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Abstract 

 In this paper, we study relay-assisted underlay Device-to-Device (D2D) 

communication operating at millimeter-wave (mmWave) band in which half-

duplex/full-duplex (HD/FD) relays may assist D2D users to improve 

transmission quality and coverage range. We aim to jointly select D2D 

transmission mode, assign one or more cellular resource blocks (RBs) to 

each D2D user and control the powers of users to maximize the aggregate 

data rate of the network. We focus on the main features of mmWave 

communication including larger bandwidth, directive antenna arrays 

utilization, and severe path loss and shadowing. As the optimization 

problem is mixed-integer-non-linear programming, two heuristic algorithms 

are proposed, assuming full Channel Side Information (CSI) and limited CSI 

at Base Station, respectively. Simulation results show the superiority of 

utilizing FD relays, especially for non-line-of-sight links, which is the 

dominant propagation mechanism in mmWave band. Furthermore, mode 

selection may imropves the performance in the case of large residual-self-

interference. The limited CSI algorithm has considerably lower complexity. 

Moreover, when the number of RBs far exceeds the number of D2D users, 

the gap between two algorithms vanishes. 

Keywords: D2D communication, Full-Duplex Relay, Millimeter-wave, 5G 
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Highlights 

• Joint D2D mode selection, channel assignment and power control in order to maximize the aggregate data rate. 

• Realistic modeling of mm Wave channel including both LOS and NLOS links. 

• Proposing two heuristic algorithms for full-CSI and limited-CSI scenarios. 
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1- Introduction 
Device-to-Device (D2D) communication is a technique for direct communication between proximity users within 

a cellular network without involving the Base Station (BS), proposed for constantly-growing local services and 

emergency conditions. D2D communication is proved to be a vital technique for improving spectral efficiency 

and decreasing latency in current and succeeding generation of cellular systems [1-4]. Resource allocation and 

interference management are the most important concerns in D2D networks, especially in underlay D2D 

communications. The coexistence of cellular and D2D users in microwave spectrum bands has been investigated 

in many researches and different centralized and distributed power allocation algorithms are proposed [5-10]. A 

good survey on the existing algorithms related to interference management (avoidance, coordination, and 

cancellation) in D2D networks can be found in [11]. 

Relays-assisted D2D communication is suggested to increase D2D communication range and improve quality of 

service (QoS) [12]. FD relaying, in which simultaneous transmission and reception of on a common frequency 

band is possible, is proved to improve energy and spectrum efficiency compared to HD relaying [13-16]. 

On the other hand, millimeter wave (mmWave) communication is one of the key enabling technologies to meet 

the vast data demand growth [16-18]. Due to extremely low wavelengths of mmWave signals, using antenna 

arrays is possible in order to enable high-gain beamforming to overcome path-loss and shadowing effects [17-20]. 

Recently, D2D communication in mmWave band has gained considerable attention [21]. The propagation 

characteristics of mmWave communication and its impacts on Fifth Generation (5G) of cellular networks are 

discussed in [22]. Moreover, a resource sharing algorithm is proposed which allows non-interfering D2D links to 

operate concurrently. 

In existing research on achievable aggregate-rate of underlay D2D transmission, two different approaches are 

proposed based on the geometry of the network: some papers assume the positions of D2D/cellular users are 

deterministic [23-24], while others use stochastic geometry to model the randomness of the network [6]. 

Alternately, rate analysis can be studied assuming instantaneous or statistical CSI availability which results in 

ergodic capacity and capacity with outage, respectively. 

In [25], a resource allocation algorithm for D2D communications underlaying cellular network in the E-band is 

proposed to maximize the achievable sum rate of cellular and dense D2D network while alleviating the 

interference caused by D2D links. Nevertheless, a D2D pair can only reshare the resource blocks of a particular 

cellular user. Furthermore, the necessity of utilizing relay-based communication in Non-Line-of-Sight (NLOS) 

conditions is ignored. 

It is proven that utilizing HD/FD relays in microwave D2D networks can improve system capacity and coverage 

[26]. However, the literature on utilizing FD relays in mmWave networks in the context of D2D communication 

is limited. 

In [27], a multi-hop approach is investigated to improve the connectivity of the mmWave network. Nevertheless, 

the side-effects of multi-hop relaying like overhead increase and delay are not considered. In [28], it is shown that 

D2D relaying can help to increase the connectivity and coverage range of mmWave cellular systems and an 

algorithm is proposed for relay selection in a two-hop decode-and-forward mmWave cellular system. The authors 

in [29] propose a relay-assisted mmWave cellular network in which an idle user can act as a relay to forward the 

BS signal to a destination user once there is an outage on the direct cellular link. All these papers [27-29] consider 

only HD relaying. In [30], a full-duplex relay-based D2D network communicating in mmWave band is considered 

and an efficient algorithm is proposed for relay selection and power allocation when the D2D network works in 

dedicated mode with no interference on cellular users. In [31], using deep learning, a D2D mmWave 

communication framework for mode selection is considered in which the D2D transmitter select the mode to 

transmit the data directly or through the BS as a relay. 

Contribution 

To the best of the author’s knowledge, the problem of uplink resource allocation for D2D users with HD/FD 

relaying, underlaying the cellular network in mmWave band has been not considered in any popular research yet. 

In this paper, a D2D network in the mmWave frequency band undelaying the uplink of a cellular system is 

analysed. Based on their distance or the Line-of-Sight (LOS) probability of the direct link, D2D users can establish 

connection directly, or by the help of relays, operating either in HD or FD mode. Resource management and power 

control for this framework are considered to achieve maximum aggregate rate of cellular and D2D network. 

It is necessary to mention that joint resource allocation and D2D mode selection for D2D underlaid cellular 

networks by decoupling the "power control" and "mode selection/channel assignment" phases has been studied in 

some papers. Authors in [32] consider joint relay selection and resource allocation for D2D underlaid cellular 

networks with focus on HD relays and microwave band, while in [33], D2D mode selection - between direct 

transmission and HD relaying -, power allocation and channel assignment is studied. 

The main features that distinct our work from others are as follows: (1) to increase the D2D rate, each D2D link 

is allowed to reshare the spectrum of more than one cellular link; (2) to effectively manage the trade-off between 
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complexity and performance, two heuristic solutions are proposed for both full and limited CSI cases. In both 

algorithms, a low complexity power control technique - which is an extension to previously proposed algorithm 

in [32-33] - and two greedy algorithms for mode selection and channel assignment are proposed. 

We point out that both proposed algorithms are backward compatible and can be applied to microwave band. Our 

concentration on mmWave band is characterized by utilizing highly-directive antennas, the high probability of 

NLOS links for D2D pairs -which emphasizes the importance of utilizing relays in D2D communication-, and the 

possibility of allocating more than one resource block (RB) to a D2D link, to increase the achievable rate. 

A comparison among main features of recent works in the field of D2D communication in mmWave band are 

summerized in Table 1. 

Table 1. Main features of recent works in the field of D2D communication in mmWave band 

Ref  Relay Method Resource Blocks CSI 

[25] ----- Rate Analysis D2D pair can only reshare the resource blocks of one cellular user Full CSI 

[27] HD Stochastic Geometry Dedicated resource blocks for D2D transmissions ----- 

[28] HD Rate Analysis Dedicated resource blocks for D2D transmissions Full CSI 

[29]  HD Rate Analysis D2D pair can reshare the resource blocks of cellular users statistical CSI 

[30] FD Stochastic Geometry Dedicated resource blocks for D2D transmissions ----- 

[31] HD Rate Analysis Dedicated resource blocks for D2D transmissions Full CSI 
 

Our Direct 
HD/FD 

 

Rate Analysis 
 

D2D pair can reshare the resource blocks of more than on cellular user Full CSI 
Limited CSI 

 

The remainder of this paper is as follows. System and channel models are presented in section 2. Problem 

formulation is presented in section 3 in which the analytical expression for D2D links, cellular users, and aggregate 

rate of the network are derived. In sections 4, the proposed algorithms for joint mode selection, power control, 

and channel assignment are presented for full and limited CSI cases. Simulation results and discussions are 

available in section 5. Finally, the paper is concluded in section 6. 

2- System and Channel Model 

2-1- System Model 

We consider resource allocation for a relay-based D2D communication underlaying the 5G cellular network 

operating at mmWave frequency band. Due to blockage and shadowing effects, the relays may assist D2D users 

with poor direct link quality. The relays are operating according to decode-and-forward (DaF) protocol and can 

operate in both HD and FD modes. 

Comparing to downlink (DL) spectrum band, the uplink (UL) spectrum is underutilized in the frequency division 

duplexing (FDD) based cellular systems. Hence, UL resources are preferred to be shared among cellular and D2D 

users [34]. 

In the single-cell scenario, we assume that cellular users (CUs) occupy all the available RBs. To reduce the 

interference, each RB is permitted to be reused by at most one D2D link. To fully exploit the spectrum resources 

and to satisfy the high data-rate demands of D2D users, each D2D link can occupy more than one RB, conditioned 

on minimum QoS demands of cellular users and maximum possible D2D bandwidth. 

More specifically, as depicted in Figure 1, the BS serves N cellular users denoted as C = {1,2,…,N} and control 

the communication of M < N D2D links denoted as U = {1,2,…,M}, where a D2D link is consisted of a source 

(S), destination (D), and relay (R). The relays can operate in HD or FD mode with residual self-interference (RSI) 

in FD mode is denoted by hrsi. The RSI value is assumed to be near the receiver noise floor utilizing analogue and 

digital mitigation methods [35, 36]. Without loss of generality, we assume that the number of RBs is equal to the 

number of CUs, and i’th RB is allocated to i’th CU. Hence, CU and RB may be used interchangeably throughout 

the paper. 

We highlight that although relay selection can be also considered as a part of resource allocation problem, we 

assume that a dedicated relay is assigned to each D2D pair, according to the minimum average Euclidean distance 

of relays from D2D pairs, for instance.  

2-2- Channel Model 

The channel gain between any two nodes 𝑥 and 𝑦, considering the effects of antenna gains, shadowing, and path-

loss is modelled as  

( )
xy

xy

xy

G
h

L d
=                                                                                                                                                          (1) 

where Gxy = Gt (θt) Gr (θr) and L(dxy) are the product of transmitting and receiving antenna gains, and path-loss 

function, respectively. 
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Figure 1. A typical D2D communication underlaying cellular network. 

 

A sectored antenna model with constant high-gain Gml and low gain Gsl  in the main and side lobes, respectively 

is deployed at both BS and mobile stations to perform directional beamforming [37]:  
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θt and rt are the angles of departure-from-transmitter and arrival-to-receiver, respectively, and θhpbw  is the half-

power-beam-width (HPBW) for the transmitting and receiving antennas. 

To model LOS-NLOS links, we utilize the model presented in [38] where the probability of LOS occurrence 

between two nodes with distance d is modeled as p(d) = e-βd, where 1/β  is the average LOS range of the cellular 

network. The path-loss model, in dB, is written as  

 

( ) ( ) ( )( ) ( )( )0 10 , 10 ,

0

I 10 log    1 I 10 log   

,   

LOS LOS NLOS NLOSL d L d p d d p d d

d d

          = + + + − +      


                 (3) 

 

Where L(d0) is the path-loss at reference distance d0, I(x) is a Bernoulli random variable with parameter x, αLOS  

and αNLOS are the LOS and NLOS power loss exponents (PLE) and χσ,LOS  and χσ,NLOS are zero mean Gaussian 

random variables with variances σ2
LOS and σ2

NLOS  in dB to model the shadowing and blockage effects [37, 39]. 

For D2D links, it is assumed that S→D links are in NLOS conditions (I(p(d)=0), S→D, and R→D links experience 

LOS (I(p(d)=1), while other links, including desired and interference links, encounter combined LOS-NLOS 

conditions. 

The transmitted powers are declared as Pci, Psj, and Prj for i’th CU, j’th D2D source, and j’th D2D relay, 

respectively. The channel gains between different node are defined in Table 2. 

 
Table 2. Channel Gains Definitions 

Symbol Channel gain between 

 
i

i
c bh  

 i’th CU and BS  

 
j j

i
s rh  

 j’th D2D source and relay on i’th RB  

 
j j

i
r dh  

 j’th D2D relay and destination on i’th RB 

 
i j

i
c rh  

 i’th CU and j’th D2D relay 

 
i j

i
c dh  

 i’th CU and j’th D2D destination 

 
j

i
s bh  

 j’th D2D source and BS on i’th RB 

 
j

j

r b
h  

 i’th D2D relay and BS on i’th RB 
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3- Problem Formulation 

3-1- Cellular Network Data Rate 

Consider the case where all uplink cellular RBs are occupied. Assuming each RB may be shared by at most one 

D2D link, either in direct transmission (DT), half-duplex transmission (HT), or full-duplex transmission (FT) 

mode, the uplink rate of the single-cell system normalized by channel bandwidth B, can be formulated as (4) 

( ) ( ) ( ) ,0 , , ,
i i i i

DT HT FT
cell ij c ij ij c j ij ij c j ij c j

i C j U i C j U

R R R R R  

   

   
    = − + − + + −
    

   
    T T                                  (4) 

 

where ρij, the reuse indicator of i’th RB by j’th D2D link is a binary variable equal to one if j’th D2D link uses the 

i’th RB and zero, otherwise, with the following properties: ρij ϵ {0,1}, ∑ jϵU  ρij≤1. ℑijϵ{0,1}  indicates whether j’th 

D2D source-destination communicates directly (ℑij = 0) or by the help of relay (ℑij = 1), ζij ϵ {0,1} is a binary 

indicator for HD/FD relay selection (ζij = 0 for HT mode and 1  for FT mode). The achievable rate of i’th CU in 

different modes are as follows  

( )
max

,0 2 ,0 2
0

log 1    log 1   i i

i i

i
c c b

c c

P h
R

N


 
 = + = +
 
 

                                                                                                      (5) 
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                                                                            (8) 

where N0 is the noise variance and Pci
max is the maximum allowable power of i’th CU, Rci,0 denotes the i’th CU 

rate when its RB is not reused by any D2D link, and Rci,j DT, Rci,j HT, and Rci,j FT are the rates of the i’th CU when 

its RB is reused by j’th D2D link in DT, HT, and FT modes, respectively. Note that when a relay operates in HT 

mode, the rate should be calculated over two successive time intervals corresponding to S→R and R→D 

transmission phases, while in FT mode, receiving and transmitting of a relay occurs concurrently. 

3-2- D2D Network Data Rate  

Assuming that the i’th RB is reused by the j’th D2D link, the D2D achievable rates for different modes over this 

RB are:  

( )

( )
( )

1 2

, 2 ,

, 2 , ,

, 2 , ,

log 1

1
log 1 min ,

2

log 1 min ,

j j

j j j

j j j

DT DT
u i sd i

HT HTHT
u i sr i rd i

FT FT FT
u i sr i rd i

R

R

R



 

 

= +

 = +
  

 = +
 

.                                                                                                         (9) 

where:  

 

1

,

0

j j j

j

i i j

i
s s dDT

sd i i
c c d

P h

N P h
 =

+
                                                                                                                                        (10-a) 

1

,

0

j j j

j

i i j

i
s s rHT

sr i i
c c r

P h

N P h
 =

+
                                                                                                                                         (10-b) 
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,

0

j j j

j

i i j

j
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rd i i
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+
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,
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,

0

  
j j j

j

i i j

i
r r dFT

rd i i
c c d

P h

N P h
 =

+
                                                                                                                                      (10-e) 

and the D2D network rate can be written as (11) 

( )( ) ( )( ) ( )( )2 , , ,
j j j

DT HT FT
d d ij ij u i i j ij ij i u i uj i

i C j U

R R R R  

 

 = − + + −
  T T                                                            (11) 

3-3- Optimization Problem 

Our goal is to maximize the aggregate rate according to the QoS requirements of cellular links, i.e., their minimum 

required signal-to-noise-and-interference-ratio (SINR) values and under different power constraints (maximum 

transmitted powers of CUs and D2D users), and the fact that each cellular channel can be reused by at most one 

D2D link but each D2D link can reshare at most L RBs, where L×B is the maximum bandwidth of a D2D 

transmission. Hence, the optimization problem can be written as  
 

2
, ,   , ,   ,  

max   
ij ij ij c s ri j j

agg cell d d
P P P

R R R
 

= +
T

                                   (12) 

 

      Subject to: 
 

( ) min
1 , ,0 , ,   , , ,   

i i i

C DT FT
i j c j c j cc i C       

( ) 1 2 min
2 , ,

1
   , ,   

2 ii i

HT HT
cc j c j

c i C      

( ) max
3    ,   

i ic cc P P i C    

( ) max max
4      , ,   

j j j js s r rc P P P P j U     

( )5     ij

j U

c i C



   

( )6     ,ij

i C

c j UL



    

( )      7    0,1 ,    0,1 ,    0,1ij ij ijc    T  

 (13) 
 

Constraints (c1) and (c2) illustrate the minimum SINR requirements of cellular links, (c3) and (c4) denote the power 

constraints, while (c5) ensures that each RB can be reused by at most one D2D link and (c6) limits the D2D 

transmission bandwidth. 

The optimization problem (12) with constraints (13) is a mixed-integer non-linear programming (MINLP) which 

is NP-hard. To solve the problem, two heuristic algorithms are utilized. In the first algorithm, we assume that CSI 

of all links is available at BS. Since full CSI availability is not practical, a second algorithm is proposed in which, 

the locations of all users are known, and the CSI of a subset of links can be acquired by BS. 

4- Proposed Algorithms 

4-1- Full-CSI algorithm 

Let us assume that the instantaneous CSI of all direct and interference links on different frequency bands (RBs) 

are available at BS. Similar to [33] and [32], the optimization problem can be solved heuristically using a two-

phase algorithm: In the first phase, called Power Control (PC), we will find all D2D candidates which can reuse 

each RB according to power and SINR constraints, either in DT, HT, or FT mode. Then, in the second phase, 
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denoted by Mode-Selection and Channel Assignment (MSCA), the best RBs to share with D2D links and 

transmission mode of each D2D link are assigned, using a greedy algorithm. 

Phase I: PC  

In PC sub-problem, the aim is to conclude which D2D users -in DT, HT, or FT mode - can reuse each of RBs. 

Hence, we maximize the sum-rate Ri,j for all cellular-D2D pairs, subject to power and SINR constraints. If the 

problem is not feasible in any of modes, we conclude that the i‘th RB cannot be shared by the j’th D2D. Otherwise, 

j’th D2D is selected as a candidate to share i’th RB. 

The optimization problem can be solved through bearing in mind the following facts: 

To save the transmit power for D2D transmission in HT/FT mode, the source-to-relay and relay-to-destination 

rates must be equal [40], hence, γsrj,i
FT = γrdj,i

FT  and γsrj,i
HT1 = γrdj,i

HT2 for FT and HT modes, respectively. 

When optimal powers are allocated, at least one of the users (CU, D2D transmitter, or D2D relay in HT/FT modes) 

will transmit at its maximum allowable power [34]. Hence, for optimal power allocation of i ‘th cellular link 

which is reused by j’th D2D pair, we will consider three events: (I) Pci  = Pci
max, (II) Psj  = Psj

max, and (III) Prj = 

Prj
max. The first two events should be evaluated for all modes, while the latter is only applicable for HT and FT 

modes.  

Direct-Transmission (DT) 

The optimization problem for DT mode is written as:  

( )
opt ,   0 0

,    argmax 1 1
j j ji i

i j

c si j j j i i j

ii
s s dc c b

c s i i
P P s s b c c d

P hP h
P P

N P h N P h

   
   = +  +
   + +
   

                                                                          (14) 

 

For the first and second events, denoted by DT-I and DT-II, we assume that Pci  = Pci
max and Psj  = Psj

max, 

respectively, and the goal is to find the optimum values of Psj and Pci, respectively. The constraints are the 

minimum QoS requirement for i’th cellular user and maximum allowable power values (Pci
max for DT-I and Psj

max 

for DT-II). These constraints are as  (15) and  (16), for DT-I and DT-II, respectively. 

 

max min
0max

min
min ,   i i i

j j

i j

i
c c b c

s s i
c s b

P h N
P P

h





 −
 
 
 

                                                                                                                      (15) 

( )max min
0

maxj j i

i i

i

i
s s b c

c ci
c b

N P h
P P

h

+
                                                                                                                              (16) 

 

The optimization problem is a non-linear fractional programming (NFP) problem which can be solved by 

Dinkelbach’s algorithm [41]: Introducing an axillary variable y, the fractional problem max {A(x)/B(x)} is 

reformulated as max {A(x) – yB(x)} and iteratively updated by y[n+1]={A(x[n]}/{B(x[n]} , where n is the iteration 

index [42]. However, the problem can be solved more efficiently. 

For DT-I, setting Pci  = Pci
max, the objective function in (14) will have the following form:  

 

2

,   
' ' js

ax bx c
x P

b x c

 + +
=  + 

                                                                                                                                              (17) 

 

where the numerator of its derivative is a quadratic function with at most two real positive roots, named Psj,1  and 

Psj,2 which are maxima, minima, or saddle points of the objective function. If the constraint (15) can be met, i.e., 

the upper limit is greater than the lower limit, to calculate optimum power pair (Pci
max, P̃sj

DT-I) and the achievable 

rate R ̃i,jI, it is sufficed to check 4 points, at most: the lower limit  Psj
low, the upper limit Psj

up, and the critical points 

Psj,1  and Psj,2. 

The same procedure can be utilized for DT-II to calculate optimum power pair (P̃ci
DT-I ,Psj

max) and achievable rate 

R ̃i,jII, which is omitted here. 

The feasible set for i’th RB link in DT mode contains all D2D users which can reshare the RB as well with decision 

variables equals to sum-rates R ̃i,j  = max (R̃i,j
I, R̃i,j

II), ⱯjϵU. 

Half-Duplex-Transmission (HT) 

The optimization problem for HT mode has the following form 
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( )
opt

, ,
0 0 0

, , argmax 1ˆ ˆ 1ˆ 1
j j ji i i i

i j j

c s ri j j
j j j j i i j

ii i

r r dc c b c c b

c s r i i i
P P P

s s b r r b c c d

P hP h P h
P P P

N P h N P h N P h
= +  +  +

+ + +

     
     
     
     

                                                               (18) 

 

where the first and second terms are related to cellular network rate, while the third term is related to D2D network 

and written according to the equality of SINRs of S → R and R → D links. 

For each event (HT-I, HT-II, and HT-III), the constraints contain the equality of the SINR values of Sj → Rj and 

Rj → Dj links, the minimum QoS requirement for cellular users, and maximum allowable power values. After 

some straightforward manipulations, the constraints can be obtained as (19), (20), and (21), for HT-I, HT-II, and 

HT-III, respectively. Constraint (c'1) in each mode is in accordance with the equality of Sj → Rj and Rj → Dj SINR 

values, while constraints (c'2) and (c'3) encompass QoS and power budget. 

 

( )
( )
( )

max

0

1 max

0

'   
i i j

j j

j j i

SR i

j c c d

r si CR

r d c ij

h N P h
c P P

h N P h

+
=

+
 

( )

max min

max

2 min

0.5 0
'    min ,   

0.5

i i i

j j

i j

i

c b c c

s s i

c s b

h P N
c P P

h





−


 
 
 
 

 

( )

max min

max

3 min

0.5 0
  min ,

0.5

i i i

j j

i j

i

c b c c

r r i

c r b

h P N
c P P

h






−



 
 
 
 

                                                                                                                            (19) 

__________________________________________________________________________________________ 

( )
( )

( )

max

0

1

0

'   
j j j i j i

j

j j i j i

i i

s r s c d c

r i i

r d c r c

h P N h P
c P

h N h P

+
=

+
 

( )
( )min max

0 max

2

0.5
'   

i j j

i j

i

i

c s b s

c ci

c b

N h P
c P P

h

 +
   

( )

max min

max

3 min

0.5 0
'    min ,

0.5

i i i

j j

i j

i

c b c c

r r i

c r b

h P N
c P P

h





−


 
 
 
 

                                                                                                                              (20) 

__________________________________________________________________________________________ 

( )
( )

( )

max

0'

1

0

  
j j j i

j

i j i

i CR

r r d ij c

s SR i

j c d c

P h N h P
c P

h N h P

+
=

+
 

( )
( )min max

0' max

2

0.5
c      

i j j

i i

i

i

c r r b

c ci

c b

N P h
P P

h

 +
   

( )
min

0' max

3 min

0.5
c    min ,

0.5

i i i

j j

i j

i

c b c c

s s i

c s b

h P N
P P

h





−


 
 
 
 

                                                                                                                   (21) 

__________________________________________________________________________________________ 

 

Similar to DT mode, the optimization problem can be solved with reduced complexity compared with 

Dinkelbach’s algorithm. 

For HT-I, inserting constraint (c'1) in (18), the optimization problem becomes a NFP problem over Psj  which has 

the following form: 

 
3 2

2
,   

' ' '
j

s

ax bx cx d
x P

a x b x c

+ + +
=

+ +

 
 
 

                                                                                                                                   (22) 

 

The numerator of the derivative of the expression  (22) is a quartic polynomial with four roots. However, it can 

be shown that at most two of them named Psj,1 and Psj,2 may be real and positive. For each root which lies in 

constraint (c'2), the corresponding values for Prj are calculated as Prj,1 and Prj,2, using equality constraint (c'1). 

Assuming that these points are in the range of constraint (c'3), there are at most four points to be checked to find 

the maximum value of (17) as R̂i,j
I. 
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For HT-II, letting Psj  = Psj
max , inserting constraint (c'1) of (20) in (18), and computing the derivative of (18) with 

respect to Pci, its numerator is a quintic polynomial. However, at most two of its roots are real and positive. Hence, 

at most four points should be checked for HT-II event to calculated the power control values and R̂i,j
II. With a 

similar procedure, it can be shown that at most four points should be checked for HT-III event to calculate R̂i,j
III. 

The feasible set of i’th RB in HT, contains D2D users which can use this RBs with decision variables R̂i,j
 = max 

(R̂i,j
I, R̂i,j

II, R̂i,j
III), Ɐ jϵU. 

Full-Duplex-Transmission (FT) 

The optimization problem in the FT mode can be written as the following: 

 

( )
opt

, ,
0 0

, , argmax 1 1
j j j i i

i j j

c s ri j j
i i j j j j j

i i

r r d c c b

c s r i i i
P P P

c c d s s b r r b

P h P h
P P P

N P h N P h P h
= + +

+ + +

  
  
  
  

                                                                              (23) 

 

Taking similar procedure like HT mode, the constraints for each event (FT-I, FT-II, and FT-III) can be written as 

(24), (25), and (26), respectively. 

 

( )
( )( ) ( )( )

( )

2
max

0

1 max

0

'   
j j j i i j j j j

j

j j i i j

i i i

r d rsi r c c r r d r

s i i SR

s r c c d j

h h P N P h h P
c P

h N P h h

+ +
=

+

  

( ) max

2
'  

j j
r r

c P P  

( )
( )max min

0max

3 min
'   min ,

i i i j j

j j

i j

i i

c c b c r b r

s s i

c s b

P h N h P
c P P

h





− −


 
 
 
 

                                                                                                                  (24) 

__________________________________________________________________________________________ 

( )
( )( ) ( ) ( )

( ) ( )

2
max

0 0

1 max
'   

j j j j j j j j j

i

i j j j j i j j

i i i

r d rsi r r d r s s r

c i SR i i

c d s j r d c r r

h h P h N P P h N
c P

h P h h h P

+ −
=

−

  

( ) max

2
'  

i i
c c

c P P  

( )
( ) ( )max min

0max

3 min
  min ,

i i j j i

j j

i j i

i i

c b c s s b c

r r i

c r c

h P N P h
c P P

h






− +



 
 
 
 

                                                                                                          (25) 

__________________________________________________________________________________________ 

( )
( )( ) ( )

( )( ) ( )

max max max

0

1

0

j j j i j i j j j j

j

j j i j i j j

i i i

r r d c r c r rsi r r d

s i i i

s r c d c s r

P h h P N P h P h
c P

h h P h N

+ +
=

+

   

( ) max

2
'   0

j j
s s

c P P   

( )
( )min max min

0 max

3
'      

i j j j j i

i i

i

i i

c s b s r r b c

c ci

c b

h P N P h
c P P

h

 + +
                                                                                                            (26) 

__________________________________________________________________________________________ 

 

The optimization problem can be solved similar to the proposed algorithms for DT and HT modes to identify R̄i,j
 

= max (R̄i,j
I, R̄i,j

II, R̄i,j
III). It can be shown that for each event, the objective function derivative has four roots, two 

of which can be real and positive. Consequently, at most four points must be checked to find the maximum value 

of the optimization problem (23). 

Finally, j’th D2D pair can reuse the RB of i‘th cellular channel if j is at least in one of feasible sets. 

The maximum number of points which will be checked for each mode is as follows: 8 points for DT mode, 12 

points for HT mode, and 12 points for FT mode. Consequently, the achievable sum-rate may be calculated for at 

most 32 points to allocate optimized powers for j’th D2D pair and i’th cellular user which has considerably lower 

complexity compared to existing algorithms like the one in [32].  

Phase II: MSCA 

In MSCA sub-problem, using the results of PC phase, the RBs are assigned to D2D users so that the aggregate 

rate is maximized:  
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,0 ,
max  

i

ij

ij c ij i j

i C j U j U

R R


 

  

− +
  
  
    

                                                                                                                         (27) 

subject to:  





ij

j U

ij

i C

L
















                                                                                                                                                  (28) 

To write the above optimization problem, we only consider SINR of S → R link according to equality of S → R 

and R → D SINR values for HT and FT modes (ℑij = 1). 

To solve the above binary linear programming (BLP) problem, an iterative algorithm is proposed with the 

following features:   

• Fair RB assignment among different D2D links is guaranteed; 

• A D2D link utilizes the same transmission mode for all assigned RBs.  

The algorithm has several rounds and each round consists of at most M iterations. In each iteration of different 

rounds, at most one RB is assigned to each D2D link which results in maximum sum-rate. The transmission mode 

of D2D links (mode selection) is concluded in the first round. The algorithm works as Table. 3. 

4-2- Limited-CSI algorithm 

  Assuming full CSI at BS is impractical because of its huge feedback overhead. With limited-feedback capacity, 

the CSI of a limited number of channels can be acquired at BS. 

In the second proposed algorithm, it is assumed that the channel gains between CUs and BS along with the location 

of all cellular and D2D nodes are known at BS. Hence, BS can estimate the channel gains of CU-BS channels and 

the variances of the channel gains between all other nodes. This information will be used to select transmission 

mode and to allocate RBs to D2D users, prior to power allocation. 

 
Table 3. MSCA with full-CSI 

First round:   

1. Let  1, 2, ..., M=  and  1, 2, ..., N =  as the set of D2D links and available RBs, respectively;  

2. The cellular-D2D pair with maximum non-zero sum-rate is selected from  
, , , ,

, , ; ,ˆ
i j i j i j i j

R R R R i j=    ;  

3. The selected RB and D2D link are omitted from the available RBs set 𝜌 and D2D set  , respectively;  

4. Transmission mode of the selected D2D link is fixed for the rest of the algorithm, i.e, any other RB that may be assigned to this 

link in the next rounds would only communicate according to the selected mode; 

5. Reconstruct ,i jR  by forcing the sum-rates of the selected D2D link and remaining RBs to zero, except for the selected 

transmission mode. This will preserve the transmission mode of the selected D2D link in the next iterations; 

6. Continue from (2) until  =  , or the remaining D2D links cannot reshare any RB.   

Second round:   

1. Reconstruct  1, 2, ..., M=  as the set of D2D links;   

2. The cellular-D2D pair with maximum non-zero sum-rate is selected from ,i jR ;  

3. The selected RB and D2D link are omitted from the available RBs set   and D2D set  , respectively;  

4. Continue from the beginning until  =  , or the remaining D2D links cannot reshare any RB.   

Next rounds (Third to at most 𝑳’th round):   

The algorithm continues until all D2D users reach their maximum transmission bandwidth, or the remaining RBs cannot be assign to 
any D2D link. This guarantees fair RB assignment among all D2D links.  
 

 

Assuming that i’th RB is allocated to the j’th D2D link, the BS collects the required CSI in order to control 

transmitted powers of i’th CU, and j’th D2D transmitter and relay, if HT or FT modes are selected. It is obvious 

that the required amount of CSI is less compared with full CSI. 

The procedure is similar to the first algorithm except that MSCA phase is performed prior to PC phase. In MSCA 

phase, instead of achievable sum-rates, the product of estimated channel variances ratios is used to select 

transmission modes, and assign RBs to D2D links. In other words, instead of Ri,j = [R̃i,j , R̂i,j , R̄i,j], the decision 

metric Ψ = [Ψi,j
DT, Ψi,j

HT, Ψi,j
FT; i ϵ ρ , j ϵ Ф] is used, in which: 

 

ˆ

Ψ
ˆ ˆ

j ji

j i j

ii
s dc bDT

ij i i
s b c d

hh

h h

  
  =
  
  

                                                                                                                                                                                               (29-a) 
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ˆ
Ψ

ˆ ˆ

n
ˆ ˆ

,
ˆ

mi
j j j ji

i j i jj j j j

i ii
s r r dc bHT

ij i ii i
c r c ds r r d

h hh

h hh h

   
   =    
      

                                                                                                                                           (29-b) 

ˆ
Ψ

ˆ ˆ

n
ˆ ˆ

,
ˆ

mi
j j j ji

j j i j i j

i ii
s r r dc bFT

ij i i i i
s b r b c r c d

h hh

h h h h

    
    =
    +

    

                                                                                                           (29-c) 

where  

 

( )

( )

 
ˆ

,   

,  

los

nlos

xy xy Bi
xy

xy xy B

d ifd R
h

d ifd R





 
= 
 


                                                                                                      (30) 

 

and RB is the radius of the LOS ball model in which the LOS probability function is modeled by a simple step 

function [37]. 

Once the channel assignment and mode selection are performed, the BS allocates the power control values 

according to acquired CSI, in order to maximize sum-rate of CU-D2D pairs with common RBs. 

5- Simulation Results and Discussion  

To evaluate the performance of the proposed algorithms, we simulate a mmWave single-cell scenario at frequency 

band of 28 GHz which is one of the promising spectrum bands to be utilized in 5G [16]. Each cellular RB has 

bandwidth of 200 MHz. The BS location is at the center of the cell with radius rcell = 500 m. All cellular users are 

uniformly distributed in the cell. D2D transmitters and receivers are also distributed in the cell considering that 

TX-RX distance is between rd 
min and rd

 max. Finally, each relay is randomly dropped in a circle with radius rRelay 

= 10 m whose center is equal to half-distance of TX-RX. Other simulation parameters, if fixed, are tabulated in 

Table 4. 
 

Table 4. Simulation parameters (when fixed) 

Parameter Value 

CU Max transmit power   max 40  
icP dBm=  

D2D Max transmit power   ,max
/ 15  
j

s rP dBm=  

Min SINR of CU   min 10  
ic dB =  

RSI   100    rsih dB= −  

LOS path-loss   3.6   ,    2.1dB = =  

NLOS path-loss   9.7   ,    3.4dB = =  

Noise spectral density   0 174   /N dBm Hz= −  

Average LOS range  1/ 141.4 =  

Antenna HPBW  
/ 10.9  [ ]
hpbw o
t r =  

Antenna main-lobe gain   / , 24.5  t r mlG dB=  

Antenna side-lobe gain   / , 5  t r slG dB= −  

5-1- Performance evaluation under full CSI 

In Figure 2, the aggregate data rate in terms of maximum allowable transmit power of D2D transmitters and relays, 

is compared for three cases of direct transmission, half-duplex relaying, and full-duplex relaying, under full CSI 

assumption. The number of RBs is assumed to be 25, while 10 D2D links compete to reshare the RBs and D2D 

link may reuse at most three RBs (L=3). As expected, FD relaying notably outperforms other methods, in terms 

of aggregate rate. As a case in point, when the maximum D2D power is 18 dBm, FD relying results in 750 bps  

rate, while the rate for HD relaying and direct transmission is about 530 bps. Moreover, when the maximum 

allowable power of D2D users is small, utilizing HD relaying has better performance than direct transmission. On 

the other hand, for larger values of D2D powers -more than 18 dBm in this simulation set-, direct transmission of 

D2D relays is preferred, due to the sufficiency of power for direct transmission. 

The effect of mode selection on the achievable aggregate rate is investigated in Figure 3, for the same parameters 

used in the previous simulation. Surprisingly, utilizing FD relaying without mode selection results in higher 
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aggregate rate. This is because of the fact that the transmission mode of a D2D link is selected according to the 

maximum D2D-cellular rate and would be fixed when resharing other cellular RBs. Hence, if at the first round of 

MSCA phase, the selected mode for a typical D2D link is DT or HT, no FD relaying can be utilized for other RBs 

used by this D2D link. However, the gap between two curves is ignorable. It is expected that for higher values of 

RSI for FD relays, the mode selection improves the performance slightly. 

The maximum achievable aggregate rates in terms of RSI of FD relays are depicted in Figure 4. As expected, FD 

relaying improves the achievable rate. The major limiting factor in employing FD relay is the RSI: the aggregate 

rate decreases with the increase in RSI. However, due to advanced analogue and digital SI cancellation techniques, 

having RSI even less than -100 dB is possible and it has lost its previous importance. Moreover,  when  the RSI  

becomes larger (more than -80 dBm for this simulation set), mode selection can improve the performance but still 

most D2D links communicate through FD relaying. 

 

Figure 2. Achievable aggregate rate without mode selection versus maximum allowable power 
/

max
S R

P  under full CSI assumption for D2D 

users for N = 25 and M = 10. 

 

Figure 3. Achievable aggregate rate with mode selection versus maximum allowable power 
/

max
S R

P  under full CSI assumption for D2D 

users for N = 25 and M = 10. 
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Figure 4. Residual self-inteference of FD relays effect on the achievable aggregate rate for N = 25 and M = 10, when full CSI is available 

at BS. 

 

 
Figure 5. The effect of average distance of D2D pairs on aggregate rate of the network for N = 30 and M = 10 ( ,D maxr  is selected two 

times larger than ,D minr ). 

The sequel of decreasing the average distance of D2D user-pairs on the performance of the proposed algorithm is 

presented in Figure 5. In this simulation set, rD,max is assumed to be two times larger than rD,min and rD,min is changed 

between 25 m to 160 m. As it can be seen, when the average distance between D2D users is small (less than 90 m 

in this simulation set), direct transmission is more likely to happen. However, increasing the average distance 

causes more relay-assisted transmission, while FD relying is preferred compared with HD relaying because of its 

higher transmission rate. 

5-2- Performance evaluation under limited CSI 

As full CSI assumption is impractical, we proposed a second algorithm to work with mutual distances of users 

along with CSI of selected users. In Figure 6, limited CSI algorithm performance is compared with full CSI 

algorithm, when FD relaying is utilized. The comparison is performed for different values of average D2D pairs 
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distances and different values of RSI. As expected, the achievable aggregate-rate decrease compared with the full 

CSI case, due to sub-optimal channel assignment. Despite the decrease in aggregate-rate, the required bandwidth 

to acquire the CSI decreases considerably. Consequently, selection of the appropriate algorithm is a performance-

complexity trade-off. 

Finally, In Figure 7, for M = 10 D2D links and constant value of L=3, the effect of increasing the number of RBs 

from 20  to 80  on D2D sum-rate is evaluated. It is seen that for full CSI, increasing the number of RBs from 30 

to 40 results in rate improvement. However, when there exists much more RBs than required for D2D users, no 

further improvement is achieved. On the other hand, by increasing the number of RBs, the limited CSI algorithm’s 

performance reaches the full CSI algorithm (aggregate rate for full-CSI and limited-CSI are the same when the 

number of RBs is 60 or more). Moreover, as it has been concluded from previous simulation results, FD relaying 

is the dominant transmission mode in all cases.  

 

 
Figure 6. Comparison of the full CSI and limited CSI algorithms. 

 

 
Figure 7.The effect of increasing the number of resource blocks N  on D2D sum-rate for M  D2D links. 
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6- Conclusion 

The paper presents a D2D network framework underlaid the uplink of a cellular system operating in mmWave 

spectrum band. Relays operating in HD or FD modes can assist D2D users in the case of blockage. Our aim is to 

maximize the aggregate rate of cellular and D2D systems subject to different QoS requirements and power budgets 

of users, when D2D links allow to use different RBs simultaneously but each RB may be reused by only one D2D 

link. The main features of mmWave communication including larger available bandwidth, antenna beamforming, 

and NLOS propagation mechanism are took into account and two heuristic algorithms are proposed for power 

control, mode selection, and channel assignment for full and limited CSI cases. The limited CSI algorithm is more 

practical since only the location of users and CSI of a limited number of channels is required. The decrease in 

required feedback bandwidth for CSI is reached at the expense of performance loss in terms of data rate. We 

observe that the complexity of power control phase is reasonably low and a limited number of points shall be 

checked to find the optimum power values in each mode. Furthermore, the greedy algorithms proposed for MSCA 

phases are easy to trace and implement. Simulation results admit that utilizing FD relays in mmWave band is 

critical which is mainly because of the existence of NLOS paths in mmWave communication. The limiting factor 

in utilizing FD relaying is the residual self-interference which may be reduced significantly using existing 

algorithms.   
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