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Abstract 
 

This paper proposes a new interference mitigation scheme for device-to-device (D2D) 
communications underlaying a cellular network. The object of the proposed scheme is to 
determine the number of data streams, a precoding matrix, and a decoding matrix of D2D 
networks so as to maximize the system capacity given the number of data streams of a cellular 
network while satisfying the constraint of the inter-system interference from D2D networks to 
the cellular network. Unlike existing interference mitigation schemes based on the 
interference alignment technique, the proposed scheme operates properly regardless of the 
number of data streams of a cellular network and moreover it does not require changing the 
precoding and decoding matrices of a cellular network. The simulation results demonstrate 
that the proposed scheme significantly increases the system capacity by mitigating the intra- 
and inter- system interference. 
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1. Introduction 

Device-to-device (D2D) communications have drawn considerable attention due to the 
advantage of providing higher data rates for local services. Moreover, D2D communications 
have been included as a key feature, referred to as proximity service (ProSe), in 3GPP Release 
12 [1]. When the spectrum resources are shared in D2D networks underlaying a cellular 
network, D2D communications cause inter-system interference to a cellular network, and vice 
versa. The D2D communications also cause intra-system interference among D2D pairs. The 
intra- and inter- system interference severely deteriorates the capacity of the cellular network 
and the D2D networks. Reducing the intra- and inter- system interference is thus crucial [2], 
[3]. 

Many researchers have endeavored to increase the capacity of cellular networks and D2D 
networks in D2D communications underlaying a cellular network. The authors of [4-8] 
adjusted the precoding and/or decoding matrices of a cellular network as well as the D2D 
networks in order to mitigate the inter-system interference between the cellular network and 
the D2D networks. However, they considered only inter-system interference without taking 
the channel environment between a base station (BS) and a cellular user (CU) in the cellular 
network into consideration, resulting in performance degradation of the cellular network. 

The authors of [9] and [10] determined the precoding matrices of the D2D networks without 
changing the precoding and decoding matrices of the cellular network in order to maximize the 
capacity or minimize the mean square error (MSE) of the D2D networks. However, they failed 
to find the decoding matrices of the D2D networks. The authors of [11] and [12] adjusted the 
precoding and decoding matrices of the D2D networks in order to mitigate the inter-system 
interference from the D2D networks to the cellular network. However, the authors of [11] did 
not consider the intra-system interference in the D2D networks, and the authors of [12] did not 
consider the inter-system interference from the cellular network to the D2D networks. The 
authors of [13-15] changed the precoding and decoding matrices of the D2D networks in order 
to minimize the intra-system interference in the D2D networks while satisfying the constraint 
of the inter-system interference from the D2D networks to the cellular network. However, the 
proposed schemes of [13-15] failed to increase the capacity of the D2D networks under high 
intra-system interference environments in the D2D networks.  

Some researchers have used an interference alignment (IA) technique in order to reduce the 
intra- and inter- system interference [16-19]. The IA technique is a recent development to 
eliminate the effective interference in multiple interference channels by aligning multiple 
interference signals in a signal subspace with dimensions smaller than the number of 
interferers. The authors of [16] adjusted the precoding and decoding matrices in order to 
reduce the inter-system interference from the D2D networks to the cellular network while 
eliminating the intra-system interference in the cellular network by using the IA technique. 
However, the authors of [16] failed to reduce the intra-system interference in the D2D 
networks. The authors of [17] adjusted the inter-system interference to the cellular network by 
controlling the transmission powers of the D2D transmitters (DTs) while eliminating the 
intra-system interference in the D2D networks. However, the power control-based 
interference mitigation scheme of [17] degrades the performance of the D2D networks 
because of the decrease of the transmission power of the DTs. The authors of [18] and [19] 
adopted IA techniques to eliminate the intra- and inter- system interference for D2D 
multiple-input multiple-output (MIMO) communications underlaying a cellular network. 
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However, because the IA technique in the symmetric D2D networks underlaying a cellular 
network is feasible only if d0 ≤ M – (K+1)d/2, where d0 is the number of data streams in a 
cellular network, M is the number of antennas of each D2D device, K is the number of D2D 
pairs, and d is the number of data streams of each D2D pair [18], where the IA technique could 
be not applied to the case where a cellular network has an arbitrary number of data streams. 

This paper proposes an interference mitigation scheme that increases the capacity of D2D 
networks while satisfying an interference constraint to a cellular network by adjusting the 
precoding matrices of the DTs and the decoding matrices of the D2D receivers (DRs). In 
addition, this paper mitigates the inter-system interference from the DTs to the CU and vice 
versa by adjusting the number of data streams of the D2D pairs. The contribution of this paper 
is twofold: First, the proposed scheme is valid regardless of the number of data streams of a 
cellular network; i.e., the proposed scheme can be applied to a heterogeneous network that 
does not satisfy the IA feasibility condition of [18]. Second, the proposed scheme significantly 
increases the system capacity by mitigating the intra- and inter- system interference. 

The following notations are used throughout the paper. We use lower-case bold symbols for 
vectors and upper-case bold fonts to denote matrices. For any general matrix X, tr(X), X-1, XH, 
and 

F
X  denote the trace, inverse, Hermitian transpose, and Frobenius norm of the matrix X. 

The remainder of this paper is organized as follows: Section ΙΙ gives a description of the 
system model. Section ΙΙΙ proposes the interference mitigation scheme on the basis of the IA 
technique by adjusting the precoding matrices, the decoding matrices, and the number of data 
streams for the D2D pairs. Section ΙV shows the simulation results and finally Section V 
concludes this paper. 

2. System Model 
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x0

x1

y0

y1

y2

Cellular network

DT 1

V1 U1
1

M1

1

M1

DR 1

DT 2

V2 U2
1

M2

1

M2

DR 2

DT K

VK UK
1

MK

1

MK

DR K

x2

BS

V0 U0
1

M0

1

M0

CU

H

H

H

xK yK

D2D Communications

H

 
Fig. 1. System model 
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The D2D MIMO networks underlaying a cellular network are considered, where there is one 
cellular downlink (i.e., one BS and one CU) and K ≥ 3 D2D pairs, as shown in Fig. 1. The ith 
transmitter is targeting the ith receiver only. We denote the cellular link by the index 0 while 
the kth D2D pair is denoted by the index k, where { }1,2, ,k K∈ 

. The BS and the CU are all 
equipped with M0 antennas. The DT and the DR of the kth D2D pair are all equipped with Mk 
antennas. The D2D pairs share the same downlink spectrum resource with the cellular 
network. 

In the cellular network, a CU is assumed to obtain d0 independent data streams from the BS. 
In the kth D2D pair, the DR obtains dk independent data streams from its corresponding DT. Let 
some symbols be defined as shown in Table 1.  

 
Table 1. Symbols 

Symbol Description 

d0 A number of independent data streams from the BS to the CU in the cellular network. 
dk A number of independent data streams in the kth D2D pair of the D2D networks. 

M0 A number of antennas at the BS and the CU. 

Mk A number of antennas at the DT and the DR of the kth D2D pair, where { }1,2, ,k K∈ 
. 

kV   A precoding matrix of link k, where { }0,1,2, ,k K∈ 
 and k ∈V ℂ k kM d× . 

H
kU  A decoding matrix of link k, where { }0,1,2, ,k K∈ 

 and H
k ∈U ℂ k kd M× . 

0,0p  The received power at the CU from the BS. 

0,kp  The received power at the CU from the kth DT, where { }1,2, ,k K∈ 
. 

,k kp  The received power at the kth DR from the kth DT, where { }1,2, ,k K∈ 
. 

0,0H   
The channel matrix containing the channel coefficients between the CU and the BS, 
where 0,0 ∈H ℂ 0 0M M× . 

0,kH  
The channel matrix containing the channel coefficients between the CU and the kth DT, 
where 0,k ∈H ℂ 0 kM M×  and { }1,2, ,k K∈ 

. 

,0kH   
The channel matrix containing the channel coefficients between the kth DR and the BS, 
where ,0k ∈H ℂ 0kM M×  and { }1,2, ,k K∈ 

. 

,k kH   
The channel matrix containing the channel coefficients between the kth DR and the kth 
DT, where ,k k ∈H ℂ k kM M×  and { }1,2, ,k K∈ 

. 

0,kG  
An effective inter-system channel matrix containing the channel coefficients at the CU 
from the kth DT, where 0, 0, 0 0,

H
k k kp≡G U H  and { }1,2, ,k K∈ 

. 

,0kG  
An effective inter-system channel matrix containing the channel coefficients at the kth 
DR from the BS, where ,0 ,0 ,0 0k k kp≡G H V  and { }1,2, ,k K∈ 

. 

 
Let 0 ∈x ℂ 0 1d ×  denotes the transmitted symbol from the BS and let k ∈x ℂ 1kd ×  denotes the 

transmitted symbol from the kth DT. The d0-dimensional received signal at the CU and the 
dk-dimensional received signal at the kth DR can then be expressed as follows:  
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where 0 ∈n ℂ 0 1d ×  denotes the noise vector as the Gaussian noise at the CU and k ∈n ℂ 1kd ×  
denotes the noise vector as the Gaussian noise at the kth DR. 

All DTs are assumed to broadcast pilot signals. By measuring the received pilot signals 
from DTs, each DR estimates the channel matrix, ,i jH , and the CU estimates the effective 

inter-system channel matrix, 0,kG . The BS is assumed to broadcast a pilot signal and each DR 
estimates the effective inter-system channel matrix, ,0kG . The BS informs D2D devices about 

0,kG  by using the specific control channel, e.g., a physical sidelink control channel (PSCCH) 
of the 3GPP ProSe standard [20]. Moreover, the channel matrix of ,i jH  is shared in the D2D 
devices. Hence, D2D devices can obtain the following channel state information, which is an 
assumption similar to [17-19], [21]. 
 The kth DT is assumed to obtain the information about ( ,i jH , 0,kG ), where { }, 1,2, ,i j K∈ 

. 

 The kth DR is assumed to obtain the information about ( ,i jH , 0,kG , ,0kG ), where , {1,i j ∈  
2, , }K

.  

3. Proposed Interference Mitigation Scheme 

3.1 Problem Formulation 
In D2D networks underlaying a cellular network, the objective of the D2D networks is to 
maximize the sum capacity of D2D pairs while satisfying the inter-system interference 
constraint. Hence, given the number of data streams, d0, in the cellular network, for 

{ }1,2, ,k K∈ 
, the optimization problem can be expressed as follows: 
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where ,
H
k lu  denotes the lth row vector of the H

kU , i.e., ,1 ,2 , k

HH
k k k k d =  U u u u , ,k lv  

denotes the lth column vector of the Vk, i.e., ,1 ,2 , kk k k k d =  V v v v , kn  denotes the noise 

power at the kth DR, 
kdI  denotes the k kd d×  identity matrix, and ,th kγ  is the inter-system 

interference constraint at the kth D2D pair. 
By applying IA conditions to the optimization problem of (3), we can simplify (3) as 

follows:  
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where q r×0  denotes a q r×  matrix of all zeros and { }rank X  denotes the rank of the matrix 
X. However, the optimization problem of (4) is an NP-hard problem that is computationally 
difficult to solve because the optimization problem of (4) is a 3-dimensional matching 
problem [22]. Hence, to reduce the computational complexity and make the optimization 
problem tractable, we sequentially determine the parameters, the precoding matrices (Vk), the 
decoding matrices ( H

kU ), and the number of data streams (dk) for D2D pairs, where 
{ }1,2, ,k K∈ 

.  

3.2 Base Precoding and Decoding Matrices, ( kV , H
kU ), for Intra-system 

Interference Elimination 

Let kV  be a base precoding matrix and H
kU  be a base decoding matrix for the kth D2D pair. 

The base precoding and decoding matrices, ( kV , H
kU ), are determined based on the IA 

technique that eliminates the intra-system interference in the D2D networks, where we do not 
consider the inter-system interference and { }1,2, ,k K∈ 

.  
This paper proposes two different IA algorithms to eliminate the intra-system interference: 

one is a non-iterative IA algorithm and the other is an iterative IA algorithm. While the 
non-iterative IA algorithm does not generate interference leakage, the iterative IA algorithm 
generates interference leakage. Also, the complexity of the non-iterative IA algorithm is lower 
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than that of the iterative IA algorithm. However, the D2D pairs can use the non-iterative IA 
algorithm only when the condition of the non-iterative IA algorithm, that is the number of 
D2D pairs is three and the number of antennas at each D2D pair is identical, is satisfied. 

Therefore, for the specific case when the number of D2D pairs is three (K = 3) and the 
number of antennas at each D2D pair is identical, we can find the matrices of ( kV , H

kU ) by 
using the non-iterative IA algorithm [23], [24]. Otherwise, we can find the matrices of 
( kV , H

kU ) by using the iterative IA algorithm [25]. 

A. Finding ( kV , H
kU ) based on the Non-iterative IA algorithm 

If the number of D2D pairs is three (K = 3) and the number of antennas at each D2D pair is 
identical, the base precoding matrix for the kth D2D pair is given by [23] 
 
 1 1 2 /2kM =  V e e e

 ,  (5) 

 1
2 3,2 3,1 1

−=V H H V  , (6) 
 1

3 2,3 2,1 1
−=V H H V  , (7) 

 
where 1 2 /2, , ,

kMe e e  are the eigenvectors of 1 1 1
3,1 3,2 1,2 1,3 2,3 2,1
− − −E = H H H H H H . The base 

decoding matrix for the kth D2D pair is given by [24] 
 
 

1

1 1,1 1 1,2 2/2 /2k k

H
M M

−

      
   =   U I 0 H V H V     (8) 

 
1

2 2,2 2 2,3 3/2 /2k k
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1

3 3,3 3 3,1 1/2 /2k k

H
M M
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   =   U I 0 H V H V    (10) 

 
where x    denotes the largest integer less than or equal to x and q0  denotes a q q×  matrix of 
all zeros. 

If the DTs decide the precoding matrix by using the non-iterative IA algorithm, the 
precoding matrices of the D2D pairs satisfy the three interference aligning constraints in [23] 
described as 
 
 ( ) ( )1,2 2 1,3 3span span=H V H V    (11) 

 2,1 1 2,3 3=H V H V   (12) 
 3,1 1 3,2 2=H V H V   (13) 
 

The received signal at the kth DR is given by 
 

 
3

,
1

H H
k k k l l l k k

l=

= +∑y U H V x U n  (14) 

 
We can divide (14) into the intended signal and the intra-system interference signal. Equation 
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(14) then can be expressed as follows:  
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By applying the decoding matrix of the kth DT and the three interference aligning constraints in 
[23] to (15), Eq. (15) can be expressed as follows: 
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simplified as follows: 
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 (17) 

 
Therefore, the non-iterative IA algorithm eliminates the intra-system interference signal and 
decodes the intended signal successfully. 

B. Finding ( kV , H
kU ) based on the Iterative IA algorithm 

If the number of D2D pairs is more than three (K > 3), in the iterative IA algorithm, we 
iteratively find the precoding and decoding matrices, as shown in Algorithm 1. The iterative 
IA algorithm uses the minimal interference leakage IA algorithm that minimizes the 
interference leakage in D2D networks by alternating the forward and reverse directions until 
the interference leakage converges [5], [25].  
 
 

Algorithm 1. Iterative IA algorithm to find the base precoding and decoding matrices 

1: Set [0]
k ∈V k kM d×  , [0] [0]

k

H
k k d=V V I



   as arbitrary precoding matrix where { }1,2, ,k K∈ 
 

2: Set [0]H
k ∈U k kd M× , [0] [0]

k

H
k k d=U U I



   as arbitrary decoding matrix where { }1,2, ,k K∈ 
 

3: ( ),[0] [0] [0] [0] [0]
, ,

1 1,

K K
k j H H H

k k j j j k j k
k j j k j

p
I tr

d= = ≠

= ∑ ∑ U H V V H U    



  // calculate the total interference 
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4: Set t = 0 
5: do 

  6:       t = t + 1 

7:      { },[ ] [ 1] [ 1]
, ,

1,
, 1, 2, ,

K
k jt t t H H

k k j j j k j
j j k j

p
k K

d
− −

= ≠

= ∈∑Q H V V H 



 // forward direction 

8:      ( ) { }[ ] [ ] , 1, 2, ,
k

t t
k kdu k K= ∈U Q





   // eigenvalue decomposition of [ ]t
kQ  

9:     { },[ ] [ ] [ ]
, ,

1,
, 1, 2, ,

K
j kt H t t H

k j k j j j k
j j k k

p
k K

d= ≠

= ∈∑Q H U U H






  // reverse direction 

10:      ( ) { }[ ] [ ] , 1, 2, ,
k

t t
k kdu k K= ∈V Q







     // eigenvalue decomposition of [ ]t
kQ


 

11:      ( ),[ ] [ ] [ ] [ ] [ ]
, ,

1 1,

K K
k jt t H t t H H t

k k j j j k j k
k j j k j

p
I tr

d= = ≠

= ∑ ∑ U H V V H U    



  // calculate the total interference 

12: while [ 1] [ ]t tI I ε− − >   

13: return [ ]t
k k=V V  , [ ]H t H

k k=U U   
 

In Algorithm 1, [ ]t
kV  is the base precoding matrix of the kth DT at the tth iteration, [ ]t H

kU  is 

the base decoding matrix of the kth DR at the tth iteration, ( )2 1k kd M K=  +  
  is the number 

of data streams for the base precoding and decoding matrices of the kth D2D pair, un(X) is the 
matrix containing n eigenvectors corresponding to n smallest eigenvalues of matrix X, and ε  
is the convergence threshold of the iterative IA algorithm. The iterative IA algorithm reduces 
the value of weighted leakage interference (WLI) where the WLI is given by 
 

 ( ),[ ] [ ] [ ] [ ] [ ]
, ,

1 1,

K K
k jt t H t t H H t

k k j j j k j k
k j j k j

p
I tr

d= = ≠

= ∑ ∑ U H V V H U    



 (18) 

 
in Algorithm 1. Since the WLI is bounded below by zero, this implies that the algorithm must 
converge. Given the value of kV , kU  computed in the forward direction minimizes the value 
of WLI over all possible choices of kU . As with the forward direction, given the value of kU , 

kV  computed in the reverse direction minimizes the value of WLI over all possible choices of 

kV . Since the value of WLI is monotonically reduced after each iteration, the convergence of 
the algorithm is guaranteed, although the convergence to global minimum is not guaranteed. 
The detailed procedure for convergence proof is provided in [26]. 

3.3 Precoding Matrix (Vk) of D2D Pairs 
Each DT finds the precoding matrix that mitigates both the intra-system interference and the 
inter-system interference (the D2D networks to the cellular network) on the basis of the base 
precoding matrix, kV . In the D2D networks underlaying a cellular network, to mitigate the 
inter-system interference from the D2D networks to the cellular network, we set k k k=V V C , 
where Ck is a matrix for the linear span of kV  to minimize the inter-system interference to the 
cellular network. The optimal matrix, *

kC , that minimizes the inter-system interference is 
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given by 
 
 { }

2*
0,arg min for 1,2, ,

k
k k k k F

k K= ∈
C

C G V C 
 (19) 

{ }
2

,s.t. 1, 1, , ,k k l kF
l d= ∀ ∈V c   

 
where ,k lc  is the lth column vector of the Ck and dk is an arbitrary number of data streams for 

the kth D2D pair, where ( )2 1k kd M K≤  +   . Equation (11) can be simplified as follows:  
 
 ( )* arg min

k

H
k k ktr=

C
C C QC  (20) 

{ }, ,s.t. 1, 1, , .H
k l k l kl d= ∀ ∈c Rc 

 
 
In (12), Q and R are respectively expressed as follows: 
 
 0, 0, ,H H

k k k k=Q V G G V   (21) 
 .H

k k=R V V   (22) 
 
With the number of data streams of the kth D2D pair being dk, the optimal solution of (12) is 
given by [27] 
 
 ( ) ( )( )* 1 .

kk k dd normc u −=C R Q  (23) 

 
where un(X) is the matrix containing n eigenvectors corresponding to n smallest eigenvalues of 
matrix X and normc(X) normalizes the columns of matrix X to a length of 1. 

Consequently, the optimal precoding matrix of the kth DT is given by 
 
 ( ) ( ) { }* , for 1,2, , .k k k k kd d k K= ∈V V C 

 (24) 

3.4 Decoding Matrix (Uk) of D2D Pairs  
Each DR finds the decoding matrix that mitigates both the intra-system interference and the 
inter-system interference (the cellular network to the D2D networks) on the basis of the base 
decoding matrix, H

kU . To mitigate the inter-system interference from the cellular network to 
the D2D networks, we find the optimal matrix, *

kB , that minimizes the inter-system 
interference, as follows: 
 
 2*

,0arg min .
k

H
k k k k F

=
B

B B U G  (25) 

 
With the number of data streams of the kth D2D pair being dk, the optimal solution of (17) is 
given by [27] 
 
 ( ) ( )*

,0 ,0 .
k

H H
k k d k k k kd u=B U G G U   (26) 
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Finally, to eliminate the inter-stream interference in the kth D2D pair, we determine the 

zero-forcing (ZF) matrix as follows: 
 
 ( ) ( ) ( )( ) 1*

, ,H
k k k k k k k k kd d d

−
=A B U H V  (27) 

 
where dk is the number of data streams of the kth D2D pair. Consequently, for { }1,2, ,k K∈ 

, 
the optimal decoding matrix of the kth DR is given by 
 
 ( ) ( ) ( )( )* .H H

k k k k k k kd normc d d=U A B U  (28) 

3.5 Number of Data Streams for D2D Pairs 
We determine the optimal number of data streams for D2D pairs in order to maximize the 
capacity of each D2D pair while satisfying the inter-system interference constraint to the 
cellular network. The procedure to find the optimal number of data streams for the kth D2D 
pair is summarized in Algorithm 2 and Algorithm 3. 

Algorithm 2 finds the maximum number of data streams for the kth D2D pair, dk,max, that 
satisfies the inter-system interference constraint while iteratively increasing the value of dk. In 
Algorithm 2, dk,min denotes the minimum number of data streams at the kth D2D pair; Ik(dk) 
denotes the inter-system interference from the kth DT with dk data streams to the CU; and gk,l 
denotes the lth row vector of G0,k. 

 
 

Algorithm 2. findStreamMax(k): find the maximum number of data streams for the kth D2D 
pair 

1: Set ,min 0
2

max ,1
1
k

k
M

d d
K

  = −  +  
 

2: for dk = dk,min to 
2

1
kM

K
 
 + 

 do 

3:      Compute Vk(dk) from (16) 

4:      Compute ( )
( )

0

2
,

1

d k l k k F
k k l

k

g d
I d

d=
= ∑

V
  

5:      if ( ) ,k k th kI d γ≥  then 
6:           break 
7:      end if 
8: end for 
9: return dk,max = dk - 1 

 
Algorithm 3 finds the optimal number of data streams for the kth D2D pair, *

kd , that 
maximizes the SINRk of each D2D pair while iteratively increasing the value of dk up to dk,max, 
where kn  denotes the average noise power at the kth DR. Notice that as the number of dk 
increases, the spatial multiplexing gain increases but the inter-system interference also 
increases. 
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Algorithm 3. findStreamOpt(k): find the optimal number of data streams for the kth D2D pair 

1: Set ,min 0
2

max ,1
1
k

k
M

d d
K

  = −  +  
 

2: Set dk,max = findStreamMax(k) 
3: Set SINRk (dk - 1) = 0 
4: for dk = dk,min to dk,max do 
5:      Compute ( )H

k kdU  from (20) 

6:      Compute ( )
( ) ( ) ( )

2 2

, , , ,0

1 0

SINR
k

H H
d k l k k k k k k l k k

F F
k k k

l k

d d d
d n

d d=

 
 = + 
 
 

∑
u H V u G

  

7:      if SINRk
 (dk) ≤  SINRk (dk - 1) then 

8:           break 
9:      end if 

10: end while 
11: return * 1k kd d= −   
 
Because the minimum value of dk,min is 1, the maximum iterations of Algorithm 2 and 

Algorithm 3 are identically equal to ( )2 1kM K +   , where K is the number of D2D pairs 
and Mk is the number of antennas at the kth D2D pair. 

Algorithm 3 also can use the inter-system interference leakage (IL) criterion. To use the 
inter-system IL criterion in Algorithm 3, the Algorithm 3 needs the inter-system IL 
constraint. The DRs compute the inter-system IL from the BS to the DRs according to the 
number of data streams for the D2D pairs by using 
 

 IL ( )
( )

2

, ,0

1 0

k

H
d k l k k

F
k k

l

d
d

d=

= ∑
u G

. (29) 

 
Then, the D2D pairs find the maximum number of all possible data streams that satisfy the 
inter-system IL constraint. 

If Algorithm 3 uses the inter-system IL criterion, the D2D pairs can find the optimal 
number of data streams that satisfies the inter-system IL constraint but the D2D pairs cannot 
maximize the capacity of the D2D pairs because the D2D pairs do not consider the received 
signal power of data streams. Consequently, the average capacity of the cellular network on 
the basis of the inter-system IL criterion is similar to the average capacity of the cellular 
network on the basis of the SINR criterion. However, the average capacity of the D2D pairs on 
the basis of the inter-system IL criterion is lower than the average capacity of the D2D pairs on 
the basis of the SINR criterion. 
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3.6 Capacity Analysis 
The capacity of the cellular network can be expressed as follows: 
 

 
0

20,0
0, 0,0 0

0
2

20,1
0, 0, 0

1

log 1 ,

H
ld F

Cell K
k Hl

l k k F
k k

p
dC p

n
d

=

=

 
 
 = +
 

+ 
 

∑
∑

u H V

u H V
 (30) 

 
where d0 is the number of data streams, p0,0 is the received power at the CU from the BS, 0,

H
lu  

denotes the lth row vector of the decoding matrix of the CU, 0
HU , and n0 denotes the noise 

power at the CU. 
If D2D pairs use the non-iterative IA algorithm, the intra-system interference and the 

inter-stream interference do not exist. Therefore, if D2D pairs use the non-iterative IA 
algorithm, the sum capacity of the D2D pairs is given by 
 

 

2,
, ,3

2 2
2,01 1

, ,0 0
0

log 1 ,
k

k k H
k l k k kd F

k
D D

k Hk l
k l k kF

p
dC p

n
d

= =

 
 
 = +
 

+ 
 

∑∑
u H V

u H V
 (31) 

 
where ,

H
k lu  denotes the lth row vector of the decoding matrix of the kth DR, H

kU , and nk denotes 
the noise power at the kth DR. 

Whereas if D2D pairs use the iterative IA algorithm, the intra-system interference exists 
because of the interference leakage in the D2D networks. Therefore, if D2D pairs use the 
iterative IA algorithm, the sum capacity of the D2D pairs is given by 
 

 

2,
, ,

2 2
2 2,1 1 ,0

, ,0 0 . ,
1,0

intra-system  interference leakage

log 1 .
k

k k H
k l k k kdK F

k
D D K

k jk l k H H
k l k k l k j j kF F

j j k j

p
d

C
pp

n
d d

= =

= ≠

 
 
 
 = + 
 + +
 
 
 

∑∑
∑

u H V

u H V u H V


 (32) 

 
Therefore, the average capacity of the cellular network on the basis of the iterative IA 

algorithm is similar to the average capacity of the cellular network on the basis of the 
non-iterative IA algorithm. However, the average capacity of the D2D pairs on the basis of the 
iterative IA algorithm is lower than the average capacity of the D2D pairs on the basis of the 
non-iterative IA algorithm because of the interference leakage in the D2D networks. 
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4. Simulation Results 
We compare the performance of the proposed interference mitigation scheme with the 
following two schemes: an intra-system IA scheme, where the IA technique is used without 
consideration of the inter-system interference, and a power control (PC)-based IA scheme of 
[17], where the inter-system interference is controlled by using the power control and the 
intra-system interference is controlled by using the IA technique. Moreover, we additionally 
compare the performance of the minimum mean square error (MMSE) based scheme of [13], 
where the intra-system interference and the inter-system interference are minimized by 
optimizing the parameters of (Vk, H

kU ) in the D2D networks, as the value of d0 increases.  
In the simulation, we consider symmetric K pair D2D networks where the kth DT and the kth 

DR are equipped with Mk antennas. In a cellular network, a BS and a CU are equipped with M0 
= 8 antennas for long term evolution-advanced (LTE-Advanced) or M0 = 16 antennas for 
LTE-Advanced Pro [28], [29]. The cellular network is assumed to use the MIMO technique on 
the basis of the singular value decomposition (SVD) among many MIMO techniques because 
the SVD-MIMO technique can decompose the MIMO channel matrix into parallel 
single-input single-output subchannels. Therefore, the BS easily can select the subchannels 
that maximize the capacity of the cellular network with the given number of data streams [30]. 
The SVD-MIMO technique is optionally used in LTE systems. 

When the channel matrix between the BS and the CU is H0,0, the SVD of the channel matrix 
is given by 0,0 0 0

H=H U ΛV , where U0 and V0 are unitary matrices and Λ  is a diagonal matrix 
with non-negative real numbers. Then, the precoding and decoding matrices of the cellular 
network on the basis of the SVD-MIMO technique are respectively V0 and 0

HU . Therefore, the 
effective channel matrix in the cellular network on the basis of the SVD-MIMO technique is 
the diagonal matrix Λ  because the U0 and the V0 are unitary matrices [31]. Consequently, the 
cellular network easily can adjust the number of data streams by selecting as many columns of 
V0 and rows of 0

HU  as the number of data streams. 
We assume that the inter-system interference constraint at each D2D pair is identical 

to ,th k th Kγ γ= , where γth is the total inter-system interference constraint from the D2D 
networks to the cellular network. The parameters used in the simulation are summarized in 
Table 2. 
 

Table 2. Simulation parameters 
Item Value 

Number of D2D pairs, K 3~7 
Number of antennas of each DT and each DR, Mk 4~16 
Number of antennas of a BS and a CU, M0 8, 16 [28], [29] 
Transmission power of a BS, p0 43 dBm [32] 
Transmission power of the kth DT, pk 23 dBm [33], [34] 
Total inter-system interference constraint, γth -90 dBm 
Pathloss model for a cellular link 128.1+37.6log10(d[km]) [35] 
Pathloss model for D2D links 148 + 40log10(d[km]) [35] 
Distance between a BS and a CU, L0,0 2 km [32] 
Distance between a BS and the kth DR, Lk,0 1.5 km~2.5 km 
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Distance between the kth DT and a CU, L0,k 200 m~300 m 
Distance between DTs and DRs 50 m [33] 
Channel model for a cellular link Rayleigh with unit power 
Channel model for a D2D link Rician with K = 0 dB [33] 
Center frequency 2 GHz [35] 
Bandwidth 10 MHz [32] 
Noise model Gaussian noise with zero mean [32] 
Noise spectral density -174 dBm/Hz 
Convergence threshold for iterative IA algorithm 10-15 

 
 

 
Fig. 2. Average capacity of a cellular network vs. the number of data streams in a cellular network 

 
Fig. 2 shows the average capacity of a cellular network as the number of data streams (d0) in 

the cellular network increases when K = 3, Mk = 8, Lk,0 = 2 km, and L0,k = 250 m. As the value 
of d0 increases, the average capacity of the cellular network increases owing to the spatial 
multiplexing gain if the inter-system interference caused by the D2D networks does not 
excessively increase. In the intra-system IA scheme, the average capacity of the cellular 
network declines after a certain value, d0 = 7 and d0 = 5 when M0 = 16 and M0 = 8 respectively, 
in our simulation environment, because it does not control the inter-system interference. In the 
MMSE-based scheme, the average capacity of the cellular network declines after a certain 
value, d0 = 11 and d0 = 5 when M0 = 16 and M0 = 8 respectively, in our simulation environment 
because the inter-system interference from the DTs to the CU of the MMSE-based scheme is 
lower than that of the intra-system IA scheme as a result of optimizing the parameters of (Vk, 

H
kU ). In the PC-based IA scheme, the average capacity of the cellular network also declines 

after a certain large value, d0 = 13 and d0 = 5 when M0 = 16 and M0 = 8 respectively, in our 
simulation environment, although it controls the total inter-system interference by reducing 
the transmission power of DTs, because the signal-to-interference-plus-noise ratio (SINR) per 
data stream in the cellular network is too small for a large value of d0. However, in the 
proposed scheme, the average capacity of the cellular network increases as the value of d0 
increases when the value of M0 = 16 because it dynamically controls the inter-system 
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interference by optimizing the parameters of (Vk, H
kU , dk) in the D2D networks, where 

{ }1,2, ,k K∈ 
. Moreover, the proposed scheme outperforms the other scheme thanks to the 

optimization of parameters of (Vk, H
kU , dk). In the proposed scheme, the average capacity of a 

cellular network steeply increases after d0 = 14 when the value of M0 is 16, because the D2D 
transmissions are restrained to satisfy the inter-system interference constraint. On the other 
hand, unlike when the value of M0 is 16, the average capacity of a cellular network declines 
after d0 = 4 when the value of M0 is 8. Also, the average capacity of the cellular network when 
the value of M0 is 8 does not increase even if the BS uses the maximum number of data streams 
because the D2D transmissions are not restrained by optimizing the parameters of (Vk, H

kU , dk) 
when the value of d0 is lower than 14 regardless of the value of M0. The average capacity of the 
cellular network when the value of M0 is 8, is surely lower than the average capacity of the 
cellular network when the value of M0 is 16. 

 
 

 
Fig. 3. Average capacity of a D2D pair vs. the number of data streams in a cellular network 

 
Fig. 3 shows the average capacity of a D2D pair as the number of data streams (d0) in the 

cellular network increases when K = 3, Mk = 8, Lk,0 = 2 km, and L0,k = 250 m. In the 
intra-system IA scheme, the average capacity of a D2D pair is almost unchanged regardless of 
the value of d0 because d0 does not control the inter-system interference. In the MMSE-based 
scheme, the average capacity of the D2D pair is maintained regardless of the value of d0 
because the inter-system interference and the intra-system interference are controlled by 
optimizing the value of (Vk, H

kU ). However, if the distance between the DTs and the DRs in 
the other D2D pair decreases, the average capacity of the D2D pair decreases because the 
MMSE-based scheme does not eliminate the intra-system interference. In the PC-based IA 
scheme, the average capacity of a D2D pair declines after d0 = 5 because the DTs begin to 
control the transmission power when d0 = 5 in our simulation environment in order to restrain 
the inter-system interference to the cellular network. In the proposed scheme, the average 
capacity of the D2D networks declines according to the increase of d0 because the number of 
data streams in the D2D networks decreases with the value of d0 in order to reduce the 
inter-system interference caused by the D2D networks. In particular, when the value of M0 is 
16, a higher value of d0 results in higher inter-system interference, and therefore the average 
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capacity of the D2D networks steeply declines when the value of d0 is high because the 
number of data streams of a D2D pair is rapidly restrained. However, the average capacity of a 
D2D pair is significantly higher in the proposed scheme than in other schemes because the 
proposed scheme dynamically mitigates the inter-system interference. However, when the 
value of M0 is 8, the average capacity of the D2D pair of the proposed scheme does not sharply 
decrease even if the BS uses the maximum number of data streams because the D2D 
transmissions are not restrained by optimizing the parameters of (Vk, H

kU , dk). 
 

 
Fig. 4. Average capacity of a cellular network vs. the number of D2D pairs 

 
Fig. 4 shows the average capacity of the cellular network as the number of D2D pairs (K) 

increases when M0 = 16, Mk = 16, Lk,0 = 1 km, L0,k = 250 m, d0 = 10, and dk,max = 4. As the value 
of K increases, the inter-system interference increases due to the increase of the DTs, and 
therefore the capacity of the cellular network exponentially decreases with the value of K if we 
do not control the inter-system interference. Hence, in the intra-system IA scheme, the average 
capacity of the cellular network decreases with the value of K because it does not control the 
inter-system interference. In the proposed scheme, the inter-system interference is controlled 
by adjusting the discrete number of data streams of D2D pairs whereas in the PC-based IA 
scheme, the inter-system interference is controlled by adjusting the continuous value of the 
transmission power of each DT. Hence, in the PC-based IA scheme, the average capacity of 
the cellular network is maintained regardless of the number of K because the total inter-system 
interference is controlled to be the inter-system interference constraint, γth. However, in the 
proposed scheme, the average capacity of the cellular network slowly declines and approaches 
a certain value as the value of K increases because the total inter-system interference is 
controlled to be less than or equal to the inter-system interference constraint, γth, by changing 
the parameters (Vk, H

kU , dk). Above all, the proposed scheme outperforms the other schemes in 
terms of the average capacity of the cellular network. 
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Fig. 5. Average capacity of a D2D pair vs. the number of D2D pairs 

 
Fig. 5 shows the average capacity of a D2D pair as the number of D2D pairs (K) increases 

when M0 = 16, Mk = 16, Lk,0 = 1 km, L0,k = 250 m, d0 = 10, and dk,max = 4. In the intra-system IA 
scheme, the average capacity of a D2D pair is unchanged regardless of the number of K 
because the D2D pair does not control the inter-system interference. In the PC-based IA 
scheme and in the proposed scheme, the average capacity of a D2D pair linearly decreases as 
the value of K increases because the PC-based IA scheme reduces the transmission power of 
DTs and the proposed scheme reduces the number of data streams of each D2D pair in order to 
restrain the inter-system interference. 
 
 

 
Fig. 6. Average capacity of a cellular network vs. the number of antennas of the kth D2D pair 

 
Fig. 6 shows the average capacity of a cellular network as the number of antennas of the kth 

D2D pair (Mk) increases when K = 3, M0 = 16, Lk,0 = 2 km, L0,k = 250 m, and d0 = 10. As the 
value of Mk increases, the number of data streams that interfere with the CU increases but the 



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 11, NO. 4, April 2017                                         1859 

inter-system interference power per data stream decreases. Therefore, the inter-system 
interference from the DTs to the CU remains at a constant level regardless of the value of Mk in 
our simulation environment. Consequently, in the intra-system IA scheme and the PC-based 
IA scheme, the average capacity of the cellular network is almost unchanged regardless of the 
value of Mk. However, in the proposed scheme, the average capacity of the cellular network 
decreases until a certain value, Mk = 6, because the ratio of the number of data streams to the 
number of antennas of the D2D pair increases. However, if the value of Mk is larger than 6, the 
average capacity of the cellular network increases because the ratio of the number of data 
streams to the number of antennas of the D2D pair decreases to satisfy the inter-system 
interference constraint. 
 

 
Fig. 7. Average capacity of a D2D pair vs. the number of antennas of the kth D2D pair 

 
Fig. 7 shows the average capacity of a D2D pair as the number of antennas of the kth D2D 

pair (Mk) increases when K = 3, M0 = 16, Lk,0 = 2 km, L0,k = 250 m, and d0 = 10. As the value of 
Mk increases, the spatial multiplexing gain increases but the total inter-system interference 
from the BS increases and the SNR per data stream in the D2D pair decreases. Consequently, 
in the intra-system IA scheme and the PC-based IA scheme, the average capacity of the D2D 
pair is almost unchanged regardless of the value of Mk. However, in the proposed scheme, as 
the value of Mk increases, the average capacity of the D2D pair also increases by spatial 
multiplexing gain because the DRs minimize the inter-system interference from the BS by 
optimizing the parameters of (Vk, H

kU , dk). However, when the value of Mk is lower than 4, 
the average capacity of the D2D pair in the proposed scheme is lower than that in the previous 
schemes because the partial D2D transmissions are restrained to satisfy the inter-system 
interference constraint. 
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Fig. 8. Average capacity of a cellular network vs. the distance between a BS and the kth DR 

 
Fig. 8 shows the average capacity of a cellular network as the distance between a BS and the 

kth DR (Lk,0) increases when K = 3, M0 = 16, Mk = 8, L0,k = 250 m, and d0 = 10. The average 
capacity of the cellular network is not related to the value of Lk,0 because the inter-system 
interference from the DTs to the CU does not change even if the value of Lk,0 changes. 
Consequently, the average capacity of the cellular network of all schemes is almost unchanged 
regardless of the value of Lk,0. 
 

 
Fig. 9. Average capacity of a D2D pair vs. the distance between a BS and the kth DR 

 
Fig. 9 shows the average capacity of a D2D pair as the distance between a BS and the kth DR 

(Lk,0) increases when K = 3, M0 = 16, Mk = 8, L0,k = 250 m, and d0 = 10. As the value of Lk,0 
increases, the average capacity of the D2D pair increases because the inter-system interference 
from the BS to the DRs decreases. Consequently, as the value of Lk,0 increases, the average 
capacity of the D2D pair of all schemes increases. 
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Fig. 10. Average capacity of a cellular network vs. the distance between the kth DT and a CU 

 

Fig. 10 shows the average capacity of a cellular network as the distance between the kth DT 
and a CU (L0,k) increases when K = 3, M0 = 16, Mk = 8, Lk,0 = 2 km, and d0 = 10. In the 
intra-system IA scheme, as the value of L0,k increases, the average capacity of the cellular 
network increases because the inter-system interference from the DTs to the CU decreases 
with the value of L0,k. However, in the PC-based IA scheme, the average capacity of the 
cellular network is maintained until a certain value, L0,k = 260 m, because the DT controls the 
transmission power to satisfy the inter-system interference constraint. However, if the value of 
L0,k is higher than 260 m, the average capacity of the cellular network increases as the value of 
L0,k increases because the DT can satisfy the inter-system interference constraint even if it uses 
the full transmission power. In the proposed scheme, as the value of L0,k increases, the DT 
increases the number of data streams because it can satisfy the inter-system interference 
constraint even if it increase the number of data streams. Therefore, in the proposed scheme, 
the average capacity of the cellular network decreases until a certain value,  L0,k = 240 m. 
However, if the value of L0,k is higher than 240 m, the average capacity of the cellular network 
increases as the value of L0,k increases because the DT can satisfy the inter-system interference 
constraint even if it uses all data streams. 

 
Fig. 11. Average capacity of a D2D pair vs. the distance between the kth DT and a CU 
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Fig. 11 shows the average capacity of a D2D pair as the distance between the kth DT and a 
CU (L0,k) increases when K = 3, M0 = 16, Mk = 8, Lk,0 = 2 km, and d0 = 10. In the intra-system 
IA scheme, the average capacity of the D2D pair is maintained regardless of the value of L0,k. 
In the PC-based IA scheme, the average capacity of the D2D pair increases until a certain 
value, L0,k = 260 m, because the DT increases the transmission power as the value of L0,k 
increases. However, if the value of L0,k is higher than 260 m, the average capacity of the D2D 
pair is maintained because the DT does not control the transmission power. In the proposed 
scheme, as the value of L0,k increases, the DT increases the number of data streams because it 
can satisfy the inter-system interference constraint even if it increases the number of data 
streams. However, if the value of L0,k is higher than 260 m, the average capacity of the D2D 
pair slowly rises and approaches a certain value as the value of L0,k increases because the 
maximum number of data streams for the D2D pair are limited as Mk/2. 

5. Conclusion 
This paper proposed an interference mitigation scheme for D2D communications underlaying 
a cellular network and developed an optimization problem that maximizes the capacity of 
D2D networks while satisfying the inter-system interference constraint. This paper presented 
how to determine the optimal parameters of the precoding matrix (Vk), the decoding matrix 
( H

kU ), and the number of data streams (dk) for each D2D pair. The proposed scheme 
significantly increases the average capacity of the cellular network as well as the D2D 
networks by dynamically controlling the parameters of (Vk, H

kU , dk) according to the number 
of data streams used in the cellular network and the channel environment between each DT 
and a CU. In particular, the proposed scheme can be applied to heterogeneous networks 
regardless of the number of data streams for a cellular network. Our future work will study the 
interference mitigation scheme for D2D networks when the channel state information at the 
transmitter is not perfect due to the delay or limited feedback.  
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