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Abstract: To handle the fast-growing demand for high data rate applications, the capacity of cellular
networks should be reinforced. However, the available radio resources in cellular networks are
scarce, and their formulation is expensive. The state-of-the art solution to this problem is a new local
networking technology known as the device-to-device (D2D) communication. D2D communications
have great capability in achieving outstanding performance by reusing the existing uplink cellular
channel resources. In D2D communication, two devices in close proximity can communicate directly
without traversing data traffic through the evolved-NodeB (eNB). This results in a reduced traffic
load to the eNB, reduced end-to-end delay, and improved spectral efficiency and system performance.
However, enabling D2D communication in an LTE-Advanced (LTE-A) cellular network causes
severe interference to traditional cellular users and D2D pairs. To maintain the quality of service
(QoS) of the cellular users and D2D pairs and reduce the interference, we propose a distance-based
resource allocation and power control scheme using fractional frequency reuse (FFR) technique.
We calculate the system outage probability, total throughput and spectrum efficiency for both cellular
users and D2D pairs in terms of their signal-to-interference-plus-noise ratio (SINR). Our simulation
results show that the proposed scheme reduces interference significantly and improves system
performance compared to the random resource allocation (RRA) and resource allocation (RA) without
sectorization scheme.

Keywords: device-to-device communication; fractional frequency reuse; outage probability;
throughput; spectral efficiency

1. Introduction

Device-to-device (D2D) communication underlaying long term evolution-advanced (LTE-A)
cellular networks is proposed as an up-and-coming technology for next-generation cellular networks
(5G). The first standardized exertion related to D2D communication has been proposed in LTE
Release 12, in which devices in close proximity to each other can communicate directly bypassing the
evolved-nodeB (eNB), thus providing new commercial and public safety proximity services. To date,
D2D communication has gained significant attention over traditional cellular communication owing
to its ability to fulfil the ever increasing user demand for higher data rate, reduced mobile data
traffic, reduced end-to-end delays, higher system spectrum efficiency and lower power consumption.
Integrating D2D communications with traditional cellular networks can resolve the problem of
available spectrum discovery and avoidance of collision between D2D pairs and cellular users [1].
In a D2D communication underlaying a cellular network, D2D pairs reuse the licensed cellular band
to improve system spectrum efficiency, which leads to imminent interference between cellular users
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and D2D pairs, and also among the D2D pairs. To mitigate the interference caused while reusing
frequency bands by the D2D pairs, investigation on the random resource allocation (RRA) method
has been proposed in the literature [2]. In the paper, the available D2D pairs can reuse any available
channel resources of the cellular users and derived a closed-form expression for the outage probability.
In other words, this paper controlled uplink interference by keeping a minimum distance between
users. However, in this study, efficient utilization of the available frequency bands was not achieved.
A low-complexity power allocation problem for D2D communications has been formulated in [3].
The results showed that their proposed scheme improves the throughput. However, in their study,
the whole frequency band was not used. Therefore, the proposed scheme was not spectrally efficient.
The fractional frequency reuse (FFR) method is a well-known technique to mitigate interferences
caused by the frequency reuse method. FFR is radio resource partition method in the LTE-A system,
which partitions the cell’s available band into different sections such that the users of the adjacent
cell do not interfere with each other while reusing the cellular frequency by the D2D pairs [4]. In [5],
the authors proposed a joint resource block and power control method by using Nash Equilibrium
computation technique. The results showed that their proposed scheme minimizes interference.
However, optimal sum rate was not achieved. In order to improve spectrum efficiency, the authors
in [6] proposed a context-aware cluster based D2D communications. The disadvantage of the proposed
method is that the network model increases the interference.

The rest of the paper is structured as follows: contributions of the proposed scheme are listed
in Section 2. Section 3 presents the related works and Section 4 gives an overview of the D2D
communication, explaining the cell sectorization and FFR scheme comprehensively. Sections 5 and 6
present the network model and problem formulation, respectively. Similarly, Sections 7 and 8 illustrate
the system throughput optimization formulation and channel model, respectively. Section 9 presents
computational complexity and use case scenario. Finally, Section 10 presents performance evaluation
and Section 11 concludes the paper.

2. Contribution

Inspired by the existing contributions in literature, we proposed a new radio resource allocation
and power-control scheme for network-assisted D2D communications underlaying the uplink multicell
cellular network. In this paper, we considered the FFR scheme with the cell-sectorization method.
In the FFR scheme, the cell coverage region is divided into two non-overlapping regions, namely
the inner cell region near the eNB and the outer cell region that covers the edge of the cell. In the
sectorization method, the subdivided cell regions are partitioned into three sections with different
frequency sub-bands using three 120◦ directional antennas. In the proposed FFR scheme, the D2D
pairs in the inner cell regions can only reuse the available cellular links of the outer cell regions and
vice versa, and one cellular link can be reused at maximum by one D2D pair. This will make efficient
utilization of most of the available resources in each section of a cell. The resource reusing phenomenon
is driven by the channel co-efficients between cellular users and D2D users and between eNB and
both the users. In this paper, we considered the distance of the devices from the eNB to reduce the
interference from the cellular users to the D2D pairs.

We proposed different scenarios: the D2D pairs located in the same cell region, D2D pairs
located in the different cell regions and varying the number of D2D pairs with respect to the cellular
users. The performances are compared with the random cellular resource reuse by the D2D pairs.
We formulate the optimization problem, which aims at maximizing the total system throughput limited
to the knowlege of target signal-to-interference-plus-noise ratio (SINR) and power level. The results
show that the proposed resource allocation and power-control scheme using the FFR method improves
the system performance in terms of system throughput and spectrum efficiency of the cellular network
by mitigating the interference introduced by the D2D users in the network.
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3. Related Works

The D2D network underlaying a cellular network that reuses the traditional cellular links is
presented in [7]. It has been shown that the performance of the cellular network is affected by the
interference caused by D2D communication. The work in [8] proposed a post-resource allocation
and power control scheme for cellular users. Frequency reuse scenario is determined based on the
interference generated by the D2D users. The disadvantage of this study is that an omnidirectional
antenna was considered, which increases the interference in the system. In [9], system capacity
evaluation using a blocking queuing model have been presented. In their network, an overlay D2D
communication mode is discussed and formulated a fair admission control problem. Results showed
that their proposed scheme improves the system throughput. The disadvantage of the scheme is
that the queueing model is not assumed precisely. Network-assisted D2D communication and its
advantages are listed in [10]. In [11], a two-step approach for D2D communication underlaying uplink
cellular network has been discussed. At the first-step: a novel resource allocation based on the static
transmit power was analyzed. At the second-step: interference minimization problem was formulated
for dynamic reusing of cellular resources. However, in their study, quality of service (QoS) analysis
was not considered.

The FFR is defined as the rate at which the same frequency can be used by the cellular users and
D2D pairs simultaneously in a cellular network. In literature, studies have been conducted on FFR
for interference cancellation and reduction for cellular users [12]. The work in [13] proposed a virtual
cell sectorization method to jointly enhance resource allocation and reuse in a network-controlled
D2D communication. Frequency reuse scenario is analyzed in terms of the maximum spatial distance.
Comparing the result of the proposed method with that of the random resource allocation scheme
shows the enhancement in system capacity. In [14], the authors proposed a frequency-reuse method
by considering different transmission powers of cellular users and D2D pairs based on the user’s
accessing location. The authors demonstrate that their proposed scheme provides an improvement in
the D2D pairs and cellular users as compared to the random resource-allocation method. The cellular
system throughput optimization problem is formulated in many studies in the literature. The authors
in [15] proposed an optimization problem that considers QoS constraints on the cellular users and
D2D pairs. In their study, the optimal conditions for power for each subchannel was analyzed.
Also, a dual-based iterative algorithm was derived to minimize the interference level. However,
the introduced scheme is not spectrally efficient. In [16], the authors proposed a resource-allocation
scheme for D2D pairs by dividing whole cell area into two non-overlapping regions, without cell
sectorization (RA w/o sectorization) scheme. Uplink interference from the D2D pair to the base
station, and also the interference from cellular users to the D2D pairs were analyzed in their study.
It has been shown that reusing more than one channel resources of cellular users increases the system
throughput significantly. The disadvantage of the study is that the network model is not analyzed for
densely allocated users. In [17], the authors presented a D2D communication with FFR and fractional
power-control schemes. The paper focused on the coverage region for both the D2D pairs and cellular
users based on transmitter power. However, the paper does not consider the resource-reuse method
among cellular users and D2D pairs. The D2D communication as the underlay to the orthogonal
frequency division multiple access (OFDMA) is analyzed in [18]. In the paper, the authors presented a
downlink resource-reuse method that considers only the outer cell region users to avoid interference
from the eNBs. Dynamic power control for D2D communications underlaying uplink multi-cell
networks has been presented in [19]. In their work, an optimization problem is formulated to minimize
the interference caused by the D2D users to the conventional cellular users. The results showed that
their proposed method the achieves higher system throughput.

4. Overview of Device-to-Device Communication

The difference between traditional cellular networks and D2D communications is, in a traditional
cellular network a device can not directly communicate with each other and all communications are
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carried out through the eNB. To establish a D2D communication among the devices in close proximity
to each other, there are two main mechanisms are involved. First, the peer device discovery and
second, the D2D session setup. Peer device discovery can be subdivided into restricted-peer device
discovery and open-peer device discovery. In restricted-peer device discovery, the device needs certain
permissions to access the network, thus maintaining the user’s privacy. For open-peer device discovery,
the device can be identified as long as it is near another device. The device session setup initiates
when the device-peer discovery is finished. The device session setup is subdivided into two modes.
First, the IP-based detection mode and second, the dedicated D2D signaling. In the IP-based detection
mode, the packet data network (PDN) gateway reveals the IP header of the data packets, thus the
eNB maintains control over the D2D pair. For dedicated D2D signaling, dedicated D2D session setup
architecture is accomplished. This reduces the load to the eNB and results in a faster system. According
to the link establishment, D2D communication is categorized into four primary types [20]:

• Device relaying with operator-controlled link establishment: A device in a remote area or far
away from the eNB can communicate with an eNB using another device as a relay. In this
communication scenario, an eNB can corroborate the relaying devices and thus preserve the
privacy as well as frequency allocation of the devices.

• Direct D2D communication with operator-controlled link establishment: A network assisted
link can communicate with each other bypassing the eNB. The eNB controls the connections,
frequency allocation and pecuniary communication between devices.

• Device relaying with device-controlled link establishment: An eNB has no control over the device
communication. Devices communicate with each other by using relays between them.

• Direct D2D communication with device-controlled link establishment: An eNB has no
control over the device communication. Communication between devices is managed by the
devices themselves.

Based on spectrum utilization, we can categorize D2D communication underlaying cellular
networks into two primary categories as listed below [21].

1. Inband D2D communication/LTE Direct: D2D communication occurs in a cellular-licensed
spectrum in a dedicated mode (overlay mode) or shared mode (underlay mode).

2. Outband D2D communication: D2D communication occurs in an unlicensed spectrum endorsed
by other wireless technologies such as WiFi or Bluetooth.

The main advantages of integrating D2D communication in the traditional cellular networks are
listed as follows: First, D2D communication reduces mobile traffic to the eNB, which results in a higher
cellular network capacity. Next, D2D communication facilitates the reutilization of the available cellular
spectrum, thus enabling maximum utilization of the available spectrum. Finally, D2D communication
reduces end-to-end delay as it allows direct communication between nearby devices.

In the proposed scheme, we considered the aggregate interference caused by multiple D2D pairs.
This affects the quality of the traditional cellular networks since the cellular users and D2D pairs
shared the same resources. In addition, there are various technical challenges with the introduction of
the D2D communication into the traditional cellular network such as time synchronization, frequency
synchronization and peer discovery between the users. Consider an uplink cellular network scenario
where the D2D pairs are reusing the uplink cellular links: This generates two main interferences,
interference to the D2D receiver caused by the signal transmitted from the eNB to the cellular users,
and interference to eNB caused by the signal transmitted by the D2D transmitter to D2D receiver.
The co-channel interference caused by the D2D users to cellular users and vice versa deteriorates
the system QoS and spectral efficiency of the overall network. Therefore, co-channel interference is
considered the primary challenge in the underlay inband D2D communication system. To mitigate
these interferences generated due to D2D communications, the FFR technique is primarily used
by allotting specific spectrum resources to the users. The FFR scheme facilitates the reuse of the
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same frequency in cellular networks to encourage the concurrent communication demands. This can
improve the system spectral efficiency and channel quality [22,23]. The FFR scheme utilizes the entire
spectrum in a cell and reduces the co-channel interference within the cell as well as among the cells.
Moreover, this interference can be avoided by introducing a complex resource allocation and power
control method. The main drawback of using these methods is that it increases the computational
overhead of the eNB. As a result, the performance of the traditional cellular users is deteriorated.

5. Network Model

In this paper, we consider an uplink multicell cellular network as shown in Figure 1. The reason
for considering the hexagonal shape cell is to mitigate the propagation loss caused by the different
terrains. Moreover, the hexagonal cellular geometry facilitates the analysis of cellular networks.
In Figure 1, the cell area is divided into two regions namely inner and outer cell regions with cell
radius r and R, respectively. In each hexagonal cell, the base station is placed at the cell center.
Both regions are sectored into three sub-regions using 120◦ directional antennas. In this network,
the reuse of the channel resources occurs in two scenarios: First, the D2D pairs in the inner cell region
reuse the channel resources of the cellular users in the outer cell region. Second, the D2D pairs in
the outer cell region reuse the channel resources of the cellular users in the inner cell region of the
corresponding sectored region. The D2D pair located in a certain cell region can only reuse only one
cellular resource of its corresponding cell region. Reusing the cellular resource by more than one D2D
pair is strictly prohibited.
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Figure 1. Device-to-device (D2D) communication network model.

Consider a cell with M cellular users and N D2D users uniformly distributed in a cell. We define
the sets of cellular users and D2D users as C = (1, 2, . . . , M) and D = (1, 2, . . . , N), respectively.
Similarly, the users are categorized as Cin, Cout, Din and Dout, where Cin and Cout are the cellular users
belonging to inner and outer cell regions, respectively, and Din and Dout are the D2D users belongs to
cell inner and outer region respectively. In this paper, we consider the distance between the D2D pair
and the cellular user whose channel resource is to be reused by the D2D pair, in which a maximum
separable distance is to be maintained to avoid interference from the cellular user to the device receiver.
The partitioned frequency band structure based on the power level is shown in Figure 2a. In Figure 2a,
initially the whole frequency band is partitioned into two parts, the inner cell frequency and the
outer cell frequency. The non-orthogonal resource sharing between cellular users and D2D pairs is
shown in Figure 2b. Further, both frequency bands are sub-divided into three corresponding bands as,
FI,0, FI,1, FI,2, FO,0, FO,1 and FO,2, where FI,0, FI,1 and FI,2 are the sub-bands of the inner cell frequency
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FI and, FO,0, FO,1 and FO,2 are the sub parts of the outer cell frequency FO. In our system model,
we used the subparts of both frequencies to meet the design trade-off between spectrum utilization
and interference mitigation in the cellular network.

F = FI + FO = (FI,0 + FI,1 + FI,2) + (FO,0 + FO,1 + FO,2), (1)
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Figure 2. (a) Spectrum partitioning and (b) non-orthogonal spectrum resource sharing.

The location of the uniformly distributed cellular devices is expressed in terms of polar coordinates
with an angle of θC and a distance lc from the eNB. Therefore, the probability density functions of the
cellular user (in polar coordinates) in the inner and outer cell regions are expressed as follows [24]:

For the inner cell cellular users

f (lC) =
2(lC − ls)

(R− lS)
2 , ∀ls ≤ lC ≤ R, (2)

For the outer cell cellular users

f (lc) =
2(lc − ls)

(r− ls)
2 , ∀ls ≤ lc ≤ r, (3)

f (θc) =
1( 2π
3
) , ∀0 ≤ θc ≤ 2π, (4)

where lS and ls are the shortest distance between the outer and the inner cell cellular users from the eNB,
respectively; R is the radius of the outer cell, and r is the radius of the inner cell. The comprehensive
functional flow of the proposed scheme is presented in Algorithm 1. Since the users are assisted by
directional antennas, the available resources are uniformly allocated to all the users.

Moreover, the resource allocation scheme proposed in this paper is performed by considering
different frequency sub-bands of the network. To allocate resources properly, we assumed that a D2D
pair located in FI,0 sub-band cannot reuse the resources of same sub-band but can reuse the resources
of FO,0. In addition, the distance between the cellular user located in FO,0 sub-band and D2D pair
located in FI,0 sub-band should maintain. This results in the least interference between the cellular
user and D2D pair.
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Algorithm 1 Working of the Proposed Resource Allocation and Power Control Scheme

Step 1: Divide cell into FI and FO

Step 2: Sectorize FI into FI,0, FI,1 and FI,2, and FO into FO,0, FO,1 and FO,2

Step 3: Initialization: Set C = {1,2,3, . . . ,N}, D = {1,2,3, . . . ,M}, c = {1,2,3, . . . ,n} and d ={1,2,3, . . . ,m}
Step 4: Check locations of cellular users
Step 5: Pmin

Din
≤ PDin ≤ Pmax

Din
, Pmin

Dout
≤ PDout ≤ Pmax

Dout
, Pmin

Cin
≤ PCin ≤ Pmax

Cin
, Pmin

Cout
≤ PCout ≤ Pmax

Cout

Step 6: for d = 1 to m, D = 1 to M, c = 1 to n, C = 1 to N, do
Step 7: Calculate the distance between D2D pair and eNB, and D2D pair and cellular user
Step 8: Calculate γDin , γDout , γCin , γCout

Step 9: Calculate ODin , ODout , OCin and OCout

Step 10: if
(
OCin ≤ ρCin , ODin ≤ ρDin

)
and (OCout ≤ ρCout , ODout ≤ ρDout ) then

Step 11: Compute TDin = log2(1 + γDin ), TDout = log2(1 + γDout ), TCin = log2
(
1 + γCin

)
,

TCout = log2(1 + γCout ), T = TDin + TDout + TCin + TCout

Step 12: else if
(
OCin > ρCin , ODin > ρDin

)
and (OCout > ρCout , ODout > ρDout ) then

Step 13: Recalculate γDin , γDout , γCin , γCout

Step 14: end if
Step 15: end for

6. Problem Formulation

6.1. Interference Analysis

The received power in the communication system is defined as the product of the transmitted
power and the channel coefficient i.e.,

PR = PT ×G, (5)

G = Pg × φ−1 × δ, (6)

where PR is the received power, PT is the transmitted power, G is the channel coefficients, Pg is the
power gain, φ is the path loss and δ is the shadowing coefficient.

To maintain reliable information transmission after integrating D2D communications in the
cellular networks, the SINR requirement is set up to a minimum level for the D2D communication.
We assumed that in the inner cell region, D2D transmitter b communicates with receiver b′ by reusing
resource of the cellular user j as shown in section S-1 of Figure 3. Similarly, in the outer cell region,
D2D transmitter e communicates with receiver e′ by reusing resource of the cellular user a, as shown in
section S-2 of Figure 3. The eNB is denoted as B for analysis purpose.

Considering the interference scenario presented in Figure 4, we can express the SINR of cellular
users and the D2D users of both the inner and outer cell regions as follows:

• For the inner cell user: The received SINR for the inner cell cellular user and the D2D pair is
given by

γCin =
Pa A−α

a,B|Ga,B|2

PN + Pe A−α
e,B |Ge,B|2

≥ γt, ∀a ∈ Cin, e ∈ Dout, (7)

γDin =
Pb A−α

b,b′ |Gb,b′ |2

PN + Pj A−α
j,b′ |Gj,b′ |2 + Ib′ + Ing

≥ γt, ∀b, b′ ∈ Din, j ∈ Cout, (8)

respectively, where Ib′ is the interference to D2D receiver b′ in the inner cell region and can be
expressed as follows:

Ib′ =
2

∑
m=1

Pm A−α
m,b′ |Gm,b′ |2, ∀m, b′ ∈ Din, (9)



Electronics 2018, 7, 238 8 of 20

The interference from the neighboring cells Ing can be denoted as

Ing =
6

∑
i=1

Ii, (10)

• For the outer cell user: The received SINR for the outer cell cellular user and the D2D pair is
given by

γCout =
Pj A−α

j,B |Gj,B|2

PN + Pb A−α
b,B|Gb,B|2

≥ γt, ∀b ∈ Din, j ∈ Cout, (11)

γDout =
Pe A−α

e,e′ |Ge,e′ |2

PN + Pa A−α
a,e′ |Ga,e′ |2 + Ie′ + In

≥ γt, ∀e, e′ ∈ Dout, a ∈ Cin, (12)

respectively, where Ie′ is the interference to user D2D receiver e′ and can be listed as

Ie′ =
2

∑
n=1

Pn A−α
n,e′ |Gn,e′ |2, ∀e′, n ∈ Dout, (13)

Ing =
6

∑
q=1

Iq, (14)
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Figure 3. Single uplink cellular resource reused by one D2D pair.

Therefore, Pa ∈ PCin ,Pj ∈ PCout , (Pb, Pm) ∈ PDin and (Pe, Pn) ∈ PDout , where PCin and PCout are the
transmit power of the cellular user in the inner and outer cell regions, respectively, PDin and PDout are
the transmit power of the D2D user in the inner and outer cell regions, respectively. Similarly, Aa,B and
Ae,B are the distance between the inner cell cellular user a and B, and distance between the outer cell
D2D transmitter e and B. Ab,b′ , Aj,b′ and Am,b′ distance between the inner cell D2D transmitter b and
receiver b′, distance between the outer cell cellular user j and inner cell D2D receiver b′, and the distance
between the co-channel D2D transmitter m and receiver b′. Aj,B, Ab,B are the distance between the outer
cell cellular user j and B, and distance between the inner cell D2D transmitter b and B. Ae,e′ , Aa,e′ and
An,e′ are the distance between outer the cell D2D transmitter e and receiver e′, distance between the
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co-channel D2D transmitter n and e′. Moreover, Ga,B and Ge,B are the channel coefficient between
the inner cell cellular user a and B, and channel coefficient between the outer cell D2D transmitter e
and B. Gb,b′ , Gj,b′ and Gm,b′ are the channel coefficient between the inner cell D2D transmitter b and
receiver b′, channel coefficient between the outer cell cellular user j and inner cell D2D receiver b′,
and channel coefficient between the co-channel D2D transmitter m and b′. Gj,B and Gb,B are the channel
coefficient between the outer cell cellular user j and B, and channel coefficient between the inner cell
D2D transmitter b and B. Ge,e′ , Ga,e′ and Gn,e′ are the channel coefficient between the outer cell D2D
transmitter e and receiver e′, channel coefficient between the inner cell cellular user a and outer cell
D2D receiver e′, and channel coefficient between the co-channel D2D transmitter n and receiver e′.
PN is the noise power, α is the path-loss exponent, and Ing is the interference from the neighboring
cells to the D2D receivers.Electronics 2018, 7, x FOR PEER REVIEW  9 of 20 
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Figure 4. Uplink interference regions of cellular users.

In order to guarantee the QoS of the D2D users, we defined an uplink interference region of the
cellular users as shown in Figure 4. Within this region, interference from cellular user to D2D receiver
is very severe, hence D2D communication is not allowed in this region [25]. For interference region
analysis, we consider a scenario where a communication system attains a minimum allowable SINR.
From Equations (7)–(12), we defined the uplink interference region (UCin ) as listed below.

Pa A−α
a,B |Ga,B |2

Pe A−α
e,B |Ge,B |2

= γt,

Pa
Pe

= γt
A−α

e,B |Ge,B |2

A−α
a,B |Ga,B |2

, (15)

Pe A−α
e,e′ |Ge,e′ |2

Pa A−α
a,e′ |Ga,e′ |2

= γt,

Pe
Pa

= γt
A−α

a,e′ |Ga,e′ |2

A−α
e,e′ |Ge,e′ |2

,

, (16)



Electronics 2018, 7, 238 10 of 20

From Equations (15) and (16), we have

γt
A−α

a,e′ |Ga,e′ |2

A−α
e,e′ |Ge,e′ |2

=
A−α

a,B |Ga,B |2

γt(A−α
e,B |Ge,B |2)

,

γt
2 =

A−α
a,B |Ga,B |2

A−α
e,B |Ge,B |2

×
A−α

e,e′ |Ge,e′ |2

A−α
a,e′ |Ga,e′ |2

,

γt
2 =

(
Aa,B
Ae,B
· Ae,e′

Aa,e′

)−α
×
(
|Ga,B |
|Ge,B |
· |Ge,e′ |
|Ga,e′ |

)
,2


, (17)

In Equation (17), we assume
(
|Ga,B |
|Ge,B |
· |Ge,e′ |
|Ga,e′ |

)
= γt = constant value, then

Aa,e′ = UCin ≥
(

Aa,B Ae,e′

Ae,B

)
, (18)

We can see from Equation (18) that to guarantee the QoS of the D2D communication in outer cell
region by reusing inner cell cellular resource, the distance between inner cell cellular user and outer
cell D2D receiver should be large.

Similarly, from Equations (8) and (11) we defined the uplink interference region (UCout ) as
listed below.
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b,b′ |Gb,b′ |

2
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−α
j,b′ |Gj,b′ |

2 = γt,
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2
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2 ,
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Pb A−α
b,B |Gb,B |2
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j,B |Gj,B |2

,

, (20)

From Equations (19) and (20), we have,

γt
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b,B |Gb,B |2

A−α
j,B |Gj,B |2

=
A−α

b,b′ |Gb,b′ |
2

γt(A−α
j,b′ |Gj,b′ |

2)
,

γt
2 =

A−α
b,b′ |Gb,b′ |

2

A−α
j,b′ |Gj,b′ |

2 ×
A−α

j,B |Gj,B |2

A−α
b,B |Gb,B |2

,

γt
2 =

(
Ab,b′
Aj,b′
· Aj,B

Ab,B

)−α
×
(
|Gb,b′ |
|Gj,b′ |

· |Gj,B |
|Gb,B |

)2
,


, (21)

In Equation (17), we assume
(
|Gb,b′ |
|Gj,b′ |

· |Gj,B |
|Gb,B |

)
= γt = constant value, then

Aj,b′ = UCout ≥
(Ab,b′Aj,B

Ab,B

)
, (22)

We can see from Equation (22) that to guarantee the QoS of the D2D communication in inner
cell region by reusing outer cell cellular resource, the distance between outer cell cellular user and
inner cell D2D receiver should be large. Therefore, a larger distance between the users can mitigate
uplink interference from the cellular user to D2D communication. In this way, we can improve D2D
communication throughput and overall system throughput.

6.2. Outage Probability Analysis

Outage probability is important in analyzing the performance of wireless communication systems.
In this paper, we analyze the outage probabilities of the D2D communications and cellular networks in
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a multicell system when the uplink cellular links are shared by the D2D pairs. The outage probability
is stated as the probability that the spontaneous SINR drops below a predefined threshold SINR.
Therefore, the corresponding outage probability of a cellular user and D2D pair in both cell regions in
terms of their SINRs are illustrated as below.

• For the inner cell user: The outage probability for the cellular user in the inner cell region, in terms
of the received SINR is given as

OCin = 1− 1

1+
(Pe A−α

e,B)γt
Pa A−α

a,B

exp
(
− γtPN

Pa

)
≤ ρCin ,

= 1− Pa A−α
a,B

Pa A−α
a,B+(Pe A−α

e,B)γt
e(−

PN γTh

Pa ) ≤ ρCin ,

, ∀a ∈ Cin, e ∈ Dout, (23)

ODin = 1− 1

1+

(
Pj A−α

j,b′+Ib′+In

)
γt

Pb A−α
b,b′

exp
(
− γtPN

Pb

)
≤ ρDin ,

= 1−
Pb A−α

b,b′

Pb A−α
b,b′+

(
Pj A

−α
j,b′+Ib′+In

)
γt

e
(− PN γTh

Pb
) ≤ ρDin ,


, ∀b, b′ ∈ Din, j ∈ Cout, (24)

where γt, ρCin and ρDin are the received SINR threshold, predefined outage probability requirement
of the cellular user and D2D user, respectively.

Similarly, the outage probability for the inner cell D2D pair in terms of received SINR is given by:

• For the outer cell user: The outage probability for the cellular user and the D2D pair in the outer
cell region in terms of their SINRs is expressed as

OCout = 1− 1

1+
(Pb A−α

b,B)γT
Pj A−α

j,B

exp
(
− γT PN

Pj

)
≤ ρCout ,

= 1−
Pj A

−α
j,B

Pj A
−α
j,B +

(
Pb A−α

b,B

)
γT

e
(− PN γTh

Pj
)
≤ ρCout ,

, ∀b ∈ Din, j ∈ Cout, (25)

ODout = 1− 1

1+

(
Pa A−α

a,e′+Ie′+In

)
γT

Pe A−α
e,e′

exp
(
− γT PN

Pe

)
≤ ρDout ,

= 1−
Pe A−α

e,e′

Pe A−α
e,e′+

(
Pa A−α

a,e′+Ie′+In

)
γT

e(−
PN γTh

Pe ) ≤ ρDout ,

, ∀e, e′ ∈ Dout, a ∈ Cin, (26)

where γT , ρCout and ρDout are the received SINR threshold, predefined outage probability
requirement of the cellular user and D2D user, respectively.

7. System Throughput Optimization

The throughput is defined as
T = log2(1 + γ) (27)

where γ denotes the user’s SINR. Combining the SINR Equations (7)–(22) of different users in both cell
regions, we can then formulate the overall system throughput optimization problem as follows:

max
N

∑
C=1

M

∑
D=1

[
TCin + TCout + TDin + TDout

]
(28)

where
TCin = log2

(
1 + γCin

)
, TCout = log2(1 + γCout) (29)
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TDin = log2
(
1 + γDin

)
, TDout = log2(1 + γDout) (30)

subject to
γC ≥ γmin

C , γD ≥ γmin
D (31)

Pmin
C ≤ PC ≤ Pmax

C , Pmin
D ≤ PD ≤ Pmax

D (32)

where γmin
C and γmin

D are the minimum achievable SINRs of the cellular user and D2D user respectively.
Pmin

C and Pmax
C are the minimum and maximum power range for the cellular user, and Pmin

D and Pmax
D

are the minimum and maximum power ranges of the D2D user. The optimization problem in Equation
(28) gives the throughput maximization by considering throughput of both the cellular users and
D2D pairs. Constraints in Equation (31) stand for SINR of both the cellular users and D2D pairs
should be respectively greater than or equal to the minimum required SINR. Constraints listed in
Equation (32) represent that the power level of all users should range from its predefined maximum
and minimum levels. In a multicell D2D communication underlaying an uplink cellular network,
the resource pairing criteria between cellular users and D2D pairs directly impact the transmit power
of each user. Therefore, to specify a definite power range for each user is a key criterion for our
proposed technique.

Proposition: The optimal solution of the optimization problem in Equation (28) must be the
global-optimal solution of the proposed optimization problem.

Proof: As a matter of fact, when a D2D pair underlaying uplink cellular network reused the cellular
resource, the power control mechanism is directly related with the throughput maximization problem.
The upper and lower bound transmit power of both the users in cell inner and outer regions can be
derived as:

Pa =
γCin

(PN+Pe A−α
e,B |Ge,B |2)

A−α
a,B |Ga,B |2

, Pb =
γDin

(PN+Pj A
−α
j,b′ |Gj,b′ |2+Ib′+Ing)

A−α
b,b′ |Gb,b′ |2

,

Pj =
γCout (PN+Pb A−α

b,B |Gb,B |2)
A−α

j,B |Gj,B |2
, Pe =

γDout (PN+Pa A−α
a,e′ |Ga,e′ |2+Ie′+In)

A−α
e,e′ |Ge,e′ |2

,

,
∀a ∈ Cin, b ∈ Din,
j ∈ Cout, e ∈ Dout

(33)

respectively, where Cin, Cout ∈ C and Din, Dout ∈ D.
According to Equation (31), if γmin

C > γC and γmin
D > γD, then the desired signal cannot be

detected. This directly impacts the performance of the network. Consequently, to gratify the minimum
SINR, it is necessary to control transmit power of both the users. Hence, Pmin

C ≤ PC ≤ Pmax
C , Pmin

D ≤
PD ≤ Pmax

D should be satisfied. This ensures that the transmit power of both the users does not exceed
the maximum level. This completes the proof.

8. Channel Model

The fundamental principle for an eNB to adopt a device operating in either the cellular or D2D
mode is determined by the location of the device transmitter and receiver versus the eNB. Therefore,
the path loss (PL) measurement is notably considered as the benchmark for determining the device’s
operating mode. The path losses of different communication links in this paper are adopted using
micro-urban models specified by the International Telecommunication Union Radio-Communication
Sector (ITU-R) reports. The path loss models from the base station to cellular users and D2D pairs are
calculated as follows [26]:

PLC = 36.7log10(L) + 26log10

(
Fc
5

)
+ 40.9,

PLD = 40log10

(
L

1000

)
+ 30log10

(
Fc

1000

)
+ 49,

, (34)

where L is the distance between the transmitter and receiver in meters, and Fc is the carrier frequency
in GHz.
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9. Computational Complexity and Use Case Scenario of the Proposed Scheme

9.1. Computational Complexity Analysis

To improve system throughput by minimizing interference, Algorithm 1 allows the limited
communication by defining upper and lower bounds transmit power. In Algorithm 1, all available
channels for cellular users and D2D users are evaluated. This results in a complexity of O(MN). It is
important to note that the complexity of the analysis increases exponentially with the number of users.
Furthermore, our proposed scheme assumes that each D2D pair can only reuse single cellular resource
at a time. Therefore, the complexity becomes O

(
M2N

)
. The conditions

(
OCin ≤ ρCin , ODin ≤ ρDin

)
and (OCout ≤ ρCout , ODout ≤ ρDout ) are the check points for the system outage level. These conditions
control the number of iterations, hence reduces computational complexity of the system. Thus,
our proposed resource allocation and power control scheme for D2D communications is a low
complexity state-of-the-art solution, applicable for high data rate services.

9.2. Use Case Scenario of the Proposed Scheme

D2D communications provide various types of advantages over the conventional cellular
networks. In this section, we provide some use case example scenarios of our proposed scheme.
The basic concept of the proposed scheme is to allow more number of users in the network to jointly
achieve higher system throughput and mitigate interference. In particular, some of the popular
real-time use case scenarios are: public safety and traffic offloading. In the proposed scheme, we would
like to analyze the use case scenario “traffic offloading” as an example. In this scenario, D2D users setup
direct connections and triggered D2D communication by reusing available cellular resources without
the control of eNB. Devices in proximity exhibit their preferences by analyzing SINR requirements.
This helps to reduce the eNB from traffic burden and greatly maximizes the overall system throughput.

10. Performance Evaluation

Herein, to evaluate the performance of the proposed resource allocation and power control using
the FFR scheme, we analyzed both the mathematical computation and simulation using the Monte
Carlo Simulation. The proposed scheme considers full loaded cellular system that can support a high
density of users. The number of cellular users in all sections of the cell is uniformly distributed and
at least one D2D pair should be present in each cell section. We consider four different scenarios
for sharing cellular resources with the D2D pairs. We compare the performances of our proposed
scheme with the RRA scheme [2] and RA w/o cell sectorization scheme [16]. The above mentioned
references and our proposed scheme have the same characteristics of the problem statement but
with different system models. The methods considered core characteristics of the uplink cellular
resources like channel bandwidth, interference scenarios, noise power, user distribution model, etc.
The resource-sharing scenarios with different densities of both cellular users and D2D pairs are
listed below:

1. When the D2D pairs are more than the cellular users (D2D > C) as given in Table 1, and the
D2D transmitter (Tx) and receiver (Rx) are located in different cell sections: In this scenario,
all the available cellular resources can be reused by the D2D pairs. This results in the maximum
utilization of the spectrum, but the performance of the D2D communication may not be efficient,
the number of available resources to be reused by the D2D pairs is less. As the D2D Tx and Rx
are located in different sections of the cell, the D2D Rx will be interfered more by the nearby
cellular users.

2. When the D2D pairs are more than the cellular users (D2D > C) as given in Table 1, and the D2D
transmitter (Tx) and receiver (Rx) are located in same cell section: In this scenario, as both the
D2D Tx and Rx are located in the same cell section, the D2D communication have less interfering
devices to the D2D Rx. This scenario is more efficient than scenario 1.
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3. When the number of cellular users are more than the number of D2D Pairs (C > D2D) as given in
Table 2, and the D2D transmitter (Tx) and receiver (Rx) are located in different cell sections: Here,
more cellular links will not be utilized by the D2D pairs as the number of sources is high but the
consumers are few. However, when some of the available cellular links are disconnected or are in
sleep mode, the D2D pair can have other options to choose the remaining active cellular links.
This condition cannot apply to the first and second scenarios.

4. When the number of cellular users is more than the number of D2D Pairs (C > D2D) as given in
Table 2, and the D2D transmitter (Tx) and receiver (Rx) are located in the same cell section: As the
D2D Tx and Rx exist in the same cell section, the communication will have less interference.

Table 1. Scenario 1 and 2: D2D > C.

Cell Region Number of Devices

Cell inner region D2D = 15, C = 40
Cell outer region D2D = 50, C = 10

Table 2. Scenario 3 and 4: C > D2D.

Cell Region Number of Devices

Cell inner region D2D = 15, C = 50
Cell outer region D2D = 30, C = 30

10.1. Simulation Parameters and Values

This section provides the detailed simulation parameters and its values as given in Table 3.
Without loss of generality, we assumed that the transmitter and receiver of a D2D pair are placed in
the same section of the cell and distance between them is short, i.e., 1–50 m.

Table 3. Parameters used in simulation.

Parameter Value

Cell outline 7-cells, hexagonal framework
evolved-NodeB (Enb) transmission power 40–46 dBm(inner cell)

eNB transmission power 43–49 dBm(outer cell)
D2D transmission power 8–15 dBm

Noise power −174 dBm/Hz
D2D pair distance 1–50 m
Carrier frequency 2 GHz

Cell radius 500 m
Uplink bandwidth 5 MHz
Path loss exponent 4

Antenna type 3◦–120◦ directional antennas
Monte-Carlo simulation runs 15,000

10.2. Simulation Results and Discussions

This section demonstrates the simulation results and shows the performance comparison.
Figure 5a,b show the average target SINR vs. cumulative distribution function (CDF) plot for both the
D2D pairs. This Figure shows that the performance of the system with more D2D pairs than cellular
users achieved closer to the average target SINR compared to the communication scenario with less
D2D pairs. Our proposed scheme also benefit SINR of around (≈3.5 dB) at the outer cell D2D users
compared to the existing schemes. This is because of the effective distribution of the SINR based on
the distance between the D2D pairs and cellular users. From the Figure 5a, it is seen that in all the
methods, 60% of D2D users can set up communication with SINR from −7 dB to 10 dB. Similarly,
it is clearly seen from Figure 5b that in all the methods, 60% of D2D users can set up communication
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with SINR from 23 dB to 30 dB. As expected, RRA scheme attains least SINR in comparison with our
proposed scheme and RA w/o sectorization scheme.

Figure 6a,b show the average target SINR vs. cumulative distribution function (CDF) plot for both
the cellular users. The performance of the cellular users is affected little by the varying number of D2D
pairs in both cell regions. Also, cellular users in inner cell region attain a gain of somewhat (≈4 dB)
from the existing schemes. From Figure 6a, it is seen that in all the communication scenarios, 60% of
cellular users can establish communication with SINR from −7 dB to 5.5 dB. Moreover, from Figure 6b,
it is seen that in all the communication scenarios, 60% of cellular users can establish communication
with SINR from 10.5 dB to 18 dB. As shown in Figures 5 and 6, our proposed scheme outperforms the
RRA and RA w/o sectorization schemes by maintaining a specific distance between the D2D Rx and
cellular users, as well as between the D2D Tx and Rx.Electronics 2018, 7, x FOR PEER REVIEW  15 of 20 
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Figure 7a,b and Figure 8a,b show the SINR distributions of cellular users and D2D pairs by
keeping D2D Tx and Rx in same and different locations in a cell, respectively. Figure 7a,b shows
that for all the communication scenarios, 60% of cellular users can establish communication with
SINR from −7.5 dB to −2 dB and 9 dB to 17 dB, respectively. Moreover, Figure 8a,b shows that for
all the communication scenarios, 60% of D2D users can establish communication with SINR from
2 dB to 18 dB and 23 dB to 28.5 dB, respectively. Compared to the RRA scheme and RA w/o cell
sectorization scheme, the proposed optmization method based on the location-based resource sharing
scheme outperforms in terms if the SINR gain. These results validate the communication performance
scenarios as explained above.
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Figure 9a-e shows the overall system throughput at the various distance between the D2D Tx
and Rx. As shown in the figure, as the targeted D2D Rx is located far away from the Tx, the strength
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of the desired signal becomes weaker. Thus, the received power in the D2D Rx and average target
SINR of the system reduces. It can be seen that when the D2D Tx and Rx are located in the same
section, the co-channel interference is alleviated, thus a higher spectrum efficiency is gained. Therefore,
our proposed scheme achieves better spectral efficiency than the traditional schemes proposed in the
literature for different distances.
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The average system spectral efficiency vs. CDF when both the D2D Tx and Rx are located in the
same and different sections of the cell with varying number of D2D pairs as compared with cellular
users are plotted in Figure 10a. As expected, the RRA scheme achieves minimum spectral efficiency.
The Figure also shows that the system spectral efficiency in the proposed scheme with more number of
D2D pairs than the cellular users in the same cell section is better than those in different cell sections.
Therefore, the proposed scheme outperforms the RRA and RA w/o cell sectorization scheme.



Electronics 2018, 7, 238 18 of 20

Figure 10b shows the overall cell throughput for various numbers of D2D pairs. The Figure
clearly shows that the proposed scheme achieves higher throughput in comparison with the existing
schemes. Unlike our proposed scheme, the RRA scheme does not utilize the entire frequency spectrum
in each cell and more interferences occurred from the co-channel devices while the cellular resources
are reused by the D2D pairs. However, the RA w/o sectorization scheme shows improved system
throughput as compared to the RRA scheme.
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11. Conclusions

D2D pairs reusing the uplink cellular resources in LTE-A multicell cellular networks using the
FFR scheme are presented in this paper. The proposed scheme integrates the power control mechanism
for both the D2D pairs and cellular users, which guarantees the effective calculation of the system
outage probability in terms of their SINR. Based on our mathematical analysis, we guaranteed that the
distance-based resource allocation and power-control scheme could support the QoS requirements of
both the cellular and D2D pairs. This paper provides the network operators with less computation
complexity, to reduce the interference between the D2D pairs, and between cellular users and D2D
pairs. The simulation results show that the proposed scheme alleviates the overall system throughput
and achieves higher spectral efficiency as compared to the existing schemes.
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