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Abstract—This paper investigates the cancellation of the 

interferences among Destination Users (DU’s) and the 
improvement of system rate in the non-regenerative Multiuser 
Multiple-Input Multiple-Output (MU-MIMO) relay downlink 
system. A novel design method of transmit weights is proposed to 
successively eliminate the interference among DU’s, each of 
which is equipped with multiple receive antennas. We firstly 
study the transmit weights design for the conventional Amplify-
and-Forward (AF) relay system where the Relay Station (RS) 
just retransmits the received signals, then we extend it to the 
joint design of transmit weights both at the Base Station (BS) and 
the RS. In the joint design, Singular Value Decomposition (SVD) 
is used for the first channel link (link between BS and RS), then a 
user selection algorithm is adopted at the RS to generate the 
transmit weight of each DU. The channel matrix of system is 
transformed into a triangular matrix, where the Dirty Paper 
Coding (DPC) technique is employed to remove the interference 
among DU’s and maintain the achievable rate of system. 
Simulation results verify the effectiveness of the proposed scheme. 

I. INTRODUCTION 
Wireless relay communication has attracted considerable 
interests due to its improvement of the coverage and 
enhancement of the spectral efficiency of wireless 
communications [1]-[3]. As a simple and practical technique, 
the non-regenerative relay scheme just performs as the linear 
processing for the received signals and then transmits the 
received signal to the DU’s, i.e., AF relay scheme, which does 
not need any digital signal processing at the RS, but retransmit 
the received signal to DU’s. In the multiuser MIMO relay 
system, multiple DU’s simultaneously communicate with BS 
through the RS at the same frequency, therefore the multiuser 
MIMO relay has the advantages to provide higher data rate, 
system coverage, and to support multiple DU’s simultaneously 
[4]-[8]. Unlike the single user MIMO relay case, the MU-
MIMO relay system has not only to consider the cancellation 
of the interference among DU’s but also maintains the high 
capacity links between the BS and RS. On the other hand, 
preventing the loss of capacity rate between the RS and DU’s 
caused by user signal separation is also crucial [4],[5],[6],[8]. 
Two linear processing schemes are proposed to decompose the 
relay system into the SISO sub-channels [4], where the DPC 
technique is employed to remove the IUI and at each sub-
channel Water Filling (WF) scheme is used to equitably 
distribute transmit power at the effective channels. However, 
these schemes are limited in the case of DU’s with single 
receive antennal. A Generalized Water Filling (GWF) theorem 
is used to optimize the system performance by the theory of 
convex optimization problems in [6]. Although the authors 
studied the case in which each DU is equipped with multiple 

receive antennas, each receive antenna at DU’s still 
independently detects the received signals, since the DPC 
technique is employed strictly over the lower triangular matrix. 
In [6], the transmit user diversity is not considered for the 
cellular system, where the effective DU’s are selected and 
allocated over communication resource such as time, 
frequency, etc. However, when user selection is involved, the 
schemes in [4] and [6] consume the large computational load. 
Our proposal in this paper not only greatly reduces the 
calculation load but also uses the user selection algorithm at 
the RS to ensure the achievable rate of system. 
In this paper, we focus on the transmit weight designs for the 

downlink of multiuser MIMO relay system, where each DU is 
equipped with multiple antennas. We exploit the DPC 
technique at the BS and the low complexity user selective 
scheduling at the RS to ensure the achievable rate of system 
by optimizing the transmit weight design. The remainder of 
this paper is organized as follows. Section 2 presents the 
system model in this paper. In Section 3, we firstly propose 
the transmit weights design in the conventional AF relay 
system, and then extend it to the case where some additional 
intelligence, such as linear signal processing, is needed at the 
RS. We show the simulation results in Section 4 and the 
conclusions are given in section 5. We illustrate some of the 
notations as follows: vectors and matrixes are expressed by 
bold letters, we use [ ]tr i , [ ]Ti  and [ ]Hi  as the trace, transpose 
and conjugate transpose of matrix, respectively. 

II. SYSTEM MODEL 
Fig.1 illustrates the downlink of multiuser MIMO relay 

scenario, where the BS is displayed with sN  transmit antennas 
and communicates with the RS equipped with rN  antennas. A 
MIMO channel denoted as 1

r sN N×∈H ^  is thus indicated 
between the BS and RS. The BS transmits the signals 
processed by the transmit weight s sN N×∈M ^  to the RS. The 
RS reprocess the received signals with a filter matrix 

r rN N×∈F ^  and then broadcasts to multiple DU’s, where the k-
th DU is equipped with ( ) ( 1,2, )k

d dn k N= "  receive antennas.  
The channels between the RS and DU’s are denoted as 

2 2,1 2, 2,[ ] rd

d

N NT T T T
k N

Σ ×=   ∈H H H H" " ^                (1) 
where ( )

1

N
k

d dk

d n
=

∑Σ =  and 2,
T

kH is corresponding to the channel of 
the k-th DU. In this paper, we assume the Channel State 
Information (CSI) of 2H , is available at RS, and the BS 
generates the transmit signals by using the feedback of 1H  
and 2H  from RS. In addition, we adopt only two-hop 
protocol at the RS, and a half-duplex scheme is utilized. The 
direct links between BS and DU’s are neglected due to large 
loss and severe shadowing effects. 



 

 
 

Fig. 1. Multiuser MIMO relay downlink. 
 

In the first time slot, the transmit signal vector for DU’s is 
processed by using the transmit weight M  at BS. 

1 2[ ]
sN=M M M M"                             (2) 

The 1rN ×  received signal vector at RS can be expressed as 

1 1 1 1
1

sN

R j j
j=

= + = +∑Y H MX W H M x W                  (3) 

where 1
1[ ] s

r

NT T T
j N

×= ∈X x x x" " ^  is the transmit signal vector 
and 1W  is Additive White Gaussian Noise (AWGN) with zero 
mean and 2

1σ I  variance. The transmit power constraint at BS 
can be denoted as 

1( )Htr P=MM                                     (4) 
In the second time slot, the RS reprocesses the received 

signal vector RY  with the transmit wight F  and then forwards 
the data streams to DU’s through the MIMO broadcast 
channels. Thus the ( ) 1k

dn ×  received signal at the k-th DU can 
be written as 

2, 1 2, 1 2,
1

sN

k k j j k k
j=

= + +∑y H FH M x H FW w                 (5) 

here, the noise term 2,kw  also follows Gaussian distribution, 
and the transmit power at RS is constrained by 

2
1 1 1 2( ) ( )H H H Htr tr Pσ+ =FH MM H F FF                   (6) 

III. TRANSMIT WEIGHT DESIGN FOR MULTIUSER MIMO RELAY 
SYSTEM 

1. Transmit weight design for AF relay system 
We define the whole channel matrix d rN

W
∑ ×∈H ^  of relay 

system in Fig. 1. as follow 
l

2 1W = =H H FH M HM                                 (7) 

where l sdN NΣ ×∈H ^  can be further denoted as 
l l l l1[ ]d

T T T T
k N=   H H H H" "                            (8) 

here, l
T
kH  corresponds to the k-th DU. Firstly, we consider the 

case of conventional AF relay system, that is, the received 
signals at RS is simply amplified and retransmitted to the 
DU’s. To remove the interference among DU’s, we skillfully 
design the transmit weight M  at the BS and F  at the RS as 
follows 

m 1/2
1=M MΓ , 1/2

2r rN N×=F I Γ                            (9) 
where 1

1 1 1 1( , , , )dNkdiag=Γ p p p" " and 1
2 2 2( , , ,kdiag=Γ p p" "

2 )dNp are the power allocation matrix at BS and RS, 
respectively. The matrix m m m m1[ , , , , ]dk N=M M M M" "  ensures 

WH  can be transformed into parallel single user MIMO relay 

channels. For the k-th DU, let define the previous k-1 DUs’ 
combined channel matrix j kH  and its corresponding singular 
value decomposition (SVD) as 

j
l

l

1

1 0

1

[ ]H
k k k k k

k −

⎡ ⎤
⎢ ⎥
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where 0
kV  holds the 1 ( )

1

k j

s dj
N n

−

=
∑−  right singular vectors and forms 

an orthogonal basis for the null space of j kH , so its columns 
are, thus, candidate the transmit weights of m ( 2, , )k dk N=M "  
of the k-th MD. For the first DU, m1M  is achieved from the 
eigenvectors which ensure the maximum transmit gain. In 
addition, in equation (10), we can also use the QR decompose-
tion of j jH

k k−I H H  to obtain the null space of matrix j kH  to 
reduce the computational complexity [9]. Thus, the whole 
channel matrix of system in (7) is expressed as 

l l l

l l

l
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                 (11) 

Since the DPC technique can not be employed on the block 
triangular matrices directly, we carefully design the decoder 
matrix D  at DU’s side as 

1 11( , , , , )
d d d

H H H
k kk N N Ndiag ′ ′ ′=D G h G h G h" "        (12) 

where l ( , 1,2 )ppq q dp q N′ =  =h H M "  and 1( )k kdiag−=G R , and 
the triangular matrix kR  is obtained by the Cholesky decom-
position of ( )H H

k k kk kkchol ′ ′=R R h h . 
Therefore, the effective channel matrix EH  of system can be 

expressed as follows 
2 1

H H H
1[ ]

d d

E W

k k N Ndiag

′ ′= = =

′  =

H DH FH M DH D R

D G R G R G R" "１

               (13) 

From the triangular matrix ′R  in (13), the transmit signal 
vector is generated to remove the interference among DU’s by 
employing the DPC at BS. 
Consequently, The effective SINR for the i -th data stream at 

the k -th DU is 
( ) 2

1, 2, ,

2 2 2
2, 1 2/

kk k
i i i i

AF k
k d

p p r
SINR

nσ σ
=

+H F
                               (14) 

The achievable rate of relay system can be expressed as 
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2
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1, 1 1, 1, 1
1
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, 0,
s

H H H H

N

i i i
i

tr tr P

p P p p

σ

=

+ ≤

≤ ≥ ∈∑

FH MM H F FF

p
         (15) 

where ( )
,
k

i ir  is the diagonal element of ′R . 
2. Joint weight (JD) design at both BS and RS 
To obtain the transmit user diversity but not lead to great 

computation load, we carefully design the transmit weight at 
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the RS. 
 

A) Cancellation of interference 
Firstly, we apply SVD to the matrix the first link 1H . 

1 1 1 1
H=H U ΛV                                   (16) 

where 1
r rN N×∈U ^ and 1

s sN N×∈V ^  are unitary matrix, and 1 =Λ
1
1 1 1 1, 1( , , , , ) ;dNk k k

idiag λ    ∈λ λ λ λ" "  is the diagonal matrix 
composed of the singular value of 1H . We design the transmit 
weight M  at the BS and F  at the RS as follows 

1/2
1 1=M V Γ ， 2 1=F F F                       (17) 

Here, 1/2
1 1 2

H=F U Γ  is set for the first link and 2F is for the 
second link to cancel the interference among DU’s. Similarly, 
we construct the previous k-1 DUs’ related matrix as 

j
2,1

1 0
2, 2, 2, 2, 2,

2, 1

[ ]H
k k k k k

k −

⎡ ⎤
⎢ ⎥= =   ⎢ ⎥
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H
H U Λ V V

H
#       (18) 

The columns of 0
2,k V  constitute the transmit weight 2,kF  of the 

user k ( 2, , )dk N= "  and 2,1F  is composed of the eigenvectors 
of 2,1H . Thus, the whole channel matrix of system is 
expressed as 

2,1 2,1 2,1 2,2 2,1 2,

2,2 2,2 2,2 2, 1/2 1/2
2 1 1
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0
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To transform the above WH into a triangular matrix, the 
decoder matrix D  at the DU’s side is designed as 

1 11[ ]
d d d

H H H
k kk N N Ndiag ′ ′ ′=D G h G h G h" "             (20) 

Here, 2, 2,pq p q′ =h H F , and 11( ) H
k k kdiag

−−=G R R , kR  is achieved 
by the Cholesky decomposition of H

k k chol=R R ( )H
kk kk′ ′h h . 

Consequently, the effective channel matrix EH  of system is 
denoted as follows 

( )

2 1
H H H

1

11/2 1/2
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−
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１            (21) 

From the generated triangular matrix ′R  in (21), the BS 
generates transmit signal, where DPC technique is used to pre-
subtract the interference among DU’s. 
 

B) User selection algorithm at RS 
It is noticed that the successive interference cancellation 

strategy can achieve optimal user order which ensures the 
achievable rate of system. However, the cellular network 
communication is usually concerned with the effective user 
selection, in which case the design method in the conventional 
AF relay system has no transmit user diversity and consumes 
a great deal of calculation load. In this section, we propose a 
low complexity of user selection at the RS. We consider that 
the uniform transmit power is allocated to each sub channels 
at the first links 1H . For the second links, we introduce the 
greedy algorithm to select DU’s and the Water Filling (WF) 
method is employed to allocate transmit power at the RS. Let 

{ }1, , , ,U k K=  denotes the congregation of all DU’s. dN  is 

the number of effective users, with whom the BS communi-
cates at some time slot. 
At high SINR, the following relationship of achievable rate 

for the k-th DU is valid and detailed in Appendix 1. 
2, , 2, 2,, ,k k k k k k

JD i i i JD i iC p r C p λ≈                (22) 
where 2, ( 1, )k k

i di nλ   =  is the eigenvalue of H
kk kk′ ′h h . 

For two vectors , ∈m n  with order of components 1 2m m≥  
0Lm≥ ≥  and 1 2 0Ln n n≥ ≥ ≥ , we say that >m n  and 

express 
>m n  if L Lm n≥ , 1,2, ,l L∀ =                 (23) 

Therefore, the vector composed of diagonal entries of the 
Hermite matrix H

kk kk′ ′h h  corresponding to the k-th DU is 
majorized by the vector of the eigenvalues of it [10]. 

1( ) ( ) ]
k
dnH H

kk kk kk kk ii i=′ ′ ′ ′         [λ h h h h                 (24) 
In addition, under the same constraint of transmit power, the 
achievable rate of the k-th DU is increasing function of the 
effective channel gain. From (22), (23) and (24), we obtain the 
following relational expression 

2, , 2, 2, 2,, , ,( )k k k k k k k j H
JD i i i JD i i JD i kk kk iiC p r C p C pλ ′ ′≈ ≥ h h      (25) 

which presents the lower bound of rate of system, thus, we 
search for the upper bound value of 1( ) ]

k
dnH

kk kk ii i=′ ′ [ h h to ensure the 
achievable rate of system. The proposed user selection 
algorithm is shown in Table 1. 
 

Table 1. User Selection algorithms at RS. 
 

Step 1: Initialization 
Let { }1,2, ,U K= " , Θ = ∅ ; 
Define 2, 1 2[ , ]T T T T

U K=       H H H H" ; 
Step 2: User 1 
For 1:i K=  

2, 2,( )H
i i idiag=Δ H H ; 

End 
max( )kk = Δ , max( )kk = Δ , k U∈ ; 

1 0
2, 2, 2, 2, 2,[ ]H

k k k k k=   H U Λ V V , 1
2, 2,k k∈F V ; 

kΘ = Θ∪ ; 
\U U k= ; 

Step 3: User i 
For 2 : di N=  
l 2, 2,i Θ=H H , where

12, 2, 2,[ , , , ] ,
k

T T T
kθ θ θΘ = ∈ΘH H H" " ; 

l 1 0
2, 2, 2, 2, 2,[ ]H

i i i i i=   H U Λ V V , 0
2,i i∈F V ; 

2, 2,( ),H H
k i k k idiag k U= ∈Δ F H H F ; max( )kk = Δ , k U∈ ; 

kΘ = Θ∪ ; 
\U U k= ; 

End 
2 2,Θ=H H  

 
 

In the process of user selection, we obtain the optimal user 
order by comparing the vector composed of the diagonal 
entries of 1( ) ]

k
dnH

kk kk ii i=′ ′ [ h h , thus, the great computational load 
caused by SVD can be avoided. 
Consequently, we give the effective SINR for the i -th data 

stream at the k -th DU as 
2 2

1, 2, 1, ,
22 2

2, 1 , 2

k k k k
i i i i i

JD k k
i i i

p p r
SINR

p r

λ

σ σ
=

+
                           (26) 

The achievable rate of relay system can be expressed as 
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subject to 
2

1 1 1 2

1, 1 1, 1, 1 1, 1
1 1 1

( ) ( )

, 0, ,
k k

d d d

H H H

N n n
k k k k k k

i i i i
k i i

tr tr P

p P p p p p

σ

= = =

+ ≤

≤ ≥ = ∈∑∑ ∑

FH H F FF

p
              (27) 

The optimization in (15) and (27) can be transformed into a 
conventional geometric program [11], but the iterative algori-
thm leads to large computation. 

IV. SIMULATION RESULTS  
In this section, computer simulation results are presented to 

evaluate the performance of proposed transmit scheme. 
Without loss of the generality, we assume RS is located in 
middle of BS and DU’s and the channel model is flat Rayleigh 
(i.i.d.) fading. 
We consider the case of 4 × 4× [2,2] ( 4; 4;s rN N=   =  
( ) 2, 1,2k
dn k=   = ) contributing channels in MU-MIMO relay 

system, where the average achievable rate of system is deter-
mined for 1000 realizations of 1H and 2H . Fig. 2 Shows that 
the joint weight design method obtains the better rate 
performance compared with that in the AF relay case. This is 
because joint weight design method get the transmit user 
diversity at the RS. In addition, to evaluate the performance of 
the proposal, we give the theoretical rate upper bound 

1( ) / 2C H  of system, it is derived in Appendix 2. 
 
 

 
Fig. 2. Achievable rate performance of system with the proposed transmit 

weight design ( 2, 2)dK N= = . 

 

Next we consider the case of antenna correlation, where rρ  
and dρ  denote the correlation coefficient between antennas at 
RS and DU’s, respectively. 
 

 
Fig. 3. System rate performance with antenna correlation at RS and DU’s 

( 2, 2)dK N= = . 

Simulation results in Fig. 3. show that the correlation at RS 
or DU’s deteriorates the rate performance. On the same 
condition of correlation coefficient, performance with joint 
weight design, having the diversity at RS, gets the advantage 
over that in the AF relay case. It is also noticed that the 
correlation at RS more easily affect the performance of system, 
i.e., at the rate of 8bits/s/Hz, and 0.6dρ = , thus, deteriorates 
by about 2 dB compared with the case of absence of 
correlation, while the case of correlation at DU only 
deteriorates by about 1 dB. 
 
 
 

 
Fig. 4. System rate performance with transmit user diversity ( 2, 4;K =  

2dN = ). 
 

For the cellar communication, to ensure the system rate, we 
often select the effective user at some time slot. As shown in 
Fig. 4, we can obtain the better rate performance when the 
effective user selection scheme is employed, i.e., 2dN =  is 
selected from the users of 4K = . 

 
 

 
Fig. 5. Achievable rate performance with different locations for free-space 

propagation. 
 
 

Next we study the effect of location of RS on the whole 
system rate performance. Let coefficient γ  be the ratio of the 
distance 1d (between the BS and RS) and the distance 2d  
(between the RS and the DU’s). We assume the flat Rayleigh 
fading 1H and 2H are compatible with the free space, that is, 
the gain the channel is inversely proportion to the square of 
distance between the transmitter and receiver. Fig. 5. shows 
the rate performance at different values of γ . It is noticed that 
the rate of system reaches the maximum at some γ  in the 
interval of (0.25,0.5] . Since the maximum value is up to many 
factor, such as, power allocation, etc. and beyond the range of 
this paper, we will not study in detail. In addition, as the RS 
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moves toward to the DU’s (such as, from 1γ =  to 10γ = ) the 
rate rate performance of the whole system gradually degrades 
because of the amplification of the noise from fist link. 

V. CONCLUSIONS  
In this paper, we studied the transmit weight design for the 

downlink of multiuser MIMO relay system, where each DU is 
equipped with multiple receive antennas. A novel transmit 
weight design is implemented for the cancellation of 
interferences among DU’s. Firstly, we focus on the weight 
design for the conventional AF relay case, but despite of its 
low computational load, it cannot obtain the transmit user 
diversity at RS. Therefore we next proposed the joint weight 
design method, where the user selection algorithm is 
employed at the RS to obtain the transmit user diversity. From 
computer simulation results we have verified that the joint 
weight design method obtains the better rate performance 
compared with the design in the AF relay case. The DPC 
transmit technique is used to ensure the achievable rate of the 
whole system. 

VI. APPENDIX 
1. Derivation of achievable rate of the proposed scheme 
For the user k , we define the relationship as follows 
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The achievable rate of user k  with water filling can be denoted as 
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here, 
22 2 2
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i i ip rσ σ σ= + . Then we find μ  to satisfy (32) with
2
kp′ < ∞ . In (32) we assume 
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let 0 2 /k k
d ap nμ ′= + Δ , we obtain 
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Formula (34) proves the existence of 0μ . So for all 2 2
k kp p′ < , (31) can 

be expressed as 
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In the high SINR, we have 
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It is noticed that k
JDC  does not depend on the terms aΔ  and a′Δ . 

Therefore, from the (a) and (b) of (36), the relationship in (22) can be 
derived. 
 

2. Derivation of upper bound of rate for the whole system 
It is known that dY  depends on rY but conditional independents on 
X , we have  

r d→ →X Y Y                                                        (37) 
From the above Markov chain, we obtain the following relationship 
[4] 

( ; ) ( ; )d rI I≤X Y X Y                                                  (38) 
So the upper bound of rate of the system in this paper can be 
expressed as 

[ ] [ ] 1
1 1 1max ( ; ) max ( ; ) ( )
2 2 2upper bound d rR I I C− = ≤  =X Y X Y H             (39) 

where 1/2 means two time slots are implemented. 
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