̂ rd= Σ-1/2

n n.
The maximum likelihood（ML） detection is

employed at destination. From Eq.（4），the estimat⁃
ed antenna index j is calculated by

j= argmin
j

[ A2Ps Σ-1/2
n h rd

2

F
|hjsr |2 -

2A Ps Re { ŷHrd Σ-1/2
n h rd hjsr } ] (5)

With this detector，the transmit antenna index
can be optimally detected.

2 Performance Analysis and Aver⁃

age BER

The error performance of the AF ⁃SSK system
is analyzed in this section， and an approximate
closed⁃form BER expression is derived.

According to Eq.（5），the conditional PEP is
expressed as

pep( i → j | h sr,h rd ) =

Pr{ A2Ps

ω  h rd
2

F
|hjsr- hisr |2 < 2A Ps Re{~n}} (6)

where ~n=2A Ps Re { n̂Hrd Σ-1/2
n h rd (hjsr-hisr) }，which

is a zero ⁃mean complex Gaussian variable with vari⁃

ance δ2~n， and δ2~n= 2N 0A2Psω-1  h rd
2

F
| hjsr- hisr |

2
，

ω= A2  h rd
2

F
+ 1. Thus，Eq.（6）can be rewritten as

pep( i → j | h sr,h rd )=
Q ( A2Psω-1  h rd

2

F
|hjsr- hisr |2 /δ~n )=

Q ( γrd γsr
γrd+ C ) = Q ( γsrd ) (7)

where γrd= Pr h rd
2

F
/N 0，γsr= Ps | hjsr- hisr |

2/2N 0，

C= Psδ2sr/N 0 + 1，and γsrd= γrd γsr/( γrd+ C ). The
moment⁃generating function of γrd can be given by［8］

Mγrd ( s) = ∏ k= 1

Nr ( sγ̄ rd λk+ 1 )-1 =

∑
k= 1

Nr

ξk ( sγ̄ rd λk+ 1 )-1
(8)

where γ̄ rd= Prδ2rd/N 0，λk， for k= 1，2，…，Nr de⁃
note the eigenvalues of the correlation matrix R d，

and ξk= ∏ n ≠ k (1- λn/λk )-1 is the kth residual in
the partial fraction expression for n，k= 1，2，…，Nr.

Note that Mγsd (0) = ∑
k= 1

Nr

ξk = 1.

With Eq.（8） and using the inverse Laplace
transform，the probability density function（PDF）
of γrd is obtained as

fγrd ( γ )= L-1 (Mγrd ( s) )=

∑
k= 1

Nr ξk
λk γ̄ rd

exp ( - γ
λk γ̄ rd ) (9)
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On the other hand，the PDF of γsr follows the
exponentially distribution. Therefore， its cumula⁃
tive distribution function（CDF）is given by

Fγsr ( γ )= 1- exp(-γ/γ̄ sr ) (10)
where γ̄ sr= Psδ2sr/N 0，with Eqs.（9）and（10），the
CDF of γsrd can be calculated by using Eq.（3.471.9）
in Ref.［13］，i.e.，

Fγsrd (γ) = Pr ( γsr γrd
γrd+ C

< γ) =
∫0
∞
Fγsr ( )γ ( )γrd+ C

γrd
frd ( γrd ) dγrd=

1- exp ( - γ
γ̄sr )∑k= 1

Nr

2ξk
γC

λk γ̄ sr γ̄ rd
K 1 (2 γC

λk γ̄ sr γ̄ rd )
(11)

where K 1 ( ⋅ ) is the first order modified Bessel func⁃
tion of the second kind［13］. Then the MGF of γsrd can
be derived as

Mγsrd ( s) = sL{Fγsrd ( γ )}=
1- ∑

k= 1

Nr sξk γ̄ sr
( 1+ sγ̄ sr )

W-1,1/2 ( C
( 1+ sγ̄ sr ) λk γ̄ rd ) ×

exp ( C
2( 1+ sγ̄ sr ) λk γ̄ rd ) (12)

where Wλ，μ (z) is the Whittaker function［14］. The av⁃
erage PEP can be computed with Craig’s formula［15］

PEP( i → j )= ∫
0

∞

Q ( )γsrd fγsrd ( )γsrd dγsrd =

1
π ∫

0

π/2

Mγsrd ( )1
2sin2θ dθ ≈

N -1
p

2 ∑u= 1
Np

Mγsrd ( 1/2ϕu 2 ) (13)

where ϕu= cos( ( 2u- 1 ) π/( 2Np ) )，and Np is the
order of the Chebyshev polynomial. Substituting
Eq.（12）into Eq.（13）yields

PEP( i → j ) ≈ N -1
p

2 ∑u= 1
Np é

ë
êê1- ∑

k= 1

Nr ξk γ̄ sr
2ϕu 2 + γ̄ sr

×

ù

û
úúW

-1,12
( )2ϕu 2C
( 2ϕu 2 + γ̄ sr ) λk γ̄ rd

exp ( )2ϕu 2C
2( 2ϕu 2 + γ̄ sr ) λk γ̄ rd

(14)

With Eq.（14），the average BER can be ap⁃
proximately obtained by using the union bound as
Ref.［16］. Namely

- -- ---BER ≈ ∑
j= 1

Nt

∑
i= 1

Nt N ( i → j )
Nt log2Nt

PEP( i → j ) =

∑
i= 1

Nt

∑
j= 1

Nt

∑
u= 1

Np N ( i → j )
Nt log2Nt

N -1
p

2
é

ë
êê1- ∑

k= 1

Nr ξk γ̄ sr
2ϕu 2 + γ̄ sr

×

ù

û

ú
úexp ( )2ϕu 2C

2 ( )2ϕu 2 + γ̄ sr λk γ̄ rd
W

-1,12 ( )2ϕu 2C
( )2ϕu 2 + γ̄ sr λk γ̄ rd

(15)
where N ( i → j ) denotes the number of error bits be⁃
tween the transmit antenna index i and estimated an⁃
tenna index j. Eq.（15） is an approximate closed ⁃
form expression of average BER of the AF⁃SSK
system with receive correlation.

3 Asymptotic BER and Power Allo⁃

cation

In this section，we will give the asymptotic
BER analysis under high SNR scenario，and a sub⁃
optimal power allocation scheme is developed by
minimizing the asymptotical BER approximation un⁃
der a total transmit power constraint.

3. 1 Asymptotic BER analysis and diversity

gain

According to the approximated expression of
the Bessel function given in Ref.［14］，for suffi⁃
ciently small x，K 1 (2x) can be approximately written
as

K 1 (2x) ≈ 1
2x + x é

ë
êln ( x )- 1

2 ψ ( 1 )-
1
2 ψ ( 2 )

ù
û
ú

(16)

where ψ ( ⋅ ) is digamma function， ∫1
x

ψ (t) dt=

lnΓ (x). In addition，when the SNR goes to infini⁃
ty，we have C/γ̄ sr ≈ 1，and the CDF of γsrd is writ⁃
ten as

Fγsrd (γ) = 1- exp ( - γ
γ̄sr )∑k= 1

Nr

2ξk
γC

λk γ̄ sr γ̄ rd
K 1 (2 γC

λk γ̄ sr γ̄ rd ) ≈
1- exp ( - γ

γ̄sr )∑k= 1
Nr

ξk
é

ë
êê1+

γC
λk γ̄ sr γ̄ rd (ln ( )γC

λk γ̄ sr γ̄ rd
- ψ ( 1 )- ψ ( 2 ) )ù

û
úú≈
( )a

γ
γ̄ sr
- ∑

k= 1

Nr ξk γ
λk γ̄ rd (ln γ

λk γ̄ rd
- ψ (1) - ψ (2) ) (17)
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where the relation（a）is obtained with the aid of the
approximations exp(-γ/γ̄ sr ) ≈ 1- γ/γ̄ sr and
exp(-γ/γ̄ sr ) ≈ 1 successively. Thus，the MGF of
γsrd is obtained as

Mγsrd ( s) ≈
1
s
é

ë
êê
1
γ̄ sr
+ ∑

k= 1

Nr ξk
λk γ̄ rd

( )lnλk γ̄ rd+ ψ ( )1 + lns
ù

û
úú

(18)
Substituting Eq.（18） into Eq.（13），the aver⁃

age PEP is approximated as

PEPapp ( i → j )= 1
π ∫

0

π/2

Mγsrd ( 1
2sin2θ ) dθ=

1
2
é

ë
êê
1
γ̄ sr
+ ∑

k= 1

Nr ξk
λk γ̄ rd

( ln2λk γ̄ rd+ ψ ( )1 - 1 )
ù

û
úú (19)

Let Pt be the total transmission power，i. e.，
Pt=Ps+Pr， γ̄= Pt/N 0 denotes average SNR.
Thus， we can assume that Ps = r1Pt and
Pr = r2Pt， where r1 + r2 = 1，r1，r2 ∈ (0，1). r1
and r2 represent power allocation coefficients at the
source and the relay. Based on this assumption，
γ̄ sr = r1 γ̄δ2sr and γ̄ rd = r2 γ̄δ2rd can be obtained. Utiliz⁃
ing the partial fraction expansion， we have

s∏ k= 1

Nr ( sλk+ 1 )-1 =-∑
k= 1

Nr

ξk/λk ( sλk+ 1 )， and it

can be further derived that ∑
k= 1

Nr

ξk/λk = 0 by setting

s= 0. Consequently，Eq.（19） can be further writ⁃
ten as

PEPapp ( i → j )= 1
2γ̄ ( 1

r1δ2sr
+ ∑

k= 1

Nr

ξk
lnλk
λk r2δ2rd ) (20)

With Eqs.（15） and（20），the asymptotic ap⁃
proximate BER expression of the system at high
SNR is given by

BERasy ≈ ∑
i= 1

Nt

∑
j= 1

Nt N ( i → j )
Nt log2Nt

1
2γ̄ ( 1

r1δ2sr
+ ∑

k= 1

Nr ξk lnλk
λk r2δ2rd )
(21)

According to the definition of diversity gain，it
is the slope of the line representing the BER at high
SNR with log⁃ log scale. Thus，the diversity gain is
derived as

Gd= lim
γ̄ → ∞

- log ( BERasy )
log ( γ̄ ) = 1 (22)

3. 2 Power allocation scheme

Based on the asymptotic BER expression in

Eq.（21），we will develop a suboptimal PA scheme
with closed⁃form expression of PA coefficients.
Take the first and second derivatives with respect to
r1 yields
∂BERasy
∂r1

= g ( r1 )= Ψ ⋅ ( - 1
r 21 δ2sr

+ U
r 22 δ2rd ) (23)

∂2BERasy
∂r 21

= g ′ ( r1 )= Ψ ⋅ ( 2
r 31 δ2sr

+ U
r 22 δ2rd ) (24)

where Ψ= ∑
i= 1

Nt

∑
j= 1

Nt

N ( i → j ) / ( 2γ̄Nt log2Nt ) and

U= ∑
k= 1

Nr

ξk ln ( λk ) /λk. For simplicity of presentation，

it is important to note that U > 0，which can be
proved by the following derivation

∫0
∞ ∏
k= 1

Nr

( sλk+ 1 )-1ds =

lim
ε → ∞ ∑

k= 1

Nr

ξk ∫0
ε

λ-1k ( )s+ λ-1k
-1ds =

∑
k= 1

Nr

( ξk/λk ) lnλk (25)

which utilizes that ∑
k= 1

Nr

ξk /λk = 0. It is easy to obtain

that ∫0
∞∏
k= 1

Nr

( sλk+ 1 )-1ds = U > 0.

Based on the analysis above，BERasy will have
a unique minimum for r1 ∈ [ 0，1 ]. This is because
lim
r1 → 0

g ( r1 ) < 0，lim
r1 → 1

g ( r1 ) > 0 and g ′ ( r1 ) > 0. By

setting g ( r1 )= 0，r1 and r2 can be calculated as

r1 =
1

1+ δ2srU/δ2rd
(26)

r2 =
δ2srU/δ2rd

1+ δ2srU/δ2rd
(27)

Eqs.（26）and（27）are PA coefficients of sub⁃
optimal scheme，and with these coefficients， the
suboptimal scheme will gain the superior BER per⁃
formance.

4 Simulation Results

In this section，we will provide simulation re⁃
sults to assess the validity of the presented theoreti⁃
cal analysis and PA scheme for AF⁃SSK system
with spatially receive correlated Rayleigh channel.
The number of transmit antennas Nt= 2，the order
of the polynomial Np is set as 5，and the path ⁃ loss
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exponent α= 3.
In Fig.2，we plot the BER performance of the

AF⁃SSK system with different correlation coeffi⁃
cients. The number of transmit and receive antennas
are considered as the same，i.e.，Nt= Nr= 2，the
distance between the source and destination is nor⁃
malized to one，and dsr∶ drd= 0.2∶ 0.8. The re⁃
ceive correlation coefficient ρr is set equal to 0.1，
0.5，and 0.9. The theoretical BER is calculated by
Eq.（15）. The result implies exact matches between
the theoretical analysis and the corresponding simu⁃
lations. Besides，average BER decreases with SNR
increasing，as expected. Moreover，as the correla⁃
tion coefficient increases，the BER increases accord⁃
ingly. Namely，the BER performance of the system
with ρr =0.9 is worse than that with ρr =0.5 due to
the effect of strong correlation，and the BER perfor⁃
mance of the system with ρr =0.5 is worse than that
with ρr =0.1.

Fig.3 illustrates the BER performance of AF⁃
SSK system with different receive numbers，where
the distance between different terminals is given by

dsr∶ drd= 0.2∶ 0.8，and the receive correlation co⁃
efficient ρr is set as 0.5. The curves of simulated
BER，theoretical BER and asymptotical BER are
plotted in Fig. 3. The asymptotical BER is comput⁃
ed by Eq.（21）. As shown in Fig. 3，the theoretical
BER agrees well with the simulated one. More⁃
over， the asymptotical BER has the values very
close to the corresponding simulation from medium
SNR to high SNR. Especially at high SNR region，
it can match the simulation very well. By compari⁃
son，it is found that average BER of the system
with Nr=6 is lower than that Nr=2 because more
antennas are employed. Besides，the curves of Nr=
6 are asymptotically parallel with those of Nr=2，
which means that they have the same diversity
order. Namely，the diversity order of one is achieved.

In Fig.4，we give the simulated and theoretical
BER curves of the AF ⁃SSK system using different
PA schemes，where the conventional equal PA
scheme，proposed suboptimal PA scheme and opti⁃
mal PA scheme are compared. The optimal PA
scheme is obtained via the exhaustive search method
to minimize the average BER of Eq.（15）. The relat⁃
ed parameters are set as Nr=2， ρr=0.5， and
dsr∶ drd=0.2∶ 0.8. It is shown that the system
with suboptimal scheme exhibits superior perfor⁃
mance over that with the equal PA scheme，and is
very close to that with the optimal PA scheme. How⁃
ever，the optimal scheme has much higher complexi⁃
ty than the suboptimal scheme since it needs to use
the exhaustive search to obtain the PA coefficients，
while the latter can provide the closed⁃form computa⁃
tion of PA coefficients. Besides，the asymptotic BER
curves still agree with the corresponding simulations

Fig.2 Average BER of AF⁃SSK system with different cor⁃
relation coefficients

Fig.3 Average BER of AF⁃SSK with different receive
numbers Fig.4 Average BER of AF⁃SSK with different PA schemes
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at high SNR region due to better asymptotic charac⁃
teristic.

Fig.5 illustrates the BER performance of the
AF ⁃SSK system with three PA schemes for differ⁃
ent distances between terminals，where the related
parameters are listed as Nr= 2 and ρr= 0.5.
dsr∶ drd= 0.2∶ 0.8 and dsr∶ drd= 0.5∶ 0.5 are
considered in Fig.5（a），dsr∶ drd = 0.5 ∶ 0.5 and
dsr∶ drd= 0.8∶ 0.2 are considered in Fig. 5（b）. It
is observed that，for three PA schemes，the BER
performance of the system with dsr∶ drd=0.5∶ 0.5
outperforms that with dsr∶ drd= 0.2∶ 0.8 and that
with dsr∶ drd= 0.8∶ 0.2. Moreover，when relay
gets closer to the source or destination，the superior⁃
ity of the proposed scheme over the equal power al⁃
location is more obvious. Whereas when relay is
closer to the middle position between the source and
destination， the proposed scheme has the perfor⁃
mance very close to that of equal PA scheme. The
results indicate that the proposed scheme is more
suitable for the case that dsr is very different with drd.
Besides， the proposed suboptimal scheme can
achieve almost the same BER performance as the
optimal scheme while maintaining low complexity.

5 Conclusions

We have investigated the BER performance of
the dual ⁃hop AF ⁃SSK system with receive correla⁃
tion over Rayleigh fading channels. An approximate
expression of average BER for the system is derived
in a closed form. Then，based on the asymptotical
analysis at high SNR，the asymptotic BER expres⁃
sion is also derived，and it can match the corre⁃
sponding simulation well at high SNR region. With
this expression，diversity gain is derived and a sub⁃
optimal PA scheme is developed. It is shown that
the proposed PA scheme exhibits noticeable perfor⁃
mance gain over the conventional equal PA
scheme，and it has almost the same performance as
the optimal PA scheme based on exhaustive search
method while maintaining lower complexity. Simu⁃
lations validate the accuracy of the presented theo⁃
retical analysis and PA scheme. The impact of relay
location on the system BER performance is also ana⁃
lyzed. The result indicates that the relay gets closer
to the source or the destination，and the suboptimal
PA scheme will achieve a greater improvement over
the equal PA scheme. Besides，due to the effect of
spatial correlation，the system performance will de⁃
grade with the increase in the receive correlation co⁃
efficient，as expected.
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