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Abstract

In this paper, we consider the joint design of precoding matrices at both the source and relay nodes in a multi-relay
system based on perfect and imperfect channel information, and propose the novel relay selection scheme based on
log-likelihood ratio (LLR). Moreover, the symbol error rate (SER) for relay selection system based on proposed scheme is
analyzed. At first, we design the combined precoding matrices based on respectively the maximum signal-to-noise
ratio (SNR) with perfect channel state information (CSI) and the minimum SER of the single-relay system with imperfect
CSI. Using decomposition of matrices, the joint design problems are solved with a two-step method, i.e., the first step is
to determine the optimal direction of the precoding matrices, and the second step is to transform the optimization
problem into two kinds of independent sub-problems which can be solved in lower complexity. Then, different from
traditional relay selection based on signal-to-noise ratio, the relay node with the maximum LLR is chosen. Simulation
results show the proposed selection scheme based on LLR is superior to the scheme based on SNR in the SER
performance. Furthermore, the multi-relay system using the precoding matrices joint space-time coding technology can
improve SER performance of the system effectively compared with only space-time coding or only precoding system.
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1 Introduction
With the rapid growth of energy demand for wireless
multimedia services, communications energy consumption
is growing at a remarkable rate. Therefore, how to improve
the effectiveness of energy has attracted considerable atten-
tion. Cooperative relay systems can significantly increase
communication system capacity and reliability. According
to the number of relays, it can be divided into two categor-
ies: single-relay system and multi-relay system. Compared
with the single-relay system, multi-relay system can achieve
superior performance, but it also brings a sharp rise in
hardware cost. One of the solutions is the relay selection
strategy which selects the relay nodes to cooperate. It can
improve the system performance through obtaining full di-
versity gain [1–6] and increasing energy efficiency.
If the channel station information (CSI) is available, the

relay selection system can also adopt precoding

technology to obtain angular selectivity gain [7–11]. With
all relay nodes having multiple antennas, the optimal
scheme with full CSI and limited feedback scheme are
proposed in [7]. Under time-varying channels, a
closed-form expression for the outage probability of an
amplify-and-forward (AF) relay selection system is given
in [8]. Both of them select the best relay according to the
signal-to-noise ratio (SNR) criterion. Recently, novel mul-
tiple relay selection schemes and beamforming for
full-duplex relay networks are presented that utilize spars-
ity inducing optimization problems toward minimizing
the mean square error (MSE) [9]. Similar to the AF proto-
col, decode-and-forward (DF) protocol is also one of the
basic protocols in the relay system, which is investigated
in the joint relay selection and precoding systems [10, 11].
The authors of [10] study a relay selection joint with co-
operative beamforming and select the best two among
several relays. Meanwhile, a modified maximal ratio com-
bining detector is proposed to achieve full diversity order.
In [11], a new beamforming algorithm called channel
alignment and a MAX–MAX antenna selection method
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are proposed in DF two-way relay networks. It also analyzes
the bit error rate (BER) and proves that the proposed
scheme can achieve full diversity order. In addition, the
combination of relay selection and space-time coding has
also been carried out [12, 13]. For example, in [13], a
scheme coined opportunistic space-time coding to combat
the outdated CSI is proposed, and the closed-form expres-
sions of outage probability and ergodic capacity are derived.
Log-likelihood ratio (LLR) is a widely used function

since it is easy to manipulate, and it has been applied in
many scenarios [14, 15]. A strategy to approximate the
LLR values under higher-order constellations is proposed,
which greatly reduces the complexity compared to the
Max-Log-MAP soft-demapper [14]. In [15], the LLR selec-
tion is used in successive-cancelation (SC) decoding of
polar codes to reduce higher implementation complexity.
Some works on selection strategies based on LLR have
been carried out [16–20]. In [16, 17], the selection scheme
based on LLR has been proved to be better than the
scheme based on SNR in symbol error rate (SER) per-
formance for multiple-input multiple-output (MIMO) sys-
tem. Due to the similarity between MIMO system and
relay system, the LLR scheme is considered in the relay se-
lection system [18–20]. The authors of [18] investigate
two types of relay selection schemes, i.e., SNR-based relay
selection and LLR-based relay selection. Meanwhile, the
closed-form average BER for binary phase-shift keying
(BPSK) signals in Nakagami-m fading channels is derived.
However, it is investigated in one-way relay system. In
[19], a new LLR algorithm using DF protocol in two-way
networks is proposed and the BER of proposed scheme is
investigated over Rayleigh fading channels.
Since the LLR criterion can bring performance improve-

ment to the relay selection system, we combine it with
precoding and space-time block codes (STBC) technology
to improve the performance through obtaining spatial di-
versity. Here after, we call the combined technique “preco-
ding-plus-STBC.” Unlike most of the work based on LLR
just from the source to the relay, we focus on the total
LLR of received signal from the source to the destination.
And the precoding matrices at both the source and relay
nodes are designed with different CSI. Meanwhile, AF
protocol is considered due to the simplicity. Due to the
fact that the direct link often does not exist in the real
communication environment, we consider that there is no
direct link, which is different from [7]. As far as we know,
the LLR scheme with precoding-plus-STBC has not been
discussed in multi-relay systems.
The contributions of this paper are as follows:

� We consider the STBC combined the precoding at
both the source and relay nodes, and derive the
precoding matrices with perfect CSI and imperfect
CSI. Different from other papers, we decompose the

joint design problems into two steps to reduce the
complexity: the first step is to determine the optimal
direction, and the second step is to determine the
optimal distribution of power in these directions.

� To improve the SER performance, we apply the
log-likelihood ratio criterion to the relay selection
system with precoding-plus-STBC. The superiority
of the LLR is explored, and the criterion of relay
selection based on LLR is derived. Compared with
the traditional selection scheme based on SNR, the
scheme based on LLR obtains the better SER
performance.

� The SER of relay selection system based on LLR is
derived. It is proved that the SER is minimized
compared with the SNR scheme, which is consistent
with the following simulation results.

The rest of this paper is organized as follows. In
Section 2, we introduce the wireless system model. In
Section 3, we design the precoding matrices with perfect
CSI and imperfect CSI. Section 4 proposes the relay se-
lection scheme based on LLR and analyzes the SER per-
formance of the relay selection system. Experimental is
presented in Section 5. Results and discussion are shown
in Section 6, and Section 7 draws the conclusions.

2 System model
We consider a two-hop multiple-input multiple-output
(MIMO) cooperative system with relay selection as shown
in Fig. 1, which is composed of a single source node, a sin-
gle destination node, and a set of I relay nodes. Each node
is equipped with NS, ND, and NR, i(i = 1, 2,…, I) antennas
respectively. The STBC technique is used at the source
and relay nodes to achieve diversity gain.
The signal transmission can be divided into two

phases. In the first phase, the source node sends the
data to all relays. In the second phase, the selected
relay with the best log-likelihood ratio sends the sym-
bols to the destination node. At first, the transmitted
signals s = [s1,⋯, sL] are mapped to a STBC matrix
G1ðsÞ∈CNS�T , and the source employs the codeword
G1(s), where NS is the space dimension and T is the
time dimension. Without loss of generality, we as-
sume the average energy of the signal constellation is
equal to 1, i.e., E[|sl|

2] = 1,l ∈ {1,⋯, L}. The received
signal at the ith relay is given by

YR;i ¼ H1;iV1G1 sð Þ þN1;i ð1Þ

where H1;i∈CNR;i�NS is the MIMO channel between the
source and the ith relay,V1∈CNS�NS is the source pre-
coding matrix, and N1, i is a sample matrix of the addi-
tive white Gaussian noise (AWGN) with mean zero and
variance ~σ21.
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We transform a MIMO fading channel into L parallel
SISO channels using the orthogonality of the STBC.
Hence, the signal at the ith relay node on the lth channel
is denoted by

yR;il ¼ H1;iV1

�� ��sl þ nR;il ð2Þ

where nR;il ∼CNð0; σ21 ¼ ~σ21=cÞ, c is the code constant [21].
For the AF protocol, the received signal at the ith relay
can be normalized by a factor of energy

tl ¼ yR;il =E1=2 yR;il

�� ��2n o
ð3Þ

In the second phase, the selected relay encodes tl to a
STBC matrix G2(t), then multiplies the precoding
matrix, and forwards the signal to the destination. The
final signal is given by

YD ¼ H2;iV2;iG2 tð Þ þN2;i ð4Þ
where H2;i∈CND�NR;i is the channel matrix of the relay to
destination, G2ðtÞ∈CNR;i�T ,V2;i∈CNR;i�NR;i is the ith relay
precoding matrix, and N2, i is a sample matrix of
AWGN with mean zero and variance ~σ22 . Similar to (1),
the signal received by the destination on the lth channel
can be written as

yD;il ¼ H2;iV2;i

�� ��tl þ nD;il ð5Þ

where nD;il ∼CNð0; σ22 ¼ ~σ22=cÞ . Substituting (2) and (3)
into (5) gives

yD;il ¼ H1;iV1

�� �� H2;iV2;i

�� ��slffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H1;iV1

�� ��2 þ σ2
1

q
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Signal

þ H2;iV2;i

�� ��nR;ilffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H1;iV1

�� ��2 þ σ2
1

q þ nD;il

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Noise

ð6Þ

By employing the maximum ratio combining (MRC)
criterion at the destination, the total output SNR has the
following form:

γSNR ¼ H1;iV1

�� ��2 H2;iV2;i

�� ��2
H1;iV1

�� ��2σ22 þ H2;iV2;i

�� ��2σ21 þ σ21σ
2
2

¼ γ1γ2
1þ γ1 þ γ2

ð7Þ

where γ1 ¼ kH1;iV1k2=σ21; γ2 ¼ kH2;iV2;ik2=σ2
2.

Similar result is also derived in [22, 23], but only single
relay in the systems is discussed.

3 Precoding matrices with different CSI
The work on precoding-plus-STBC design has been
done in [21], which aim at the precoding matrix in
MIMO systems. However, in this paper, we extend it to
the relay system. Compared with the MIMO system, the
precoding problem to be solved is more challenging.
That is different from [21]. The precoding matrices are
used both at the source and relay nodes, and the design
is a joint problem. Therefore, we decompose the joint
function by analyzing the properties of the total received

Fig. 1 System model
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SNR and the SER performance of the relay system, and
reduce the complexity of the problem by two steps.

3.1 Precoding matrices with perfect CSI
In this section, our purpose is to find the precoding
matrices V1 in the source and V2, i in the ith relay node
which can maximize the total SNR γSNR. Assuming there
are high-speed feedback links between transmitters and
receivers, the transmitters can get perfect CSI, and the
system can get the better SER by increasing the received
SNR. For simplicity, Χn, i in the previous section is re-
written as Χn, in this case V2 =V2, i. Therefore, the
optimization problem can be formulated as

max
V1;V2

γSNR ð8aÞ

s:t: L � c � tr VH
k Vk

� � ¼ Pk k ¼ 1; 2 ð8bÞ

where L is the number of parallel channels, P1 and P2
are respectively the transmit power constraints at the
source and the selected relay nodes, and tr{⋅} is the trace
of matrix. To solve the problem (8) efficiently, the ex-
pression of γSNR should be analyzed from Proposition 1,
which is based on the following Lemma 1.
Lemma 1 For two non-negative variables x and y with

x ∈ (0, A], y ∈ (0, B], the function f(x, y) = xy/(1 + x + y) is a
monotonically increasing function.
Proof First, take partial derivative of f(x, y) with respect

to x and y, we have f
0
xðx; yÞ ¼ y2þy

ð1þxþyÞ2 > 0 and f
0
yðx; yÞ

¼ x2þx
ð1þxþyÞ2 > 0. Then, we need to have the directional de-

rivative, which means to prove the function is monoton-
ically increased in any direction. Using y = kx, k > 0, take

partial derivative of f(x, y) with respect to x, we get f
0
xðx;

kxÞ ¼ 2kxþkx2þk2x2

ð1þxþkxÞ2 > 0. With partial derivative and direc-

tional derivative, the function f(x, y) is proved to be in-
creasing monotonically.
This completes the proof of Lemma 1.
Proposition 1 For non-negative independent random

variables γ1and γ2as defined in Eq. (7), the total SNR
γSNRachieves the maximum when both γ1and γ2are
maximum.
Proof Using the results from Lemma 1, we can draw a

conclusion that the function γSNR is a monotonically in-
creasing function. Since γ1 and γ2 are non-negative inde-
pendent random variables and have the maximum
values, the maximum of γSNR is achieved when γ1 = max
γ1 and γ2 = max γ2. Therefore, the optimization problem
maxγSNR can be divided into two sub-problems maxγ1
and maxγ2.
This completes the proof of Proposition 1.
Based on Proposition 1, the problem (8) can be divided

into two simplified sub-problemsmaxγ1 and maxγ2 as

max
Vk

∥HkVk∥2 ð9aÞ

s:t: L � c � tr VH
k Vk

� � ¼ Pk k ¼ 1; 2 ð9bÞ
This optimization problem can be solved by a

two-step method: the first step is to determine the direc-
tions of the two precoding matrices, and the second step
is to allocate the power in each direction.
Without loss of generality, we assume the precoding

matrices can be decomposed as follows: Vk¼UVkDVkU
H
Vk

k ¼ 1; 2, which is the eigen-decomposition of matrix Vk.
Let Hk

HHk ¼ UHkDHkU
H
Hk

be the eigen-decomposition of
Hk

HHk. From [24], it is seen that ‖HkVk‖
2 is maximized

when UVk ¼ UHk . Therefore, the optimization direction of
the precoding matrices is along with the corresponding
eigenvector of channel matrices. Next, the power alloca-
tion is considered in each direction.
Using the eigen-decompositions of Vk and Hk

HHk, ex-
pression (9a) can be formulated as

∥HkVk∥2 ¼ trðVkVH
k H

H
k HkÞ

¼ tr
�
UVkDVkU

H
Vk

�
UVkDVkU

H
Vk

	H
UHkDHkU

H
Hk

	

¼ tr
�
UHkD

2
Vk
DHkU

H
Hk

	
¼ tr

�
D2

Vk
DHk

	
ð10Þ

Therefore, the optimization problem (9) can be con-
verted to linear programming problem.

DVk;opt ¼ arg max tr D2
Vk
DHk

� 	
ð11aÞ

s:t: L � c � tr VH
k Vk

� � ¼ Pk k ¼ 1; 2 ð11bÞ
This linear programming problem can be solved by

some common software easily, such as Excel, Lindo, and
Matlab. The solution shows that the optimal power allo-
cation scheme is to load all the power on the direction
corresponding to the maximum eigenvalue of the
MIMO channel matrix, while the power in other direc-
tions is zero.

3.2 Precoding matrices with imperfect CSI
In this section, we want to find the precoding matrices
with the statistical CSI. Assuming a flat block-fading cor-
related Rayleigh fading channel model, the autocorrel-
ation coefficients of the channel with Kronecker product
is given by [21, 25] RHk ¼ RT

tk � Rrk k ¼ 1; 2 , where
Rt1 and Rr1 are the transmit and receive correlation
matrices for the source-to-relay link. Similarly, Rt2 and
Rr2 are the transmit and receive correlation matrices for
the relay-to-destination link.
Since both the channels H1, i and H2, i are unknown in

(4), the precoding matrices are designed with a different
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objective function. Considering the complexity of the
symbol error rate of the relay selection system with
precoding-plus-STBC, we design the matrices which
minimize the SER of the single-relay system. That is to
say, first, the precoding matrix of each relay is obtained
according to the objective function, and then, the relay
selection is carried out. The SER expression of the single
relay with precoding-plus-STBC is given by [23]

Ps rð Þ ≈ a
Z bπ

0


X2
k¼1

det−1 IN tkN rk þ Akg=σ
2
k sin2θ

� �

−
Y2
k¼1

det−1 IN tkN rk þ Akg=σ2
k sin2θ

� �
dθ

ð12Þ

where Nt1 and Nr1 denote the number of transmit and
receive antennas corresponding to the channel H1, i re-
spectively. While Nt2 and Nr2 denote the number of
transmit and receive antennas corresponding to the
channel H2, i respectively. The parameters a, b and g are
determined by the specific modulation scheme, such as
for MPSK, a = 1/π,b = (M − 1)/M, and g = sin2(π/M). And
Ai is defined as Ai ¼ R1=2

Hi
ðVi

�Vi
T � INriÞR1=2

Hi
. Then, this

optimization problem can be formulated as

min
V1;V2

PsðrÞ ð13aÞ

s:t: L � c � tr VH
k Vk

� � ¼ Pk k ¼ 1; 2 ð13bÞ

The definitions of L, c, and Pk are the same in (8b).
Inspired by [23], we get a solution to solve this prob-

lem: the first step is to determine the directions, and the
second step is to allocate the power in each direction.
When the optimal direction of precoding matrices is
along the eigenvectors of the transmit correlation matri-
ces, the minimum SER is achieved, i.e., the precoding
matrix can be decomposed as follows, Vk¼URtkWVk ,
where URtk is the orthogonal eigenvector matrix of Rtk

and WVk is a diagonal matrix which determines the
power allocation.
The transmit power allocation problem (13) can be di-

vided into the following two sub-problems

max
Vk

XN rk

n¼1

XN tk

m¼1

ln 1þ g=4σ2k
� � � λn Rrkð Þλm Rtkð Þλm PVkð Þ� �

ð14aÞ

s:t: L � c � tr VH
k Vk

� � ¼ Pk k ¼ 1; 2 ð14bÞ

where λ(M) is the generalized eigenvalue of the matrix
M and PVk ¼ VkVH

k . For problem (14a-b), it is similar in
[21, 26], so we can get the solution method easily.

4 Relay selection scheme and analysis of the SER
4.1 Relay selection scheme based on log-likelihood ratio
In this section, the relay selection scheme based on
log-likelihood ratio is proposed. First, we derive the
scheme in multiple-input single-output (MISO) chan-
nels. From that, we derive the scheme in relay networks.
It can be described as follows: the first step is to calcu-
late the magnitude of the LLR for each relay in the des-
tination, and the second step is to arrange the values of
the LLR in descending order and select the largest LLR
value to send the signal.
We define the symbol log-likelihood ratio LLR

j~k
ð ~mÞ

from the ~kth transmit antenna to receive antenna j as

LLR j~k ~mð Þ ¼ ln
Pr a ¼ â j~k y j~k ; hj~k

���� 	

Pr a ¼ s ~m yj~k ; hj~k

���� 	 ð15Þ

where â
j~k

is the MAP decision of transmitter signal

from the transmit antenna ~k to the jth receive antenna,
i.e.,

â j~k ¼ arg max
s ~m∈ s1;s2;⋯;sMf g

Pr a ¼ s ~m yj~k ; hj~k

���� 	
ð16Þ

where Prða ¼ s ~mjy
j~k
; h

j~k
Þ is the posteriori probability

for a ¼ s ~m with the receive signal y
j~k

and the channel

h
j~k
. {s1, s2,⋯sM} is the collection of modulated M-ary

signals. After some manipulations, the conditional prob-

ability of symbol error for selecting antenna ~k , given y
j~k

and h
j~k
, can be expressed as [27]

Pr a≠â j~k y j~k ; hj~k

���� 	
¼ 1−

1PM
~m¼1e

−LLR j~k ~mð Þ ð17Þ

Therefore, the LLR-based scheme that minimizes the
probability of symbol error is to select the transmit an-

tenna that minimizes
PM

~m ¼ 1 e
−LLR

j~k
ð ~mÞ

. According to
[17], formula (15) can be transformed to

LLR j~k ~mð Þ ¼
y j~k−hj~ks ~m

��� ���2− y j~k−hj~k â j~k

��� ���2
� �

N0
ð18Þ

Then, the expression can be written as

XM
~m¼1

e−LLR j~k ~mð Þ ¼ e y j~k−h j~k â j~kk k2
=N0 �

XM
~m¼1

e− y j~k−h j~k s ~mk k2
=N0

ð19Þ
where N0 is the variance of additive complex Gaussian
white noise on the receive antenna. When the signals
become BPSK signals, the LLR reduces to
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LLR j~k ~mð Þ ¼
4

ffiffiffiffiffi
Es

p
N0

y j~kh j~k

��� ��� s ~m≠â j~k

0 s ~m ¼ â j~k

8<
: ð20Þ

The selected transmit antenna is given as

iantenna ¼ arg max y j~kh j~k

��� ��� ð21Þ

For the relay system above, let y
j~k

¼ yD;il ; h
j~k

¼ kH1;iV1kkH2;iV2;ikffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kH1;iV1k2þσ21

p , and the relay selection criterion based

on LLR is achieved. For BPSK signals, the selected relay is
chosen according to

irelay ¼ arg max
H1;iV1

�� �� H2;iV2;i

�� ��ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H1;iV1

�� ��2 þ σ21

q � yD;il

�������

�������
ð22Þ

4.2 Average SER analysis of the relay selection system
Below, we give the analysis to the average SER of the
relay selection with LLR scheme and prove that the pro-
posed scheme can minimize the SER. Let s be the trans-
mitted symbol, and ŝ is the final decision signal. The
probability of symbol error rate is given by [17].

Perror ¼
Z
y;h

Pr s≠ŝjy;hð Þ f y;h y;hð Þdydh ð23Þ

where y ¼ ðyD;1l ; yD;2l ;…; yD;Il Þ; h ¼ ðh1; h2;…; hIÞ; hi
¼ kH1;iV1kkH2;iV2;ikffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kH1;iV1k2þσ21
p , and fy,h(y, h) is the joint pdf of (y, h).

Then, from (23), it can be shown that the probability of
symbol error Perror is minimized by minimizing Prðs≠ŝj
y;hÞ for all y and h.

Pr s≠ŝjy;hð Þ ¼
XI

i¼1

Pr s≠ŝij ith relay selected ; y;hð Þ
� Pr ith relay selected jy;hð Þ
¼ Pr s≠ŝ1jyD;1l ; h1

� � � Pr 1th relay selected jy;hð Þþ
… Pr s≠ŝI jyD;Il ; hI

� � � Pr Ith relay selected jy;hð Þ
≥ min Pr s≠ŝijyD;il ; hi

� � �XI

i¼1

Pr ith relay selected jy;hð Þ

ð24Þ

Notice
PI
i¼1

Prð ith relay selected jy;hÞ ¼ 1, and then,

the equality in (24) is achieved when the relay which can

minimize the Prðs≠ŝijyD;il ; hiÞ is selected. From (16) by

letting â
j~k

¼ ŝi; y
j~k

¼ yD;il ; h
j~k

¼ hi , the MAP decision

rule maximizing Prðs ¼ ŝijyD;il ; hiÞ, can be obtained in the
relay selection system. So the probability of symbol error

Perror is minimized by selecting the relay minimizing Prðs
≠ŝijyD;il ; hiÞ.

From the selection criteria, the best relay of the received
signal and channel coefficient will be selected, which dir-
ectly affects the SER of the system. Therefore, it can be
seen obviously that compared with SNR-based relay selec-
tion, LLR-based relay selection is superior in the SER per-
formance of the system. In addition, we will compare our
proposed criteria with only precoding system and only
STBC system. If only precoding is employed, the system
cannot obtain the gain of diversity from STBC, and if only
STBC is employed, the system cannot allocate the trans-
mit power optimally. Therefore, the optimal error per-
formance of relay system cannot be obtained, and then,
these will be proved in the following simulation.

5 Experimental
The simulation is carried out in MATLAB. We consider a
relay selection system with NS =NR, i =ND = 2. The simu-
lation parameters are as follows: the performance of the
proposed scheme is evaluated for the BPSK modulation,
the Alamouti coding is employed by the source and the
relay nodes, the correlation coefficient between the anten-
nas k and j can be expressed as ρkj, and the correlation

matrix be given by R ¼ ðρjk− jjkj Þ. We compare the proposed

method based on LLR with the conventional relay selec-
tion based on SNR with different correlation fading coeffi-
cient and the numbers of relays. Moreover, the
performance of the proposed scheme is compared with
the only precoding system and the only STBC system.

6 Results and discussion
We now examine two scenarios: perfect CSI and imper-
fect CSI.

6.1 Scenario 1
Next, the five figures show the SER versus SNR perform-
ance with perfect channels.
Figures 2 and 3 compare the proposed method based on

LLR with the conventional relay selection based on SNR
which is also used in [7]. But SNR scheme has not been
discussed in the precoding-plus-STBC system. Figure 2
shows the SER versus SNR for different numbers of relays
in correlated channels when ρkj = 0.8. Note that the
scheme LLR-based provides significant performance im-
provement compare to the scheme SNR-based. As the
number of relay nodes I increases, the performance of this
cooperative system also increases. Furthermore, when
ρkj = 0.8, the performance of the relay selection LLR-based
system with I = 3 is superior to that SNR-based with
I = 4. When the number of relays is 3, the performances of
the relay system with different correlation fading coeffi-
cient are compared in Fig. 3. The figure shows that the
performance improvement decreases while the correlation
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fading coefficient increases. And the gap is the biggest
when the channels are independent.
In Fig. 4, we respectively set ρkj = 0.3, 0.8, 0.95

and I = 2 then compare the SER performance of the
precoding-plus-STBC (PPS) system and only precoding
(OP) system. The combination of precoding design and
relay selection based on SNR has been used in [7], but the
combination with relay selection based on LLR has not
been discussed. For convenience of comparison, we select
the best relay with LLR criterion in the two systems men-
tioned above. And the direct link is not considered, which
is different from [7] because the direct link often does not
exist in actual communication environment. It is observed
from the results that as the correlation becomes stronger
the performance gain also increases. So the proposed

precoding-plus-STBC technology can improve the SER
performance effectively, especially in a highly correlated
environment.
Simulation results in Fig. 5 illustrate the SER perform-

ance of the precoding-plus-STBC system and only STBC
(OS) system when the number of relays I is 2. The only
STBC system is discussed in [28]. The difference is that
we extend the single relay in [28] to multiple relays and
adopt the relay selection based on LLR. We investigate
the case of ρkj = 0.95, 0.3 and independence. Simulation
results show that the performance of the
precoding-plus-STBC system is superior to that of the
only STBC system, especially at low correlation. There-
fore, we can employ the precoding technique in transmit
node to improve the performance of relay system.

Fig. 2 Comparison between the performance of LLR-based and
SNR-based relay selection in correlated channels with ρkj = 0.8

Fig. 3 SER performance of the relay selection system with different
correlation fading coefficient

Fig. 4 Comparison between the performance of the precoding-plus-
STBC and only precoding relay system with perfect CSI

Fig. 5 Comparison between the performance of the precoding-plus-
STBC and only STBC relay system based on LLR
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6.2 Scenario 2
The following four figures depict the SER performance
of relay system with imperfect channels.
Figure 6 illustrates the SER comparisons of various

schemes and spatial correlation coefficients between an-
tennas for different number of relays (I = 2,3) and correl-
ation fading (ρkj = 0.3, 0.95). It is evident that a better
SER performance is provided by the scheme LLR-based.
Moreover, when the correlation is fixed, the performance
gap between the schemes based on LLR and SNR in-
creases as the number of relays increases. And when the
number of relays is fixed, the gap increases as the correl-
ation becomes weak. This is consistent with the per-
formance under perfect CSI.
Results of Fig. 7 provide the comparisons of

precoding-plus-STBC system and only precoding system
adopt LLR criterion when ρkj = 0.3, 0.8, 0.95, and I = 2. It
is observed from Fig. 7 that the precoding-plus-STBC
method provides much better SER performance than only
precoding methods. This is because the STBC technology
provides considerable performance gain. For example, at a
SER of 10−3, the precoding-plus-STBC obtain a gain of
approx. 1.5 dB, 2.5 dB, and 4 dB when ρkj = 0.3, 0.8 and
0.95 respectively. We can see that the performance gain
increases with the increase of correlation, which agrees
also with the results in perfect channel.
Finally, we investigate the SER of the proposed scheme

based on LLR versus the transmit and receive correla-
tions in two kinds of system, precoding-plus-STBC sys-
tem and only STBC system. Figure 8 demonstrates that
the SER versus correlation coefficient at the transmitter
when correlations at the receiver is fixed ρkj = 0.9 and
SNR = 10 dB. On the one hand, the performance gap be-
tween the precoding-plus-STBC system and only STBC
system increases as the transmit correlation increases

and disappears when the correlation is low. On the other
hand, with the increase of the number of relays, the im-
provement is also increasing. Figure 9 displays the SER
versus correlation coefficient at the receiver when
correlation at the transmitter is fixed ρkj=0.3, 0.9 and
SNR = 10 dB. If the transmit correlation is small (ρkj = 0.3),
both precoding-plus-STBC system and only STBC system
show similar performance for all values of the receive
correlation. Only when the transmit correlation is large
(ρkj = 0.9), the superiority of the proposed method is
obvious. Moreover, the improvement decreases with
the enhancement of correlation. This observation
agrees with a well-known result that the power alloca-
tion of the precoding converts into the classical equal
power allocation in the case of receive correlation
only.

Fig. 6 The performance comparison with different number of relays
and correlation fading

Fig. 7 Comparison between the performance of the precoding-plus-
STBC and only precoding relay system with imperfect CSI

Fig. 8 SER performance versus the transmit correlation with
constant receive correlation
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7 Conclusions
In this paper, we investigate the SER performance of a
relay selection LLR-based system with precoding-plus-
STBC employed in the source and relay nodes. Com-
pared with the traditional relay selection SNR-based, the
relay selection scheme chooses the best relay based on
LLR and obtains better performance with prefect CSI
and imperfect CSI. Moreover, the average SER perform-
ance of proposed scheme is analyzed. Simulation results
show that a better performance can be obtained with the
higher number of relay nodes and the smaller correl-
ation fading coefficient. Moreover, the performance of
precoding combined with STBC system is superior to
that of the only precoding system and the degree of
improvement increases with the enhancement of the
correlation. Meanwhile, the performance of the precoding-
plus-STBC system is also better than that of the only STBC
system, but the gap decreases with the enhancement of the
correlation.
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