IEEE COMMUNICATIONS LETTERS, VOL. 21, NO. 4, APRIL 2017

865

Operator’s Economy of Device-to-Device Offloading
in Underlaying Cellular Networks
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Abstract— Offloading onto device-to-device (D2D) communi-
cations is considered a promising technology to alleviate traffic
load of cellular networks. However, the success of D2D com-
munications relies on user’s willingness to share contents and
operator’s incentives to tolerate interference in networks, which
has been overlooked in most literature. We propose an incentive
framework of D2D offloading, where the operator encourages
some users acting as D2D transmitters to broadcast their popular
contents to nearby region to improve operators, overall economic
efficiency. A two-stage Stackelberg game is employed to analyt-
ically model such interaction: The operator (leader) determines
the incentive price to maximize its interests and D2D transmitters
(followers) choose appropriate traffic volume to be offloaded. The
transmit powers at the base station and D2D transmitters are
simultaneously characterized by considering the intra-tier and
inter-tier interferences in complex cellular networks. Simulations
confirm that the cellular operator can fully utilize the spectrum
and significantly increase its profit by incorporating this D2D
offloading incentive mechanism.

Index Terms—D2D communications, offloading, network econ-
omy, Stackelberg game, stochastic geometry.

I. INTRODUCTION

ECENTLY, with the ever-growing traffic in cellular

networks, device-to-device (D2D) communication has
attracted great attention to cover poorly received signal
strength and to aimed at providing high-speed data rate by
facilitating the effective physical proximity of communicating
devices [1]. The traffic offloading of D2D communication not
only improves the network spectral and energy efficiency, but
also enhances the end-users throughput and system capac-
ity [2]. Since some users carry popular contents that might be
desirable for nearby mobile users the operator can formulate a
commendable pricing scheme to stimulate the users possessing
popular contents to broadcast their information within a certain
local area, in order to further increase operator’s profit, while
still guaranteeing users quality of service (QoS).

The hybrid access policy within macrocell and femtocell
BSs is analyzed by a proposed rate-based pricing frame-
work in [3]. Pricing strategies for operators in cognitive
femtocell network with static and dynamic pricing models
are discussed in [4]. However, operator’s incentives at the
system level like profits have not been well taken into
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Fig. 1.  Cellular downlinks with D2D transmitters which can broadcast
information for users in the circular region of radius Rp.

consideration for the economic aspects of D2D communi-
cations. Furthermore, pricing incentives and thus transmit
power at both BS and D2D transmitters to control interference
shall be interactive at the system level, which still remains
unknown. Therefore, to maximize the incentives of cellular
operator with appropriate transmission power control to sat-
isfy users’ desired data rates becomes our unique view on
D2D communications.

II. SYSTEM MODEL

We consider cellular downlinks underlaid with D2D com-
munications (Fig. 1). BSs are modeled as a homogeneous
Poisson Point Process (PPP) on the entire plane R? with
density Ap, and that can be denoted as the set of ¥p =
{bj,j =0,1,2,.. } Each BS has the maximum transmit
power represented as Pys. The users are classified into cellular
users (CUEs, i.e., attached to BSs or D2D transmitters) and
donor users (DUEs, i.e., D2D transmitters), which are spatially
scattered in R? according to independent homogeneous PPPs
Y, and ¥p of various density 1, and Ap, respectively. At
each DUE, the device has its maximum allowable transmit
power indicated by Pp.

Towards cellular user’s association, each cellular user con-
nects to the closest BS (bj S ‘I’B) if it cannot be offloaded
onto D2D links, and the cell area can be defined as the
set of V; = {x e R?|||x —b;| < llx — bxll , bx € ¥5\bj},
where |la — b|| represents the distance between a and b.
In D2D communications, the i th offloaded user u?’ F connects
to the j'* DUE ufT, when their distance is within the
communication range of radius Rp and the user’s required
contents are the same with DUE’s broadcast information.

In addition, the offloading region of u?T is QPT

{x € R? H‘x - u/.DTH < Rp,uPT e W } and the probability,

J
which DUE’s broadcasting information likes with the required
contents of an arbitrary cellular user, can be denoted by P,
If a user moves outside the designated offloading area, it will
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connect to traditional cellular link, and such vertical handover
process is transparently performed for users.

A. Cellular Downlink
Cellular users in cell V; can be denoted as a set of ¥ e
where “P‘ ‘ = N‘ is the number of cellular users. The
bandw1dth for downhnk in each cell is Bc MHz, and user
(zth cellular user in j" cell) obtains BC = us jBC/N;
MHZ where 4 . denotes the allocation factor for user uf E
Suppose that the bandwidth B¢ is fully used, and thus we

N¢

have >, 7, uf i= N]‘.. Within a cell, the transmission links are
orthogonal. We assume each BS can be capable of performing
adaptive power control according to zero-delay channel state
information (CSI). According to Shannon theorem, the BS
transmit power PB for uf ij on its sub-band is allocated to

ensure the requlred data rate R‘ ;as follows:
g
i,jO1,j
R = B.C.log2 1+ (D
o i C D ’
IC i ] + IC i ] + O-

where gf j Tepresents the fast fading coefficient, a expresses

the path-loss exponent, I C j indicates the interference from

cellular t1er at ul e 1 ch J denotes the cross-tier interference at
u; , and o2 denotes additive noise. The objective function of
ellular operator can be expressed as the difference between
income and total cost which includes the power consumption

of BSs and incentive expenditure to DUEs, as follows:

ApeR,NP,., )

where 7 denotes the income per unit data rate, and
R, = gz 1 Zl_l 11)/(25'(:1 N,) indicates the average
require throughput of users with K cells. Although each
cellular user u{ ; has a specific data rate requirement denoted
by RC , for tractable analysis, we can assume that all the users
Vuf j e Y, have an identical rate requirement of R = Ry,.
In addition, &p represents a cost factor regarding to power
consumption, and P74 = puon 4 P88 s the total power
at BS which includes the non-transmission power P3°" and
aggregated transmit power Py*%. The incentive price per unit
data rate is denoted by ¢, and uw, = Poonium Rp? is the
average number of offloaded users in an offloading region
Q].D T The first term in (2) represents the operator’s revenue
per unitary area, the second term expresses the power cost and
the last term denotes incentive cost of operator.

Uo = Ayt Ry — Ap<¢B P[tgotal

B. D2D Link

We suppose that the available bandwidth D2D communica-
tions Bp is uniformly divided into several sub-bands by the
parameter £, and each u?7 can randomly access to one of the
sub-bands which are not actually used by its closest n D2D
transmitters. For an offloaded user u , the data rate is

ppd |..d
BD1 1_’_P. l/H”'/_
—I0
E2 1§, +1P, +0?

3
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where Bp denotes the total D2D bandwidth underlaid with

Bc, PD (PD < Pp) represents the transmit power at ufT

and accordmgly hd. is the fading coefﬁ01ent I i denotes

the interference frorn cellular tier at ul L 1 Dl

. The data rate requirement of the

F 1nd1cates the
co-tier interference at u

offloaded user ul should not be less than its previous cellular
data rate, otherwise, throughput degradation suggests falling
back to pure cellular operation. Therefore, to facilitate analysis
of the networks performance, we assume that offloaded users
have an identical rate of Rd = R,.

Correspondingly, DUE’s payoff can be defined as the dif-
ference between its income and payment, i.e.,

Upuk = eRAND,, — EpE [ PP], )
where ¢, R, and NP

ser are the same as defined in (2), {p
denotes the payment factor of the power consumption at

devices, E [P/.D ] is the average DUE’s transmit power.

III. GAME-THEORETICAL APPROACH FOR OFFLOADING

Since the participants (i.e., operator and DUEs) are rational
and actually act in order, the leader (i.e., operator) can take
into full account the response of follower (DUE) to maxi-
mize its profit by determining an appropriate incentive price,
and this suggests the formation of a two-stage Stackelberg
game. In stage I, the operator announces an incentive price
of a single user per unit data rate. In stage II, each DUE
decides how much traffic volume to offload (i.e., the offloading
radius Rp). We will analyze this game by using backward
induction.

A. Stage II: Followers Game - DUE’s Offloading Radius

The average DUE’s transmit power can be obtained by a
transformation of equation (3) as

ZﬁRu/BD — 1
D C D 2
B[] == (i, 1fy+ 7).
where x = uf ju jD r H is the distance for service link, and

we have utilized E Lh;i il= 1. The worst-case scenario will

be analyzed where the interferers transmit on their maximum

power, and the average aggregated interference Idcl. ; can be
obtained by applying Campbell’s Theorem, as follows:
c d | da -
lgij =By [Zb.,.expg Fe-asi, H”ia-/ b H }
d —a
= Pc,dig/ uj —xH dx (6)
xeR2 g

2n A Pe—g (dlcfd)z_a,

2 —« min

Btlz)CPﬁM More SPeCiﬁCEﬂly, a BS interferes a
ﬁ Note that 4%

where P._; =

typical D2D link with the probability of min
denotes the radius of a circular region centered at the receiver
where the interferers are located outside the region, and here
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I

dnji;d is the distance between the D2D receiver and its nearest

BS. Similarly, the average co-tier interference / dDi j is

20 ApPi_g ( 1, 2@
laij=—0g"5 ( ntliind) ; @
where Pj_4 = ﬁD, which indicates that two D2D links

interfere each other with the probability of +, and dé‘fmd is the
minimum distance of interferers, i.e., the distance between the
D2D user u - and its n'" closest D2D transmitter.

Since the offloaded users can be viewed to follow uniform

distribution on QID T the PDF of the dlstance X between user

ufl/. and DUE uDT is f(x) = . Although the cell’s
D

boundary forms a Voronoi tessellation, it can be accurately

approximated by a circle area with the radius of Rp, where

Rp = Therefore, the PDF of the distance between

user I/ld

NI
. and its nearest BS is f (y) =

PDF of dnfmd for a typical D2D user ulj is f na @ =
2(z/p)"

) [5], and thus,
average transmit power of DUE u f Tis

/oo /Rn /RB (zﬁRu/BD _ 1) 2
“Jo Jo Jo x~%(a —2)

. In addition, the

2 mln
2n—1 e*ﬂ.’/pDZ

according to (5), the

A8BpPy  ApPp ,_, 0°(a—2)

Bcfy*—? p 2r

2y 2x

R R zfr:ﬁnd (Z) dydxdz ()
( ﬂRu/BD — 1) 0—2 (ZﬂRu/BD _ ])
(@ +2)Rp™* (a?—4)Rp™*

8(xip)2BpPy  4PpO® (n,a)
Bcf (4 —a) B(wip)~3

where © (n,a) = T'(n+1—%)/T(n), and T (x) is the
standard gamma function.

In equation (8), we note that the DUE’s transmit power
increases with the offloading radius Rp. By plugging
(8) into (4), we can get a closed-form DUE’s payoff function.
We consider the first derivative of Upy g on the price ¢ as

Upue Da]E[ ]/aRD,

ORp
In order to get the optimal value of the offloading radius R7,
that can maximize DUE’s payoff, we let the first derivative

= 28Ru/1u77,' RDPcon —

equal to zero (i.e., % = 0), and calculate R}, as:
1
=)
) 1-% (a42) “
“‘Ruﬂulp)con” 2 4 T(4 a)
Rp = . (10
BDPM’B + Ppip 3 O(n,a)(4—a) T
Bcha-2) 2B@—2)

BRu 2
where Y =280 — 1 and T = L%“). According to (10),
the optimal offloading radius R}, irfcﬂreases with the incentive
price ¢ and the density of users 4,, while decreases with the
payment factor of power consumption £p and the density of
DUEs A p. Combining (10), (8) and (4) by substituting R}, for

Rp, we can obtain the DUE’s maximum payoff as:

2 2
u*DUE = 8Ru]P)conj-u77:(R*D) (] B ;)’

where R*l‘) is the same as above (10).

(1)

B. Stage I: Leader Game - Operator’s Pricing

Now, we study the design of stage I, where operator
chooses the optimal incentive price ¢* to maximize its profit.
Note that a BS interferes user u i with a fraction of power
,uij

N(‘
contain Ngup= (étl/Bc/N‘)/(BD/ﬁ) D2D sub-bands, and
an arbitrary DUE can access to these sub-bands with the
probability of Nz“”. Therefore, similar to (5), the average BS

. In addition, the user’s service bandwidth BC, could

transmit power PiBj conditioned on the service link distance
on its sub-band Bicj is

iy =[u; -]
(2]\/, Ru/(lui,j BC) —_ 1) 2w

- (zg/.)_“ (@—2)

for user uf i

B[ 7

D
| 20N [PP] 20|
a—2 a—2 >
cfic ﬁRD 2
N; (li,j)
where l‘, is the service link distance between u . and its

assomated BS b;. We assume that the cellular user Would not
be assigned to the identical radio resource of its closest D2D
transmitter, and thus the nearest distance of interfering DUE
should not be less than Rp. Since the transmit power Pl.Bj is
.o, . C C . ,
conditioned on /; F and u; It the aggregated transmit power

E [PJB ] at a BS can be expressed by the summation form,

B| _ B
e E[PF] = S co, B[ PE[1E, 5]
analy31s of "interference from other cells and for the sake
of maintaining the maximum fairness, we invoke the classic
round-robin scheduling at BSs (i.e. V,ul .= 1).

Therefore, by adopting the PDF of lC (1 e, flc 0=

we can obtain the average transmit power at a BS for an
arbitrary cellular user given that the required data rate R,,

by calculating fo B E[PB ‘l] fie, (1l as follows:

E[r]= > (ZNERW/BC _ 1)

v (@ +2) (x/p)?

For tractable

13)

NSRy
2 i;c —1| Py 41pBcE [P]-D] RD27a
a2 | 2 g
J BDN‘(a—i-Z)n 2 Ap2

Since the users are uniformly distributed on the network
plane R?, the probability that a user can be offloaded onto
D2D link is characterized by a ratio of D2D region to the total
area (ie., Por = ngZD]P)con = /IDERD Peon, Por < 1)).
Therefore, the density of cellular users can be approximately
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Fig. 2. Operator’s profit per unit area with respect to the incentive price &
under varying densities of DUEs Ap.

obtained, ie., A, = (1 —Popr)A,. From the relations, the
average number of cellular users per BS is given by N/C. =
A5 (1=Ap7 Rp*Peon) i

Y P . Moreover, the aggregated transmis-
sion power per BS can be obtained by calculating the sum of
per user’s power, i.e., Pp*% = N§ x E Pf/ .

We plug the DUE’s reaction function R}, (¢) (10) into the
operator’s profit function (2) as equation (14), shown below,
where 4}, = Apn (RE)Z]P’CM and E PjD can be found in (8).

Thus, the operator’s profit-maximization problem is

max : Uop
e>0

st Cr: PR |p e < Py
-—"D
Co: E[Ppllry=ry < Pp

Cs: dpm(Ry) < 1. (15)

The constraint C; indicates a lower bound of ¢ when the
network parameters and user’s quality of service are given.
More specifically, when ¢ is lower than the limitation, the
operator could not guarantee the user’s required traffic data
rate with maximum transmit power. Correspondingly, con-
straint C gives an upper bound of &, where each device
has its corresponding maximum transmit power. Constraint C3
satisfies the assumption of non-overlapping offloading regions.
The unique existence of Nash equilibrium can be proved with
some algebraic efforts. Moreover, when D2D offloading is
disabled, the operator’s profit can be given by

ugofDUE = AytR, — AB&p (Pgon + P/B)

1. Ry 2 —at2 (16)
J a—2 (a+2)z2

where P/.B is the average transmit power of a BS. The optimal
incentive price ¢* can be obtained by solving (15), and
the corresponding profit is 7, If uf, > Uy~ , it is

economically viable for operator to introduce D2D offloading.
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IV. NUMERICAL SIMULATIONS AND CONCLUSIONS

In this section, we evaluate the results of D2D offloading
by numerical simulations. We generally select Bc = 20M Hz,
Bp = 10MHz, a = 3, p = 10, R, = 03Mbps, A, =
10Ap = 0.4 x 107 3users/m?, Py = 40W, P,y = 10W,
Pp=20mW, 7 =1x1072¢& =1.5x1073, &p =4x 1072,
n =15, P, = 0.8, unless specified otherwise. Fig.2. shows the
unit area profit of operator versus incentive price ¢ in different
densities of DUESs. Intuitively, there exits an optimal price &*
that can maximize operator’s profit, and the maximum value
increases with the density of DUEs as the amount of traffic
can be offloaded from cellular networks which results in a
reduction of aggregated power consumption at BSs.

In Fig. 3., we observe that an increasing average required
data rate leads to the improvement of operator’s profit, and
significant economic efficiency gain can be obtained by the
proposed incentive D2D offloading scheme.

In conclusion, we study the economics of D2D offloading
in the large-scale networks. The theoretical model can assist
the operator to maximize its profit by encouraging users to
share contents in proximity, and D2D transmitter can improve
its payoff according to the derived optimal offloading radius.
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