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Abstract

Device-to-device (D2D) communication can improve coverage, spectrum efficiency, and energy efficiency based on
the current cellular network architecture. The fair scheduling for D2D communication in the orthogonal frequency
division multiple access-based cellular network is studied in this paper. Based on the proportional fairness criteria,
the optimization objective is formulated to maximize the sum of the relative achievable rate of both cellular users
(CUs) and D2D pairs. It is a hybrid optimization problem since it involves in both the resource reuse and the
transmit power control. A practical proportional fairness scheduling (PFS) algorithm is proposed. Firstly, the
admissible area is decided according to the transmit power limitation of terminals and the quality of service
(QoS) requirement. Next, we seek the optimal transmit power combination for the CU and D2D pair in the
admissible area and it is demonstrated that the optimal value can be selected from several points on the
border of the admissible area. Lastly, when multiple subchannels can be employed for scheduling, based on
the generated bipartite graph, Hungarian algorithm is adopted to realize maximum matching, i.e., select reusable CUs
and D2D pairs to maximize the sum of the relative achievable rates. The simulation results show that PFS algorithm
can guarantee the excellent performance of both throughput and fairness.
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1 Introduction
Device-to-device (D2D) communication refers to the direct
communication between proximity terminals without the
involvement of the base station. Due to the frequency reuse
employed by short-distance transmission, the network cap-
acity is greatly increased and the traffic load across the base
station and core network is reduced, which leads to lower
deployment costs and operating costs for mobile network
operators [1, 2]. As one of the key techniques of 4th and
5th generation mobile network architecture evolution, D2D
communication can improve system throughput and en-
ergy efficiency, especially for emergency communication
and the typical mobile Internet applications, e.g., social net-
works. When the D2D user reuses the resources allocated
to the cellular user (CU), the interference yields and thus
the resource scheduling scheme needs to be implemented
to protect CUs and improve overall performance.
Recently, several interference control and resource sched-

uling schemes are developed for D2D communication.

Although interference control for D2D communication ap-
pears to the natural extension of that for traditional cellular
communication, the key difference lies in the predefined
quality of service (QoS) guarantee required for CUs. With-
out enforcing the QoS constraints in the throughput
maximization, the D2D user is allocated to more resources
for its short-distance transmission and better transmission
conditions, which causes the unfairness for CUs [3]. There-
fore, the target of interference control is to maximize the
throughput on the condition of satisfying the signal to
interference and noise ratio (SINR) requirement [4, 5].
Based on QoS guarantee and maximum transmit power
limitation, the maximum sum rate criterion is employed to
set the optimal power and further decide whether the D2D
users and the CUs can reuse the same resources or not [5].
Three D2D working modes, classified as cellular, orthog-
onal, and non-orthogonal resource reuse, are defined, and
the resource allocation, power control, and mode selection
are utilized to maximize throughput [6, 7]. In detail, given
the conditions of no imperfect channel state information,
power, and outage probability limitation, the maximization
of ergodic sum rate is obtained [8]. Both centralized and
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distributed power control algorithms are investigated to
limit the interference introduced by D2D communication
and thus to guarantee the coverage probability of CUs, and
also in the same recourse, D2D links are reused as much as
possible [9]. The aforementioned papers just devote to
maximize the throughput as the target of resource schedul-
ing, which usually bring the results that some users occupy
the resources for a long time and others lose the opportun-
ities to be served, and thus the fairness among the users is
a key performance index in order to improve the degree of
satisfaction of each user. For the general multi-user com-
munication, there are various fairness metrics, e.g., propor-
tional fairness [10, 11], max-min fairness [12], and
channel access fairness [13]. The concept of proportional
fairness is introduced and applied to schedule D2D users
in the multi-cell scenario in [14], where a stepwise re-
source allocation mode is employed, i.e., a CU is first se-
lected based on the proportional fairness criterion, and
then a D2D pair is randomly selected to reuse the re-
source. In [15], fractional frequency reuse is adopted to
depress the interference between CUs and D2D users, and
the proportional fairness-based resource allocation is im-
plemented by optimizing the transmit power of D2D pair
under the premise of the fixed transmit power of the CU.
In [16], only D2D communications are considered and
there is no resource reuse between the CUs and D2D
pairs. The resources are divided into the dedicated re-
source area and the contention resource area. A two-step
method is employed for scheduling D2D pairs: classify the
D2D pairs into the dedicated resource area and contention
resource area based on the computed SINR threshold and
use the proportional fairness criterion to perform resource
assignment in the dedicated resource area and in the con-
tention resource area implement the resource reuse
among multiple D2D pairs to achieve reuse gain. The the-
oretical analysis has demonstrated that the proportional
fairness is the optimal tradeoff between throughput and
fairness, which has the explanation from game theory
[17]. The current research on the proportional fairness
scheduling of the CUs and D2D pairs is usually simplified
by some additional limitations, e.g., just the proportional
fairness for CUs or the fixed transmit power for the CU.
Inspired by these works, we present a framework of re-
source allocation for D2D communications underlaying
cellular networks to maximize the sum of relative achiev-
able rate of the CUs and D2D pairs while guaranteeing
the QoS requirement of both CUs and D2D pairs. The
framework includes three parts. First, the proportional
fairness criterion is applied to achieve the sum of relative
achievable rate of the CU and D2D pair. Then, the opti-
mal power control scheme is investigated for each D2D
pair and its possible CU partner to maximize the sum of
relative achievable rate. Lastly, a maximum weight bipart-
ite matching-based scheme is designed to determine a

specific CU partner for each D2D pair when multiple sub-
channels are employed.
The remainder of this paper is organized into the fol-

lowing sections. The scenario and the system model are
introduced in Section 2. The optimization problem for-
mulation of resource reuse for one CU vs. one D2D user
based on the proportional fairness criterion is proposed
in Section 3, and also the procedures of the optimal so-
lution, with the name of proportional fairness scheduling
(PFS) algorithm, are derived. In Section 4, the scheme
for the resource reuse between multiple CUs and mul-
tiple D2D users is described when there are multiple
subchannels. The system simulation for PFS algorithm is
realized and the results are analyzed in Section 5. And
the conclusion remarks are summarized in Section 6.

2 The scenario and system model
We consider a single cell in an orthogonal frequency
division multiple access (OFDMA)-based wireless cel-
lular network where the base station (BS) is at the
center and there are N active CUs and M pairs of
D2D users within its coverage, and the sets of active
CUs and D2D pairs are denoted by ℂ = {C1,C2,⋯,Ci,
⋯,CN} and D ¼ D1; ;D2;⋯; ;Dj;⋯; ;DM

� �
, respect-

ively. In order to improve the spectrum efficiency of
cellular systems, D2D pairs can be scheduled to reuse
the uplink (UL) resources of CUs. This concept is
motivated by the recognition that UL spectrum is
often under-utilized as opposed to the downlink (DL)
spectrum because of the asymmetric DL-UL traffic
characteristics. In addition, since the UL spectrum
sharing only affects the interference at the BS, the
resulting interference can be better handled by the
more powerful BS. D2D communication, with the
name of sidelink communication, is defined in the
3rd Generation Partnership Project (3GPP) specifica-
tion [18], and the mobile station (MS) supporting
D2D communication can operate in two modes for
resource allocation.

■ Mode 1: The MS requests transmission resources
from the BS. The BS schedules transmission resources
for transmission of D2D control information and data
■ Mode 2: A MS on its own selects resources from
resource pools, which are denoted by the base station
beforehand, and performs transport format selection to
transmit D2D control information and data.

Mode 1, employed in our paper, is the fully centralized
method, where the BS should know all the channel state
information, and the MS needs to report the channel
state information to the BS. In Mode 1, some extra over-
head on control information, including the channel state
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information reporting and resource request message,
has to be paid; the fully centralized scheduling
method implemented by the BS can better match
CUs and D2D pairs; and the appropriate resource al-
location and power control can improve the transmit
efficiency for the traffic data. When the mobile termi-
nals have the feature of the static or low mobility, the
channel state information can keep unchanged within
a long time interval and thus the overhead on control
information can be alleviated. In addition, we assume
that there are K orthogonal subchannels which are
scheduled for CUs and D2D pairs based on the chan-
nel state information and QoS requirement.
We assume one of the K subchannel sharings for one

CU and one D2D pair denoted by CU i and D2D pair j
as shown in Fig. 1, where gi, B and gj denote the channel
gain from CU i to the BS and the channel gain between
D2D pair j, respectively. For the interference channel,
the channel gain from the transmitter of D2D pair j to
the BS and the channel gain from CU i to the receiver of
D2D pair j are expressed by hj, B and hi, j, respectively.
Let pi and pj denote the transmit power of CU i and
D2D pair j, respectively. Since the subchannel is reused
by CU i and D2D pair j, they have the same additive
Gaussian white noise power, denoted by σ2. Thus, the
SINR at the receiver for CU i or D2D pair j can be
expressed as

γi ¼
pi⋅ gi;B

��� ���2
σ2 þ pj⋅ hj;B

�� ��2 ; ð1aÞ

γ j ¼
pj⋅ gj

��� ���2
σ2 þ pi⋅ hi;j

�� ��2 : ð1bÞ

When the normalized bandwidth is employed, the
achievable rate for CU i and D2D pair j can be
written as

Ri ¼ log2 1þ γ i
� �

¼ log2 1þ
pi⋅ gi;B

��� ���2
σ2 þ pj⋅ hj;B

�� ��2
0
B@

1
CA; ð2aÞ

Rj ¼ log2 1þ γ j

� �

¼ log2 1þ
pj⋅ gj

��� ���2
σ2 þ pi⋅ hi;j

�� ��2
0
B@

1
CA: ð2bÞ

3 Fair resource reuse for CU and D2D pair
3.1 Fairness index and optimization problem
The system throughput is the primary performance
index of the scheduling strategy for most wireless
communication systems. And because of the radio
spectrum rarity, some efforts need to be paid to
achieve the potential throughput. The system fairness
enables all the users to obtain indiscriminating ser-
vices, which is also another important key index for
wireless systems. The classical proportional fairness
research is focused on the cellular network with one
BS and multiple users, where there are N active users
and each user has the unlimited amount of data to
transmit. Let Ri(t) denote the achievable rate for CU i
in slot t, and Ti(t − 1) indicate the scheduled average
rate for CU i till slot t−1 as

Ti t−1ð Þ ¼
Pt−1
τ¼1

R^i τð Þ
t−1ð Þ ; ð3Þ

where Ri tð Þ ¼ Ri tð Þ if CU i is scheduled in slot t, else Ri

tð Þ ¼ 0. Let Ri(t)/Ti(t − 1) denote the relative achievable
rate for CU i in slot t, and the CU with the maximum
relative achievable rate, CU i∗, is chosen for the trans-
mission as [19, 20]

Base station

CU i
D2D pair-Tx

D2D pair-Rx

gj
hi,j

hj,B
gi,B

Fig. 1 System model of uplink resource reusing for some CU and D2D pair
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i� ¼ arg max
i

Ri tð Þ
Ti t−1ð Þ : ð4aÞ

To avoid denominator zero, the initial value Ti(0) is
configured as the value close to zero, e.g., 10−8. In a
similar way, the proportional fairness scheduling for the
D2D pairs selects D2D pair j∗ for the transmission as

j� ¼ arg max
j

Rj tð Þ
Tj t−1ð Þ ; ð4bÞ

where Tj(t − 1) denotes the scheduled average rate for
D2D pair j till slot t−1 and Rj(t)/Tj(t − 1) denotes the
relative achievable rate for D2D pair j in slot t. Suppose
the subchannel is reused by CU i and D2D pair j, let
αi(t) = 1/Ti(t − 1) and βj(t) = 1/Tj(t − 1), and for the ex-
pression to be convincing, we omit the parameter t, then
the sum of relative achievable rate of both CU i and
D2D pair j can be expressed as

R pi; pj
� �

¼ αi⋅Ri þ βj⋅Rj

¼ αi⋅ log2 1þ γ i
� �

þ βj⋅ log2 1þ γ j

� �

¼ αi⋅ log2 1þ
pi⋅ gi;B

��� ���2
σ2 þ pj⋅ hj;B

�� ��2
0
B@

1
CA

þ βj⋅ log2 1þ
pj⋅ gj

��� ���2
σ2 þ pi⋅ hi;j

�� ��2
0
B@

1
CA: ð5Þ

Thus, the overall throughput optimization problem for
one CU vs. one D2D pair can be formulated as follows:

R p�i ; p
�
j

� �
¼ maxR pi; pj

� �
; ð6Þ

subject to

pi≤pi;max;Ci∈ℂ ; ð6aÞ
pj≤pj;max;Dj∈D; ð6bÞ
γi≥γi;min;Ci∈ℂ ; ð6cÞ
γ j≥γ j;min;Dj∈D: ð6dÞ

Constraints (6a) and (6b) guarantee that the transmit
powers of CU i and D2D pair j are within the maximum
limit, denoted by pi, max and pj, max, respectively. Con-
straints (6c) and (6d) represent the QoS requirement,
i.e., guarantee the minimum data rate corresponding to
the given service and the signal needs to satisfy with the
minimum SINR value for CU i and D2D pair j,
expressed by γi, min and γj, min, respectively. When reus-
ing the resource by CU i and D2D pair j, the range of

the transmit power pi and pj based on constraints
(6a)–(6d) forms the admissible area. The feasible domain
for this optimization problem is further discussed in the
next subsection. Therefore, the optimization problem (6)
is to seek the optimal transmit power p�i and p�j . The
low complexity PFS algorithm is proposed to solve the
problem, which is split into several phases.

(1)According to constraints (6a)–(6d), compute the
admissible area for CU i and D2D pair j when
resource reusing occurs. If there exists such pi and
pj to satisfy the aforementioned constraints, step
into (2); else CU i and D2D pair j cannot be reused.

(2)Seek the optimal power combination p�i ; p
�
j

� �
to

make R p�i ; p
�
j

� �
¼ maxR pi; ; pj

� �
.

3.2 Admission control for CU vs. D2D pair
Now, we analyze the feasible domain of the optimization
problem in terms of constraints (6a) and (6d). Firstly, we
assume no interference between CU i and D2D pair j
because they employ orthogonal resources. According to
(1a) and (1b), the minimum transmit powers for CU i
and D2D pair j can be written as

pi;min ¼ γi;min⋅σ
2

gi;B

��� ���2 ; ð7aÞ

pj;min ¼ γ j;min⋅σ
2

gj

��� ���2 : ð7bÞ

Substituting (1a) and (1b) into (6c) and (6d), and we
achieve

γ i ¼
pi⋅ gi;B

��� ���2
σ2 þ pj⋅ hj;B

�� ��2 ≥γ i;min⇒pi≥
γ i;min⋅σ

2

gi;B

��� ���2 þ pj⋅
γ i;min⋅ hj;B

�� ��2
gi;B

��� ���2 ;

ð8aÞ

γ j ¼
pj⋅ gj

��� ���2
σ2 þ pi⋅ hi;j

�� ��2 ≥γ j;min⇒pi≤−
γ j;min⋅σ

2

γ j;min⋅ hi;j
�� ��2

þ pj⋅
gj

��� ���2
γ j;min⋅ hi;j

�� ��2 : ð8bÞ

And we take (7a) and (7b) into (8a) and (8b), we have

pi≥pi;min þ pj⋅
γi;min⋅ hj;B

�� ��2
gi;B

��� ���2 ; ð9aÞ
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pi≤−
gj

��� ���2
γ j;min⋅ hi;j

�� ��2 ⋅pj;min þ pj⋅
gj

��� ���2
γ j;min⋅ hi;j

�� ��2 : ð9bÞ

As illustrated in Fig. 2a–d, the two lines, denoted by I1
and I2, correspond to (9a) and (9b) with equality, re-
spectively. The area above line I1 is where the minimum
SINR for CU i is satisfied. The area on the right of line
I2 is where the minimum SINR for D2D pair j is
satisfied.
If the lines I1 and I2 have an intersection in the first

quarter, denoted by point A, the slope of I2 must be lar-
ger than that of I1, that is

γ i;min⋅ hj;B
�� ��2

gi;B

��� ���2 <
gj

��� ���2
γ j;min⋅ hi;j

�� ��2: ð10Þ

According to (9a), (9b), and (10), we can get the trans-
mit power at point A as

pi ¼
gj

��� ���2⋅γi;min þ hj;B
�� ��2⋅γi;min⋅γ j;min

	 

⋅σ2

gi;B

��� ���2⋅ gj��� ���2− hj;B
�� ��2⋅ hi;j�� ��2⋅γ i;min⋅γ j;min

; ð11aÞ

pj ¼
gi;B

��� ���2⋅γ j;min þ hi;j
�� ��2⋅γ i;min⋅γ j;min

	 

⋅σ2

gi;B

��� ���2⋅ gj��� ���2− hj;B
�� ��2⋅ hi;j�� ��2⋅γ i;min⋅γ j;min

: ð11bÞ

Together with the maximum transmit power limita-
tion in (6a) and (6b), point A should fall in the square
area, which denotes the maximum transmit power con-
straints in (6a) for CU i and in (6b) for D2D pair j. And
thus the admissible conditions will be

0 <

gj

��� ���2⋅γ i;min þ hj;B
�� ��2⋅γ i;min⋅γ j;min

	 

⋅σ2

gi;B

��� ���2⋅ gj��� ���2− hj;B
�� ��2⋅ hi;j�� ��2⋅γi;min⋅γ j;min

< pi;max; ð12aÞ

0 <

gi;B

��� ���2⋅γ j;min þ hi;j
�� ��2⋅γ i;min⋅γ j;min

	 

⋅σ2

gi;B

��� ���2⋅ gj��� ���2− hj;B
�� ��2⋅ hi;j�� ��2⋅γ i;min⋅γ j;min

< pj;max: ð12bÞ

Observing Fig. 2a, point A is outside of the square
area, which represents CU i and D2D pair j cannot
share the same resource based on constraints (6a)–(6d).
In Fig. 2b–d, point A is within the square area and, any
point in the shaded area, denoted by the transmit

a b

c d

Fig. 2 Admissible area for the transmit power of CU i and D2D pair j. a Without admissible area. b With admissible area (scenario 1). c With
admissible area (scenario 2). d With admissible area (scenario 3)
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power for CU i and D2D pair j, satisfies constraints
(6a)–(6d). Therefore, the shaded area is called the
admissible area.

3.3 Optimal transmit power control for CU vs. D2D pair
The admissible area is denoted by Ω, corresponding to
the shadow region of the three possible scenarios repre-
sented in Fig. 2b–d. Here, we investigate how to allocate
power for the CU and for its reuse partner, D2D trans-
mitter, to maximize the relative achievable rate, i.e., seek

the optimal power combination p�i ; p
�
j

� �
within Ω to

make R p�i ; p
�
j

� �
¼ maxR pi; ; pj

� �
. It is demonstrated in

this paper that only several power combinations need to
be computed and compared, and thus the optimal solu-
tion can be achieved, which avoids the complex
optimization algorithms.
Proposition 1. When CU i and D2D pair j reuse the

resource, the optimal transmit power satisfies p�i
¼ pi;max or p

�
j ¼ pj;max [21].

Proof: Let μ > 1 and according to (5), we have

R μpi; μpj
� �

¼ αi⋅ log2 1þ
μ⋅pi⋅ gi;B

��� ���2
σ2 þ μ⋅pj⋅ hj;B

�� ��2
0
B@

1
CA

þ βj⋅ log2 1þ
μ⋅pj⋅ gj

��� ���2
σ2 þ μ⋅pi⋅ hi;j

�� ��2
0
B@

1
CA

¼ αi⋅ log2 1þ
pi⋅ gi;B

��� ���2
σ2

μ
þ pj⋅ hj;B

�� ��2

0
BBBB@

1
CCCCA

þ βj⋅ log2 1þ
pj⋅ gj

��� ���2
σ2

μ
þ pi⋅ hi;j

�� ��2

0
BBBB@

1
CCCCA

> R pi; ; pj
� �

:

Hence, the solution of (6) will have p�i ¼ pi;max or p�j
¼ pj;max , i.e., the optimal power combination occurs in

the border of Ω.
Proposition 2. Under the premise of pj = pj, max or pi =

pi, max, i.e., one variable is constant, the function R(pi, pj)
is convex.
Proof: According to (5), and we have

R pi; pj
� �

¼ αi⋅ log2 1þ
pi⋅ gi;B

��� ���2
σ2 þ pj⋅ hj;B

�� ��2
0
B@

1
CA

þ βj⋅ log2 1þ
pj⋅ gj

��� ���2
σ2 þ pi⋅ hi;j

�� ��2
0
B@

1
CA

¼ βj⋅
αi
βj
⋅ log2 1þ

pi⋅ gi;B
��� ���2

σ2 þ pj⋅ hj;B
�� ��2

0
B@

1
CAþ log2 1þ

pj⋅ gj
��� ���2

σ2 þ pi⋅ hi;j
�� ��2

0
B@

1
CA

2
64

3
75

¼ βj⋅ log2 1þ
pi⋅ gi;B

��� ���2
σ2 þ pj⋅ hj;B

�� ��2
0
B@

1
CA
αi
βj
⋅ 1þ

pj⋅ gj
��� ���2

σ2 þ pi⋅ hi;j
�� ��2

0
B@

1
CA

2
66664

3
77775:

Without losing the generality, if αi ≥ βj, let ν = αi/βj, and
ν ≥ 1 can be achieved; else if αi < βj, let ν = βj/αi. The two-
based logarithm is monotonically increasing function, let

Q pi; pj;max

� �
¼ 1þ

pi⋅ gi;B
��� ���2

σ2 þ pj;max⋅ hj;B
�� ��2

0
B@

1
CA

ν

⋅
1þ pj;max⋅ gj

��� ���2
σ2 þ pi⋅ hi;j

�� ��2
0
B@

1
CA;

ð13Þ

By differentiating Q(pi, pj, max) with respect to pi we
can get

dQ
dpi

¼ C⋅pi
2 þ D⋅pi þ E

σ2 þ pj;max⋅ hj;B
�� ��2� �

⋅ σ2 þ pi⋅ hi;j
�� ��2� �2 ; ð14Þ

where

C ¼ ν⋅ gi;B
��� ���2⋅ hi;j

�� ��2� �2
;

D ¼ 2ν⋅ gi;B
��� ���2⋅ hi;j�� ��2⋅σ2 þ ν−1ð Þ⋅pj;max⋅ gi;B

��� ���2⋅ gj��� ���2⋅ hi;j�� ��2;
E ¼ −pj;max⋅ gj

��� ���2⋅ hi;j�� ��2⋅ σ2 þ pj;max⋅ hj;B
�� ��2� �

þ ν⋅ gi;B
��� ���2⋅σ2⋅

σ2 þ pj;max⋅ gj
��� ���2	 
:

Since denominator of (14) is always positive, if dQ
dpi

¼ 0

, we can achieve C ⋅ pi
2 +D ⋅ pi + E = 0. To solve such the

quadratic equation with one unknown, pi ¼ 1
2C

−D�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2−4CE

p� �
can be obtained. The range of the

parameter pi ∈ [0, pi, max], i.e., a real and non-negative pi
can only occur for E ≤ 0, since C > 0 and D > 0. Denote
such a pi by pi

rp. To decide pi
rp corresponds to a max-

imum or minimum for Q(pi, pj, max), we calculate the
second derivative as follows:
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d2Q

dpi
2 ¼

pj;max⋅ gj
��� ���2⋅ hi;j�� ��2⋅ 2 hi;j

�� ��2⋅ σ2 þ pj;max⋅ hj;B
�� ��2� �

− 1þ νð Þ⋅ gi;B
��� ���2⋅σ2

� 

σ2 þ pj;max⋅ hj;B
�� ��2� �

⋅ σ2 þ pi⋅ hi;j
�� ��2� �3 :

ð15Þ

Since E ≤ 0, we have
pj, max ⋅ |gj|

2 ⋅ |hi, j|
2 ⋅ (σ2 + pj, max ⋅ |hj, B|

2) ≥ ν ⋅ |gi, B|
2 ⋅ σ2

⋅ (σ2 + pj, max ⋅ |gj|
2). Together with the aforementioned

assumption of ν ≥ 1, we have

2pj;max⋅ gj
��� ���2⋅ hi;j�� ��2⋅ σ2 þ pj;max⋅ hj;B

�� ��2� �
≥ 1þ νð Þ⋅ gi;B

��� ���2
⋅σ2⋅ σ2 þ pj;max⋅ gj

��� ���2	 

:

ð16Þ

Dividing by pj, max ⋅ |gj|
2 on both sides of (16), we

obtain

2 hi;j
�� ��2⋅ σ2 þ pj;max⋅ hj;B

�� ��2� �
≥ 1þ νð Þ⋅ gi;B

��� ���2⋅σ2
⋅ 1þ σ2

pj;max⋅ gj
��� ���2

0
B@

1
CA≥ 1þ νð Þ⋅ gi;B

��� ���2⋅σ2:
ð17Þ

Comparing (17) with (15), we have d2Q
dpi

2 ≥0. Q(pi, pj, max)

is then convex with respect to 0 ≤ pi ≤ pi, max and pi
rp is a

minimum point for Q(pi, pj, max). Due to symmetry, the
aforementioned result also applies for pj. According to
the three scenarios illustrated in Fig. 2b–d, the optimal

power combination p�i ; p
�
j

� �
belongs to the predefined

two or three points in the admissible area Ω, compute
the value according to (6), compare the two or three

results and choose optimal power combination with the
largest result as follows:

pi
�; ; pj

�
� �

¼

pi;max; pb1� �
; pi;max; pb2� �n o

; if
pi;max⋅ gi;B

��� ���2
σ2þpj;max⋅ hj;Bj j2 ≤γ i;min

and
pj;max⋅ gj

��� ���2
σ2þpi;max⋅ hi;jj j2 > γ j;min;

pb3; pj;max

� �
; pb4; pj;max

� �n o
; if

pi;max⋅ gi;B
��� ���2

σ2þpj;max⋅ hj;Bj j2 > γ i;min

and
pj;max⋅ gj

��� ���2
σ2þpi;max⋅ hi;jj j2 ≤γ j;min;

pi;max; pb1� �
; pi;max; pj;max

� �
pb4; pj;max

� �n o
;

if
pi;max⋅ gi;B

��� ���2
σ2þpj;max⋅ hj;Bj j2 > γ i;min

and
pj;max⋅ gj

��� ���2
σ2þpi;max⋅ hi;jj j2 > γ j;min;

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð18Þ

where

pb1 ¼ γ j;min⋅ σ2 þ pi;max⋅ hi;j
�� ��2� �

gj

��� ���2 ; ð18aÞ

pb2 ¼ pi;max⋅ gi;B
��� ���2−γi;min⋅σ

2

γ i;min⋅ hj;B
�� ��2 ; ð18bÞ

pb3 ¼ pj;max⋅ gj
��� ���2−γ j;min⋅σ

2

γ j;min⋅ hi;j
�� ��2 ; ð18cÞ

1 2 3 N

1 2 3 M

CUs

D2D pairs

w11 w12 w1Mw13
wN1 wNM

Fig. 3 Bipartite graph for CU and D2D pair matching
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pb4 ¼ γ i;min⋅ pj;max⋅ hj;B
�� ��2 þ σ2

� �
gi;B

��� ���2 : ð18dÞ

Now, when CU reuses with D2D pair, the optimal

power combination p�i ; p
�
j

� �
satisfied with constraints

(5a)–(5d) can be achieved.

4 Resource matching for multiple CUs and D2D
pairs
In the mathematical field of graph theory, a bipartite
graph is a graph whose vertices can be divided into
two disjoint sets U and V (that is, U and V are each
independent sets) such that every edge connects a
vertex in U to one in V . A bipartite graph is often
denoted by G ¼ U;V;Eð Þ , whose partition has the
parts U and V , with E denoting the edges of the
graph. Compared with our proposed problem of reus-
ing resources between CU and D2D pair, the set of
active CUs, denoted by ℂ, and the set of D2D pairs,
denoted by D, are disjoint sets, we have ℂ∩D ¼¼ ∅ .
If CU i and D2D pair j reuse the resource, there ex-
ists an edge to connect the vertex Ci and Dj, which
belong to ℂ and D, respectively; else there is no edge
between Ci and Dj. Therefore, the problem can be
expressed by a bipartite graph.
The optimization objective described in (6) realizes

the matching for one CU and one D2D pair. When K
subchannels are employed, the resource reuse for N
active CUs and M pairs of D2D users is to solve the
following optimization problem:

max
X

ρi;j⋅wi;j ¼ max
X

ρi;j⋅R p�i ; p
�
j

� �
: ð19Þ

Subject toX
j

ρi;j≤1; ρi;j∈ 0; 1f g;Ci∈ℂ ; ð19aÞ

Table 1 Simulation parameters

Parameter Value

Cell radius 500 m

Maximum distance for the D2D pair 200 m

Carrier frequency (fc) 2 GHz

Uplink bandwidth 10 MHz

Number of sub-channels 10

Maximum transmit (Tx) power 23 dBm

Path loss model
PLLOS ¼ 40 log10 dð Þ þ 7:56−17:3 log10 h′1

� �
−17:3 log10 h′2

� �þ 2:7 log10 f cð Þ
PLNLOS ¼ 44:9−6:55 log10 h1ð Þð Þ⋅ log10 dð Þ þ 5:83 log10 h1ð Þ þ 9:78þ 34:97 log10 f cð Þ
where the probability of LOS can be expressed by

PLOS ¼ min 18
d ; 1

� �
⋅ 1−e−

d
36

� �
þ e−

d
36

(1) Cellular communication:
The distance between CU and BS is denoted by d; h1 = 10m, h′1 ¼ 9m, and h′2 ¼ 0:5m
denote the antenna height of BS, the effective height of BS,
and the effective height of CU, respectively;
(2) D2D communication:
The distance between D2D pair is denoted by d; h1 = 1.5m, h′1 ¼ 0:5m and h′2 ¼ 0:5m
denote the antenna height of D2D receiver, the effective height of D2D receiver,
and the effective height of D2D transmitter, respectively.

Shadowing Log-normal distribution with standardization deviation 7 dB

Multiple-path fading Rayleigh distribution

−600 −400 −200 0 200 400 600
−600

−400

−200

0

200

400

600

(m)

(m
)

Fig. 4 An example of CU and D2D pair distribution in the cell
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X
i

ρi;j≤1; ρi;j∈ 0; 1f g;Dj∈D: ð19bÞ

X
ρi;j≤K ; ρi;j∈ 0; 1f g;Ci∈ℂ ;Dj∈D ð19cÞ

Constraints (19a) and (19b) mean one CU only reuses
the resource with one D2D pair and vice versa; ρi, j indi-
cates whether CU i and D2D pair j reuse the resource
or not; if reuse, ρi, j = 1; else, ρi, j = 0. Constraint (19c)
indicates that most K subchannels can be shared by the
CUs and D2D pairs. Therefore, the optimization prob-
lem described in (19) can be modeled as the matching
problem of weighted bipartite graph, as shown in Fig. 3.
CUs and D2D pairs belong to two disjoint sets, denoted
by ℂ ;Dð Þ. In the cell, the number of D2D pairs is usu-
ally smaller than that of CUs, i.e., M <N. When CU i
and D2D pair j reuse the resource, the edge connecting
them can be expressed as <Ci,Dj> with weight wi, j,
which is the maximum relative achievable rate corre-

sponding to the optimal power combination p�i ; p
�
j

� �
computed by (5).

The classic Kuhn-Munkres (KM) algorithm [22] can
be employed to solve the aforementioned bipartite graph
maximum weight matching.

5 Numerical results
We consider a single cell network, where 20 conven-
tional CUs and 10 pairs of D2D users are uniformly dis-
tributed in the cell and an example is illustrated in
Fig. 4, where the large circle denoted the cell with the
radius 500 m and the square point and the circle point
indicate CU and D2D pair, respectively.
We assume the total bandwidth is 10 MHz, which is

divided equally by 10 subchannels and each one is
1 MHz. The subchannel is occupied by reusing CU-
D2D pair or just CU alone, 2000 scheduling slots are
employed and the 3GPP channel model is adopted [23].
Our simulation parameters are summarized in Table 1.
The same user distribution of CUs and D2D pairs is

employed to keep performance comparable among dif-
ferent algorithms. Max C/I resource reusing algorithm
for the CUs and D2D pairs aims to just improve the
throughput [5]. The PFS algorithm proposed in this
paper devotes to optimize both throughput and fairness
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Fig. 6 CDF of average throughput for PFS and max C/I. a CUs. b D2D pairs
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Fig. 5 CDF of average SINR for PFS and max C/I. a CUs. b D2D pairs
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to make the users with bad channel conditions can also
obtain the served opportunities, and thus improve the
QoS of these users. As for the QoS requirement, the
minimum data rate should be guaranteed, which cor-
responds to the minimum SINR threshold 0 dB in
our simulation, the user has no transmit opportunity
if its SINR is smaller than the threshold in a schedul-
ing slot. To achieve the average SINR of a certain
user, all the SINR values of the user are added up
when it is scheduled and then divided by its number
of scheduling counts. The cumulative distribution
function (CDF) of the average SINR for the scheduled
users is illustrated in Fig. 5.
In Fig. 5, it is indicated that more than 10% CUs

and D2D pairs are not served when max C/I algo-
rithm is applied. As for PFS algorithm, the ratio is
close to 0 for both CUs and D2D pairs. More users
can get the serving opportunities, and thus, the fair-
ness is improved.
By implementing 1000 times of user distribution and

2000 scheduling slots within each distribution, the CDF
of the average throughput (bit/s/Hz) employed by PFS
and max C/I algorithm for both CUs and D2D pairs are
illustrated in Fig. 6, and the performance is summarized
in Table 2.
The mean indicates the average throughput for all

the CUs or D2D pairs within the 2000 scheduling
slots for 1000 times of user distribution, and the vari-
ance denotes the deviation level from the mean value,

where the smaller variance implies better fairness.
PFS algorithm achieves the gain of fairness at the ex-
penditure of some throughput. As for CUs, the im-
provement of fairness is about 51% while the loss of
throughput is about 24%; and for D2D pairs, 37 vs.
23%. The average transmit power is also listed in
Table 2, which indicates the similar power consump-
tion for both algorithms.
To verify the performance gain of optimal transmit

power control proposed in PFS algorithm, by imple-
menting 1000 times of user distribution and 2000
scheduling slots within each distribution, the CDF of
the average throughput employed by the optimal and
maximum power for both CUs and D2D pairs are il-
lustrated in Fig. 7, and the performance is summa-
rized in Table 3.
Compared with the maximum power transmission,

for CUs the PFS algorithm with the optimal power
control can achieve 22% fairness gain while yield 5.1%
throughput loss; For D2D pairs, it can achieve both
27% fairness gain and 17% throughput loss. It can be
predicted that in the multi-cell environments the
power control is much more important because of
the extra interference from the adjacent cells.
There are 10 subchannels to schedule CUs and

D2D pairs, when more users are distributed in the
cell, the simulation results for 20 CUs and 10 D2D
pairs vs. 30 CUs and 15 D2D pairs are illustrated in
Fig. 8. With the increasing number of users, the

Table 2 Numerical analysis for PFS and max C/I

PFS algorithm Max C/I algorithm

Average throughput
mean

Average throughput
variance

Average Tx power
(dBm)

Average throughput
mean

Average throughput
variance

Average Tx power
(dBm)

CUs 3.18 2.69 22.78 4.20 5.51 22.98

D2D
pairs

6.29 4.47 21.43 8.17 7.05 22.41
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Fig. 7 The CDF of average throughput of PFS with different power control methods. a CUs. b D2D pairs
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performance of CUs is degraded greatly, more than
20% CUs lose the scheduling opportunity and nearly
60% CUs have a very low throughput; but for D2D
pairs, the influence can be ignored.
The simulation results can be explained as follows.

Because the distance between the D2D pair is shorter
and LOS path existed with greater possibility, the
channel gain between the D2D pair is usually better
than that between the CU and the base station, and
generally, the data rate of D2D pair is larger than
that of CU, which can be observed in Fig. 6. For PFS
algorithm, the objective is to maximize the sum of
relative achievable rate, denoted by max(αiRi + βjRj),
where the relative achievable rate of the D2D pair,
βjRj, is the main contribution. Therefore, the transmit
opportunities of CUs are blocked. In this sense, when
more users, especially more D2D pairs, the propor-
tional fairness becomes the proportional fairness dedi-
cated for D2D pairs.
To avoid such a problem, in the practical communica-

tion systems, some measures may need to be adopted,
including but not limited to

■ The D2D pairs can only be scheduled in certain
subchannels, and some subchannels are dedicated for
the scheduling of CUs;
■ Limit the maximum transit power of D2D pairs, it
may be realized by system broadcast information to

indicate the D2D pairs in the cell. And the permitted
transmit power of D2D pairs can be adjusted according
to the traffic load in the cell.

As for the complexity of the algorithm, for the sce-
nario of N active CUs and M pairs of D2D users, the
complexity to compute the optimal power combin-
ation is O(N ⋅M) and that of bipartite graph max-
imum weight matching employing KM algorithm is
O(N3).

6 Conclusions and discussions
In this paper, we investigated on the scheduling for
CU and D2D pair that share the uplink subchannel
resource in the cellular network. In order to achieve
the excellent tradeoff between throughput and fair-
ness, the PFS algorithm is proposed based on the
proportional fairness criteria, which divides into the
admissible area decision, solving the optimal power
combination, and utilizing bipartite graph for resource
reuse in multiple subchannels. Several factors, e.g.,
sleeping feature and hybrid automatic repeat request
process limitation, restrict the number of active users
in a scheduling slot, and the complexity of PFS algo-
rithm can be acceptable. The simulation results also
verify that the PFS algorithm can guarantee the good
throughput and fairness for both CUs and D2D pairs.
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Fig. 8 CDF of average throughput of PFS with different number of CUs and D2D pairs. a CUs. b D2D pairs

Table 3 Numerical analysis for PFS with different power control methods

PFS optimal power control PFS maximum power control

Average throughput
mean

Average throughput
variance

Average Tx power
(dBm)

Average throughput
mean

Average throughput
variance

Average Tx power
(dBm)

CUs 3.18 2.69 22.78 3.35 3.44 23.00

D2D
pairs

6.29 4.47 21.43 7.61 6.09 23.00
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