
Differential Network Coded Transmission for Two-Way 

Relay Networks with Large Antenna Array 
 

Zhaoxi Fang, Pengfei Shao, Wen Zheng, and Zeping Pang  
School of Elec. & Comp., Zhejiang Wanli University, Ningbo 315100, China  

Email: zhaoxifang@gmail.com; shaopf@aliyun.com; zhengwen0722@163.com; pangzeping@sina.com

 

 
Abstract—This paper considers a two-way relay network 

(TWRN) with two sources and one relay node, where each 

source is equipped with a single antenna, while the relay node is 

equipped with a large number of antennas. We propose two 

low-complexity physical-layer differential network coding 

schemes for such TWRNs, namely, Superimposition Coding 

based Differential Beamforming (SC-DBF) and Decode-and- 

Forward based Differential Beamforming (DF-DBF). In the 

proposed schemes, no Channel State Information (CSI) is 

required at each source node for signal detection. It is shown 

that as the number of relay antennas becomes large, the received 

signal at each source node includes the desired signal only, and 

simple linear detector can be used to exploit the benefits of 

massive array in both schemes. Numerical results are presented 

to demonstrate the Bit-to-Error Rate (BER) performance of the 

proposed SC-DBF and DF-DBF schemes. 
 
Index Terms—Two-way relay network, massive array, 

differential network coding. 

 

I. INTRODUCTION 

Massive multiple-input multiple-output (MIMO) 

communication is considered as one of promising 

technique to increase both spectral efficiency and energy 

efficiency for future wireless communication systems 

[1]-[3]. It was shown that with a large number of 

antennas at the base station (BS), each mobile user can 

scale down it’s transmit power proportionally to the 

number of BS antennas while maintaining a given 

Quality-of-Service (QoS) [1]. 

As in point-to-point communication systems, the 

spectral and energy efficiencies of Two-Way Relay 

Networks (TWRNs) [4], [5] can also be greatly improved 

when the relay node is equipped with a large number of 

antennas [6]-[8]. For instance, the authors in [6] 

investigated the spectral efficiency of a multi-pair 

two-way relay network with a multi-antenna relay node. 

It was shown that due to the gain of antenna array, the 

power of each user or the relay (or both) can be made 

inversely proportional to the number of relay antennas, 
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without compromising the performance. In [7], the 

authors analyzed the ergodic rates in a multipair massive 

MIMO two-way relay network, in which the relay uses 

maximum ratio combining/maximum ratio transmission 

and a fixed amplification factor for reception/ 

transmission. The results showed that the ergodic rates 

increases with the number of antennas at the relay. 

In the TWRN, Channel State Information (CSI) is 

required at the two source nodes to recover the 

information bits. For instance, in amplify-and-forward 

(AF) based TWRNs, full CSI is required at each source 

node to remove the self-interference before coherent 

detection.  There have already several works on channel 

estimation in the TWRN [9], [10]. It was shown that 

channel estimation in the TWRN is more challenging as 

compared with conventional point-to-point 

communication systems. Furthermore, as the number of 

antennas becomes large, pilot design and channel 

estimation in massive MIMO TWRNs will inevitably 

increase the complexity of the receiver. 

To mitigate the difficulties involved in CSI estimation 

in the TWRN, several non-coherent and differential 

relaying schemes have been proposed in the literature 

[11]-[15]. For TWRN with a single-antenna relay node, 

the authors proposed differential transmission schemes 

with amplify-and-forward and Decode-and-Forward (DF) 

protocols in [11]. The simulation results in [11] showed 

that these schemes suffer from more than 3dB 

performance loss as compared to their coherent 

counterparts. In [13], we have proposed a generalized 

differential modulation scheme for AF based TWRN with 

a single-antenna relay node, which is able to bridge the 

3dB performance gap. For TWRNs with multiple 

single-antenna relay nodes, complicated differential 

distributed space-time coding schemes have been 

proposed in [16], [17]. 

In this paper, we consider a TWRN with two 

single-antenna source nodes and a multi-antenna relay 

node, where the number of relay antennas is very large.  

The existing differential transmission schemes for 

single-antenna single-relay TWRNs or multiple 

single-antenna relays can not be easily extended to such 

massive MIMO TWRNs due to the large number of 

antennas. In this work, we propose two three-phase 

low-complexity differential network coding schemes for 

the massive MIMO TWRN, i.e., Superimposition Coding 

based Differential Beamforming (SC-DBF) and 
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Decode-and-Forward based Differential Beamforming 

(DF-DBF). In the proposed two schemes, the source 

nodes send differentially encoded symbols to the relay 

node in the first and second phase, respectively. In the 

third phase, the relay performs differential network 

coding and broadcasts the differentially encoded symbols 

to the two source nodes. Each source node is able to 

recover the information bits without any knowledge of 

the CSI. Numerical results are presented to demonstrate 

the bit-to-Error Rate (BER) performance of the proposed 

schemes, and it is shown that the BER can approach zero 

as the number of relay antennas becomes very large. 

II. SYSTEM MODEL 

We consider a TWRN with two source nodes A and B, 

and K relay nodes R1, …, RK, as shown in Fig. 1. The two 

source nodes need to exchange information with the help 

of the relays. The two source nodes are equipped with a 

single antenna, while each relay is equipped with M 

antennas. All the nodes operate in half-duplex mode. The 

data transmission is completed in three phases. In the first 

phase, the source node A transmits to the relays; in the 

second phase, B transmits to the relays, and the relays 

broadcast re-encoded signal to the two source nodes in 

the third phase. For notation simplicity, we assume there 

is only a single relay node in the considered TWRN and 

the channels are quasi-static flat fading in the following. 

The extension to TWRNs with multiple relay nodes 

and/or over time-varying channels is straightforward. 

 
Fig. 1. A two-way relay network with two sources and multiple relays. 

Let su(n), u = A,B, n=1,…,N, be the M-ary phase shift 

keying (MPSK) unit-power information symbols to be 

transmitted by source node u. With the classical 

differential encoding, the transmit signal of node u is 

generated as  

xu(n)= xu(n-1)su(n), n=1,....,N,        (1) 

where xu(0) is the initial reference signal. 

In the first phase, the received signal at the m-th 

antenna of the relay is given by 

)()()( ,, nznxhny m

ARA

m

AR

m

AR  ,         (2) 

where m

ARh  is the channel coefficient from the source A 

to the relay, and )(, nzm

AR
 denotes the additive white 

Gaussian noise (AWGN) with zero mean and a variance 

of N0.   

In the second phase, source B sends differential 

modulated symbols xB(n) to the relay. The received signal 

at the m-th antenna of the relay is given by 

, ,( ) ( ) ( )m m m

R B BR B R By n h x n z n         (3) 

After receiving the two signals from the two source 

nodes in the two phases, the relay performs differential 

network coding as follows: 

 , ,( ) ( ), ( )m m m

R R B R Bx n f x n y n        (4) 

where f(•,•) denotes the differential network coding 

operation, which will be specified in the next section. 

In the third phase, the relay broadcasts the differential 

network coded symbols to the two source nodes. The 

received signal at the two nodes is given by 

1

( ) ( ) ( ), ,
M

m m

u uR R u

m

y n h x n z n u A B


      (5) 

where zu(n) denotes AWGN with zero mean and a 

variance of N0.   

With the knowledge of its self transmitted symbols, 

each source node is able to recover the information 

symbols from the received signal.  

III. PROPOSED DIFFERENTIAL NETWORK CODING 

In this section, we proposed two differential network 

coding schemes, namely, superimposition coding based 

differential beamforming (SC-DBF) and decode-and- 

forward based differential beamforming (DF-DBF), to 

exploit the benefits of the massive array. 

A. Superimposition Coding Based Differential 

Beamforming (SC-DBF) 

In this scheme, the relay superimposes the two 

received signals directly, and uses the received signal for 

distributed beamforming. The transmitted signal can be 

expressed as 

, ,( 1) ( 1)

, ,

( )

( ) ( )

m m
R A R Bj y n j y nm

R

m m

R A R B

x n Ge e

y n y n

     


   

        (6) 

where G is the amplification factor to ensure an average 

transmit power PR at the relay node, which can be 

determined as 

 02

R

AR A BR B

P
G

M G P G P N


 
       (7) 

where GAR and GBR denotes the mean gain of the channel 

between A and the relay, and the mean gain of the 

channel between B and the relay, respectively.  For the 

considered massive MIMO TWRN, G can be estimated 

as 

 
2 2

1
( 1) , ,1 0

( ) ( )

R

M N m m

N R A R Bm n

P
G

y n y n  


 

     (8) 
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In the third phase, the relay broadcasts these 

re-encoded symbols to the two source nodes. Due to the 

symmetry, we consider node A in the following. The 

received signal at node A is 

)()()(
1

nznxhny A

m

R

M

m

m

ARA 


        (9) 

Substituting (6) into (9), we have 


  )()()(

)(

,,

)1()1(

1

,,

nznyny

eGehny

A

m

BR

m

AR

nyjnyj
M

m

m

ARA

m
BR

m
AR








   (10) 

From (2), we have  

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

R A AR A R Ay n h x n v n        (11) 

where 
, ( 1)m

R Av n   is the phase noise due to the AWGN. 

Similarly, for source B, we have 

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

R B BR B R By n h x n v n         (12) 

where 
, ( 1)m

R Bv n   is the phase noise due to the AWGN. 

Furthermore, from (1)-(3), we have  

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

R A R A A R Ay n y n s n z n        (13) 

and 

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

R B R B B R By n y n s n z n         (14) 

where )()1()()(~
,,, nsnznznz A

m

AR

m

AR

m

AR   and , ( )m

R Bz n   

, ,( ) ( 1) ( )m m

R B R B Bz n z n s n   are the residue noise.  

Substituting (11)-(14) into (10), we have 
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M
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m

m m
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     (15) 

where ,1( )Az n  is the noise term. After some calculation, 

we arrive at 

( 1) ( 1)

,1( ) ( ) ( ) ( )A Bj x n j x n

A B A Ay n e s n e s n z n
     

     (16) 

where 

, ,( 1) ( 1)

1

| |
m m
R A R B

M
j v n j v nm m

AR BR
m

G h h e e
     



     (17) 

and  

, ,( 1) ( 1)

1

| |
m mm
R A R BBR

M
j v n j v nj hm m

AR AR
m

G h h e e e
      



   (18) 

Note that in Eq. (16), the first term is the desired signal, 

the second term is the self-interference, and the last term 

is the noise. 

In the high SNR region, the phase noise , ( 1)m

R Av n   

and , ( 1)m

R Bv n   can be ignored, then,   and   can 

be approximated as 

1

| |
M

m m

AR BR
m

G h h


            (19) 

1

| |
m
BR

M
j hm m

AR AR
m

G h h e
 



           (20) 

When the relay is equipped with a large number of 

antennas, using the law of large numbers [2], it can be 

shown that  

0

| || |
2

m mR
AR BR

AR A BR B

P
h h

G P G P NM


    

E   (21) 

as M  , where | || |m m

AR BRh h 
 E  denotes the 

expectation value of | || |m m

AR BRh h . Similarly, due to the 

independent of the channels and the noise, we have 

0
M


                (22) 

,1( )
0

Az n

M
              (23) 

as M  . 

These results (21)-(23) show that in the high SNR 

region, as the number of relay antennas goes to infinite, 

the received signal at the source node includes the desired 

signal only, both the self-interference and the noise 

disappear, hence, the source node A can detect the 

desired signal sB(n) from the received signal yA(n) directly. 

Also, it can be expected that the BER performance can 

approach zero if the number of relay antennas goes to 

infinite. 

B. Decode-and-Forward Based Differential 

Beamforming (DF-DBF) 

In the SC-DBF scheme, the relay will forward the 

useful signal as well as the noise to the source nodes 

simultaneously. In this subsection, we propose 

decode-and-forward based differential beamforming 

scheme to reduce the effect of the forwarded relay noise. 

In this DF-DBF scheme, the relay first performs 

differential decoding to estimate the two sources’ 

transmit information bits separately. Let 

, , 1( ) DEC[{ ( )} ]m M

R u R u ms n y n  , u=A,B, denote the estimated 

unit-power information symbols at the relay, where 

DEC[•] denotes the standard differential detection 

operation. The estimated symbols are then re-encoded as 

, ,( ) ENC[ ( ) ( )]R R A R Bs n s n s n          (24) 

where ENC[•] denotes the differential encoding 

operation. 

Finally, the transmit signal at the relay is generated as  

, ,( ) ( )
( ) ( )

2

m m
R A R Bj y n j y nm R

R R

P
x n e e s n

M

     
 

(25)

From (5) and (25), the received signal at node A is 

given by 
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    (26)

Substituting (11) into (26), we have 

 ( )
( ) ( ) ( )Aj x n

A R Ay n e s n z n  
      (27)

where 

, ( )

1
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2

m
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M
j v nmR
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m

P
h e
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         (28) 

and  

, ( )

1 2

m
R B

M
j y nmR

AR

m

P
h e
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         (29) 

When the relay is equipped with a large number of 

antennas, i.e., M  , using the law of large numbers 

[2], it can be shown that in the high SNR region 

| |
2

mR

AR

P
h

M


   E , as M     (30) 

and  

 0
M


 ,   

( )
0Az n

M
         (31) 

These results (30)-(31) show that for the proposed 

DF-DBF scheme in the high SNR region, as the number 

of relay antennas goes to infinite, the received signal in 

(27) includes the desired signal only, both the 

self-interference and the noise disappear, hence, the 

received signal can be approximated as 

( )
( ) ( )Aj x n

A Ry n e s n  
         (32) 

Based on (32), the differential detection can be 

performed as 

2
( ) ( 1)

( )

ˆ ( ) arg min ( ) ( 1) ( ) ( )A A

B

j x n j x n

B A A A B
s n

s n e y n e y n s n s n
  

      (33) 

For the proposed DF-DBF scheme, we are able to 

derive closed-form expression of the received SINR when 

the number of relay antennas goes large. From Eq. (28), 

as M  , we have 

2

2

AR RG P

M



            (34) 

  For the interference term, we have 

Var[ ( )]
2

AR R
R

G P
s n          (35) 

Hence, the received SINR at node A can be expressed 

as 
2

A

0 0

SINR
Var[ ( )] 2

AR R

R AR R

MG P

s n N G P N
 

 




    (36) 

Similarly, the received SINR at node B can be 

expressed as 

B

0

SINR
2

BR R

BR R

MG P

G P N



         (37) 

From the above result, we see that the asymptotic 

SINR increases linearly with the number of relay 

antennas. As a result, the BER performance of the 

proposed scheme can be greatly improved with large 

antenna arrays. 

Remark: The proposed two schemes SC-DBF and 

DF-DBF can be extended to multi-relay TWRNs directly. 

For each relay node, the differential encoding at each 

antenna in the third phase is the same as in Eq. (4) or (25), 

and the differential detection at each source node is also 

the same regardless of the number of relays. 

IV.  SIMULATION RESULTS 

In this section, we provide numerical results to show 

the BER performance of the proposed differential 

transmission schemes. The channels are assumed to be 

independent Rayleigh fading, and modeled 

as 2 3[| | ]ij ijE h d  , 
1, { , , }i j A B R , where dij denotes the 

distance between the two nodes. We consider a 

symmetric TWRN that the relay is placed in the middle 

of the two source nodes that dAR= dBR =0.5, and dAB=1. 

Differential 8PSK modulation is used for the proposed 

three-phase relaying, and there are 256 encoded symbols 

in each transmit frame. The SNR in the figures are 

defined as SNR = Ptot/N0, where Ptot is the total transmit 

power of the two source nodes and the relay node. Unless 

otherwise specified, we assume equal power allocation 

among the three nodes that PA = PB = PR = Ptot/3. The 

proposed schemes are compared with the direct 

transmission and the two-phase differential transmission 

scheme in [12] (labeled as “Two-phase scheme”). Note 

that the original two-phase differential transmission 

scheme in [12] was proposed for single-antenna relaying. 

Here, we extend this scheme to the multi-antenna case 

that one of the best antenna is selected for differential 

relaying in the broadcast phase. For fair comparison, 

DQPSK modulation is used for the direct transmission 

and the two-phase scheme such that the transmission 

rates are the same for all these schemes. Also, the 

transmit power of the two source nodes is Ptot/2 for the 

direct transmission. 

Fig. 2 shows the BER performance of the proposed 

two schemes in a TWRN. The channels are quasi-static 

fading that the channel coefficients keep unchanged 

during the three-phase transmission. From the figure, we 

can see that the BER of the proposed two schemes 

decreased rapidly as the number of relay antennas 

increases. The DF-DBF scheme outperforms the SC-DBF 

scheme when the number of relay antennas is less than 

100. Compared with the direct transmission and the 

two-phase differential transmission scheme in [12], we 

see that when there is only a small number of relay 

antennas, the proposed schemes perform worse than these 

two schemes. While the relay is equipped with sufficient 
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large number of antennas, the proposed three-phase 

differential transmission schemes outperform the 

two-phase scheme [12] significantly. This is due to the 

fact that in the two-phase scheme, each source node will 

remove the self-interference prior to information 

detection. The BER performance is dominated by the 

interference cancelation errors since the self-interference 

cannot be perfectly removed as no CSI is available at the 

source nodes. As a result, the two-phase scheme benefits 

a little from the large antenna array. 

25 50 75 100 125 150
10

-5

10
-4

10
-3

10
-2

10
-1

Number of Relay Antennas

B
E

R

 

 

Direct trans.

Two-phase scheme

Proposed SC-DBF

Proposed DF-DBF

 
Fig. 2. BER performance of the proposed schemes under quasi-static 

fading channels, the SNR is fixed to be 20 dB. 
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Fig. 3. BER performance of the proposed schemes under time-varying 

channels, SNR=20dB, and the relay is equipped with M=150 antennas.  

Fig. 3 shows the performance of the proposed schemes 

under time-varying channels. The SNR is fixed to be 20 

dB and the relay is equipped with 150 antennas. The 

channel coefficients are generated according to the 

Clarke’s model [18]. The normalized Doppler frequency 

is defined as Dm=fdTs, where fd is the Doppler frequency 

shift and Ts denotes the symbol duration. From the figure, 

we can see that the proposed schemes can achieve good 

performance even in fast fading channels.  

In Fig. 4, we investigate the effect of source power on 

the performance of the proposed schemes. In the 

simulation, the source nodes' transmit powers scale with 

the number of relay antennas such that PA = PB 

=1/while the transmit power of the relay is fixed as PR 

=1. From the figure, we see that the proposed two 

schemes are still able to outperform the direct 

transmission when more than 50 antennas are deployed at 

the relay. This suggests that due to the massive array gain, 

the transmit power of the two sources can be greatly 

reduced while maintaining a good QoS. 

As mentioned earlier, the proposed schemes can be 

easily extended to the multi-relay TWRNs. Fig. 5 shows 

the performance of the proposed schemes in a multi-relay 

massive MIMO TWRN, where the SNR is fixed to be 20 

dB and each relay is equipped with 25 antennas. The 

channels are assumed to be quasi-static flat fading. Again, 

the proposed two schemes are able to achieve spatial 

diversity without any knowledge of the CSI, and the BER 

decreases as the number of relays increases. 
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Fig. 4. BER performance of the proposed schemes with source power 

scaling, quasi-static fading channels, and SNR=20dB. 
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Fig. 5. BER performance of the proposed schemes in multi-relay 
TWRNs, SNR=20dB, and each relay is equipped with M=25 antennas. 

V. CONCLUSIONS 

In this paper, we proposed two three-phase differential 

transmission schemes SC-DBF and DF-DBF for the 

massive MIMO TWRN. In the proposed schemes, no 

channel state information is required for signal detection 

at the receiver, and the implementation complexity is 

quite low. It is shown that as the number of relay 

antennas becomes large, both the inter-stream 

interference and noise diminish and the received signal 

includes the desired signal only. The proposed SC-DBF 

and DF-DBF schemes can be easily extended to 

multi-relay massive MIMO TWRNs or multi-pair 

massive MIMO TWRNs. 
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