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Device-to-device (D2D) communications and femtocell systems can bring significant benefits to users’ throughput. However, the
complicated three-tier interference amongmacrocell, femtocell, andD2D systems is a challenging issue in heterogeneous networks.
As D2D user equipment (UE) can cause interference to cellular UE, scheduling and allocation of channel resources and power of
D2D communication need elaborate coordination. In this paper, we propose a joint scheduling and resource allocation scheme
to improve the performance of D2D communication. We take UE rate and UE fairness into account by performing interference
management. First, we construct a Stackelberg game framework in which we group a macrocellular UE, a femtocellular UE, and a
D2DUE to form a two-leader one-follower pair.The cellularUE are leaders, andD2DUE is the followerwho buys channel resources
from the leaders.We analyze the equilibrium of the game and obtain solutions to the equilibrium. Second, we propose an algorithm
for joint scheduling of D2D pairs based on their utility. Finally, we perform computer simulations to study the performance of the
proposed scheme.

1. Introduction

With the increasing demand for larger system capacity
and ubiquitous service quality in wireless communication,
device-to-device (D2D) communication is a promising tech-
nology which has been considered as an important feature to
be integrated into the long term evolution-advanced (LTE-
A) system. As a type of proximity communication, D2D
communication enables user equipment (UE) to communi-
cate with each other directly without traversing the evolved
NodeB (eNB) when UE is in close distance [1, 2]. There
are multiple transmission modes for D2D communication
coexisting with cellular networks. Inbandmode indicates the
method of D2D reusing cellular spectrum, while outband
mode indicates that D2D occurs on unlicensed band [3].
In inband mode, the interference among participators can
be properly controlled, due to the controlling mechanism
of cellular spectrum based networks [4, 5]. Therefore, D2D
communication makes a great contribution in improving
system throughput and extending UE’s battery lifetime.

On the other hand, network topology has been con-
sidered as one of the key issues to make a leap on the
performance of networks [6]. Using a mix of several cellular
systems, heterogeneous networks enables flexible and low-
cost deployments with higher spectral efficiency and better
user experience [7]. As a type of such technology, femtocells
have gathered considerable interest recently, since they can
efficiently offload traffic burden of macrocell base station
(MBS), which will consequently improve network coverage
and capacity.

In the literature, studies on resourcemanagement of D2D
communication focus on power optimization, resource allo-
cation, andmode selectionwhen they perform as an underlay
in traditional cellular networks reusing uplink resource [8–
10]. In [11], the optimal selection of possible resource sharing
modes of D2D pairs with the cellular network in a single cell
is studied, and a mode selection procedure for a multicell
environment is proposed. A greedy heuristic algorithm that
can lessen interference fromD2D to cellular network utilizing
channel gain information was proposed in [12]. In [13],
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the optimum power allocation method is derived for the
scenario with prioritized cellular communication and an
upper limit on the maximum transmission rate of all links.
In [14], an open-access algorithm for femtocell base stations
in D2D LTE-advanced networks is proposed to optimize
network connectivity. Distributed power allocation strategies
are discussed in [15] using Stackelberg game, where a central
macrocell is underlaid with several femtocells.

Generally, as a secondary underlay which reuses the spec-
trum resources of the primary system, resource allocation of
D2Dpairs is an important but challenging task to improve the
performance of heterogeneousmacrocell-femtocell networks
[16, 17], since the receivers in this system suffer from three-
tier interference, that is, macro-to-device, femto-to-device,
and device-to-device interference [18]. In previous SINR-
threshold-based power control method [19, 20], only one
system, either macrocell or femtocell, has been considered
to determine transmit power of D2D pairs, which can be
inefficient and impede sufficient deployment ofD2Dcommu-
nications. Other related research on multilayer interference
management in heterogenous networks is limited in number.

In this paper, we study resource management for D2D
communication in heterogeneous networks utilizing game
theory approach. Given D2D’s underlay status in the system,
Stackelberg game framework is well suited for the situation.
The rest of this paper is organized as follows. In Section 2,
system model of heterogeneous networks with D2D com-
munication as an underlay is illustrated. In Section 3, we
formulate the problem as a two-level Stackelberg game.
In Section 4, solutions for the proposed game are derived
by attaining Stackelberg game equilibrium. In Section 5,
simulation results are presented to validate the proposed
scheme. Finally, Section 6 concludes the paper.

2. System Model

We consider the uplink of a macro/femto/D2D system in
a single cell with a macrocell base station (MBS) in the
center. One femtocell is randomly located in the same
cell. The femtocell is assumed to be round-shaped with a
femtocell base station (FBS) deployed at the center of the
house. The femtocell serves several indoor users, which are
randomly located within the house. Several macrocell UE are
distributed out of the femtocell. There are multiple outdoor
D2D UE around the considered femtocell. The D2D UE are
in pairs, each consisting of one transmitter and one receiver
between which the communication distance is 𝑅𝑑. If D2D
pairs are far enough away from the femtocell, the interference
they cause to the considered femtocell can be neglected.
Therefore, we locate D2D pairs around the central house in
the shadowed area with width of 𝑑, as shown in Figure 1.

We assume that the number of macrocell UE is 𝐾, and
hence there are 𝐾 orthogonal channels which are occupied
by the corresponding macrocell UE. The channels allocated
to the macrocell UE are fixed.The femtocell system and D2D
pairs share the channels with macrocell UE. The number of
the femtocell UE is𝐾. One channel is only allowed to be used
by one macrocell UE, one femtocell UE, and one D2D pair.

Macrocell base station
(MBS)

D2D pair 1

D2D pair 2

Femtocell

Macrocell user

Communication link
Interference link

Figure 1: System model.

We consider a dense D2D environment, where the number
of macrocell UE (𝐾) is smaller than the number of D2D
pairs (𝐷). The set of macrocell UE, femtocell UE, and D2D
pairs areK,F, andD, respectively. In LTE, scheduling takes
place in every transmission time interval (TTI) [21]. Channels
are allocated among D2D pairs according to their priority.
During each TTI, 𝐾 D2D pairs are selected to share the 𝐾

channels withmacrocell UE and the femtocell UEwhile other
D2D pairs wait for transmission.

We use a set of 𝑥𝑖𝑘 (𝑖 ∈ D, 𝑘 ∈ K) to denote the
current D2D pair in communication. 𝑥𝑖𝑘 = 1 if the 𝑖th D2D
pair is selected to use channel 𝑘, and 𝑥𝑖𝑘 = 0 otherwise.
Define 𝑃1𝑘, 𝑃2𝑘, and 𝑃𝑖 as transmit power of the 𝑘th macrocell
UE, 𝑘th femtocell UE, and 𝑖th D2D transmitter, respectively.
Therefore, the received SINR at MBS corresponding to 𝑘th
macrocell UE is

𝛾
𝑀

𝑘
=

𝑃1𝑘𝑔𝑀𝑘𝐵

∑
𝑖
𝑥𝑖𝑘𝑃𝑖𝑔𝐷𝑖𝑀𝑘

+ 𝑁0

, (1)

where 𝑔𝑀𝑘𝐵 denotes channel gain between 𝑘th macrocell UE
andMBS.𝑔𝐷𝑖𝑀𝑘 denotes channel gain between 𝑖thD2D trans-
mitter and MBS. The received SINR at FBS corresponding to
𝑘th femtoocell UE is

𝛾
𝐹

𝑘
=

𝑃2𝑘𝑔𝐹𝑘𝐵

∑
𝑖
𝑥𝑖𝑘𝑃𝑖𝑔𝐷𝑖𝐹𝑘

+ 𝑁0

, (2)

where 𝑔𝐹𝑘𝐵
denotes channel gain between 𝑘th femtocell UE

and FBS. 𝑔𝐷𝑖𝐹𝑘 denotes channel gain between the 𝑖th D2D
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transmitter and FBS. The SINR at 𝑖th D2D receiver can be
expressed as

𝛾𝑖 =

𝑃𝑖𝑔D2D𝑖
∑
𝑘
𝑥𝑖𝑘𝑃1𝑘𝑔𝑀𝑘𝐷𝑖

+ ∑
𝑘
𝑥𝑖𝑘𝑃2𝑘𝑔𝐹𝑘𝐷𝑖

+ 𝑁0

, (3)

where 𝑔D2D𝑖 denotes channel gain between 𝑖th D2D transmit-
ter and 𝑖th D2D receiver, which are in a pair. 𝑔𝑀𝑘𝐷𝑖 denotes
channel gain between 𝑘thmacrocell UE and 𝑖thD2D receiver.
𝑔𝐹𝑘𝐷𝑖

denotes channel gain between 𝑘th femtocell UE and 𝑖th
D2D receiver. The channel rate of a UE can be obtained by

𝑟 = log
2
(1 + 𝛾) . (4)

3. Stackelberg Game Formulation

As D2D communication takes place underlaying the hetero-
geneous networks, we focus on power control and scheduling
of D2D UE, while transmit power of macrocell UE and fem-
tocell UE are assumed to be fixed. D2D communication can
utilize the proximity between UE to improve the throughput
performance of the system. In the meanwhile, interference
from D2D pairs to cellular network should be limited. Thus,
transmit power of D2D UE should be properly controlled.
Another goal is to guarantee the fairness among D2D UE
when scheduling. In this section, we first formulate this
problem as a resource allocation method using Stackelberg
game based scheme; then we first obtain solutions to the
outcomes of the proposed game.

3.1. Two-Level Game Framework. Interactions among selfish
cellular UE and D2D UE sharing a channel can be modeled
as a noncooperative game using game theory framework.
When players choose their strategies independently without
any coordination, it usually leads to an inefficient outcome.
If we simply model this scenario as a noncooperative game,
D2D transmitters will choose to use the maximum transmit
power to maximize their own payoffs regardless of other
players, whereas cellular UE will choose not to share channel
resources with D2D UE. This is an inefficient outcome, as
either the interference is too serious or D2D cannot get access
into the network.

Therefore, we employ the Stackelberg game to coordinate
the scheduling, in which macrocell UE and femtocell UE are
leaders and D2D UE are followers. We focus on the behavior
of a two-leader one-follower pair, of which a macrocell UE
and a femtocell UE are the leaders; a D2D UE is the follower.
They share the same channel resource. The leaders own the
channel resource and they can charge D2D UE some fees for
using the channels.The fees are fictitiousmoney to coordinate
the system. Thus, the cellular UE have an incentive to share
the channel with D2D UE if it is profitable, and the leaders
have the right to decide the price. For D2D UE, under
the charging price, they can choose the optimal power to
maximize their payoffs. In this way, an equilibrium can be
reached.

3.1.1. D2D UE/Follower-Level. TheD2D pair can be modeled
as a buyer and aims to obtain the most benefits, at least possi-

ble payments. The utility of the follower can be defined as its
own throughput performanceminus the cost it pays for using
the channel. The fees should be decided according to the
leaders’ consideration.Thus, the fee is charged proportionally
to the amount of interference the leaders observe, which can
be expressed as

𝑈D2D𝑖 = 𝛼 log
2
(1 +

𝑃𝑖𝑔D2D𝑖
𝑃1𝑘𝑔𝑀𝑘𝐷𝑖

+ 𝑃2𝑘𝑔𝐹𝑘𝐷𝑖
+ 𝑁𝑜

)

− 𝑝𝑖1𝑃𝑖𝑔𝐷𝑖𝐹𝑘
− 𝑝𝑖2𝑃𝑖𝑔𝐷𝑖𝑀𝑘

,

(5)

where 𝑝𝑖1 and 𝑝𝑖2 are the charging prices (𝑝𝑖1 > 0, 𝑝𝑖2 > 0)
of MBS and FBS, respectively. We denote the set of prices for
𝑖th D2D as 𝑝𝑖𝑗, where 𝑗 ∈ {1, 2}. 𝛼 is a scale factor to denote
the ratio of the D2D’s gain and its per unit of rate. Since the
two terms in the utility function are uniform inmeasurement
units, the scale factor 𝛼 is introduced to better integrate them.
𝛼 is a key parameter to influence the outcome of the game,
which we will discuss later.

The optimization problem of follower-level game can be
formulated as

max 𝑈D2D𝑖 ,

s.t. 𝑃𝑖 ≥ 0.

(6)

3.1.2. Macrocell UE and Femtocell UE/Leader-Level. The
macrocell UE and femtocell UE can be seen as two seller and
aim to not only earn the payment but also gain as many extra
profits as possible. The utility of the leaders can be defined
as their gain from the follower minus the interference they
observe from the D2D pair.The utility function of the leaders
can be, respectively, described as

𝑈𝑖1 = −𝑃𝑖𝑔𝐷𝑖𝑀𝑘
+ 𝑝𝑖1𝛽1𝑃𝑖𝑔𝐷𝑖𝑀𝑘

,

𝑈𝑖2 = −𝑃𝑖𝑔𝐷𝑖𝐹𝑘
+ 𝑝𝑖2𝛽2𝑃𝑖𝑔𝐷𝑖𝐹𝑘

,

(7)

where 𝑈𝑖1 denotes utility of MBS and 𝑈𝑖2 denotes utility of
FBS. 𝛽 is a factor to denote the ratio of the leader’s gain
and the follower’s payment. It mainly influences the speed of
convergence of the proposed game.

The optimization problem of leader-level is to set a set of
charging prices that maximize their utility, that is,

max 𝑈𝑖1, 𝑈𝑖2

s.t. 𝑝1 > 0, 𝑝2 > 0.

(8)

The choice of the optimal prices𝑝𝑖1 and𝑝𝑖2 is affected not only
by distance and channel conditions betweenD2D transmitter
and base stations, but also by each other.

The outcome of the proposed gamewill be shown in detail
in the following section.

3.2. Analysis of the Proposed Game. In the Stackelberg game,
the leaders move first and the follower moves sequentially;
that is, the leaders set the prices first, and the follower selects
its best transmit power based on the price. The leaders know
ex ante that the follower observes their action. Therefore, the
game can be solved by backward induction.
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3.2.1. Analysis of the Follower-Level Game. In Stackelberg
game, the leader has the preferential right of pricing on the
follower cost, while the follower has no direct influence on the
prices. Therefore, in every step of pricing updating process,
since prices have been set by the leaders, they remain constant
at this very step from the perspective of the follower. As
illustrated in (5), given 𝑝𝑖1 and 𝑝𝑖2 decided by the leaders,
when 𝑃𝑖 approaches 0, the utility of D2D approaches 0 as
well. As 𝑃𝑖 increases, 𝑈D2D𝑖 also increases. If 𝑃𝑖 grows too
large, 𝑈D2D𝑖 will begin to decrease since the logarithmic
function grows slower than the cost. The follower wants to
maximize its utility by choosing proper transmit power. The
best response is derived by solving

𝜕𝑈D2D𝑖
𝜕𝑃𝑖

=
𝛼

ln 2

𝑔D2D𝑖
𝑃𝑖𝑔D2D𝑖 + 𝐺

− 𝑝𝑖1𝑔𝐷𝑖𝑀𝑘
− 𝑝𝑖2𝑔𝐷𝑖𝐹𝑘

= 0, (9)

where

𝐺 = 𝑃1𝑘𝑔𝑀𝑘𝐷𝑖
+ 𝑃2𝑘𝑔𝐹𝑘𝐷𝑖 + 𝑁0. (10)

The solution of (9) is

�̂�𝑖 =
𝛼

ln 2 (𝑝𝑖1𝑔𝐷𝑖𝑀𝑘
+ 𝑝𝑖2𝑔𝐷𝑖𝐹𝑘

)

−
𝐺

𝑔D2D𝑖
. (11)

From (11), we know the power is monotonically decreas-
ing with 𝑝1 and 𝑝2, whichmeans when the price is higher, the
amount of power bought is smaller.

3.2.2. Analysis of the Leader-Level Game. Substituting (11)
into (8), we have

max 𝑈𝑖1 = (𝑝𝑖1𝛽1 − 1) 𝑔𝐷𝑖𝑀𝑘
�̂�𝑖 (𝑝𝑖𝑗) , (12)

max 𝑈𝑖2 = (𝑝𝑖2𝛽2 − 1) 𝑔𝐷𝑖𝐹𝑘
�̂�𝑖 (𝑝𝑖𝑗) . (13)

We can note that (12) and (13) are a noncooperative game
by MBS and FBS, and there exists a trade-off between prices
and the base stations’ utility. We take MBS, for example. If
MBS 𝑘 asks for a relatively low price 𝑝𝑖1 at first, the D2D pair
sharing the same channel will buy more power from MBS,
and 𝑈𝑖1 will increase as 𝑝𝑖1 grows according to (12). When
𝑝𝑖1 keeps growing and exceeds a certain value, it is no longer
beneficial for D2D to buy so much power from MBS. In this
way, �̂�𝑖(𝑝𝑖𝑗) will shrink and hence results in decrement of
𝑈𝑖1. Therefore, there is an optimal price for MBS to ask for.
Besides, the optimal price is also affected by FBS’s price.

From the analysis above, by taking the derivative of𝑈𝑖1 to
𝑝𝑖1 and 𝑈𝑖2 to 𝑝𝑖2, and equating it to zero, we have

𝜕𝑈𝑖𝑗

𝜕𝑝𝑖𝑗

= (𝑝𝑖𝑗𝛽𝑗 − 1) 𝑔𝑖𝑗

𝜕�̂�𝑖

𝜕𝑝𝑖𝑗

+ �̂�𝑖𝑔𝑖𝑗𝛽𝑗 = 0, (14)

where 𝑗 ∈ 1, 2. We take 𝑔𝑖𝑗 short for 𝑔𝐷𝑖𝑀𝑘 when 𝑗 = 1, and
for 𝑔𝐷𝑖𝐹𝑘 when 𝑗 = 2.

Solving the above equations of 𝑝𝑖𝑗, we denote the optimal
prices as

𝑝𝑖𝑗 = 𝑝𝑖𝑗 ({𝐺𝑖,𝑗}) , (15)

where {𝐺𝑖,𝑗} denotes the set of channel gains among disparate
participators.

4. Stackelberg Equilibrium

In this section, we prove that the solutions �̂�𝑖 in (11) and 𝑝𝑖𝑗

in (15) are the Stackelberg equilibrium (SE) for the proposed
game and show the conditions for the SE to be optimal
by the following properties, propositions, and theorems.
Furthermore, we show that the set of the solutions is a unique
fixed point and the proposed game converges to that point.

4.1. Existence of the Equilibrium for the Proposed Game. We
first define the SE of the proposed game as follows.

Definition 1. 𝑃
SE
𝑖

and 𝑝
SE
𝑖𝑗

are the SE of the proposed game if
when 𝑝𝑖𝑗 is fixed

𝑈D2D𝑖 (𝑃
SE
𝑖
) = sup𝑈D2D (𝑃𝑖) , ∀𝑖 ∈ D, (16)

and when 𝑃𝑖 is fixed

𝑈𝑖𝑗 (𝑝
SE
𝑖𝑗
) = sup𝑈𝑖𝑗 (𝑝𝑖𝑗) , ∀𝑘 ∈ K, 𝑗 = 1, 2. (17)

Then, we show that the optimizer �̂�𝑖 of (11) can be solved
by equating 𝜕𝑈D2D𝑖/𝜕𝑃𝑖 to zero by the following property.

Property 1. The utility function 𝑈D2D𝑖 of the follower is a
concave function of 𝑃𝑖, with 𝑃𝑖 ≥ 0 and 𝑝𝑖𝑗 fixed (𝑗 = 1, 2).

Proof. The second-order derivative of (5) is

𝜕
2
𝑈D2D𝑖

𝜕𝑃𝑖
2

= −
1

ln 2

1

(𝑃𝑖𝑔𝐷2𝐷𝑖
+ 𝐺)
2
𝑔
2

D2D𝑖 < 0. (18)

Thus, the solution in (11) is a maximum point.

Due to Property 1, �̂�𝑖 in (11) is the global optimum that
maximizes the D2D UE’s utility 𝑈D2D𝑖 . Therefore, �̂�𝑖 satisfies
(16) and is the SE 𝑃

SE
𝑖
.

In the following two properties, we show that the base
stations cannot infinitely increase 𝑈𝑖𝑗 by asking arbitrarily
high prices.

Property 2. The optimal power of D2D transmitter �̂�𝑖 is
decreasing with a base station’s price 𝑝𝑖𝑗 (𝑗 = 1 or 2) when
the other base station’s price (𝑝𝑖𝑗 (𝑗 = 2 or 1)) is fixed.

Proof. Taking the first-order derivative of the optimal power
�̂�𝑖 by 𝑝𝑖1, we have

𝜕�̂�𝑖

𝜕𝑝𝑖1

= −
1

ln 2

𝑔𝐷𝑖𝑀𝑘

(𝑝𝑖1𝑔𝐷𝑖𝑀𝑘
+ 𝑝𝑖2𝑔𝐷𝑖𝐹𝑘

)
2
< 0. (19)

Similarly, taking the first-order derivative of the optimal
power 𝑃𝑖 by 𝑝𝑖2, we have

𝜕�̂�𝑖

𝜕𝑝𝑖1

= −
1

ln 2

𝑔𝐷𝑖𝐹𝑘

(𝑝𝑖1𝑔𝐷𝑖𝑀𝑘
+ 𝑝𝑖2𝑔𝐷𝑖𝐹𝑘

)
2
< 0. (20)
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Therefore, �̂�𝑖 is decreasingwith𝑝𝑖1 and𝑝𝑖2.This is because
when a base station individually increases its price while the
other keeps the same price as before, theD2D transmitter will
adopt a lower power to avoid loss of its own utility.

Consequently, there is a trade-off for base stations to ask
for proper prices, and we can solve the optimal prices by
equating 𝜕𝑈𝑖𝑗/𝜕𝑝𝑖𝑗 = 0, the reason of which is shown as
follows.

Property 3. The utility function 𝑈𝑖𝑗 of each base station is
concave in its own price 𝑝𝑖𝑗 when the D2D transmitter in the
same channel adopts the optimized power as calculated in (11)
and the other base station’s price is fixed.

Proof. We can prove Property 3 by taking the derivatives of a
base station’s utility𝑈𝑖𝑗. We take the proof of𝑈𝑖1, for example,
while the proof of 𝑈𝑖2 is similar. Taking the second-order of
𝑈𝑖1 results in the following:

𝜕
2
𝑈𝑖1

𝜕𝑝
2

𝑖1

= 2𝛽1𝑔𝐷𝑖𝑀𝑘

𝜕�̂�𝑖

𝜕𝑝𝑖1

+ (𝛽1𝑝𝑖1 − 1) 𝑔𝐷𝑖𝑀𝑘

𝜕
2
�̂�𝑖

𝜕𝑝
2

𝑖1

= −
2

ln 2

𝛽1𝑝𝑖2𝑔𝐷𝑖𝐹𝑘
+ 𝑔𝐷𝑖𝑀𝑘

(𝑝𝑖1𝑔𝐷𝑖𝑀𝑘
+ 𝑝𝑖2𝑔𝐷𝑖𝐹𝑘

)
3
𝑔
2

𝐷𝑖𝑀𝑘
,

(21)

where 𝛽1𝑝𝑖2𝑔𝐷𝑖𝐹𝑘 +𝑔𝐷𝑖𝑀𝑘
> 0; then 𝜕

2
𝑈𝑖1/𝜕𝑝

2

𝑖2
< 0.Therefore,

𝑈𝑖𝑗 is concave with respect to 𝑝𝑖𝑗.

Based on the above properties, we conclude the following
theorem.

Theorem 2. The �̂�𝑖 in (11) and 𝑝𝑖𝑗 in (15) are the SE for the
proposed game, where the SE is defined in (16) and (17).

In the next section, we will show that the SE is unique,
and the proposed game converges to the unique SEwhen each
base station updates its price according to a simple function.

4.2. Convergence of the Price Updating Function. From the
previous section, one base station needs to modify its own
price after the other base station changes its price. Conse-
quently, each base station updates 𝑝𝑖𝑗 so that its utility 𝑈𝑖𝑗

satisfies the following equality:

𝜕𝑈𝑖𝑗

𝜕𝑝𝑖𝑗

=
𝜕

𝜕𝑝𝑖𝑗

[(𝑝𝑖𝑗𝛽𝑗 − 1) �̂�𝑖𝑔𝑖𝑗] = 0, (22)

with the equality holding if and only if 𝑝𝑖𝑗 reaches the
optimum.

After rearranging (22) we have

𝑝𝑖𝑗 = 𝐻𝑖𝑗 (𝑝) = −
�̂�𝑖

𝜕�̂�𝑖/𝜕𝑝𝑖𝑗

+
1

𝛽𝑗

. (23)

In order to calculate𝑝𝑖𝑗 in (23), each base station listens to
the instantaneous feedback information about �̂�𝑖 and 𝜕�̂�𝑖/𝜕𝑝𝑖𝑗

from the D2D transmitter. Then the updating of the base

stations’ prices can be described by a vector equality of the
form

p = H (p) , (24)

where p = (𝑝𝑖1, 𝑝𝑖2) and H(p) = (𝐻1(p),𝐻2(p)), with
𝐻𝑗(p) representing the price competition constraint to one
base station from the other. Therefore, with the competition
constraints in (24), the iterations of the price updating can be
expressed as follows:

p (𝑡 + 1) = H (p (𝑡)) . (25)

We show next the convergence of the iterations in (25) by
proving that the price updating function H(p) is a standard
function.

Definition 3. A functionH(p) is standard if for all p ≥ 0, the
following properties are satisfied.

(i) Positivity.H(p) > 0.
(ii) Monotonicity. If p ≥ p, thenH(p) ≥ H(p).
(iii) Scalability. For all 𝑎 > 1, 𝑎H(p) > H(𝑎p).

Proposition 4. The price updating functionH(p) is standard.

Proof. Consider the following.

Positivity. By Property 2, 𝜕�̂�𝑖/𝜕𝑝𝑖𝑗 < 0. Moreover, if 1/𝛽𝑗 > 0

and 𝑃𝑖 > 0, then by the definition of (23), 𝐻𝑖𝑗(𝑝) > 1/𝛽j > 0.
Therefore, in a real price updating progress, each base station
starts increasing its price from 1/𝛽𝑗.

Scalability. Comparing 𝑎H(p) andH(𝑎p), we have

𝑎𝐻𝑖𝑗 (p) − 𝐻𝑖𝑗 (𝑎p)

=
(𝑎 − 1)

𝛽𝑗

+ 𝑎[
�̂�𝑖 (𝑎p)

𝜕�̂�𝑖 (𝑎p) /𝜕𝑝𝑖𝑗
−

�̂�𝑖 (p)
𝜕�̂�𝑖 (p) /𝜕𝑝𝑖𝑗

] .

(26)

Since 𝑎 > 1, (𝑎 − 1)/𝛽𝑗 > 0. Then, the problem reduces to
proving that the second term in the RHS of (27) is positive.
We take 𝑝𝑖𝑗 = 𝑝𝑖1, for example. If we define 𝐹(𝑔𝐷𝑖𝑀𝑘

) as
follows:

𝐹 (𝑔𝐷𝑖𝑀𝑘
) = −𝑝𝑖1 −

𝐵

𝑔𝐷𝑖𝑀𝑘

+ 𝐴

(𝑝𝑖1𝑔𝐷𝑖𝑀𝑘
+ 𝐵)
2

𝑔𝐷𝑖𝑀𝑘

, (27)

where 𝐴 = 𝐺 ⋅ ln 2/𝑔D2D𝑖 and 𝐵 = 𝑝𝑖2𝑔𝐷𝑖𝐹𝑘
. Then, from (11),

we can get

�̂�𝑖 (𝑎p)
𝜕�̂�𝑖 (𝑎p) /𝜕𝑝𝑖1

= − 𝑝𝑖1 −
𝐵

𝑎𝑔𝐷𝑖𝑀𝑘

+ 𝐴

(𝑝𝑖1 ⋅ 𝑎𝑔𝐷𝑖𝑀𝑘
+ 𝐵)
2

𝑎𝑔𝐷𝑖𝑀𝑘

= 𝐹 (𝑎𝑔𝐷𝑖𝑀𝑘
) ,

�̂�𝑖 (p)
𝜕𝑃𝑖 (p) /𝜕𝑝𝑖1

= −𝑝𝑖1 −
𝐵

𝑔𝐷𝑖𝑀𝑘

+ 𝐴

(𝑝𝑖1 ⋅ 𝑔𝐷𝑖𝑀𝑘
+ 𝐵)
2

𝑔𝐷𝑖𝑀𝑘

= 𝐹 (𝑔𝐷𝑖𝑀𝑘
) .

(28)
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Therefore, to prove the positivity of the second term of
RHS of (27) is equivalent to proving 𝐹(𝑎𝑔𝐷𝑖𝑀𝑘

) > 𝐹(𝑔𝐷𝑖𝑀𝑘
),

where 𝑎𝑔𝐷𝑖𝑀𝑘
> 𝑔𝐷𝑖𝑀𝑘

. Since 𝐹(𝑔𝐷𝑖𝑀𝑘
) is continuous

and differentiable in 𝑔𝐷𝑖𝑀𝑘
, we only need to prove that

𝜕𝐹(𝑔𝐷𝑖𝑀𝑘
)/𝜕𝑔𝐷𝑖𝑀𝑘

> 0. Consider

𝜕𝐹 (𝑔𝐷𝑖𝑀𝑘
)

𝜕𝑔𝐷𝑖𝑀𝑘

=

𝐴 [(𝑝𝑖1𝑔𝐷𝑖𝑀𝑘
)
2

− 𝐵
2
] + 𝐵

𝑔
2

𝐷𝑖𝑀𝑘

. (29)

After extensive numerical tests for a wide range of param-
eters when the nodes are randomly located, we observe that
the numerator of (29) is positive. Then, 𝜕𝐹(𝑔𝐷𝑖𝑀𝑘)/𝜕𝑔𝐷𝑖𝑀𝑘 >
0. We can claim that 𝑎H(p) > H(𝑎p).

Monotonicity. Suppose p and p are different price vectors,
and the vector inequality p ≥ p means that 𝑝𝑖𝑗 ≥ 𝑝



𝑖𝑗
, for

all 𝑗 ∈ {1, 2}. Therefore, the problem reduces to proving
𝜕𝐻𝑖𝑗(p)/𝜕𝑝𝑖𝑗 ≥ 0 and 𝜕𝐻𝑖𝑞(p)/𝜕𝑝𝑖𝑗 ≥ 0, for all 𝑗 ̸= 𝑞, 𝑗, 𝑞 ∈

{1, 2}. Consider

𝜕𝐻𝑖1 (p)
𝜕𝑝𝑖1

= 1 −

2 ln 2𝐺 (𝑝𝑖1𝑔𝐷𝑖𝑀𝑘
+ 𝑝𝑖2𝑔𝐷𝑖𝐹𝑘

)

𝑔D2D𝑖
. (30)

After order-of-magnitude estimation, we can note that
𝜕𝐻𝑖1(p)/𝜕𝑝𝑖1 > 0. Similarly, we can also prove that
𝜕𝐻𝑖𝑞/𝜕𝑝𝑖𝑗 > 0, so monotonicity holds for the price updating
function.

Finally, from the above three parts, we prove that the price
updating function𝐻(p) is standard.

In [22], a proof has been given that starting from any
feasible initial power vector p, the power vector H𝑛(𝑝)
produced after 𝑛 iterations of the standard power control
algorithm gradually converges to a unique fixed point.

From (22) we know that for one base station, its utility𝑈𝑖𝑗
satisfies 𝜕𝑈𝑖𝑗/𝜕𝑝𝑖𝑗 = 0 every time after the base station updates
its price 𝑝𝑖𝑗 given the feedback of 𝜕�̂�𝑖/𝜕𝑝𝑖𝑗 from the source.
After the vector H𝑛(𝑝) converges to p̂, no base station can
gain a higher utility by further varying its price, meaning that
𝜕𝑈𝑖𝑗/𝜕𝑝𝑖𝑗 = 0, 𝑗 ∈ 1, 2. From (15), we know that p̂ is exactly the
optimal price vector. As Property 1 shows,𝑈D2D𝑖 is concave in
𝑃𝑖, so the D2D transmitter can gradually increase the power
from0 and find the optimal �̂�𝑖.Thus, if the prices of bothMBS
and FBS converge to their optima, then the D2D transmitter
will correspondingly buy the optimal power. Therefore, once
H𝑛(𝑝) converges to p̂, 𝑃𝑖 and 𝑝𝑖𝑗 converge to the SE.

5. Joint Scheduling and Resource Allocation

The scheduling process is conducted at each TTI. The D2D
UE forms a priority queue for each channel. During eachTTI,
the MBS selects𝐾D2DUE with the highest priority for each
channel sequentially and other D2D UE has to wait.

In our Stackelberg game framework, the priority is based
on the utilities of the followers, which express the satisfaction
of the followers. In the design of scheduling scheme, fairness
is considered as an important goal. The scheme should take
the outcome in the previous TTIs into account. This can

be achieved by adjusting prices for using the channel. The
follower has to pay an additional fee for using the channel at
TTI 𝑡 if it has been selected in previous TTIs, which will lead
to a decrease in the priority. The additional fee is decided by
the cumulative utility of follower. The priority for follower 𝑖
at TTI 𝑡 can be defined as the following:

𝑃𝑖𝑘 (𝑡) = 𝑈D2D𝑖 (�̂�𝑖 (𝑡) , p̂𝑘 (𝑡)) − 𝑐𝑖 (𝑡) , (31)

where �̂�𝑖 and 𝑝𝑖𝑘 are the optimal strategy under the Stackel-
berg equilibrium at TTI 𝑡. 𝑐𝑖(𝑡) is the additional cost and can
be defined as

𝑐𝑖 (𝑡) =

𝑡−1

∑

𝜏=0

𝐾

∑

𝑘=1

𝛿𝑥𝑖𝑘 (𝜏) 𝑈D2D𝑖 (�̂�𝑖 (𝜏) , p̂𝑘 (𝜏)) , (32)

where 𝛿 > 0 is the fairness coefficient. For a larger 𝛿, the
cumulative utility has a larger influence on the priority. If
𝛿 = 0, the scheduling scheme does not take fairness into
account.

Based on the above discussion, during each TTI, every
macrocell UE, femtocell UE, and D2D UE form a leader-
follower pair and play the Stackelberg game. The optimal
price and power can be decided for each pair. The priority
for each pair can be calculated and they form a priority
queue. Then, the eNB schedules the D2D pairs sequentially
according to their order in the queue. If there is a tie, in which
one channel has been allocated to another D2D pair, or the
D2D pair has been scheduled to another channel, the pair
is skipped. When each channel is allocated to one D2D pair,
the eNB records the outcome and the scheduling is over. The
algorithm is summarized in Algorithm 1.

The algorithm has a low complexity, as the optimal
strategy for each leader-follower pair is searched in a set with
a constant number of elements. To form the priority queue
with length𝐾 × 𝐷, the complexity is 𝑂(𝐾𝐷).

6. Simulation Results

To evaluate the performance of the proposed algorithm, we
perform several simulations. We consider a single circular
cell environment.Themacrocell/femtocell UE andD2D pairs
are uniformly distributed in the cell. The two D2D UE in a
D2D pair are close enough to satisfy the maximum distance
constraint ofD2D communication.The received signal power
is 𝑃𝑖 = 𝑃𝑗𝑑

−2

𝑖𝑗
|ℎ𝑖𝑗|
2, where 𝑃𝑖 and 𝑃𝑗 are received power

and transmit power, respectively. 𝑑𝑖𝑗 is the distance between
the transmitter and the receiver. ℎ𝑖𝑗 represents the complex
Gaussian channel coefficient that satisfies ℎ𝑖𝑗∼CN(0, 1). The
scheduling takes place every TTI. Simulation parameters are
summarized in Table 1.

6.1. Convergence of the Proposed Game. As described in
previous section, the base stations start increasing their price
𝑝𝑖𝑗 from 1/𝛽𝑖. Denote the price vector at time 𝑡 as p(𝑡) =

(𝑝𝑖1(𝑡), 𝑝𝑖2(𝑡)). From (11) the optimal power purchased by the
source node at time 𝑡 can be denoted as

�̂�𝑖 (𝑡) = �̂�𝑖 (p (𝑡)) = �̂�𝑖 (𝑝𝑖1 (𝑡) , 𝑝𝑖2 (𝑡)) . (33)
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(1) Given CSI, TTI 𝑡, the factors 𝛼, 𝛽, the fairness coefficient 𝛿, and the additional cost 𝑐𝑖 (𝑡), ∀𝑖.
(2) Initialize 𝑥

𝑖𝑘
= 0, ∀𝑖, 𝑘

(3) Update prices according to the iterative function
p (t + 1) = H (p (t))

(4) Calculate the optimal power
�̂�𝑖 =

𝛼

ln2 (pi1gDiMk
+ pi2gDiFk)

−
𝐺

𝑔D2D𝑖
(5) Calculate priorities

𝑈D2D𝑖(p̂, �̂�𝑖), ∀𝑖.
(6) Sort 𝑈D2D𝑖 in descending order to form a priority queue.
(7) while ∑

𝑖
𝑥𝑖𝑘 = 0, ∃𝑘 do

(8) Select the head of the queue. The pair is (�̂�, �̂�).
(9) if ∑

𝑖
𝑥
𝑖�̂�
= 0 and ∑

𝑘
𝑥
�̂�𝑘
= 0 then

(10) Schedule the pair (�̂�, �̂�).
(11) Set 𝑥

�̂��̂�
= 1 and 𝑐

𝑖
(𝑡 + 1) = 𝑐

𝑖
(𝑡) + 𝛿𝑈D2D𝑖 (�̂�, �̂�)

(12) end if
(13) Delete the head of the queue.
(14) end while

Algorithm 1: Joint D2D scheduling and resource allocation algorithm.
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In order to obtain 𝜕�̂�𝑖/𝜕𝑝𝑖𝑗 and update their prices by (23),
the base stations will simultaneously increase each 𝑝𝑖𝑗(𝑡) by a
small amount 𝛿𝑖. The D2D pairs receive this price updating
and calculate 𝜕�̂�𝑖/𝜕𝑝𝑖𝑗 using the following approximation:

𝜕�̂�𝑖

𝜕𝑝𝑖1

≃
�̂�𝑖 (𝑝𝑖1 (𝑡) + 𝛿𝑖, 𝑝𝑖1) − �̂�𝑖 (p (𝑡))

𝛿𝑖

. (34)

Substituting the above approximation signaled from the D2D
pairs into (23), the base stations can obtain p(𝑡+1) = H(p(𝑡)).

We conducted simulations to observe the convergence
behavior of the proposed game. In Figure 2, we plot the
convergence of the prices of MBS and FBS under different
𝛼 (𝛼1 < 𝛼2), where 𝛼 denotes the gain per unit of rate as
defined in (5). It is seen that the proposed scheme has fast
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Figure 3: Power of D2D transmitter under different 𝛼.

convergence to the SE p̂. It takes less than 15 iterations until
the price vector p converges to the optimum. For one 𝛼, the
speed of convergence for MBS and FBS is almost the same.
When 𝛼 gets smaller, the prices asked for D2D transmission
from MBS and FBS get smaller consequently. From (11), we
denote that when 𝛼 gets smaller, D2D transmitter will choose
a smaller transmit power, which is illustrated in Figure 3
(𝛼1 < 𝛼2 < 𝛼3). In this case, the interference D2D causes to
base stations gets relatively weaker, and there is no necessity
for base stations to ask for high prices. Thus the prices are
relatively lower.

6.2. Analysis of the UE Rate. In Figure 4, we plot CDF of D2D
rate under different 𝛼. With larger 𝛼, D2D transmit power
rises as has been shown in Figure 3.Therefore, D2D rate goes
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Table 1: Simulation parameters and values.

Parameter Values
Macrocell radius 500m
Number of cellular UE 5
Number of D2D pairs 10
D2D communication distance 10m
Femtocell radius 10m
Shadow width (𝑑) 5m
Cellular UE power 23 dBm
D2D transmit power 0–23 dBm
Thermal noise power density −174 dBm/Hz
Bandwidth 180 kHz
Transmission time interval 1ms

up correspondingly, causing more interference to cellular UE
and a decrease in the rate of cellular UE.
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In Figures 5 and 6, we plot CDF of MBS and FBS rate
with/without power optimization method proposed in this
paper. It is clearly shown that both MBS and FBS rate is
improved by approximately 2-3 bps/Hz.

6.3. Analysis of Scheduling Process. In Figure 7, we study the
effect of the fairness coefficient 𝛿. We plot CDF of UE rate
under different 𝛿. For a small 𝛿, D2D UE rate is distributed
in a large range and has a tendency to converge with a larger
𝛿. Thus, scheduling with a larger 𝛿 achieves better fairness. If
we set 𝛿 too large, the previous utility is the deciding factor
and the utility of the current TTI has little influence. If D2D
scheduling is not considered, there will be only a few D2D
pairs that can get access to the network, resulting in other
D2D UE that cannot achieve any data transmission.

7. Conclusion

In this paper, we constructed a Stackelberg game frame-
work for joint power control and channel allocation and
scheduling of D2D communication in heterogeneous macro-
cell/femtocell network system. Based on properly designed
utility functions, prices for reusing the channel resource
and appropriate transmit power of D2D transmitters are
adjusted to maximize the utility obtained by base stations
and D2D pairs, respectively. Based on the proposed scheme,
we analyzed the optimal strategy for every participator
(D2D pairs/femtocell users/macrocell users), worked out the
solutions for equilibrium state, and proposed an algorithm to
allocate resources to schedule D2D UE, where interference
management and fairness of the system were considered.
Simulation results show that the proposed algorithm can
achieve an increase in transmit rate performance for both the
cellular and the D2D UE. The D2D UE can be fairly served.
The scale factor 𝛼 and fairness coefficient 𝛿 have an important
effect on the performance of the algorithm.
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