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Abstract
Heterogeneous networks (HetNets) provide the demand for high data rates. In this study, we analyze the coexistence of

femtocells and device-to-device (D2D) communication with macrocells. Interference management and decreasing energy

consumption are two important issues in HetNets. To this end, we propose an efficient fractional frequency reuse (FFR)-

based spectrum partitioning scheme to reduce the cross-tier interference. We also propose to use different optimization

problems for resource allocation in different tiers. For this purpose, an energy efficient optimization problem is applied to

D2D user equipment. Further, an optimization problem based on the spectral efficiency, i.e., throughput, is considered for

macrocell and femtocell tiers. These problems are modeled as a non-cooperative game that results in low computational

complexity. Iterative algorithms with fast convergence are used to solve the optimization problems. It is shown that

applying different optimizations on different tiers leads to better performance than considering the same optimization for

all tiers. The results indicate that the proposed FFR structure and optimization problems improve system performance. We

also analyze the tradeoff between energy efficiency and spectral efficiency of the introduced structure.

Keywords D2D communication � Energy efficiency � Femtocell � Fractional frequency reuse � Heterogeneous network �
Power control � Resource allocation

Abbreviations
BS Base station

CDF Cumulative distribution function

D2D Device-to-device

D2D Rx D2D receiver

D2D Tx D2D transmitter

DUE D2D user equipment

EE Energy efficiency

FBS Femtocell base station

FUE Femtocell user equipment

FFR Fractional frequency reuse

HetNet Heterogeneous network

LSN Log skew normal

MBS Macro base station

MUE Macrocell user equipment

PDF Probability distribution function

QoS Quality of service

RB Resource block

RSS Received signal strength

SN Skew normal

SPPP Spatial poisson point process

SE Spectral efficiency

UE User equipment

1 Introduction

Higher data rates in cellular networks can be achieved by

deploying small cells over the existing macrocells that

share the same frequency band with macrocells. Small cells
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like femtocells can be considered as a promising solution to

enhance system capacity [1]. FBSs are small, short-range,

and low-power access points that are located at the center

of the considered area to serve the FUE [2]. By keeping the

transmitter and receiver close to each other as in femtocell,

data rate in cellular networks increases [3]. D2D commu-

nication, which has been recently a subject of intensive

research, uses this property. In D2D communication, Tx

and Rx communicate in the direct link without communi-

cating through any BS [4]. The coexistence of macrocells,

femtocells, and D2D communications leads to HetNet [5].

Due to spectrum scarcity, spectrum sharing is more

preferable rather than spectrum dedicating between fem-

tocells, macrocells, and D2D communications. However, in

the case of spectrum sharing, the major problem is the

intra- and inter-cell interferences. One technique, which

was introduced to solve this issue, is FFR. In FFR scheme,

the whole frequency band and cell coverage area are par-

titioned into several non-overlapping parts, and each part is

allocated to each region. The orthogonality of allocated

resources in FFR structure reduces both the co-channel and

cross-channel interferences [6]. Also, introducing new

technologies has led to the hidden cost of increasing energy

consumption. Therefore, it is important to develop new

approaches for communicating and networking that result

in lower energy consumption and interference [7–9]. Using

FFR structure for new technologies increases the overall

spectral efficiency (i.e., throughput) and the energy effi-

ciency of network [5].

There are a few works that introduced efficient FFR

structures for the co-existence of D2D communication with

femto-macrocell network and considered different resource

allocation and power control strategies. In [10], the coex-

istence of D2D communication with macrocells was con-

sidered, where different frequency sub-bands were

assigned to DUE and MUE in FFR structure and the

interference was alleviated by power control. Although this

method reduces the interference, from the EE point of view

it is not appropriate. In [11], an optimization problem was

used for attaining the optimal macro-dedicated, shared, and

femto-dedicated spectrum portions in FFR structure and

the overall system capacity was maximized. However, the

introduced FFR structure is not spectrally efficient since

the whole spectrum is not reused by femtocell and

macrocell simultaneously.

The resource allocation method presented in [12] max-

imizes the SE of femtocell network while guarantying the

minimum QoS requirement of MUE. In [13], the weighted

sum rate optimization was applied to D2D communication

that shares multiple RBs with macrocell network, where an

overall system capacity improvement was obtained. In [14]

a traffic load based resource allocation is considered for

D2D communication. In [15], resource and power

allocation and mode selection were investigated for D2D

communication coexisting with femto-macrocell network.

In the reuse mode, geometric vertex search approach is

used to solve power allocation problem. In the dedicated

mode, RB allocation problem was considered to maximize

the throughput by considering the maximum transmit

power constraint; however, it is notable that this method is

not energy efficient. In [16], soft frequency reuse cellular

network is considered and EE optimization problem is

applied to the network. In [17, 18], the EE of network is

enhanced by using network coding. In [19], an EE-based

routing algorithm considering load balancing is introduced.

The authors in [20] investigated an optimal routing strategy

based on EE maximization for medical applications. In

[21], the maximum EE in the uplink mode is obtained by

optimizing the location and coverage range of relay sta-

tions. In [22], an auction-based model is used for optimal

relay selection considering EE optimization.

The works in [12, 13, 15] maximize SE without con-

sidering energy consumption, which may be efficient for

MBS and FBS, since the power supply of MBS and FBS

can be attained by many resources. However, as the limited

battery life of UE is more important [23, 24], considering

energy efficient RB allocation for DUE is more critical.

The tradeoff between SE and EE was considered in [25] in

which an algorithm for optimizing the EE of each D2D and

MUE was utilized and RB allocation was ignored. In [26],

the authors considered FFR-based RB allocation scheme in

HetNet for both macrocell and picocell tiers and applied

the optimization problem of maximizing EE to find the

optimal RB and power allocation.

In [5], EE-based resource optimization problem was

performed on D2D communication in HetNets. The prob-

lem was solved by a non-cooperative game. According to

this game, each D2D Tx selects the power and RBs in a

way that its EE with the constraint on the QoS requirement

of other tiers, is improved. However, the performance

improvement of MUE and FUE is not taken into account.

Also, the authors did not use FFR-based resource alloca-

tion, which can lead to interference reduction and perfor-

mance improvement.

In the this study, to reduce the interference we propose

an efficient FFR structure with directional antennas for

macrocell network in the presence of femtocells and D2D

communications. In the proposed FFR structure, the cov-

erage of macrocell consists of cell-center and cell-edge

areas, where for each tier of each area, different frequency

sub-band is allocated. In the proposed scheme, the fre-

quency resources assigned to MUE, FUE, and DUE in each

region are orthogonal to reduce both intra- and inter-cell

interferences, leading to EE improvement. Due to the

power limitation of DUE, we also present an energy-effi-

cient resource allocation algorithm to maximize the EE of
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each DUE with the constraints on SE and transmit power of

DUE. Further, we present power control algorithms to

optimize the SEs of MUE and FUE. The optimization

problems can be efficiently solved by non-cooperative game

[25] in which each UE independently maximizes its own EE

in D2D mode as well as the SEs of FBS and MBS. We also

present mathematical analysis of SE distribution. Thus, the

main contributions of this paper include three parts: a)

resource allocation for D2D communication underlaying

HetNets, b) mathematical analysis of SE, and c) EE and SE-

based optimization problems for power allocation. The

results indicate that the proposed FFR structure enhances

system performance. We also show that EE-based D2D

optimization problem and SE-based femtocell andmacrocell

optimization problems are the best optimization schemes.

The fast convergence of the iterative algorithms is demon-

strated through computer simulation. Finally, we study the

tradeoff between EE and SE of the proposed structure.

The rest of this paper is organized as follows. The

proposed resource allocation method and spectrum parti-

tioning scheme are explained in Section II. Section III

develops the introduced optimization problems. Simulation

results and performance evaluation are presented in Sec-

tion IV. Finally, Section V concludes the paper.

2 Proposed resource allocation scheme

In this section, we explain the proposed FFR structure and

RB allocation for each tier of HetNet.

2.1 Resource allocation to macrocell network

In HetNets with D2D communications, in order to obtain

high SE, the available spectrum should be used bymacrocell,

femtocell, and D2D communications simultaneously. Also,

it has been reported that using directional antennas instead of

omnidirectional antennas in MBS increases the SE [27].

Another way for improving SE is to use FFR structure, in

which the whole cell is divided into two inner and outer

regions. Omnidirectional antennas are utilized for the inner

region and three or six directional antennas are used for the

outer region [6]. We propose a new RB allocation

scheme based on the FFR structure in which the whole

bandwidth is used in each macrocell, femtocell, and D2D of

HetNet that results in frequency reuse factor equal to one.

Also, communications in all modes (i.e., macrocell, femto-

cell, and D2D) in a specific region use different resources to

reduce the cross tier interference.

Two layers of the proposed FFR-based macrocell net-

work are demonstrated in Fig. 1a. As shown in Fig. 1b, the

whole bandwidth is divided into four sub-bands F1, F2, F3,

and F4. Sub-band F1 is allocated to MUE in the inner

region, which is served by an omnidirectional antenna. On

the other hand, sub-bands F2, F3, and F4 are assigned to

MUE in different zones of the outer region that are served

by three 120� directional antennas (sectors). The number of

resources for each sub-band is determined based on the

number of users in each zone.

It is assumed that the locations of MUE, FUE, and DUE

are mutually independent random variables with uniform

distribution in each cell. Hence, the PDF of the location of

users in the polar coordinates ðr; hÞ can be written as [28]:

f ðr; hÞ ¼ f ðrÞf ðhÞ ð1Þ

where

f ðrÞ ¼ 2 r � R0ð Þ
Rm � R0ð Þ2

; R0 � r\Rm ð2Þ

f ðhÞ ¼ 1

2p
; � p� h\p ð3Þ

where r, Rm, and R0 denote the distance of user from the

origin, the radius of macrocell coverage area and the

minimum possible distance of user from the MBS (which is

set to 40 meters in this research), respectively [6]. Since the
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Fig. 1 The structure of macrocell network. a Two layers of macrocell

network with allocated sub-bands and b spectrum partitioning into

four sub-bands
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coverage of both inner and outer regions is the whole range

½�p; pÞ, the number of users in the inner and outer regions

only depends on r. Therefore, the number of RBs assigned

to the inner and outer regions is evaluated through the CDF

of MUE distance from the origin where its PDF is shown in

(2). If there are totally Ntotal
RB RBs, the number of RBs

assigned to the inner region of macrocell, i.e., the number

of RBs belonging to F1, is calculated as

Nin
RB ¼ Ntotal

RB

Z Rth

R0

f ðrÞ dr ¼ Ntotal
RB

Rth � R0

Rm � R0

� �2

ð4Þ

where Rth denotes the radius of inner region. Consequently,

the number of RBs assigned to the outer region (i.e., the

number of RBs belonging to F2, F3, and F4) will be as

follows

Nout
RB ¼ Ntotal

RB � Nin
RB ¼ Ntotal

RB 1� Rth � R0

Rm � R0

� �2
 !

ð5Þ

Since all sectors in the outer region have the same

coverage area, the number of RBs allocated to each sector,

i.e., each of the sub-bands F2, F3, and F4, in the outer

region of macrocell (N
scr;out
RB ) will be equal to

N
scr;out
RB ¼ Nout

RB =3. In order to achieve the orthogonality

between the RBs of different tiers, the same number of RBs

in each sub-band of macrocell network should be allocated

to femtocell and D2D networks.

2.2 Proposed resource allocation to femtocell
network

In this part, we explain the proposed resource allocation

structure for femtocells in the proposed FFR structure. It

is assumed that the location of FBSs follows the SPPP

distribution with the intensity kF [29]. In order to reduce

the cross-tier interference from femtocell network to

macrocell network and D2D communication, the RBs

allocated to femtocells should be orthogonal to the RBs

assigned to macrocell and D2D communication. As

shown in Fig. 2, sub-bands F2, F3, and F4 are allocated to

the FUE of inner region while the sub-band F1 is assigned

to the outer region. To reduce the interference of femto-

cells in the cell edge on the neighbor cells that use the

same resources, we propose to partition the sub-band F1

into three equal sub-bands F1,1, F1,2, and F1,3. The

number of RBs allocated to the sub-bands F1,1, F1,2, and

F1,3 (N
scr;in
RB ) is equal to N

scr;in
RB ¼ Nin

RB=3. In this way, the

distance between the femtocells that use the same RBs,

increases.

2.3 Resource allocation to D2D network

To avoid the severe interference from D2D communication

on macrocell, femtocell communications, and vice versa,

frequency resources allocated to macrocell and femtocell

should be different from those assigned to D2D commu-

nications in each region. Thus, DUE in locations near to the

MBS cannot use the resources of sub-band F1. As shown in

Fig. 3, sub-bands F2, F3, and F4 are allocated to DUE in

the inner region.

Furthermore, the assigned sub-bands to D2D commu-

nication should be different from those allocated to the

femtocell. As shown in Fig. 3, the sub-band F1 is divided

into three parts F1,1, F1,2, and F1,3 like femtocell sub-bands

in the outer region, but the way that the sub-bands F1,1,

F1,2, and F1,3 are allocated to D2D communications is

different from that of the femtocell and thus the interfer-

ence is reduced.

(a)

2F 3F 4F
Frequency

Power

1,1F 1,2F 1,3F
1F

(b)

Fig. 2 Proposed resource allocation to femtocell network, a two

layers of femtocell network along with the allocated sub-bands and

b spectrum partitioning
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2.4 Interference analysis

In this study, we consider downlink scenario of HetNet.

1. Interference analysis of MUE.

Figure 4 shows different sources of interference in the

proposed HetNet, which are explained in details in the

following. FBS and D2D Tx use omnidirectional antennas,

thus the direct link between MUE in the inner region and

MBS (link 1 in Fig. 4a) receives interference from FBS and

D2D Txs in the outer region (links 2 and 3 in Fig. 4a).

Also, the direct link between MUE in the outer region and

MBS (link 1 in Fig. 4b) interferes with FBS and D2D Txs

in the inner region (links 2 and 3 in Fig. 4b).

2. Interference analysis of FUE and DUE.

The allocated resources to FUE and DUE in the inner

region of each sector are the same as those assigned to

MUE in outer region of other sectors and transmission

directions of sectors do not overlap with each other. Con-

sequently, the direct link between D2D Tx and D2D Rx

(link 6 in Fig. 4b) and direct link between FBS and FUE in

the inner region (link 4 in Fig. 4b) do not interfere with

MBS. Furthermore, since FBSs use omnidirectional

antennas, FBSs in the neighbor sector of inner region

interfere with the D2D Rx in the inner region (link 7 in

Fig. 4b) and the D2D Tx in the inner region interferes with

the FUE in the neighbor sector of inner region (link 5 in

Fig. 4b).

The direct link between D2D Tx and D2D Rx in the

outer region (link 7 in Fig. 4a) of a specific sector inter-

feres with MBS and FBSs in the outer region of other

sectors (links 8 and 9 in Fig. 4a). Since MBS, FBS, and

D2D Tx use omnidirectional antennas for transmission in

the sub-band F1, the FUE in the outer region (link 4 in

Fig. 4a) receives interference from MBS and D2D Tx

(links 5 and 6 in Fig. 4a).

Fig. 3 Two layers of D2D network along with allocated sub-bands to

D2D communications [6]
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Fig. 4 Direct and interfering links in the proposed resource allocation

scheme a sub-band F1, b sub-bands F2, F3, and F4
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3 Proposed optimization problems

In this section, we present mathematical analysis for SE

distribution and non-cooperative power allocation algo-

rithm. Our goal is to maximize EE by finding the transmit

power of DUE. We also aim to maximize the SEs of MUE

and FUE and then analyze the convergence of our opti-

mization algorithms.

3.1 SINR of MUE, FUE, and D2D Rx in different
regions

The received power, PR, (or received interference) of each

user can be calculated as

PR ¼ PT HW L�1 ð6Þ

where PT , H, W, and L denote the transmit power, channel

power gain, lognormal shadowing, and path loss, respec-

tively. We represent all of the mentioned channel impair-

ments with the channel coefficient K ¼ HW L�1; therefore,

PR ¼ PT K.

Suppose that there are NF FBSs and ND D2D commu-

nications co-channel with MUE in the cth RB of the inner

region. The SINR of MUE in the cth RB of inner region

(ccmi) is formulated as

ccmi ¼
Pc
TM Kc

m

r2N þ
PNF

j¼1 P
j;c
TF K

j;c
fm þ

PND

l¼1 P
l;c
TD K

l;c
dm þ Imi

ð7Þ

where Pc
TM , P

j;c
TF , and P

l;c
TD denote the transmit powers of

MBS, jth FBS, and lth D2D Tx in the cth RB, respectively.

The direct channel coefficient from MBS to MUE is shown

by Kc
m:

Also, the interfering channel coefficient from the jth

FBS to MUE is shown by K
j;c
fm while the interfering channel

coefficient from the lth D2D Tx to MUE is denoted by K
l;c
dm.

Further, r2N is the noise power. Icmm, I
c
fm, and I

c
dm indicate the

co-channel interferences from MBSs, FBSs, and D2D Txs

of the upper layers to MUE, respectively, and

Imi ¼ Icmm þ Icfm þ Icdm.

Similarly, the SINR of MUE in the kth RB of outer

region (ckmo) can be written as

ckmo ¼
Pk
TM Kk

m

r2N þ
PNF

j¼1 P
j;k
TF K

j;k
fm þ

PND

l¼1 P
l;k
TD K

l;k
dm þ Imo

ð8Þ

where Imo ¼ Ikmm þ Ikfm þ Ikdm. Similar expression can be

obtained for the SINR of FUE of the nth FBS that uses the

kth RB in the inner region as follows

cn;kfi ¼
P
n;k
TF K

n;k
f

r2N þ
PNF

j¼1 j6¼n P
j;k
TF K

j;n;k
ff þ

PND

l¼1 P
l;k
TD K

l;n;k
df þ Ifi

ð9Þ

where K
n;k
f denotes the direct channel coefficient from the

nth FBS to its associated FUE in the kth RB, K
j;n;k
ff repre-

sents the interfering channel coefficient from the jth FBS to

the associated FUE of the nth FBS in the kth RB, K
l;n;k
df

indicates the interfering channel coefficient from the lth

D2D pair to associated FUE of the nth FBS in the kth RB,

and Ifi ¼ I
n;k
mf þ I

n;k
ff þ I

n;k
df .

For FUE of the nth FBS that uses the cth RB in outer

region, we obtain the SINR as below

cn;cfo ¼
P
n;c
TF K

n;c
f

r2NþPc
TM K

n;c
mf þ

PNF

j¼1 j 6¼n P
j;c
TF K

j;n;c
ff þ

PND

l¼1 P
l;c
TD K

l;n;c
df þIfo

ð10Þ

where K
n;c
f is the direct channel coefficient from the nth

FBS to its associated FUE in the cth RB. K
n;c
mf denotes the

interfering channel coefficient from the MBS to the asso-

ciated FUE of the nth FBS in the cth RB. K
j;n;c
ff represents

the interfering channel coefficient from the jth FBS to the

associated FUE of the nth FBS in the cth RB. K
l;n;c
df indi-

cates the interfering channel coefficient from the lth D2D

pair to the associated FUE of the nth FBS in the cth RB,

and Ifo ¼ I
n;c
mf þ I

n;c
ff þ I

n;c
df .

The SINR of Rx of the nth D2D pair operating in the kth

RB of inner region (cn;kdi ) is calculated as

cn;kdi ¼ P
n;k
TD K

n;k
d

r2N þ
PNF

j¼1

P
j;k
TF K

j;n;k
fd þ

PND

l¼1
l6¼n

P
l;k
TD K

l;n;k
dd þ Idi

ð11Þ

where K
n;k
d denotes the coefficient of direct channel from

Tx of the nth D2D pair to its Rx in the kth RB. K
j;n;k
fd

represents the interfering channel coefficient from the jth

FBS to the Rx of the nth D2D pair in the kth RB. K
l;n;k
dd is

the interfering channel coefficient from the Tx of the lth

D2D pair to the Rx of the nth D2D pair in the kth RB, and

Idi ¼ I
n;k
md þ I

n;k
fd þ I

n;k
dd .

Similarly, the SINR of Rx of the nth D2D pair operating

in the cth RB in outer region ðcn;cdo Þ is computed as

cn;cdo ¼ P
n;c
TD K

n;c
d

r2N þ Pc
TM K

n;c
md þ

PNF

j¼1

P
j;c
TF K

j;n;c
fd þ

PND

l¼1
l 6¼n

P
l;c
TD K

l;n;c
dd þ Ido

ð12Þ
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where K
n;c
md indicates the interfering channel coefficient

from the MBS to the Rx of the nth D2D pair operating in

the cth RB, and Ido ¼ I
n;c
md þ I

n;c
fd þ I

n;c
fd .

Considering c as the SINR of UE, its SE or throughput,

R, is obtained as

R ¼ log2 1þ cð Þ bits/sec/Hz ð13Þ

3.2 Mathematical analysis of SE distribution

In this part, we calculate the PDF of SE of each user in

every location. According to (6), PR is the multiplication of

exponential and lognormal random variables which can be

modeled as another lognormal random variable [27], i.e.,

PR � LN ls;r
2
s

� �
, where r2s ¼ f r2dB þ 5:572

� �
, and f ¼

0:1 ln ð10Þ is the scaling factor. The interference has the

same distribution with li ¼ f ldB � 2:5ð Þ þ ln PT=Lið Þ and

r2i ¼ f r2dB þ 5:572
� �

. For simplicity, we only consider the

macro-femto and macro-D2D cross-tier interferences in the

coverage of central macrocell and neglect the effect of

thermal noise and interferences from the macrocells of

upper layers [6]. Therefore, SE can be calculated as

log2 1þ S=Ið Þð Þ ¼ log2 ðI þ SÞ=Ið Þ; where S and I represent

RSS and interference, respectively. We need to calculate

the PDF of ðI þ SÞ=Ið Þ in which the numerator and denu-

merator are the sum of independent and different lognor-

mal random variables. We use LSN distribution [30] to

approximate the sum of lognormal random variables,

which is represented with LSN k; e;x2ð Þ where k, e, and x2

are the skewness, mean, and variance, respectively. In [30],

it has been shown that the LSN distribution leads to a tight

approximation of the sum of lognormal distributions.

According to [30], the LSN optimal parameters are cal-

culated as follows

PN
i¼1 e

2li er
2
i er

2
i � 1

� �
PN

i¼1 e
li er

2
i =2

� �2 ¼ e
P1þk2

N
i¼1

r�2
i

/ 2k

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1 r

�2
i

q� �

2/2 k

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1 r

�2
i

q� �� 1

ð14Þ

where /ðxÞ ¼
R x
�1 uðnÞ dn and uðxÞ ¼ e�x2=2ffiffiffiffi

2p
p : kopt is cal-

culated by solving the nonlinear Eq. (14). Also, eopt and
xopt are obtained as [30]:

xopt ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2opt

� �,XN
i¼1

r�2
i

vuut ð15Þ

eopt ¼ ln
XN
i¼1

eli er
2
i =2

 !
�
x2

opt

2

� ln / kopt

, ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN
i¼1

r�2
i

vuut
0
@

1
A

0
@

1
A ð16Þ

Using the above equations, the sum of lognormal vari-

ables in numerator and denumerator can be approximated

as LSN knum; enum;xnumð Þ and LSN kden; eden;xdenð Þ; respec-
tively. Now, the outage probability of SE, which is defined

as the probability of SE being lower than a threshold value

ðRthÞ; is obtained as

Pr R�Rthð Þ ¼ Pr log2
I þ S

I

� �
�Rth

� �

¼ Pr
1

lnð2Þ ln I þ Sð Þ � 1

lnð2Þ ln Ið Þ

 �

� ln Rthð Þ
� �

ð17Þ

where lnðI þ SÞ � lnðIÞ is SN with distribution

SN k1; e1;x1ð Þ [30]. According to [30], the parameters of

SN are obtained from the parameters of LSN and the

outage probability of SE is calculated through the SN

approximation. The SN distribution is formulated as fol-

lows [30]:

fR Rjr; hð Þ ¼ 2

x1

u
R� e1
x1

� �
/ k1

R� e1
x1

� �
ð18Þ

Since the distributions of radius and angle of user

location are independent, their joint PDF noting (2) and (3)

is

f r; hð Þ ¼ f rð Þf hð Þ ¼ r � R0ð Þ
p Rm � R0ð Þ2

ð19Þ

From (18) and (19), the joint distribution of SE and user

location can be obtained as

f R; r; hð Þ ¼ fR Rjr; hð Þf r; hð Þ

¼ 2 r � R0ð Þ
px1 Rm � R0ð Þ2

u
R� e1
x1

� �
/ k1

R� e1
x1

� � ð20Þ

The PDF of SE can be obtained by integrating (20) over

the ranges of r and h as follows

fRðRÞ ¼
Z Rm

R0

Z 2p

0

f R; r; hð Þdr dh

¼
Z R

R0

Z 2p

0

2 r � R0ð Þ
px1 Rm � R0ð Þ2

u
R� e1
x1

� �
/ k1

R� e1
x1

� �
dr dh

ð21Þ
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3.3 EE maximization problem

The EE utility function of D2D pair is defined as the ratio

of SE to the sum power consumption, which consists of

transmit power of D2D Txs and circuit power. As men-

tioned before, there are ND D2D communications in each

RB. It is assumed that D2D Tx and Rx have the same

circuit power, hence their sum is denoted as 2Pcir [15]. The

EEs of DUE in the cth RB in outer region (sub-band F1)

and the kth RB in inner region (sub-bands F2, F3, F4) are

calculated respectively as

Uc
EE;o ¼

PND

l¼1 R
l;c
do P

l;c
TD

� �
PND

l¼1 P
l;c
T ;do þ 2Pcir

ð22Þ

Uk
EE;i ¼

PND

l¼1 R
l;k
di P

l;k
TD

� �
PND

l¼1 P
l;k
TD þ 2Pcir

ð23Þ

where R
l;c
do represents SE of the lth DUE in the cth RB in

outer region, and R
l;k
di denotes SE of the lth DUE in the kth

RB in inner region. Then, the EE maximization problems

with the constraint on minimum rate requirement and

transmit power in the outer and inner regions are respec-

tively given by

P
�;c
TD;o ¼ argmaxPl;c

TD

PND

l¼1 R
l;c
do P

l;c
TD

� �
PND

l¼1 P
l;c
TD þ 2Pcir

subject to: R
l;c
do P

l;c
TD

� �
�Rmin

d

0�
XND

l¼1

P
l;c
TD �Pmax

TD

ð24Þ

P
�;k
TD;i ¼ argmaxPl;k

TD

PND

l¼1 R
l;k
di P

l;k
TD

� �
PND

l¼1 P
l;k
TD þ 2Pcir

subject to: R
l;k
di P

l;k
TD

� �
�Rmin

d

0�
XND

l¼1

P
l;k
TD �Pmax

TD

ð25Þ

The EE optimization problems in (24) and (25) are non-

convex optimization ones, which are difficult to solve. The

Lemma in [25] (see Appendix) proves that by incrementing

the value of P
n;c
TD, U

c
EE;o first increases and then decreases.

Therefore, Uc
EE;o is quasi-concave.

It is shown in [31] that a non-convex optimization

problem can be transformed into a concave one by apply-

ing nonlinear fractional programming. For a distributed

resource allocation, the EE problem for DUE is defined as

follows [32]

ql�do ¼ max
R
l;c
do P

l;c
TD

� �

P
l;c
TD þ 2Pcir

¼
R
l;c
do P

�;c
TD;o

� �

P
�;c
TD;o þ 2Pcir

ð26Þ

where P
�;c
TD;o is the optimal power of DUE in the outer

region. The same expression can be considered for DUE in

the inner region. In [25], the following theorem is proved.

Theorem 1 The condition for Eq. (26) to be achievable is

R
l;c
do P

l;c
TD

� �
� ql�do P

l;c
TD þ 2Pcir

� �

¼ R
l;c
do Pr�

T ;do

� �
� qr�do P

�;c
TD;o þ 2Pcir

� �
¼ 0

ð27Þ

Similarly, for DUE in the inner region, the same con-

dition is proved. Consequently, the problem in (24) is

transformed into the subtractive form as

P
�;c
TD;o ¼ argmax

P
l;c
TD

R
l;c
do P

l;c
TD

� �
� q

l;c
do P

l;c
TD þ 2Pcir

� �� �

subject to: R
l;c
do P

l;c
TD

� �
�Rmin

d

0�P
l;c
TD �Pmax

TD

ð28Þ

We use Dinkelbach iterative algorithm [31] (explained

below) to solve (28) by considering small initial value for qrdo.

Since the transformed optimization problems are now

concave, theKKT is applied to (28) to solve EEmaximization

problem. The Lagrangian of (28) can be written as follows

Ldo P
l;c
TD; a

l
do; b

l
do

� �
¼ R

l;c
do P

l;c
TD

� �
� qldo P

l;c
TD þ 2Pcir

� �

þ aldo Rl
do P

l;c
TD

� �
� Rmin

d

� �
� bldo P

l;c
TD � Pmax

TD

� � ð29Þ

where aldo and bldo are the Lagrangian multipliers of con-

straints on the SE and transmit power, respectively.

The dual decomposition of (29) is shown by (30).

Equation (30) consists of two sub-problems: maximizing

(29) to find the optimal transmit power and then mini-

mizing to find the optimum Lagrange multipliers as

min
al
do
� 0 ; bldo � 0ð Þ

max
P
l;c
TDð Þ

Ldo Pl
TD; a

l
do; b

l
do

� �� �
ð30Þ

By taking the first derivative of (29) and setting it to zero,
oLdo
oPl

TD

¼ 0, the optimum value of P
l;c
TD can be obtained as

P
�;c
TD;o ¼

1þ aldo
lnð2Þ qldo þ bldo

� �
"

� 1

K
n;c
d

� r2NþPc
TMK

nc
md þ

XNF

j¼1

P
j;c
TF K

j;n;c
fd þ

XND

l¼1
l 6¼r

P
l;c
TDK

l;n;c
dd þ Ido

0
BB@

1
CCA

3
775
þ

ð31Þ

where Ido ¼ I
n;c
md þ I

n;c
fd þ I

n;c
fd and x½ 	þ¼ maxf0; xg: The

260 Wireless Networks (2020) 26:253–267

123



Lagrangian multipliers of minimization problem can be

found by gradient method as [33, 34]

oLdo

oa l
do

¼ R
l;c
do P

l;c
TD

� �
� Rmin

d ð32Þ

oLdo

obldo
¼ P

l;c
TD � Pmax

TD ð33Þ

Therefore, the updated Lagrangian multipliers are cal-

culated as

aldo iþ 1ð Þ ¼ aldoðiÞ � lladoðiÞ R
l;c
do P

�;c
TD;o

� �
� Rmin

d

� �h iþ
ð34Þ

bldo iþ 1ð Þ ¼ bldoðiÞ þ llbdoðiÞ P
�;c
TD;o � Pmax

TD

� �h iþ
ð35Þ

where i is the iteration index, l l
adoðiÞ and l l

bdo
ðiÞ are posi-

tive step sizes, which have to be chosen in a way that a

balance between optimality and convergence speed is

obtained. The solution is summarized in Algorithm 1, in

which Imax is the maximum number of iterations and e is

the maximum tolerance. The algorithm continues until the

condition R
l;c
do P

l;c
TD ið Þ

� �
� qldo ið Þ P

l;c
TD ið Þ þ 2Pcir

� �
� e is

satisfied. Similarly, the same algorithm can be applied to

DUE in inner region.

To prove the efficiency of the iterative algorithm for EE

optimization problem, the following Theorem is presented.

Theorem 2: The applied EE optimization problem provides

optimum EE. The proof of theorem 2 is given in [25].

3.4 SE optimization

Here, we study SE optimization problem in order to

maximize the SEs of macrocell and femtocell networks.

We model it as a non-cooperative game to overcome the

problem of vast overhead, in which each UE independently

maximizes its own SE [25]. Thus, the problems of SE

maximization of macrocell and femtocell networks with

the constraints on user transmit power and minimum QoS

requirement in the sub-band F1 are respectively formulated

as

P�
TM ¼ argmax

Pc
TM

Rc
mi P

c
TM

� �

subject to: Rc
mi P

c
TM

� �
�Rmin

m ;

0�Pc
TM �Pmax

TM ;
ð36Þ

and

P�
TF ¼ argmax

P
j;c
TF

XNF

j¼1

R
j;c
fo P

j;c
TF

� �

subject to: Rn
fo Pn

TF

� �
�Rmin

f

0�P
j
TF �Pmax

TF

ð37Þ

where P�
TM and P�

TF denote the optimal transmit powers of

MBS and FBS, respectively.

SE optimization problem can be formulated for sub-

bands F2, F3, and F4 in similar manner. As mentioned in

[35], SE maximization is a non-convex optimization

problem and it is a NP-hard problem, thus obtaining the

optimal solution is difficult. We can conclude from the

concave characteristic of (36) and (37) that the optimal

values of these functions occur at edge points [36, 37]. By

considering the worst case from the aspect of interference,

the non-convex problem is transformed into an optimiza-

tion problem with only one variable. If the goal is

macrocell SE maximization, we consider maximum trans-

mit power levels for FBS and D2D, and if the aim is

femtocell SE maximization, we consider maximum trans-

mit power levels for MBS and D2D.

We utilize a gradient-based iterative solution for the

objective functions described in (36) and (37). In this way,

the updated values of transmit powers at the ðiþ 1Þ th

iteration for each MUE and FUE and variable step-size will

be respectively as follows [13]

Pc
TM iþ 1ð Þ ¼ Pc

TM ið Þ þ s ið Þ � Rc
mi ið Þ

� �
ð38Þ

P
n;c
TF iþ 1ð Þ ¼ P

n;c
TF ið Þ þ s ið Þ � R

n;c
fo ið Þ

� �
ð39Þ

s iþ 1ð Þ ¼ s 1ð Þ 1þ dð Þ= iþ dð Þ ð40Þ

where d is a fixed positive number [13]. The solution is

summarized in Algorithm 2, where Imax is the maximum

Wireless Networks (2020) 26:253–267 261

123



number of iterations and e is the maximum tolerance. The

algorithm continues until at least one of the conditions

Pc
TM ið Þ � Pc

TM i� 1ð Þ
� �

\e; Pc
TM ið Þ�Pmax

TM

� �
, or i� Imax is

satisfied.

4 Performance evaluation

In this section, we assess downlink performance of the

proposed resource allocation scheme, and EE and SE

optimization problems for three-tier HetNet. In the con-

sidered macrocell, FBSs are distributed according to SPPP

with the intensity kF and users are distributed uniformly in

the coverage area of the considered cell. Also, it is assumed

that in each RB, there are three DUEs, three FUEs, and one

MUE. The simulation parameters are provided in Table 1,

which are adopted from [6, 21, 38–40].

4.1 EE and SE performance analysis

The CDFs of transmit powers of MUE, FUE, and DUE in

different sub-bands are illustrated in Fig. 5 for different

optimization problems. As shown in Figs. 5a and 5b, the

optimal solutions for transmit powers of MUE and FUE in

SE optimization problem are obtained in the range of

minimum possible values, while in EE optimization prob-

lem, the optimal solution includes whole possible transmit

powers. This is due to the high transmission powers of FBS

and MBS, which lead to high interference compared to

D2D network. Therefore, to achieve the maximum value of

SE, the power should be lower. According to Fig. 5c, the

transmit power of DUE for SE optimization falls in near

the maximum possible value, while for EE optimization

problem, it includes the values in the whole range of

transmit power. This is due to the fact that the range of

transmission power of D2D is low, thus low interference on

DUE is expected. Consequently, the maximum value of SE

is obtained by increasing the transmission power of D2D.

Actually, the value of consumed power is more important

in EE optimization problem than the SE case, therefore all

optimum values of power in EE optimization problem

occur in minimum values based on (22) and (23).

Table 1 The values of parameters used in simulations

Parameter Value

Number of macrocells 19

Total number of RBs (Ntotal
RB ) 100

Carrier frequency 2 GHz

Macrocell radius 500 m

FBS radius 30 m

MBS transmission power in inner region

ðPc
TMÞ

min: 40 dBm

max: 46 dBm

MBS transmission power in outer region

ðPk
TMÞ

min: 43 dBm

max: 49 dBm

FBS transmission power in outer region

ðPn;c
TF ; P

n;k
TFÞ

min: 15 dBm

max: 23 dBm

D2D Tx transmission power in inner and

outer regions ðPn;c
TD; P

n;k
TDÞ

min: 8 dBm

max: 15 dBm

Noise power - 174 dBm/Hz

D2D pair distance Variable (10–50 m)

Path-loss model for macrocell and

femtocell links

L ¼ 128:1þ 36:7 logðdÞ

Path-loss model for D2D links L ¼ 148þ 40 logðdÞ
Standard deviation of shadowing 8 dB

Intensity of SPPP (kF) 1.2 9 10-6
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The CDFs of SEs of MUE, FUE, and DUE obtained via

different optimization problems are depicted in Fig. 6. As

shown in Figs. 6a and 6b, the SE of MUE and FUE

obtained from SE optimization outperforms the SE

obtained from EE optimization. However, the contradic-

tory results are obtained for DUE in all sub-bands. It is

clear from Fig. 5c that the obtained optimal power from EE

optimization problem is lower than that of SE optimization

problem while the achieved SE in EE optimization is better

than the SE optimization problem. The results indicate the

efficiency of using EE optimization for DUE and SE

optimization for MUE and FUE. Moreover, Fig. 7 com-

pares the CDF of SE of the proposed method with that of

[25]. We observe that the proposed method has better

performance.

4.2 Convergence analysis

The convergence speed of SE optimization problem is

illustrated in Fig. 8. The normalized average SE was

achieved by averaging 1000 simulation results and then

normalizing to the maximum value. It is observed that the

SEs of MUE and FUE converge approximately after two

and four iterations, respectively. This fast convergence

shows the effectiveness of SE optimization problem.

Similarly, the convergence speed of normalized EE is

demonstrated in Fig. 9. The results show that EE converges

after five iterations, which indicates the efficiency of EE

optimization problem.

4.3 EE and SE tradeoff

Here, we present the tradeoff between EE and SE for D2D

network in the proposed method and compare it with the

method of [25]. The results of Fig. 10 verify the effec-

tiveness of the proposed structure in term of EE. It is

observed that as the minimum SE requirement increases,

EE increases until it reaches the optimal point, then the

decrease in EE occurs. The reason is that, when the mini-

mum SE requirement is high, the EE optimization problem

must lead to an optimal solution that fulfills the minimum

SE requirement. In the method of [25], the inefficiency of

network structure leads to a low EE and drop of EE in

lower values of minimum SE requirement compared to the

proposed network.

5 Conclusion and future works

Although D2D communication underlying HetNet increa-

ses the capacity of the overall system, it causes high

interference and consequently degrades system perfor-

mance. In order to overcome the problem, we proposed

efficient FFR structures for D2D, femtocell, and macrocell.

The proposed FFR structures provide good performance for

all communication modes by allocating resources to each

Fig. 5 CDFs of transmit powers in different optimizations, a MUE,

b FUE and c DUE
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communication mode orthogonally in each region. Fur-

thermore, the performances of the proposed structures are

improved by applying different optimization problems. We

considered EE optimization for the D2D user because of

battery limitation. The result confirmed that considering

EE optimization for D2D and SE optimization for FUE and

MUE lead to efficient solutions. Moreover, using the pro-

posed structure and optimization problems, the tradeoff

between SE and EE is improved significantly compared

with other work.

For future studies, we propose to apply mode selection

scheme among D2D, femto, and macrocell considering EE

Fig. 6 CDF of SE in different optimizations, a MUE, b FUE and

c DUE

Fig. 7 Comparison of SE of the proposed method with that of [25]

Fig. 8 Convergence speed of proposed SE optimization problem
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maximization of network. We also propose to use adaptive

resource allocation based on the distribution of users in

each tier. Finally, D2D clustering can be utilized to

enhance the performance.

Appendix

Lemma Uc
EE;o is quasi-concave, that is, by increasing the

value of P
n;c
TD, U

c
EE;o first increases and then decreases [25].

Proof We obtain the derivation of R
n;c
do P

n;c
TDð Þ ¼

log2 1þ cn;cdo

� �
(cn;cdo is given in (12)) with respect to P

n;c
TD as

follows

oR
n;c
do P

n;c
TDð Þ

oP
n;c
TD

¼ K
n;c
d

a ln 2ð Þ ð41Þ

where

a ¼ P
n;c
TD K

n;c
d þ r2N þ Pc

TM K
n;c
md þ

XNF

j¼1

P
j;c
TF K

j;n;c
fd

þ
XND

l¼1
l6¼n

P
l;c
TD K

l;n;c
dd þ Ido:

It is apparent that
oR

n;c
do

P
n;c
TDð Þ

oP
n;c
TD

[ 0. Thus R
n;c
do P

n;c
TDð Þ

increases by increment of P
n;c
TD.

Also taking the derivation of

Uc
EE;o ¼

PND

l¼1 R
l;c
do P

l;c
TD

� �
PND

l¼1 P
l;c
T ;do þ 2Pcir

(eq. (22)) with respect to P
n;c
TD yields

oUc
EE;o

oP
n;c
TD

¼ bK
n;c
d

a ln 2ð Þ �
XND

l¼1

R
l;c
do P

l;c
TD

� � !,
b2 ð42Þ

where b ¼
PND

l¼1 P
l;c
T ;do þ 2Pcir. The positive value of

denominator can be ignored so the shortened equation is

defined as:

NðPn;c
TD Þ ¼

bK
n;c
d

a ln 2ð Þ �
XND

l¼1

R
l;c
do P

l;c
TD

� �
ð43Þ

In this way, Nð1Þ ¼ lim
P
n;c
TD
!1

NðPn;c
TDÞ ¼ 1

ln 2ð Þ �1\0

and Nð0Þ ¼ lim
P
n;c
TD
!0

NðPn;c
TD Þ ¼

2K
n;c
d

Pcir

ln 2ð Þa [ 0

Taking the first-order derivation of NðPn;c
TDÞ results in

oNðPn;c
TDÞ

oP
n;c
TD

¼
a� b K

n;c
d

� �2
a2 ln 2ð Þ

"
� K

n;c
d

a ln 2ð Þ

�
\0 ð44Þ

Therefore, it is concluded that N 1ð Þ\NðPn;c
TDÞ\N 0ð Þ:

Consequently, when P
n;c
TD\P

�;c
TD;o, we have

oU c
EE;o

oP
n;c
TD

[ 0 and

oU c
EE;o

oP
n;c
TD

\0 when P
n;c
TD [P

�;c
TD;o. Hence, the increment and

then decrement of U c
EE;o by increasing the value of P

n;c
TD is

proved. As a result, the concaveness of numerator and

denominator of U c
EE;o results in the quasi concaveness of

U c
EE;o. Similar results hold for U k

EE; i:

Fig. 9 Convergence speed of proposed EE optimization problem

Fig. 10 Tradeoff between EE and SE for D2D network
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