
1

Power Allocation for D2D Communications in
Heterogeneous Networks

Yinuo He, Xi Luan, Jiajia Wang, Meiping Feng, Jianjun Wu
Institution of Advanced Communications, EECS, Peking University, Beijing, P.R.China

100nuo@gmail.com, just@pku.edu.cn

Abstract—In this paper, we study power allocation for D2D
communications in heterogeneous networks utilizing game theory
approach to improve the performance of the whole system.
Given D2D’s underlay status in the system, Stackelberg game
framework is well suited for the situation. In our scheme,
macrocell system and femtocell system are considered as two
leaders and D2D pairs are considered as the follower, forming a
two-leader-one-follower Stackelberg game. The leaders act first,
charging some fees from the follower for using the channel and
causing interference to jeopardize their communication equality.
The follower observes the leaders’ behavior and develops its
strategy based on the prices offered by the leaders. We analyse the
procedure and obtain the Stackeberg equilibrium, which deter-
mines the optimal prices for the leaders and optimal transmit
power for the follower. In the end, simulations are executed
to validate the proposed allocation method, which significantly
improves data rate of user equipments.
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I. INTRODUCTION

As a type of proximity communication, D2D communication
enables user equipments (UE) to communicate with each
other directly without through the evolved NodeB when UEs
are in close distance [1] [2]. Therefore, D2D communication
makes a great contribution in improving system throughput and
extending UEs’ battery lifetime. On the other hand, to provide
indoor cellular users with better service quality, 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 [6].

Generally, as a secondary underlay which reuses the spec-
trum resources of the primary system, power allocation of
D2D pairs is an important but challenging task to improve the
performance of heterogeneous macrocell-femtocell networks
[4] [5], since the receivers in this system suffer from three-
tier interference, i.e., macro-to-device, femto-to-device, and
device-to device interference [3]. In previous SINR-threshold-
based power control method [7], 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 of D2D communications. In this
paper, we study power allocation 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.

Macrocell base station

(MBS)

Femtocell

D2D pair 1

D2D pair 2

Macrocell user

Communication link

Interference link

Rd

UE1

UE2

UE3

UE4

UE5

UE6

Fig. 1. System model.

The rest of this paper is organized as follows. In Section
II, system model of heterogeneous networks with D2D com-
munication as an underlay is illustrated. In Section III, we
construct the Stackelberg game and formulate the equilibrium.
In Section IV, simulation results are presented to validate the
proposed scheme. Finally, Section V concludes the paper.

II. 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 and covers an area of 100π
square meters. The femtocell base station (FBS) is deployed
at the center of the house. The femtocell serves several indoor
users, which are randomly located within the house. Several
macrocell UEs are distributed out of the femtocell. There are
multiple outdoor D2D pairs around the considered femtocell. If
D2D pairs are far enough away from the femtocell, the interfer-
ence they cause to the considered femtocell can be neglected.
Therefore, we locate D2D pairs around the femtocell in the
shadowed area with width of d. The D2D UEs are in pairs,
each consisting of one transmitter and one receiver between
which the communication distance is Rd, as shown in Fig.1.

We assume that the number of macrocell UEs is K, hence
there are K orthogonal channels which are occupied by the
corresponding macrocell UEs. The channels allocated to the
macrocell UEs are fixed. The femtocell system and D2D pairs
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share channel resources with macrocell UEs. The number of
the femtocell UEs is K. One channel is only allowed to be
used by one macrocell UE, one femtocell UE and one pair of
D2D UEs. In LTE, scheduling takes place every transmission
time interval(TTI) [8].

III. STACKELBERG GAME FORMULATION AND
ANALYSIS

In heterogeneous networks, interference from D2D pairs to
cellular networks should be limited. Thus, transmit power of
D2D UEs should be properly controlled. In this section, we
first formulate this problem as a resource allocation method us-
ing Stackelberg game based scheme, then we obtain solutions
of the proposed game.

A. Two-level Game Framework
Stackelberg game is employed to coordinate the scheduling.

We focus on the behavior of a two-leader one-follower pair, of
which a Macrocell UE and a Femtocell UE are leaders, a D2D
UE is the follower. They share the same channel resource. The
leaders own the channel resource and they can charge D2D
UEs some fees for using the channels. The fees are fictitious
money to coordinate the system. Thus, the cellular UEs have an
incentive to share the channel with D2D UEs if it is profitable,
and the leaders have the right to decide the prices. For D2D
UEs, under the charging prices, they can choose the optimal
power to maximize their payoffs.

1) D2D UEs / Follower-level: Utility of the follower can
be defined as its own throughput performance minus the cost
it pays for using the channel. The fees should be decided
according to the leaders’ consideration. Thus, we set the fee
proportional to interference the leaders observe, which can be
expressed as

UD2Di = αlog2(1 +
PigD2Di

P1kgMkDi + P2kgFkDi +No
)

−pi1PigDiMk
− pi2PigDiFk

(1)

where P1k, P2k and Pi are transmit power of the k-th
macrocell UE, k-th femtocell UE and i-th D2D transmitter
respectively. gDiMk

denotes channel gain between i-th D2D
transmitter and MBS. gDiFk

denotes channel gain between
the i-th D2D transmitter and FBS. gD2Di denotes channel gain
between i-th D2D transmitter and i-th D2D receiver, which are
in a pair. gMkDi denotes channel gain between k-th macrocell
UE and i-th D2D receiver. gFkDi denotes channel gain between
k-th femtocell UE and i-th D2D receiver. Without loss of
generality, we assume all UEs observe the same noise power
N0. pi1 and pi2 are the charging prices (pi1 > 0, pi2 > 0)
of MBS and FBS respectively. We denote the set of prices
for i-th 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. 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 (2)

2) Macrocell UEs and Femtocell UEs / Leader-level:
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

(3)

Ui2 = −PigDiFk
+ pi2β2PigDiFk

(4)

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

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

max Ui1, Ui2 s.t.p1 > 0, p2 > 0 (5)

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

B. Analysis of the Proposed Game
In the Stackelberg game, the leaders move first and the

follower moves sequentially, i.e., 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.

1) Analysis of the Follower-level Game: As illustrated in
(1), given pi1 and pi2 decided by the leaders, the best response
of the follower is derived by solving

∂UD2Di

∂Pi
=

α

ln2

gD2Di

PigD2Di +G
− pi1gDiMk

− pi2gDiFk
= 0

(6)

where G = P1kgMkDi + P2kgFkDi +No
The solution of (6) is

P̂i =
α

ln2(pi1gDiMk
+ pi2gDiFk

)
− G

gD2Di

(7)

2) Analysis of the Leader-level Game: Substituting (7) into
(5), we have

max Ui1 = (pi1β1 − 1)gDiMk
ˆPi(pij) (8)

max Ui2 = (pi2β2 − 1)gDiFk
ˆPi(pij) (9)

We can note that (8) and (9) is 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 (8). 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, P̂i(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.
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TABLE I. SIMULATION PARAMETERS AND VALUES

Parameter Values

Macrocell radius 500m

D2D communication distance 10m

Shadow width (d) 10m

Cellular UE power 23dBm

D2D transmit power 0-23dBm

Thermal noise power density -174dBm/Hz

Bandwidth 180kHz

Transmission time interval 1ms

From the analysis above, by taking the derivative of Ui1 to
pi1, Ui2 to pi2, and equating it to zero, we have

∂Uij

∂pij
= (pijβj − 1)gij

∂P̂i

∂pij
+ P̂igijβj = 0 (10)

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

p̂ij = p̂ij({Gi,j}) (11)

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

After rearranging (10) we have

pij = Hij(p) = − P̂i

∂P̂i/∂pij
+

1

βj
(12)

In order to calculate pij in (12), each base station listens to
the instantaneous feedback information about P̂i and ∂P̂i/∂pij
from the D2D transmitter. Then updating of the base stations’
prices can be described by a vector equality of the form

p = H(p) (13)

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 (13), iterations of the price updating can be
expressed as:

p(t+ 1) = H(p(t)) (14)

According to the price updating formula above, the leaders
would obtain best prices for the follower, which will maximize
their utility [9].

IV. SIMULATION RESULTS

To evaluate the performance of the proposed algorithm, we
perform several simulations. We consider a single circular cell
environment. 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
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place every TTI. Simulation parameters are summarized in
TABLE I.

Simulations are conducted to observe the convergence be-
havior of the proposed game. In Fig.1, we plot convergence of
prices for MBS and FBS under different α (α1 < α2), where α
denotes the gain per unit of rate as defined in (1). It is seen that
the proposed scheme has fast convergence to the Stackelberg
equilibrium p̂. It takes less than 20 iterations until the price
vector p converges to the optimum. When α is fixed, 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 (7), we denote that
when α gets smaller, D2D transmitter will choose a smaller
transmit power, which is illustrated in Fig.2 (α1 < α2 < α3).
In this case, the interference D2D causes to base stations gets
relatively weaker,and there is no necessary for base stations to
ask for high prices. Thus the prices are relatively lower.

In Fig.3 and Fig.4, 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
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improved by approximately 2− 3 bit/s/Hz.

V. CONCLUSIONS

In this paper, we constructed a Stackelberg game frame-
work for power allocation problem of D2D communication
in heterogeneous macrocell/femtocell network system. Prices
and transmit power are adjusted to maximize utility obtained
by base stations and D2D pairs respectively. We analyzed the
optimal strategy for every participators, and worked out the
solutions for equilibrium state. Simulation results have been
analysed to validate the solutions, which illustrate that the
proposed method can effectively promote UE rate.
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