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Abstract— In this paper, we study the spectral efficiency (SE) and energy efficiency (EE) of wireless-powered full-duplex 

(FD) heterogeneous networks (HetNets). In particular, we consider a two-tire HetNet with half duplex (HD) massive 

multiple-input multiple-output (MIMO) macrocell base stations (MBSs), FD small cell base stations (SBSs) and FD user 

equipments (UEs). UEs rely on energy harvesting (EH) from radio frequency signals to charge their batteries for 

communication with serving base stations. During the energy harvesting phase, UEs are associated to MBSs/SBSs based 

on the mean maximum received power (MMP) scheme. In the consecutive data transmission phase, each UE downloads 

packets from the same MBSs/SBSs, while uploads packets to the nearest SBSs using the harvested energy. We use tools 

from stochastic geometry to develop an analytical framework for the average UL power transfer and the UL and DL 

coverage probability analysis. We further investigate the EE of the proposed DUDe scheme to demonstrate the impact 

of different system parameters on the EE. Finally, we validate the analytical results through simulation and discuss the 

significance of the proposed DUDe user association to improve the average DL and UL SE in the wireless-powered FD 

HetNets. 

Keywords: component; Heterogeneous networks, decoupled user association, full-duplex communications, energy harvesting, 

energy efficiency. 
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I. INTRODUCTION  

Improving the spectral efficiency (SE) of the 

wireless networks is viewed as the primary driving 

factor behind the growth of wireless communications, 

particularly when new technologies such as the 
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Internet-of-Things (IoT), augmented reality, haptic 

applications, mature [1]. The IoT has been recognized 

as a promising technology for the fifth generation (5G) 

and beyond mobile communication networks [2]–[4]. 

IoT enables information exchange among 

heterogeneous applications and millions of devices. 
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However, in practice, implementation of IoT imposes 

strict limitations on energy and cost [4]. Therefore, 

supplying energy to a large number of heterogeneous 

IoT devices is a substantial challenge. Radio frequency 

energy harvesting (RF-EH) which exploits the 

available RF to power the wireless devices has been 

recently emerged as a promising technology for future 

wireless networks, including the IoT [5]. Moreover, 

form the energy efficiency (EE) point of view, RF-EH 

has been considered as a promising solution [6]. On the 

other hand, deployment of low power small cells, 

(SCells), such as femtocell and picocell can improve 

the coverage and capacity of cellular networks by 

exploiting spatial reuse of the spectrum [3]. Therefore, 

heterogeneous networks (HetNets) have triggered 

significant interest in research and industry due to their 

potential to meet the ever-increasing demands of future 

wireless Networks. In HetNets, divers set of SCells 

with various applications overlaid on top of the 

macrocell (MCell). 

Full-duplex (FD) communication, which allows 

simultaneous transmission and reception over the same 

frequency band, has been widely applied in HetNets to 

further improve the SE of the network [7]–[10]. FD 

transceivers suffer for the self-interference (SI), caused 

by power leakage from the transmitter to receiver [11]-

[13]. Due to the simultaneous operation of uplink (UL) 

and downlink (DL) user equipments (UEs) in the 

SCell, FD communication introduces inter-node 

interference into the network. Therefore, new technical 

challenges for user association in FD-enabled HetNets 

emerge due to complicated interference scenarios, 

significant disparity in the transmit power of different 

BSs, and non-uniform traffic loads of different BSs in 

both the DL and UL transmissions. In other words, in 

FD HetNets, the traditional/coupled association 

scheme is inefficient, because it uses the same user 

association criterion (e.g., DL maximum received 

signal power) for both UL and DL transmissions. As a 

result, for 5G wireless communication systems, the 

concept of DL-UL decoupled (DUDe) user association 

has been proposed [14]. According to the DUDe 

scheme, each FD UE can receive data from one BS in 

DL and upload it packet to another BS in UL. Due to 

its promising gains over the coupled user association 

schemes, performance of DUDe in FD HetNets has 

been investigated in [15]–[20]. In two-tire cellular 

networks, a landmark simulation study in [16] revealed 

that DUDe might outperform the coupled association 

method. Using stochastic geometry, the authors in [16] 

investigated the performance of the DUDe user 

association in multi-tier FD networks. In [17], the work 

in [16] was expanded to two-tier HetNets with multi-

antenna BSs. A contract theory-based distributed 

strategy for decoupled user association in FD cellular 

networks has been developed in [18]. In [19], the 

authors presented an optimization approach for 

frequency allocation and power regulation in the 

HetNets with DUDe to increase the quality of service 

per UE. In [20], a novel transmission system for a two-

tier multi-cell HetNet with DUDe was presented to 

decrease pilot contamination and intra-cell 

interference. While DUDe is a widely research area in 

context of FD HetNets, to our best knowledge, DUDe 

in wireless-powered FD HetNets is still in its infancy. 

In order to bridge this gap, in this paper, we focus 

on the DUDe user association in two-tier multi-cell 

HetNets, where each UE first harvests the energy from 

its serving BS (as a dedicated RF energy source) in the 

DL and utilizes the harvested energy for wireless 

information transfer (WIT) in the UL. In summary, the 

contributions of this work are as follows:   

• We propose a novel DUDe user association 

scheme based on which UEs can associate 

with the serving BS in DL according to the 

mean maximum received power (MMP) 

scheme and nearest BS (NB) in UL.  

• By leveraging tools from stochastic 

geometry, we analyze the average UL power 

transfer for typical UE associated with MCell 

base station (MBS) or SCell base station 

(SBS). We also derive closed-form 

expressions for the UL and DL coverage 

probabilities and area spectral efficiency 

(ASE) of the proposed DUDe. Furthermore, 

we characterize the EE for UL transmission in 

order to determine the effectiveness of EH by 

UEs. These expressions are general enough to 

study the impact of system parameters on 

performance and simple enough to evaluate 

with common scientific software. 

• Our findings show that as the density of the 

SBS increases, the DL and UL coverage 

probability of the system increases first and 

then start to decreases. As a result, there is an 

optimum value for SBS density in the 

network that maximizes the probability of DL 

and UL coverage. This observations is in 

contrary to the FD HetNets without wireless 

power transfer (WPT) counterpart, where the 

DL coverage continuously increases and the 

UL coverage decrease.  

Notation: We use  X  to denote the expected 

value of the random variable (RV) ;X  ( )expX   

denotes RV X is exponentially distributed with mean 

; ( )Gamma ,X    denotes the Gamma distribution 

with shape   and scale parameter ,  ( ),a x  is upper 

incomplete Gamma function [21, Eq. (8.350)]; 

( )2 1 , ; ;F      denotes Gauss hypergeometric function [21, 

Eq. (9.111)]. 

II. SYSTEM MODEL 

A. Network Topology 

We consider two-tier FD HetNet consisting of 
MBSs, SBSs, and UEs, as shown in Fig. 1.  The location 
of the MBSs, SBSs and UEs are modeled as 
independent homogeneous Poisson point process 
(HPPP), 

M , 
S  and 

u with density ,M  
S  and 

u

respectively. Let   2

, ,, ,M M i S S iX i X+      

20 
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2 ,i +  and  2 ,
ju uX i +    where  ,M iX  

and ,S iX  denote MBS and SBS i  in the first and 

second tier and their location, respectively, and 
juX  

denotes the location of UE .j  We assume that, each 

MBS is equipped with a massive antenna array with N 
antennas, operating in HD and serves S UEs in DL. 
Moreover, each SBS has two antennas and operates in 
FD mode. The MBS and SBS transmit power are 
represented by 

MP  and ,SP  respectively, where 

M SP P . Furthermore,  
jUP  denotes the average 

transmit power of UE .j  Each UE can perform either  

 

 

Fig. 1.   System model of the two-tier HetNet. 

 
HD or FD depending on requirement, i.e., if it wishes 
to exchange data with its associated BS it performs the 
FD mode; otherwise it operates in the HD mode.  

B.   User Association 

We consider a frame-based transmission, where 
each frame is divided into two phases: DL WPT phase, 
and UL-DL WIT phase. During the DL WPT, each UE 
harvests energy from its serving BS. Accordingly, 
during the UL-DL WIT, UEs utilize the harvested 
energy for UL data transmission, while receiving 
information from the serving BS [22]. It should be 
noted that the UEs can only associate with the FD SBSs 
for the UL transmission due to FD capability of the 
SBSs. We assume that for DL data reception, each UE 
is associated to the same BS, as that associated with 
during the DL WPT phase, while in the UL it can 
associate to a different BS, as shown in Fig. 1. 

We consider the MMP user association scheme in 
the DL transmission to achieve the strongest received 
power. In this scheme each UE is associated to a BS 
(MBS/SBS) that provide it with mean maximum 
received power. We term this user association scheme 
as the MMP association (MMPA) scheme [23], [24].  

For the UL transmission we apply the nearest BS 
association (NBA) scheme to maximize the UL SINR 
[7], [12]. This scheme only characterizes the path loss 

between SBS ,S iX  and typical UE 
0
.uX  Therefore, 

UEs are associated with their nearest SBS.  

C. Signal Transmission Model 

Assume that  T  is the duration of one frame. 

During the first fraction ,  ( )0 1   of the time 

frame, i.e., DL WPT phase, UEs harvest power from 

the received RF signals. Then during the consequent 

phase of duration ( )1 ,−  UEs receive the data from 

MBSs/SBSs in the DL and transmit data to SBSs in UL 

link. 

D. Energy Harvesting Phase 

We assume that each UE has a large energy storage 

capacity, allowing for sufficient harvest energy to 

support a stable transmit power [25]. Furthermore, all 

RF signals are interpreted as energy sources, for RF-

EH. Therefore, in the MCell, we adopt the simplest 

linear MRT beamforming to direct RF signal toward 

intended UEs. During   fraction of each time slot, 

which is devoted to the DL WPT phase, the total 

harvested energy at a typical UE associated with the 

MBS is given by 

( )
21

,0,0

,0 ,,0 0 ,1 ,1 ,

M

M

M

M M

EE

SM M ME TP X I I T

  

−

= + +g  

 (1) 
 where 1

,0ME  is the energy from the directed WPT, 2

,0ME  

is the energy from the ambient RF. Here 0 1   is the 

RF-to-DC conversion efficiency, (,0 GammaM N S+g  

)1−  is the small-scale fading channel power gain 

between MBS, ,0MX , and typical UE located at the 

origin, and 
,0MX  denotes the distance between MBS, 

,0MX , and typical UE. In addition, 

, / ,0

,1 , , ,
M

M i M X M

M M i M

X

M iI XP
−



=  g  
 
(2) 

is the sum of interference from the interfering MBSs, 

where ( ), Gamma 1,1M ig  and 
,M iX  denote, the 

small-scale fading interfering channel gain and the 
distance between a typical UE and other MBS, 
respectively. Furthermore, 

,

,1 , , ,
s

S i S

S S i S i

X

SI P g X
−



=   
 
(3) 

is the sum of interference from the SBSs, where 

( ), exp 1S ig  and ,S iX  are, respectively, the small-

scale fading interfering channel power gain and the 
distance between a typical UE and SBS.  
 Moreover, the harvested energy at a typical UE 
associated with the SBS can be written as 

( )
21

,0,0

,0 ,,0 0 ,2 ,2 ,

S

s

S

S S

EE

SS S ME TP g X I I T

  

−

+= +  

 (4) 
where 1

,0SE  is the energy from the directed WPT, 2

,0SE  

is the energy from the ambient RF, ( ),0 exp 1Sg  and 

,0SX  are the small-scale fading channel power gain 

and the distance between a typical UE and its associated 

Volume 14- Number 1 – 2022 (13 -24) 15 

 [
 D

O
I:

 1
0.

52
54

7/
itr

c.
14

.1
.1

3 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 jo

ur
na

l.i
tr

c.
ac

.ir
 o

n 
20

24
-0

4-
26

 ]
 

                             3 / 12

http://dx.doi.org/10.52547/itrc.14.1.13
https://journal.itrc.ac.ir/article-1-526-en.html


SBS, respectively. Moreover, similar to (1), the 
interference terms in (4) can be expressed as 

,

,2 , , ,
M

M i M

M M i M i

X

MI XP
−



=  g  
 
(5) 

, / ,0

,2 , , .
s

S i S X S

S S i S

X

S iI gP X
−



=   
 
(6) 
 

 

1) Uplink/Downlink Information transmission:      

During the UL-DL WIT phase, each MBS uses 

linear zero-forcing beamforming (ZFBF) with the 

equal transmit power allocation to transmit S  data 

streams to associated DL UEs  [9]. Therefore, the 

uncorrelated intra-cell interference is completely 

cancelled out. The signal-to-interference-plus-noise 

ratio (SINR) for a typical UE, located at the origin and 

associated with the MBS, can be written as 

0

,0 ,0
,

, , 0

,

M

dl
M

M M
dl MBS

U dl dl dl U

M i S i U SI

I

M

R

X
SS

P

INR
I I I P N






−

=
+ + + +

h

 

 

 

(7) 

where ( ),0 Gamma 1M N S− +h  is the small-scale 

fading channel power gain between the typical DL UE 

and its serving MBS, and   is the frequency dependent 

constant value.  0,1   is the SI factor: for FD UEs 

1 =   else 0 = ,  
0

2
U U

RSI U RSIP P h=   is the residual SI 

power after performing SI cancellation, where 

( )exp 1U

RSIh  is the residual SI channel of the typical 

UEs [11]. Moreover, 
,

dl

M iI , 
,

dl

S iI , and dl

UI  are the 

interferences from the other MBSs, the SBSs, and the 

other FD UEs, respectively, given as 

, / ,0

, , , ,
M

M i M X M

dl

M i M i M i

X

MI
S

X
P 


−



=  h

 

 
(8) 

,

, , , ,
s

S i S

dl

S i S i SS i

X

I XP h



−



= 
 

 
(9) 

and  

 
/0

.
s

j j

u

j

u j

dl

U U uu

X

I XP g



−



= 
 

 
(10) 

In (8), (9), and (10), ( ), Gamma ,1 ,M i Sh  

( ), exp 1 ,S ih and ( )exp 1
jug  denote the small-scale 

fading channel power gains from the interfering MBSs 
to the typical MCell DL UE, and from the SBSs to the 
typical MCell DL UE, and the FD UEs to the typical 
MCell DL UE, respectively, and their corresponding 
distances are denoted as , ,M iX  , ,S iX  and ,

juX  

respectively. Finally,  
jUP  denotes the transmit 

power of FD UEs which upload packets to SBSs.  

Moreover, the SINR for a typical DL SCell UE 
located at the origin can be written as 

0

,0 ,0,

, , 0

,

s

dl
S

S S Sdl SBS

U dl dl dl U

M i S i U RSI

I

P h X
SINR

I I I P N






−

=
+ + + +

 

 
(11) 

where ( ),0 exp 1Sh  and 
,0SX  are the small-scale 

fading channel power gain and the distance between the 
typical DL SCell UE and its serving SBS and 

s  is the 

path loss exponent for the SCell channel. Furthermore, 

, ,dl

M iI  
, ,dl

S iI  and dl

UI  are the interference from the MBSs, 

the other SBSs, the other FD UEs, given as    

,

, , , ,
M

M i M

dl

M i M i M

X

M

iI X
P

S




−



=  h

 

 
(12) 

, / ,0

, , , ,
s

S i S X S

dl

S i S i S i

X

SI hP X



−



= 
 

 
(13) 

 
/0

.
s

j j

u

j

u j

dl

U U uu

X

I XP g



−



= 
 

 
(14) 

 In (12), (13), and (14) ( ), Gamma ,1 ,M i Sh  

( ), exp 1 ,S ih  and ( )exp 1
jug  denote the small scale 

fading channel power gain to the DL SCell UE from the 
MBSs, the SBSs, the FD UEs, respectively, and their 
corresponding distances are denoted  , ,M iX  , ,S iX  and, 

,
juX  respectively. The UL SINR for a typical SBS 

located at the origin can be written as   

 
0 0 0

,0

, , 0

,

s

ul
S

U u uul

S ul ul ul S

M i S i U RSI

I

P g X
SINR

I I I P N




−


=

+ + + +

 

 
 
(15) 

where ( )
0

exp 1ug  is the small-scale fading channel 

power gain between typical FD UE, and SBS , .S iX  

0uX  is the distance between typical FD UE and its 

serving SBS and 
2

S S

RSI S RSIP P h=  is the residual SI 

power after performing cancellation, where 

( )exp 1S

RSIh  is the residual SI channel of the typical 

SBS [11]. Moreover 
, ,ul

M iI  
, ,ul

S iI  and ul

UI  are the 

interference from the MBSs, the other SBSs, and the 
other FD UEs given as 

,

, , , ,
M

M i M

ul

M i M i M

X

M

iI X
P

S




−



=  h

 

 
(16) 

, /0

, , , ,
s

S i S

ul

S i S i S i

X

SPI h X



−



= 
 

 
(17) 

 
/0

.
s

j j

u

j

u j

ul

U U uu

X

I XP g



−



= 
 

 
(18) 

 In (16), (17), and (18) ( ), Gamma ,1M i Sh , 

( ), exp 1S ih , and ( )exp 1
jug  denote the small scale 

fading channel power gain to the SBS from the MBSs, 
the SBSs, the FD UEs, respectively, and their 
corresponding distances are denoted as , ,M iX  , ,S iX  

and ,
juX  respectively.  
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III. PERFORMANCE ANALYSIS 

In this section, we provide the performance 

analysis of the proposed DUDe user association 

scheme in terms of the average UL power transfer and 

coverage probability analysis. We further characterize 

the ASE and EE of the proposed scheme. Some key 

preliminary results are given first for the DL and UL 

user association probability as well as the probability 

density function (pdf) of the distance between a typical 

UE and its serving BS, for the proposed DUDs user 

association scheme.   

A. Preliminary Results 

1) DL user association probability and pdf of the 

distance between typical UE and serving MBS: 

Lemma 1: The probability that a typical UE is 

associated with the MBS based on MMPA scheme is 

given by 
2

2

2

0

2 exp .

M
s

sS

M M M S

M

SP
r r r dr

P




  
  

   = − −   
  

 


 

(19) 

Proof: See Appendix A.                                             ∎ 

Lemma 2: The pdf of the distance between a typical UE 

and its serving MBS given by 

( )
,

2
2

22
exp .

M
s

s

M i

SM
X M s

M M

SP
f x x x x

P





 

 
  = − −      

   
(20) 

Proof: See Appendix B.                                             ∎ 

Lemma 3: The probability that a typical UE is 

associated with the SBS based on MMPA scheme is 

given by 
2

2

2

0

2 exp .

s
M

M
dl

M
S M SS

S

P
r r r dr

SP




  
  

   = − −  
  

 


 

(21) 

Proof: The proof is similar to the proof of Lemma 1 

and thus omitted.                                                        ∎ 

Lemma 4: The pdf of the distance between a typical UE 

and its serving SBS given by 

( )
,

2
2

22
exp .

s
M

M

S i

dl

S M
X M S

SS

P
f x x x x

SP





 

 
  = − −     

   
(22) 

Proof: The proof is similar to the proof of Lemma 2 

and thus omitted.                                                        ∎ 

 

2) UL user association and pdf of the distance 

between typical UE and serving SBS: 

A typical FD UE in UL transmission can only be 

associated with FD SBSs independent of the DL 

serving BSs (i.e. A typical FD UE associate with BS 

(MBS/SBS) b  in DL and different BS (SBS) b  in 
UL). 

Lemma 5: The pdf of the distance between a typical UE 

and associated SBS given by 

( ) ( )
,

22 exp .
S i

NBA

X S Sf x x x = −
 

(23) 

 

B. Analysis Of Average Uplink Power Transfer  
To ascertain the UL transmit power of a typical UE 

in the mth  tier,  , ,m M S  we characterize the 

average received power at the typical UE with the 
MMPA scheme in the following Theorems.  
Theorem 1: For the MMPA scheme, the average 
received power at the typical UE associated with the 
MBS, is given by 

  1 2
2

2
2

j M
M

M

M

U M
BS

P P 








= 

 
  +  

 − 
 

3 ,
2

2 S

S

s

P





−





+  
              

(24)    

where 
1N S

S


+ −
= , 

 
2

21
2

1

0

exp ,

M
M s

sS

s M

M M

SPx
x x dx

P

 
 

 −  
   = − −     

 

  

          (25a) 
2

23
2

2

0

exp ,

M
M s

sS

s M

M M

SPx
x x dx

P

 
 

 −  
   = − −     

 

  

 (25b) 

(

2
22

3

0

( )
exp

Ms
s

s

dl

s S

s

MS

x x SP
x

P

 



 −  

 = −  
  

  

)2 ,M x dx−  (25c) 

and ( )

1
M

s

sS
S

M

SP
x x

P





 

=  
 

 is the distance between the 

closest interfering SBS of the second tier and the typical 
MCell UE. 
Proof: The proof is straightforward and thus omitted. ∎ 
Theorem 2: The average received power at the typical 
UE associated with the SBS based on MMPA scheme 
is given by 

  1 2

2
2

2j S

S

U S
SBS

s

P P


   



= 

 
 

 −
+   

3

2
,

2
M

M

M

P








− 
+  

 
(26) 

where 
2

21
2

1

0

exp ,

s
s M

M

dl

M
M s

SS

Px
x x dx

SP

 
  

 −  
  = − −     

 

  

 (27a) 
2

23
2

2

0

exp ,

s
s M

M

dl

M S

M s

SS

P SPx
x x dx

SP

 
  

 −  
  = − −     

 

  

 (27b) 

(

2
22

3

0

( )
exp

sM M
MM SM

M

M S

P SPx x
x

SP

 


 
 −  

= −  
  

  

)2 ,s x dx−  (27c) 
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where 

1
s

M

MM
M

S

P
x

SP





 

=  
 

 is the distance between the 

closest interfering MBS and the typical SCell UE [26]. 
Proof: The proof is straightforward and thus omitted. ∎ 

C.  Coverage Probability 

In this section, we study the coverage probability 

of two-tier HetNet with FD SCell.  

1) Downlink analysis: Since the typical UE can 

only be associated with one tier, from the law of total 

probability, the DL coverage probability [9] is given 

by 

( )
 

( )
,

,DL DL DL DL

m m

m M S

C R C R


=   (28) 

where 
m  is the per-tier association probability, DL

mC  

is the coverage probability of a typical UE associated 

with  mth  tier BSs, and 
DLR  is the DL rate threshold.   

 For a SINR threshold dl

th  and a typical UE 
mSINR  at 

a distance x  from its associated BS, the coverage 

probability is given by 

( ) ( )( ) Pr ,DL DL dl

m X m thC R SINR x x=  
 

(29) 

where 2 1.
DLdl R

th = −  

Theorem 3: The DL coverage probability of a typical 

UE associated with the MBS based on MMPA scheme 

is derived as 

( )
2

2

2

0

2 1
exp

2

M
s

s

DL

M

SM
M S

M M

C R

SP
x x x

P





 



=

   
    − −            



 

( ) ( )( 1 2

0

1
Im exp , , 2M Sx x   





− − −  −  

( )( ( ))

2
2

2

3 4, ,

M
s

sS

M S

M

SP
x x x x

P




   


   + − −   
  

  

( )  ( )
0

1

1 ,U

d
j P dx


 



− + −   
 

 

(30) 

where  

( )1 0, ,
M

M

dl

mM

P
x j N

x



 



 
 = − 

   

 

(31a) 

( )
( )

2

2 2

2 2 2
1 ,

, ,
M

M

M M M

M
u

M

j P

x
x x

j P







 











   −
 − +  −   
   

 = −

−

 

              (31b) 

( )

( )

( )

2
12

3

2 1 ,

2
,

2 2
1,1 ;2 ;

M s
s

M

S

M

M

s

s s

Sx
j P

P
x

j P
F

Sx

 












 





−

 
−  

 
 =

 
 −

−

− 
   

 

 

 

 

 

(31c) 

 

 

( ) (4

1 2 2
, 1 1 (

2 s

M

s

x j
 


   

 =  +  −  −   
   

 

  )  ( ))0 0
,dl USM

U
BS SBS

P j P + −   
 

(31d) 

and 
dl

dl th
mM


 =


,  

j
BS

U
M

P  and  
j

BS
U

S

P  are given in 

(24) and (26), respectively. 

Proof: See Appendix C.                                             ∎ 

Theorem 4: The DL coverage probability of a typical 

UE associated with the SBS based on MMPA user 

association scheme is derived as 

( )
2

2

2

0

2 1
exp

2

dl

dl

M

s
M

DL

S

S M
M S

SS

C R

P
x x x

SP





 



=

   
    − −           



 

( )( 0 1

0

1
Im exp , 2M Sj N x   





− −  −  

( )( ( ))

2
2

2

2 3, ,

s
M

MM
M S

S

P
x x x x

SP




   


   + − −  
  

  

( )  ( )
0

1
1

1 1 ,
s

S

dl

th

U

j P d
j P dx

x


 
 



−
−  + + −     

 

 

 

(32) 

where  

( )
( )

( )
1 2

2 2 2
1 ,

,

M

M

M
u

M

M

M M M

j P

x

j P







 












   −
  − +  −      

 =

−

 

( )( )
2

,M x−
 

 

(33a) 

( )
( )

( )

2

2

2 1

,

2 2
1,1 ;2 ; ,

2

s

s

S

s

S

s s

j P x
x

j P
F

x







 

 


 

−
−

 =

 
 − −

−


 

 

 

 

 

(33b) 

 

( ) (3

1 2 2
, 1 1 (

2 s

M

s

x j
 


   

 =  +  −  −   
   

 

   ( ))0 0
) ,dl USM

U
BS SBS

P j P + −   
 

(33c) 

Proof: The proof is similar to that of Theorem 3 and 

thus omitted.                                                               ∎ 

 

2) Uplink analysis: The coverage probability that a 

typical UE is associated with SBS ( )UL UL

SC R  is defined 

as 

( ) ( ) 0 0
0

,0Pr ,
U

UL UL ul ul

S S U th UX
C R SINR X X =  

   
                                                                                  (34) 

where ,0

ul

SSINR  is given in (15), 2 1
ULul R

th = −  and ULR  

is the UL rate threshold. 

 

Theorem 5: The UL coverage probability of a typical 

UE associated with SBS based on NBA scheme is 

given by 
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( )

( )( ) ( )2

0

0 0

1 1
2 exp Im exp

2

UL UL

S

S S

C R

x x j N  


 

=


− − 


 

 

( ) ( ) ( )( ) )2

1 2 3, 2 , ,M S Sx x x x        − − + −  

 
( )( )

1

1

1 1 ,
j

s
Sul

th

Uj P d
j P dx

x


  
 



−

−
    + + −   
 

 

 

 

(35) 

where   

( )
( )

2

1 2

2 2 2
1 ,

, ,
M

M

M
u

M M

M

M

j P

R
x R

j P





 





  




   −
 − +  −   
   

= −

−

 

  

    (36a) 

( )
( )

( )

2

2

2 1

,

2 2
1,1 ;2 ; ,

2

s

s

s

S

S

s

s

j P R
x

j P
F

R





 
 











−
−

=

 
 − −

−


   

 

 

 

       (36b) 

 

( ) (3

1 2 2
, 1 1 (

2 s

M

s

x j  
 

   
=  +  −  −   

     

   ( ))0 0
) .dl USM

U
BS SBS

P j P + −   
 

(36c) 

 

D. Area Spectral Efficiency And Energy Efficiency 

In this subsection, we consider ASE, that describe 

the sum throughput for all UE per unit area. 

Furthermore, we evaluate the EE of the considered FD 

HetNet, which is one of the important design 

parameters in 5G systems. The EE is defined as the 

ratio of the SE to the average power consumption [27].  

The DL ASE of the typical UE associated to MBS 

can be obtained as 

( ) ( )ln 1 ,DL dl

M M M mMASE S C R = +
 

(37) 

where ( )DL

MC R  is given in (30). Moreover, the DL 

ASE of the typical UE associated to the SBS is given 

by 

( ) ( )ln 1 ,dl dl

DL dl

s thS S
ASE C R = +

 
 

(38) 

where ( )dl

DL

S
C R  is given in (33).  

The ASE of the typical user in UL associated to the 

SBS is given by 

( ) ( )ln 1 ,ul ul

UL ul

s thS S
ASE C R = +

 
 

(39) 

where ( )ul

UL

S
C R  is given in (36).  

The EE for a typical UL UE is given by 

 
,

ulS

u total

u

ASE
EE

P
=


 

 

(40) 

where ulS
ASE  is the UL ASE is given in (39), and the 

average total power can be derived as 

 
 

,
total U

u f

P
P P




 = +

 

 

(41) 

where 

     ( ) ,dl

MBS SBS

U S M U US
P P P =   + 

 

 

(42) 

while 
fP  is the fixed circuit power use,  

MBS

UP and 

 
SBS

UP are the average transmit power given by (24) 

and (26), respectively. For UL transmission, the 

average transmit power of a UE depends on which BSs 

the UE is associated with during the DL-WPT phase 

and,   is the power amplifier efficiency. 

 

IV. NUMERICAL RESULTS AND DISCUSSION  

In this section, we evaluate the performance of the 

proposed DUDe user association scheme for the 

wireless-powered FD HetNet. Monte Carlo 

simulations are conducted to validate the accuracy of 

the theoretical framework. We assume that the BSs and 

UEs are distributed randomly within the circle area 

with radius .r  Table I reports a list of the parameter 

values used in this section. 

 

 

 

Fig. 2.  DL coverage probability vs. the density of SBSs 

 (
S ), 15S = . 

 

 

Fig. 3.  DL and UL coverage probability versus   

( 40dBm, 15, 0.2M SP S = = = ). 
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TABLE I.  SYSTEM PARAMETER'S. 

Parameter Value Parameter Value 

MP  40 dBm 
SP  33 dBm 

M  3.5 
s  4 

  0.9   0.9 

S  5 
0N  -100 dBm 

fP  0.1 W    5 

DLR  0.5 ULR  0.5 

 

Fig. 2 shows the DL coverage probability 
MC  and 

,dlS
C  versus 

S  for two different values of ,MP  ,N   

and .S  Analytical results have been included from  

(30) and (32). It is clear that the simulation results 

(markers) are in exact agreement with the theoretical 

results (solid lines). By increasing 
S  the DL coverage 

probability at both tiers improves at first, which is due 

to the fact that increasing 
S  reduced the link distance 

between the typical UE and its serving SBS. Therefore, 

most UEs preferring to associate with SBS than the 

MBSs. However, increasing 
S  reduces coverage 

probability to some extent since it increases received 

interference  from SBSs, as well as interference from  

 
(a) 

 

(b) 

Fig. 4.  (a) UL area spectral efficiency vs. the density of SBSs ( S ) 

( 5S = ). And (b) DL area spectral efficiency vs. the density of SBSs 

( S ) ( 5S = ). 

UEs transmitting in UL. Moreover, the increase in 

N improves the DL MBS coverage probability. This 

can be explained by the fact when N  increases the 

MBS power gain is boosted. On the other hand, DL 

SBS coverage probability decrease by increasing .N  

This can be explained by the fact when N  increases 

the MBS power gain is boosted. On the other hand, DL 

SBS coverage probability decrease by increasing .N  

This is because when N  increase the amount of the 

harvested power from MBS is increased, which 

accordingly increases interference from other MBSs 

and UL UEs. Finally, we observe that as 
MP  increases 

in both tiers, the probability of DL coverage increases 

at higher values of .S  

 

Fig. 3 compares the UL and DL coverage 

probability of the typical UEs   (i.e., WPT duration) 

is increased. By increasing   DL coverage probability 

for both tiers reduces, while the UL coverage 

probability increases. This can be explained by the fact 

that harvested power increases when increased. 

Therefore, the interference caused by the UL 

transmissions of FD UEs increases which in turn 

reduces the DL coverage probability. It is evident that,  

 

 

Fig. 5.  Energy efficiency in UL link vs. the density of SBSs ( S ) (

5S = ). 

 

when 
SP  increases, the UL coverage probability 

decreases due to increase of the SI. 

 

Fig. 4 represents the DL and UL ASE. In Fig 4a. we 

investigate the UL ASE, defined in (39), versus 
S  for 

two values of ,MP  ,SP  and .N  It is clear that as 

expected the UL ASE increases when 
S  increases. 

This is due to the fact that UEs become closed to the 

SBSs and thus the link distances are shortened which 

in turn improves the EH efficiency. Moreover, the 

more number of UEs can be served through the SBSs. 

Therefore, the more number of UEs with more level of 

transmit power can be served in the UL. Furthermore, 

the UL ASE reduces when 
SP  increased due to 

increase of the SI strength. In Fig 4b. the DL ASE for 
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MCell, defined in (37), is plotted versus .S  We can 

observe that DL ASE shows the same trend as the DL 

coverage probability, i.e., increase for small values of 

S  and then starts to decrease. The DL ASE improves 

when the MBS transmit power increased due to 

improvement of the received power. Moreover, the DL 

ASE increases when N increased which is due to the 

fact the MBS transmit power increases. 

 

Fig. 5 shows the EE of the UL transmission, 

defined in (40), versus 
S  and for two values of ,MP  

,SP  and .N  By increasing 
S  the EE in UL decreases, 

which is due to the fact that increasing 
S  increased 

the UE  power consumption as the harvested power at 

UE increases. Moreover, by increasing N  the UL EE 

decreases. This can be explained by the fact when N  

becomes larger the harvested power at each UE is  

boosted that cause an increase in the UE power 

consumption. 

 

V. CONCLUSION 

In this paper, we presented an analytical framework 

to study the performance of DUDe user association in 

the FD wireless-powered two-tier HetNets. We 

proposed DL MMPA and the UL NBA user association 

schemes and derived closed-form expressions of the 

UL and DL coverage probabilities, ASE as well as UL 

EE. Our analysis provides an efficient means of 

evaluating the impact of the MBS density, SBS 

density, and corresponding transmit powers on the UL  

and DL coverage, as well as EE of the considered 

system. Numerical results shown that when the SBS 

density increases, the UL EE decreases while the UL 

and DL coverage probabilities and ASE increase. 

Thus, for different system configurations, there is an 

optimum value for the SBS density at which both the 

DL and UL coverage probabilities are maximized, and 

ASE and EE provide optimum performances. 
 

  

APPENDIX A 

PROOF OF LEMMA 1 

A typical UE is associated with MBS based on 

MMPA scheme in DL when 

,0 ,0 .
M s

M
M S S

P
X P X

S

 − −

  Therefore, 

 

( ) 

( ) ( )( ) 

( )

, ,

, ,0 , ,0

,0 ,0

1

,0 ,0

1

,0 ,0

0

Pr

Pr

Pr

Pr

Pr ,

M

M

M s

M

Ms

s

M

Ms

s

M

M X x M x S

X x M M x S S

M

X M S S

S

X S M

M

S

S M X

M

P P

P X P X

P
X P X

S

SP
X X

P

SP
X X f x dx

P

 







− −



 = 

= 

  
=    

  

  
   =     
   

  

 
  =   
  

 



 

(43) 

 

where 

1

,0 ,0Pr
Ms

s
S

S M

M

SP
X X

P




 
  

   
  

 

 and pdf of the 

,0MX  are derived using the null probability of a 2 D−  

Poisson point process with density   in an area ,A  

which is ( )exp .A−  Therefore, we have 

1

,0 ,0Pr
Ms

s
S

S M

M

SP
X X

P




 
  
  
  

 

 

 
1

,0exp .
Ms

s
S

s M

M

SP
X

P


 

 
  = −   
  

 

 

 

 

 

 

(44) 

And  

( ) ( )( )

( )

,0

2

1 Pr

2 exp .

MX M

M M

d
f x X x

dx

x x 

= −

= −
 

 

 

 

(45) 

Finally, by substituting (45) and (44) into (43) we 

obtain (19). 

 

APPENDIX B 

PROOF OF LEMMA 2 

When the typical UE is associated with MBS, 

probability of  ,0MX x  can be obtained as  

( ) ( )

( )
( )

,0 ,0

,0

Pr Pr

Pr ,
,

Pr

M M

M

X x X x n M

X x n M

n M

= =

=
=

=
 

 

 

 

(46) 

where ( )Pr Mn M= =   given in (19), and the joint 

probability of  ,0MX x  and n M=  is 

( )

( ) ( )( )
,0

,0 , ,0 , ,0

Pr ,

Pr ,

M

M x M M x S S

X x n M

X x P X P X

= =

 

( )

1

,0 ,0Pr
Ms

s

M

S

S M X

Mx

SP
X X f x dx

P




  
  =   
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2
2

22 exp .

M
s

sS

M M s

Mx

SP
x x x dx

P




  
  

  = − −   
  

 

  

                                                                             (47) 

By substituting (47) into (46) we get 

( ) ( 2

,0

2
2

2
Pr exp

.

M
s

s

M

M MMMPA

M x

S

s

M

X x x x

SP
x dx

P













= −



  −   
  





 
                                                                           (48) 

The cumulative distribution function (cdf) of ,0MX  

is ( ) ( )
,0 ,01 Pr

MX MF x X x= −   and the pdf is given as 

( )
( )

,0

,0
.

M

M

X

X

dF x
f x

dx
=

 

 

(49) 

By substituting (48) into (49), after some algebraic 

manipulations, the desired result in (20) is obtained. 

 

APPENDIX C 

PROOF OF THEOREM 3 

From (29) the DL coverage probability for MCell 

assuming ,0MX x=  is defined as 

( )

( )( )  ,
0

0
,0

,Pr ,dl MBS
M U

DL

M

dl MBS dl

U thSINX R

C R

SINR x x

=

  
 

(50) 

where 
0

,dl MBS

USINR from (7). Then with  deconditioning 

over ,0MX  the coverage probability is given by 

( ) ( )
00 ,

,0

,

0

Pr
M

M

dl

M

MBS dl

U th X

C

SINR f x dxX


= 
 

( )
,0

0

,0 ,0
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M
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M

M

M
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thdl dl dl U

M i S i U

M M

X
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I

P

S f x dx

X

I I I P N









− 
 
 = 
 + + + +
 
 


h

 

( )
,0

,
( )

0

0

0

Pr

M

M

a
M dl

mMdl U

M S

M

X

R I

P
f x dx

I P N

X







−
  

 = 
 + +
 

  

( )
,0

0

00 ,

Pr
M MX

M

R

dl UM

M SI
dl

mM

P
I P N f x dx

X







  
 =  − −
 
 

  

( )
,0

0

( )

0

0 ,

,
M M

dl
M

mM

b
UM

RSII dl

m MM

X

P
F P

X
N f x dx








  
 = − −
 
 

  

                                                                                  (51) 

where ( )
,0MX

f x  from (20), (a) follows from 

( ),0 Gamma 1 ,M N S− +h  and (b) applied the Gil-

Pelaez inversion theorem [9]. Furthermore, the cdf of 

the interference ( )dl
M

mM
I

F  can be derived as 

( )

( )

0

0

,0

1 1

2

Im ,

exp

dl
M

mM

dl
M

M

I

I

UM
RSI

l

M

d

mM

F x

L j d

P
j P

X
N





 




 




= −

 
 
 −
 
   
   − −   
    



 

                                                                             (52) 

where ( )Im  is the imaginary part of the argument. In 

(52), ( )dl
MI

L j−  is the Laplace transform pdf of dl

MI  

given as 

( ) ( ) ( ) ( )
, ,

,dl dl dl dl
M M i S i UI I I I

L j L j L j L j   − = −  −  −  

(53) 

where ( )
,

dl
M iI

L j− ,  ( )
,

dl
S iI

L j− , and ( )dl
UI

L j−  are the 

Laplace transform of the pdf of ,

dl

M iI , ,

dl

S iI , and dl

UI , 

respectively. In (53), ( )
,

dl
M iI

L j−  calculated as 

( )

( ) 
( ) ,

, / ,, 0

,

M
M

M i

X M

i

i M

M

M i X M

X

I

j P

j I

L j

e e


 





−



− −

− −

−

 
 

=  =  
  

 

( )
, / ,0

,exp
M

M i M X M

M M i

X

Xj P


 
−





   
 =  − − 
 

   
  

( )( )
, / ,0

,exp
M

M i M X M

M i

X

Mj XP


 
−





  
=  − − 

  
  

( )( )( )
( )

exp 2 1 exp ,M

a

M M

x

j P x xdx
   −

 
= − − − − 

 
  

(54) 

where is obtained by using probability generating 

functional (PGFL) of PPP, and x is the shortest 

distance between typical UE and interfering MBS. 

Likewise, the ( )
,

dl
S iI

L j−  is evaluated as 

( )

( )((
( )

)

,

,

,

2

,

exp 1 exp

s

S i

S

I

S h S S

x

S i

i

L

X

j

j

dx

h

x

P







  


−









−


= − − − −


 

  

( )( )( )

( )

1

1
exp 2

1 s
S

a

S

x S

xdx
j P x




 



−

  
  = −
   + −

  

  

( )

( )( )

exp 2 ,
1

s

s

S

S

S

Sx

j P x
xdx

j P x







 


 

−

−

  −
 = −    + −  

  
 

(55) 

where (a) follows from ( ), exp 1S ih , and ( )S x  is the 

distance between a typical UE and the closet 

interfering SBSs. In (53), ( )dl
UI

L j−  is calculated as 
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l XU u X
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(56) 

where (a) represent the density of the FD UEs depends 

on the serving BS in DL, and (b) follows from 

( )exp 1
jug . After some manipulation, with 

substituting (56), (55), and (54) into (53), (53) into 

(52), and plugging (52) into (51) we obtained (30). 
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