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Abstract 
 

In this paper, we investigate the degrees of freedom (DoF) of a two-cluster multiple-input 
multiple-output (MIMO) multiway relay interference channel (mRIC), where there are two 
relays and two users per cluster. In this channel, users within the same cluster exchange 
messages among themselves with the help of two relays. We first obtain the DoF upper bound 
of the considered MIMO mRIC based on cut-set bound. Then, we propose a novel 
transmission strategy, blind interference neutralization (BIN), to approach the DoF upper 
bound. This new method utilizes the overheard information at two relays and focuses on the 
beamforming matrix designs at two relays so that the channel state information (CSI) at users 
is not required. Through theoretical analysis and numerical simulations, we show that the DoF 
upper bound can be obtained by using the BIN scheme. From simulation results, we show that 
the proposed BIN scheme can provide significant performance gain over the conventional 
time division multiple access (TDMA) scheme in terms of DoF. In addition, we show that the 
BIN scheme is a superior approach to the existing signal space alignment (SSA) schemes for 
the considered mRIC. 
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1. Introduction 

Recently, wireless relay channels have been studied intensively because relay technique can 
be served as a powerful approach to improve the throughput and system capacity of wireless 
networks. The classic one-way relay systems require four time slots to accomplish 
bidirectional communication, whereas two-way relay systems only need two time slots. 
Compared to one-way relay system, several studies [1-3] have shown that the sum rate 
performance of the two-way relay system increases significantly. In two-way relay channels, 
concurrent transmission gives rise to sum rate gain due to the knowledge of side information. 
Roughly speaking, when two users simultaneously transmit signals to the intermediate relay at 
the multiple access (MAC) phase, the relay node can utilize the physical-layer network coding 
[4-6] to decode a combination of the signals transmitted from the two users. Then, the relay 
broadcasts a network-coded message at the broadcast (BC) phase. By exploiting the 
knowledge of side information, each user can eliminate the self-interference and decode the 
desired message. 

The two-way relay channel can naturally be generalized to the multiway relay channel 
(mRC), where multiple users want to exchange information with the help of an intermediate 
relay node. Recently, the general mRC model has been proposed in [7], where there is one 
relay node, arbitrary number of clusters and arbitrary number of users per cluster. 
Nevertheless, the exact capacity is difficult to be determined for the general mRC because the 
channel model is very complex. The degrees of freedom (DoF) known as the capacity pre-log 
or the multiplexing gain can characterize the approximate capacity of wireless networks in 
high signal-to-noise ratio (SNR) regime. Therefore, DoF is an important metric to measure the 
performance of wireless networks. In order to obtain the optimal DoF of the general mRC, we 
need to determine the maximum number of interference-free signals. Due to the superposition 
nature of the wireless medium, the relay node in the mRC needs to retain the signals 
transmitted from all users. The main reason is that the interfering signal for one user is 
probably the desired signal for the other users. Therefore, the sophisticated strategies for the 
general mRC should be designed to deal with multiple signals at the relay so that the desired 
signal can be extracted from the network-coded message at each user. 

1.1 Related Work 
Based on the idea of interference alignment (IA) [8-10], a similar concept, signal space 

alignment (SSA) was first proposed in [11] to investigate the maximum achievable DoF for 
the multiple-input multiple-output (MIMO) Y channel (a specific case of the mRC with three 
users in one cluster), where three users want to communicate with each other via a relay. The 
essence of SSA lies in aligning the useful signals to maximize the available spatial dimension 
at the relay and utilizing network coding to achieve the optimal DoF. The idea of SSA was 
extended to the K-user Y channel in [12]. By exploiting the SSA method, the authors in [13, 14] 
studied the achievable DoF of the asymmetric (arbitrary number of antennas at users) and 
symmetric (equal number of antennas at users) mRCs, respectively. In [15], Wang et al. 
proposed a systematic SSA scheme to analyze the DoF of the symmetric MIMO mRC and 
showed that the DoF upper bound can be achieved in a wider range than the conventional SSA. 

Interference neutralization (IN), which is also known as distributed interference cancelling 
or distributed zero forcing, has been applied in interference networks and wireless relay 
networks [16-23]. Aligned interference neutralization (AIN) was first introduced by Tian et al. 
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[16] to investigate the DoF of the two-hop interference network. By using IA and interference 
cancellation, the authors in [17] achieved a same DoF and a higher diversity gain compared to 
the scheme in [8]. The authors in [18] studied the DoF of the three-user MIMO interference 
channel with a cognitive relay by using AIN and showed that a higher DoF than the scheme in 
[10] can be obtained. By using the AIN scheme, the authors in [19] studied the DoF of 
two-user wireless networks with an instantaneous relay and showed that the instantaneous 
relay can increase the DoF in wireless networks. Subsequently, the idea of AIN was extended 
to the three-user MIMO interference channel with an instantaneous relay in [20]. By utilizing 
interference shaping and neutralization (ISN), the authors in [21] obtained the same result with 
the scheme in [16] without any cooperation at users. The ISN scheme is more practicable than 
the AIN scheme, because it does not require channel state information (CSI) at users. The 
problem of CSI accuracy was investigated in the multi-cell network [22]. In [23], the 
feasibility of IN was analyzed for the multi-cell MIMO interference broadcast channel with 
multiple relays and users. Based on the feasibility analysis of IN in [23], the authors in [24] 
studied the feasibility of IN in the two-user MIMO interference channel with an instantaneous 
relay. However, the DoF achievability in [23] and [24] is still an open problem. 

1.2 Motivation  
The mRC model with a single relay can be used to model a variety of communication 

scenarios. For example: ad hoc networks with one central controller and cellular networks 
with one base station (BS) where the BS serves as a relay to enable communication between 
users. However, the data transmission via a single relay is not suitable when multiple relays 
can be utilized to obtain a higher DoF. For example, there are two relays and each relay serves 
users of one cluster. If all users simultaneously transmit signals to two relays in the same 
frequency band, each relay receives the inter-cluster interference (ICI). Therefore, the 
conventional mRC model is inappropriate for this scenario. To address this problem, we 
propose a new network information flow model called MIMO multiway relay interference 
channels (mRIC), where multiple mRCs are simultaneously operating in the same frequency 
band. It is significant to investigate the achievable DoF of the mRIC because the mRIC can be 
considered as the combination of multiple mRCs and the DoF achievability of the mRIC 
remains an open problem. As a first step, we consider a two-cluster mRIC, where there are two 
relays, two users per cluster. Studying the DoF of the considered mRIC can provide valuable 
insights about the optimal transmission design for the general mRIC. 

1.3 Main Contributions 
In this paper, we aim to study the achievable DoF of the two-cluster MIMO mRIC with 

two relay nodes and two users per cluster, where each relay node serves users of one cluster. If 
all users simultaneously transmit their own signals in the same frequency band in the mRIC, 
two relays can overhear the information transmitted from the interfering users. The key is how 
to effectively exploit the overheard information to achieve a higher DoF. To this end, we 
propose a blind interference neutralization (BIN) scheme to investigate the achievable DoF of 
the considered mRIC. The BIN scheme can utilize the overheard information at two relays to 
eliminate ICI. The main contributions and results of this work are summarized as follows: 

1. To investigate the DoF of the addressed scenario, the DoF upper bound is first obtained 
based on cut-set bound. Subsequently, based on the proposed BIN scheme, we confirm the 
achievability of the DoF upper bound. The DoF analysis also reveals that asymmetry in the 
number of antennas at users can be utilized to facilitate the BIN scheme. In addition, we show 
that the BIN scheme can relieve the pressure on each user, because it does not require 
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cooperation at users. 
2. From the simulation results, we verify that the BIN scheme can provide significant DoF 

gain over the conventional time division multiple access with network-coding (TDMA-NC) in 
[14]. For the asymmetric two-cluster MIMO mRIC, we show that the BIN scheme can obtain a 
higher DoF than the SSA scheme in [13] when the SSA cannot obtain the optimal achievable 
DoF. For the symmetric two-cluster MIMO mRIC, we show that the BIN scheme can obtain 
the DoF upper bound in a wider range than the SSA schemes in [14] and [15].  

The rest of this paper is organized as follows. In Section 2, we introduce the system model. 
In Section 3, a DoF upper bound is described as the benchmark of the transmission design. In 
Section 4, the achievable DoF of the considered MIMO mRIC is investigated and the 
achievability of the DoF upper bound is proved. The numerical simulations are given in 
Section 5. Finally, this paper is concluded in Section 6. 

Notation: Scalars are denoted by lowercase regular letters, vectors by lowercase bold letters, 
and matrices by uppercase bold letters. The major matrix symbols to be used in this paper are 
listed in Table 1. 
 

Table 1. Major matrix symbols 
 

( )TA  Transpose matrix of A tr( )A  Trace of A 

( )HA  Hermitian transpose matrix of A null ( )A  The right-hand nullspace of A 

1( )−A  Inverse matrix of A 
 

1 2diag( , , )nA A A

 

A block-diagonal matrix with 
the i-th diagonal block specified 
by iA  where n is an integer 
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(a) MAC phase                               (b) BC phase 
 

Fig. 1. The two-cluster MIMO mRIC with two users per cluster. 

2. System model 
We describe a system model for the two-cluster MIMO mRIC with two relay nodes and two 

users per cluster as shown in Fig. 1, where relay 1R  serves users in cluster 1 and relay 2R  
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serves users in cluster 2. In this channel, all nodes exchange messages in the same frequency 
band and the users within the same cluster exchange messages among themselves with the 
help of two relays. At the multiple access (MAC) phase, all users simultaneously transmit 
signals to two relays. Each relay receives the desired signals transmitted from the serving users 
and the ICI transmitted from the interfering users. At the broadcast (BC) phase, two relays 
broadcast the proceed signals to all users. For notation convenience, we refer to the k-th user in 
the l-th cluster as user [l, k]. User [l, k] ( , {1,2}l k ∈ ) is assumed to have k

lM  antennas and relay 
iR  ( {1,2})i∈  is assumed to have N  antennas. Without loss of generality, we assume that, 

1 2
l lM M≥  and 2 2

1 2M M≥ . User [l, k] sends a message 'k k
lW  '( )∀ ≠k k  to the other users in the 

l-th cluster, i.e., user [1,1] and user [1,2] exchange information 21
1W  and 12

1W  with each other, 
while user [2,1] and user [2,2] exchange information 21

2W  and 12
2W  with each other.  

It is assumed that the direct paths between users are ignored and users can only 
communicate via the relay. All nodes in this network are assumed to be full-duplex1, which 
implies that all nodes can transmit and receive simultaneously. All the DoF results obtained in 
this paper directly hold for the half-duplex communication by including a multiplicative factor 

of 1
2

. The data transmission contains two phases, i.e., the MAC phase and BC phase. Note that 

the two phases can simultaneously proceed in full-duplex communication. 
At the MAC phase, all users simultaneously transmit signals to two relays without 

precoding. The received signal vector at relay iR  is given by 
 

2 2
,

1 1
+i i iR R k Rk

l l
l k= =

= ∑∑Y H X Z , {1,2}i∈                                                  (1) 

 
where iRZ  denotes the 1N ×  additive white Gaussian noise (AWGN) vector with zero mean 
and unit variance at relay iR , k

lX  denotes the 1k
lM ×  transmit signal vector at user [l, k]. ,iR k

lH
denotes the k

lN M×  channel matrix from user [l, k] to relay iR . The transmit signal [ ]k
lX  at 

user [l, k] satisfies transmit power constraint of  
 

[ ]tr[ ( ) ]k k H k
l l lP≤X X , , {1, 2}k l∈                                                           (2) 

 
where [ ]k

lP  is the maximum transmission power allowed at user [l, k]. 
After the MAC phase, each relay iR  generates the new transmit signal 

, {1,2}.i iR Ri i= ∈X W Y  iW  indicates the linear beamforming matrix at relay iR  with the size 
of N N× . The transmit signal iRX  satisfies the relay power constraint of 

 
tr[ ( ) ]i i

i

R R H
RP≤X X , {1,2}i∈                                                          (3) 

 
where 

iRP  is the maximum transmission power allowed at relay iR . 
At the BC phase, each relay broadcasts the processed signal to all users. The received signal 

at user [l, k] is given by 

1 We assume perfect full-duplex operation in this paper. Therefore, there is no residual loop-back interference at 
each node. 
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2
,

1

i ik R Rk k
l l l

i=
= +∑Y H X N , , {1,2}k l∈                                                      (4) 

 
where k

lN  represents the AWGN vector with zero mean and unit variance at user [l, k], iRX  
denotes the 1N ×  transmit signal vector at relay iR , , ik R

lH  denotes k
lM N×  channel matrix 

from relay iR  to user [l, k]. It is assumed that the entries of the channel matrices are drawn 
independently from a continuous distribution, which makes that the channel matrices are full 
rank almost surely. We also assume that channel state information (CSI) is perfectly known at 
two relays. 

It is assumed that [ ]
i

k
l RP P P= =  ( , , {1,2}i k l∈ ) and the transmitted power at all nodes is P. 

Since we assume the noise is i.i.d zero-mean complex Gaussian random variables with unit 
variance, the average received SNR of each link is P. The achievable rate 

'

(SNR)k k
lR  of 

message 
'k k

lW  is a function of SNR, which is defined as the channel capacity from user [l, k] to 
user '[ , ]l k '( )k k∀ ≠ . According to [26], the asymptotic rate approximation per time slot can 

be described as 
'

(SNR) log(SNR) (log(SNR))k k k
l l oR d= +  ( , {1,2}k l∈ ), where (log(SNR)) 0

log(SNR)
o

→  

as SNR →∞ . Then, we define the sum DoF of the two-cluster MIMO mRIC with two users 
per cluster as  

 
'

'

2 2 2 2

SNR1 1 1 1,

(SNR)
lim

log(SNR)

k k
k l

sum l
l k l k k k

R
d d

→∞
= = = = ≠

= =∑∑ ∑ ∑                                           (5) 

 
where k

ld  is the DoF of user [l, k]. The DoF of user [l, k] can also be explained as the number 
of streams with decodability at user [l, 'k ] [10]. Therefore, user [l, k] can obtain the DoF of k

ld , 
if user [l, k] transmits k

ld  streams without interference and user [l, 'k ] can decode the k
ld  

desired streams. 

3. A DoF Upper Bound 
In this section, we provide a DoF upper bound of the considered MIMO mRIC based on 
cut-set bound. To get the DoF cut-set bound of the two-cluster mRIC, we can regard the 
two-cluster mRIC as a parallel connection of one-cluster two-way relay channels. Note that we 
assume 1 2

1 1M M≥  and 1 2
2 2M M≥ . For conventional two-way relay channels, the DoF of cluster 

1 is 2
1 1min(2 ,2 )clusterd M N≤  by allowing user cooperation in cluster 1 and keeping users in 

cluster 2 silence. The DoF cut-set bound of the cluster 1 can be intuitively interpreted as 
follows. First, user [1,2] equipped with 2

1M  antennas can transmit and decode at most 2
1M  

independent streams. Meanwhile, user [1,1] can decode at most 2
1M  independent desired 

streams. Thus, 1clusterd  is upper bounded by 2
12M . Secondly, two relays have the total number 

of 2N antennas and send at most 2N independent streams to the users in cluster 1. Thus, 1clusterd  
is also upper bounded by 2N. Similarly, if only the users in cluster 2 operate, the DoF of cluster 
2 is given by 2

2 2min(2 ,2 )clusterd M N≤ . Adding up the DoF of two clusters, the DoF cut-set 
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bound of the considered mRIC is given by 
 

2 2
1 2min(2 ,2 ) min(2 ,2 )sumd M N M N≤ +                                                 (6) 

 
If we have 2

1N M≥  and 2
2N M≥ , the DoF cut-set bound becomes 

 
2 2

1 22 2sumd M M≤ +                                                                 (7) 
 

If we consider a symmetric two-cluster MIMO mRIC with two users per cluster, the number 
of antennas at each user is equal to M. Then, the DoF cut-set bound becomes 

 
4 ,
4 ,sum

N N M
d

M N M
<

=  ≥
                                                                   (8) 

 
The DoF upper bounds in (7) and (8) will be used as benchmarks in the following 

transmission design. 

4. The Proposed Blind Interference Neutralization 
In this section, we provide a detailed transmission scheme to obtain the achievable DoF of 

the considered mRIC and verify that the DoF upper bound can be achieved. For convenience, 
we denote 1 2 1 2

1 1 2 2( , , , )N M M M M  for the considered mRIC, where each relay has N antennas 

and user [l, k] ( , {1, 2}l k ∈ ) is equipped with k
lM  antennas.  

4.1 Motivating example  
We propose a blind interference neutralization scheme to neutralize ICI. The BIN scheme 

focuses on the design of the ICI reconstructing and neutralization matrices at two relays. As a 
motivating example, we consider a simple case with the system configuration 

1 2 1 2
1 1 2 2( , , , ) (9 5, 4, 5, 4)N M M M M = . For this case, the BIN scheme achieves the DoF of 

1 2 1 2
1 1 2 2 4d d d d= = = = . Therefore, the sum DoF of 16 can be obtained. 
1) MAC phase 
Using the method of antenna deactivation in [25], user [l, k] only uses k

ld  antennas and the 

sizes of channel matrices , ik R
lH  and ,iR k

lH  are k
lN d×  and k

ld N× , respectively. Since the 

BIN scheme only requires CSI at the relay, user [l, k] directly sends k
lX  without precoding at 

the MAC phase. 
2) The received signal at each relay 
When all users simultaneously transmit signals to two relays, the received signal at relay iR  

can be denoted as 
 

,1 ,2 ,1 ,21 2 1 2
1 1 1 1 2 2 2 2

12

2
1

, {1,2}

, {1,2}

i i i i i i

i i

R R R R R R

R Rl
l

l l

i

i
=

= + + + + ∈

 
= + ∈ 

 
∑

Y H X H X H X H X Z

X
F Z

X

                                 (9) 



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 10, NO. 1, January 2016                                         175 

where ,1 ,2i i iR R R
l l l =  F H H  denotes the equivalent channel matrix with the size of 

1 2( ) 9 8l lN d d× + = × ; iRZ  denotes the 1N ×  AWGN vector at relay iR . Note that all elements 

of channel matrices are drawn from a continuous distribution, iR
lF  have full rank with 

probability 1. 
The key of the BIN scheme is how to design the relay beamforming matrix iW  at relay iR  

to neutralize ICI. The relay beamforming matrix is designed to be composed of two 
components, i.e., the ICI reconstructing matrix iV  and the ICI neutralization matrix iU . The 
relay beamforming matrix can be written as : 

 

,( ) ,( )
1

L
i H H

i i i n i n
n=

= = ∑W U V u v , {1,2}i∈                                                (10) 

 
where ,(1) ,(2) ,( )[ , , , ]i i i i L=U u u u2 , ,(1) ,(2) ,( )[ , , , ]i i i i L=V v v v2 , 1 2 1 2

1 1 2 2max( , , , ) 4L d d d d= = .  
3) Design of the ICI reconstructing matrix at each relay 
The goal of designing the ICI reconstructing matrix is to form a same linear combination of 

the signals transmitted from all users at two relays. In order to form a same linear combination, 
we design the ICI reconstructing matrix iV  ( {1, 2}i∈ ) at relay iR  so that the equivalent 
channels iRH

i lV F  observed by two relays 1R  and 2R  are identical. The conditions of the same 
linear combination can be written as  

 
1 2

1,( ) 1 2,( ) 1( )R RH H
n na n=v F v F                                                               (11) 

 
1 2

1,( ) 2 2,( ) 2( )R RH H
n nb n=v F v F                                                              (12) 

 
where ( )a n  and ( )b n  ( {1,2, }n L∈ 2 ) represent arbitrary non-zero real values. Here, we assume 
that the values ( )a n  and ( )b n  can be chosen to satisfy the conditions of ( ) ( )a n b n≠  and 

(1) (2) ( )
(1) (2) ( )

a a a n
b b b n

≠ ≠ ≠ . If we choose ( ) ( )a n b n= , we will eliminate both the ICI signal and the 

desired signal at the BC phase. We now explain why the conditions (11) and (12) can be 
satisfied. In order to insert (11) into (12), we should satisfy the invertibility of 2

1
RF . We let 

relay 2R  use 1 2
1 1 8d d+ =  antennas and the size of 2

1
RF  is equal to 8 8× . Then, (11) can be 

rewritten as 
1

1 2
1,( ) 1 1 2,( )

1
( )

R RH H
n na n

−

=v F F v                                                             (13) 

 
Combining (12) with (13), we further obtain 
 

1
1 1 2 2

1,( ) 2 1 1 2
( )( )
( )

R R R RH
n

b n
a n

−

− =v F F F F 0                                                      (14) 

 
Given ( )a n  and ( )b n  in (14), the ICI reconstructing vector 1,( )

H
nv  is determined by the left-hand 
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nullspace of the matrix 1
1 1 2 2

2 1 1 2
( )
( )

R R R Rb n
a n

−

−F F F F . Since the size of the matrix 1
1 1 2 2

2 1 1 2
( )
( )

R R R Rb n
a n

−

−F F F F  

is 1 2
2 2( ) 9 8N d d× + = × , 1

1 1 2 2
2 1 1 2

( )null 1
( )

T
R R R Rb n

a n
−  

 − =    
F F F F and 1,( )nv  exists. Since we assume 

(1) (2) ( )
(1) (2) ( )

a a a n
b b b n

≠ ≠ ≠ , 1,(1) 1,(2) 1,( ), , , Lv v v2  are linearly independent with probability 1. After 

obtaining 1,( )nv , the ICI reconstructing vector 2,( )nv  can be achieved from (13). Therefore, the 
conditions (11) and (12) hold. 

Based on (11) and (12), the received signal at relay iR  becomes 
 

1 1( ) 1 2 ( ) 1 2
1,( ) 1 1 2 2 1,( )( , ) ( , )R RH n n H

n nL L= + +v Y X X X X v Z                                       (15) 
 

2 2( ) 1 2 ( ) 1 2
2,( ) 1 1 2 2 2,( )

1 1( , ) ( , )
( ) ( )

R RH n n H
n nL L

a n b n
= + +v Y X X X X v Z                               (16) 

 
where 1 1,1 ,2( ) 1 2 1 2

1 1 1,( ) 1 1 1,( ) 1 1( , ) R Rn H H
n nL = +X X v H X v H X  and 1 1,1 ,2( ) 1 2 1 2

2 2 1,( ) 2 2 1,( ) 2 2( , ) R Rn H H
n nL = +X X v H X v H X  

denote the linear combination of the signals transmitted from user [1, k] and user [2, k], 
, respectively. According to the design of the ICI reconstructing matrix, relay 1R  and 

2R  have the same linear combinations ( ) 1 2
1 1( , )nL X X  and ( ) 1 2

2 2( , )nL X X . 
4) Design of the ICI neutralization matrix at each relay 
We design the ICI neutralization matrix iU  to neutralize ICI at the BC phase. During the 

BC phase, two relays cooperatively transmit the reconstructed signals 1
1,( )

RH
nv Y  and 2

2,( )
RH

nv Y  to 
all users along with the ICI neutralization vectors 1,( )nu  and 2,( )nu , respectively. In order to 
exchange messages without ICI, we need to neutralize ( ) 1 2

2 2( , )nL X X  at user [1, k] and 
( ) 1 2

1 1( , )nL X X  at user [2, k] ( { }1,2k ∈ ), respectively. The neutralization conditions are denoted 
as 

 
1 2

1 2

1, 1,
1 1

1,( ) 2,( )2, 2,
1 1

( )
R R

n nR R
b n

   
− =   

      

H H
u u

H H
                                                   (17) 

 
1 2

1 2

1, 1,
2 2

1,( ) 2,( )2, 2,
2 2

( )
R R

n nR R
a n

   
− =   

      

H H
u u

H H
                                                    (18) 

 
We now explain why the conditions (17) and (18) can be satisfied. If we denote 

( ) ( )1, 2,i i i

HH HR R R
l l l

 =   
G H H , the size of 2

1
RG  is also 8 8× . Then, (17) and (18) can be rewritten 

as 
 

1
2 1

1 1 1,( ) 2,( )( ) R R
n nb n

−

− =G G u u                                                         (19) 
 

{1,2}k∈
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1 2
2 1,( ) 2 2,( )

1
( )

R R
n na n
= −G u G u                                                        (20) 

 
Combining (19) with (20), we further obtain 
 

1
1 2 2 1

2 2 1 1 1,( )
( )( )
( )

R R R R
n

b n
a n

−

− =G G G G u 0                                                  (21) 

 
The ICI neutralization vector 1,( )nu  can be calculated as the nulling vector of the matrix 

1
1 2 2 1

2 2 1 1
( )
( )

R R R Rb n
a n

−

−G G G G  with the size of 8 9× . Since 
1

1 2 2 1
2 2 1 1

( )null 1
( )

R R R Rb n
a n

− 
− = 

 
G G G G , 1,( )nu  

exists. In a similar manner as the MAC phase, 1,(1) 1,(2) 1,( ), , , Lu u u  are linearly independent with 
probability 1. Then, we can decide the ICI neutralization vector 2,( )nu  from (19). Therefore, the 
conditions (17) and (18) hold. 
 

5) BC phase 
Two relays broadcast their received signals 1RY  and 2RY  by using the relay beamforming 

matrices 1
1,( ) 1,( ) 1 1

1

L
H H

n n
n=

= =∑W u v U V  and 2
2,( ) 2,( ) 2 2

1

L
H H

n n
n=

= =∑W u v U V , respectively. Then, the 

received signal at user [1,1] can be obtained as 
 

1 1 2 2

1 1 2 2

1 1 1 2

1 1

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

1, 1, 1
1 1,( ) 1,( ) 1 2,( ) 2,( ) 1

1 1

1, 1, 1
1 1,( ) 1,( ) 1 1,( ) 2,( ) 1

1 1

1,
1 1,( ) 1,( )

( )

( )

R R R R

L L
R R R RH H

n n n n
n n

L L
R R R RH H

n n n n
n n

R RH
n n

b n

b

= =

= =

= + +

 
= + + 

 
   

= − +   
   

= −

∑ ∑

∑ ∑

Y H W Y H W Y N

H u v Y H u v Y N

H u v Y H u v Y N

H u v Y( )2

1

1
2,( ) 1

1

1, ( ) 1 2 ( ) 1 2 1
1 1,( ) 1 1 1 1 1

1

( )

( )( , ) ( , )
( )

  

L
RH

n
n

L
R n n

n
n

n

b nL L
a n

=

=

+

 
= − + 

 

∑

∑

v Y N

H u X X X X N

                (22) 

where 1 1 2 21, 1,1 1 2 1
1 1 1 1

R R R R= + +N H W Z H W Z N . The equation (22) shows that the ICI ( ) 1 2
2 2( , )nL X X  is 

neutralized at user [1,1]. By using the zero forcing matrix 1
1D  to remove self-interference, user 

[1,1] can decode its desired signal 2
1X  as: 

 

1

1

1 1

1,1 1 ( ) 1 2 ( ) 1 2 1
1 1 1 1,( ) 1 1 1 1 1

1

1,1 ( ) 1 2 1
1 1 1,( ) 1 1 1

1

1, ,21 2 1
1 1 1 1 1 1 1 1

( )ˆ ( , ) ( , )
( )

( ) ( ) ( , )
( )

L
R n n

n
n

L
R n

n
n

R RH

b nL L
a n

a n b n L
a n

=

=

 
= − + 

 
 −

= + 
 

= +

∑

∑

Y D H u X X X X N

D H u X X N

D H U Σ V H X N







                             (23) 
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where 1
(1) (1) (2) (2) ( ) ( )diag , , ,

(1) (2) ( )
a b a b a L b L

a a a L
 − − −

=  
 

Σ   is the L L×  diagonal matrix whose the 

n-th element is defined as ( ) ( )
( )

a n b n
a n
− ; 1

1D  is the 2 1
l ld d×  zero forcing matrix. Since the ICI 

reconstructing and neutralization matrices 1V  and 1U  have been designed to be full rank, the 

rank of the effective channel 1 11, ,21
1 1 1 1 1 1

R RHD H U Σ V H  is guaranteed to be 2
1 4d = . Therefore, user 

[1,1] can decode 2
1 4d =  desired streams. 

In a similar way, user [1,2], user [2,1] and user [2,2] can decode 1
1d , 2

2d  and 1
2d  data streams, 

respectively. As a result, user [1,1] and user [1,2] achieve the DoF of 1 2
1 1 8d d+ = , and user 

[2,1] and user [2,2] achieve the DoF of 1 2
2 2 8d d+ = . Therefore, the sum DoF of 16 can be 

achieved. 
 

4.2 Extension to the general system configuration 
Based on the above analysis, the neutralization conditions (17) and (18) can be satisfied if 

(11) and (14) hold. According to (11) and (14), the feasibility conditions of the BIN scheme 
can be written as 1 2

1 1d d N+ =  and 1 2
2 2 1d d N+ ≤ − . Note that N is not the entire number of 

antennas but a subset of antennas at relay iR . The following theorem establishes the 
achievable DoF of the considered mRIC with the general system configuration 

1 2 1 2
1 1 2 2( , , , )N M M M M . 

Theorem 1: For the two-cluster mRIC with two users per cluster, we can show that the 
following DoF is achievable: 

 
2
2

2 2 2
2 2 1

2 2 2
1 2 1

2 1 , 2
DoF = 2 , 2 2

2 2 , 2

N N M
N M M N M
M M N M

 − ≤


+ < ≤
 + >

                                              (24) 

 
Proof: To transmit data streams without ICI, we need to satisfy the feasibility conditions of 

the BIN scheme 1 2
1 1d d N+ =  and 1 2

2 2 1d d N+ ≤ − . When 2
22N M≤ , the DoF of 2 1N −  can 

directly be achieved by selecting 1 2
1 1d d N+ =  and 1 2

2 2 1d d N+ = − . When 2 2
2 12 2M N M< ≤ , both 

user [2,1] and user [2,2] can transmit 2
2M  streams to satisfy the condition of 1 2

2 2 1d d N+ ≤ − . 
Since 2

12N M≤ , users in cluster 1 can use a subset of antennas to satisfy the condition of 
1 2
1 1d d N+ = . Therefore, the DoF of 2

22N M+ can be achieved in the case of 2 2
2 12 2M N M< ≤ . 

Moreover, the result shows that the DoF of cluster 2 is optimal in this scenario. When 
2

12N M> , two relays 1R  and 2R  only use 2
22 1M +  and 2

12M  antennas, respectively. The 
feasibility conditions can be satisfied by selecting 1 2 2

1 1 1d d M= =  and 1 2 2
2 2 2d d M= = . Therefore, 

the DoF upper bound 2 2
1 22 2M M+  can be obtained in the case of 2

12N M> . Finally, we 
summarize the proposed BIN scheme in Table 2. 
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Table 2. The procedure of BIN scheme for the considered mRIC 
1: The equivalent channel matrix iR

lF  is constructed by utilizing the uplink channel matrix ,iR k
lH  

( , , {1,2}i l k ∈ ) according to (9). 
2: Two relays jointly design the interference reconstructing matrix iV  ( {1,2}i∈ ) to obtain the 

same linear combination of ( ) 1 2( , )n
l lL X X  according to (11) and (12). 

3: The equivalent channel matrix iR
lG  is constructed by utilizing the downlink channel matrix 

, ik R
lH ( , , {1,2}i l k ∈ ) according to (17) and (18). 

4: Two relays jointly design the interference neutralization matrix iU  ( {1,2}i∈ ) to eliminate ICI 
according to (19) and (20). 

 
Remark: Different from the scheme in [16, 19], the beamforming matrix design of the 

proposed BIN scheme is completed only at two relays. Therefore, users can be blind. Studying 
the DoF of the considered mRIC can provide a heuristic thought, which the overheard 
information of multiple relays can be utilized to neutralize ICI. Furthermore, asymmetry in the 
number of antennas at the users can be utilized to facilitate the BIN scheme. For example, as 
long as the condition of 2

22N M>  is satisfied, user [2,1] can randomly select 2
2M  antennas to 

satisfy the condition of 1 2
2 2 1d d N+ = − . Therefore, the feasibility condition of the BIN scheme 

is extended.  

5. Numerical Results  
In this section, we provide numerical results to evaluate the sum rate performance of the BIN 
scheme. We demonstrate that the BIN scheme exactly attains the achievable DoF derived in 
Section 4. To analyze the performance gain, the BIN scheme is compared with the 
conventional TDMA scheme, the asymmetric SSA scheme in [13] and the symmetric SSA 
scheme in [14] and [15]. The channel is modeled as i.i.d. complex Gaussian distribution with 
zero mean and unit variance. The numerical results are averaged over 1000 independent 
Monte Carlo runs. Note that we denote 1 2 1 2

1 1 2 2( , , , )N M M M M  for the considered mRIC where 

each relay has N antennas and user [l, k] ( , {1, 2}l k ∈ ) is equipped with k
lM  antennas. 

We first explain how to compute the sum rate of the considered mRIC by applying the BIN 
scheme. Note that 12

1R  denotes the sum rate from user [1,2] to user [1,1]. We calculate 12
1R  as 

a representative. According to (23), the received signal at user [1,1] can be described as  
 

11,1 2 1
1 1 1 1

ˆ R= +Y H X N                                                                   (25) 
where 1 1 11, 1, ,21

1 1 1 1 1 1 1
R R RH=H D H U Σ V H  and 1

1N  represent the equivalent channel matrix and noise 
vector, respectively. According to [27], we can calculate the sum rate 12

1R  in bits per channel 
use by (26)  
 

( )( )( ) ( )( )1 1
1

1, 1,12 2 2 1 1
1 2 1 1 1 1 1 1log det

HH HR RR e e
−  = +  

  
I H X X H N N                                (26) 

 
where det[ ]⋅  and [ ]ε ⋅  denote the determinant and expectation operation, respectively. The sum 
rate 21

1R , 12
2R  and 21

2R  can be computed in a similar way. The total sum rate is calculated by 

http://dict.youdao.com/w/utilize/
http://dict.youdao.com/w/utilize/
http://dict.youdao.com/w/thought/
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(27). 
               12 21 12 21

1 1 2 2totalR R R R R= + + +                                                      (27)  
 

Fig. 2 illustrates the sum rate performance of the BIN scheme as a function of SNR 
according to different system configurations. The sum rate of the considered mRIC is 
calculated by (27). Three color lines are drawn based on three different cases of Theorem 1, 
i.e., case 1: 2

22N M≤ ; case 2: 2 2
2 12 2M N M< ≤ ; case 3 : 2

12N M> . In each case, the 
comparison of two different system configurations with the same total number of antennas is 
provided. The system configuration of each color line is shown as follows: blue line (case 1): 
(5 6, 3, 3, 3)  and (6 5, 3, 3, 3) ; green line (case 2): (7 6, 6, 3, 3)  and (8 5, 4, 5, 4) ; red line 

(case 3): (11 8, 5, 8, 5)  and (13 6, 6, 6, 6) . The slopes of the sum rate curves at high SNR are 

equal to DoF
10lg 2

 according to the Shannon capacity formula. We can observe that the slopes of 

the blue, green and red lines match with the theoretical DoF of 2 1N − , 2
22N M+  and 

2 2
1 22 2M M+  well at the high SNR regime, respectively. Moreover, we can see that the lines 

with the same total number of antennas can obtain different DoF. The reason is that increasing 
the number of antennas at the following nodes can improve the DoF gain: 1) relay for case 1, 2) 
relay and user [2,2] for case 2, 3) user [1,2] and user [2,2] for case 3. The result indicates that 
the BIN scheme is feasible and asymmetry in the number of antennas at users can be utilized to 
facilitate the BIN scheme. 

 

 
 

Fig. 2. The sum rate for the considered mRIC with various antenna configurations 
 
 

To show the superiority of the BIN scheme, we first consider a baseline approach, i.e., the 
conventional TDMA-NC scheme in [14]. The TDMA-NC scheme requires two time slots to 
transmit streams without ICI. During the first time slot, relay R1 and users in cluster 1 transmit 
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data streams, while relay R2 and users in cluster 2 keep silence. During the second time slot, 
relay R2 and users in cluster 2 transmit data streams, while relay R1 and users in cluster 1 keep 
silence. Therefore, the DoF of 2 2

1 2M M+  can be trivially obtained in case of 2
1N M>  by using 

the TDMA-NC scheme. Fig. 3 shows the sum rate versus SNR performance result, which 
compares the BIN scheme with the TDMA-NC scheme under three system configurations. It 
is illustrated that the BIN scheme provides about 28.5%, 85.7% and 100% DoF improvement 
compared to the TDMA-NC scheme under the following system configurations: (5 5, 4, 5, 3) , 

(6 6, 3, 3, 3)  and (9 5, 4, 5, 4) . The main reason is that the TDMA-NC scheme uses multiple 
time slots to ensure the transmission without ICI, whereas the BIN scheme can send streams 
without ICI at a single time slot. Moreover, we show that the BIN scheme can provide at most 
100% DoF gain over the TDMA-NC scheme. This is because the DoF upper bound of the 
two-cluster mRIC is 2 2

1 22 2M M+ . 
 

 
 

Fig. 3. Comparison of sum rate performance between the BIN scheme and the TDMA-NC scheme 
under the same system configuration 

 
 

In Fig. 4, the sum rate comparison of the asymmetric SSA scheme (ASSA) in [13] and the 
BIN scheme is given. We focus on the case where the ASSA scheme cannot obtain the optimal 
achievable DoF in the considered mRIC. This is because the optimal achievable DoF cannot 
be obtained in most cases by using the ASSA scheme. In other words, the optimal achievable 
DoF can be obtained only if the number of antennas at users satisfies some specific conditions. 
The comparison is accomplished under three system configurations, which are three different 
cases of Theorem 1. In particular, case 1: (5 4, 3, 4, 3) ; case 2: (8 7 , 5, 6, 3) ; case 3: 

(11 10, 5, 8, 5) . It is illustrated that the BIN scheme provides about 12.5%, 40% and 66.7% 
DoF improvement compared to the SSA scheme in case 1, case 2 and case 3, respectively. This 
is due to the fact that antennas at the relay cannot be fully utilized to construct the intersection 
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space by using the ASSA scheme. For example, when the system configuration is 
(11 10, 5, 8, 5) , all users can only construct a 6-dimensional intersection space at the relay, 
which implies that there is a 5-dimensional redundant space at the relay. On the contrary, the 
BIN scheme can effectively utilize the 20-dimensional space at two relays to obtain a higher 
DoF than the ASSA scheme. The result indicates that the BIN is more effective than the ASSA 
scheme in the considered scenario. 

 

 
Fig. 4. Sum rate comparison between the BIN scheme and the SSA scheme in [13] 

 
 

In Fig. 5, we plot the achievable DoF achieved by different schemes against the number of 
antennas at the relay N. In order to compare the BIN scheme with the symmetric SSA in [14] 
and [15], we assume that all users have the same number of antennas, i.e., k

lM M= . For 
comparison, we also consider the DoF upper bound obtained in Section 3. The red line 
represents the DoF upper bound. The yellow, blue and green lines represent the achievable 
DoF derived in [14], [15] and this paper, respectively. We can observe that the achievable DoF 

of 2N can only be obtained in the range of 40,
3

N M ∈  
 by using the conventional SSA 

scheme in [14]. This is because the (4M-2N)-dimensional intersection space at the relay is 

strictly less than N in the range of 4 ,
3

N M ∈ ∞ 
 

 so that there are antenna redundancies at the 

relay. It is further illustrated that the DoF upper bound can be obtained in the range of 
[ )3 ,N M∈ ∞  by using the SSA scheme in [15]. However, we can see that the achievable DoF 

of the BIN scheme coincides with the DoF upper bound in the range of [ )2 1,N M∈ + ∞ , which 
implies that the BIN scheme can achieve the DoF upper bound in a wider range than the SSA 
scheme in [15]. Moreover, we observe that the blue line and the green line have a crossover 

point at 4 1
3

N M= + , which implies that the BIN scheme outperforms the SSA scheme in [15] 
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in the range of 4 1, 3
3

N M M ∈ +  
. The reason for the increase of DoF comes from that the 

BIN scheme can utilize the overheard information of two relays whereas the SSA scheme can 
only use the signal space at one relay node. 

 

 
 

Fig. 5. Achievable DoF obtained by different schemes for the symmetric two-cluster mRIC with two 
users per cluster 

6. Conclusion 
In this paper, we investigated the DoF of the two-cluster MIMO mRIC with two relays and 
two users per cluster, where users within the same cluster exchange messages among 
themselves with the help of two relays. The DoF upper bound of the considered MIMO mRIC 
was derived based on cut-set bound. To approach the DoF upper bound, the BIN scheme was 
proposed to jointly design beamforming matrices at two relays to eliminate the inter-cluster 
interference. By using the BIN scheme, the DoF upper bound can be achieved without CSI at 
users. Through theoretical analysis and numerical simulations, we showed that the DoF upper 
bound 2 2

1 22 2M M+  can be obtained in the case of 2
12N M> . From simulation results, we 

showed that the BIN scheme can provide significant performance gain over the conventional 
TDMA-NC scheme in terms of DoF. Furthermore, we showed that the BIN scheme is a 
superior approach to the existing SSA schemes for the considered mRIC. It is an interesting 
future topic to study the extension of our work into a general mRIC, where there are arbitrary 
number of clusters and arbitrary number of users per cluster. 
 
 
 
 

http://dict.youdao.com/w/theoretical/
http://dict.youdao.com/w/analysis/
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