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Relay-Centric Two-Hop Networks With Asymmetric
Wireless Energy Transfer: Stackelberg Games

Shiyang Leng, Student Member, IEEE, and Aylin Yener

Abstract—This paper studies two-hop networks with wireless
energy transfer (WET) consisting of one source and multiple
relay—destination pairs. We focus on relays’ primary interest of
sending their own messages to the associated destinations. As an
incentive for relaying, WET is offered by the source to relays who
forward source data as a return. We propose an asymmetric WET
(AWET) model, where relays receive source signals one by one but
those waiting longer are able to accumulate more energy by har-
vesting from earlier signals. We also consider symmetric WET,
broadcast WET, and independent WET for comparison, where
source signals can either be harvested by all relays via time-
division, or via broadcasting, or harvested by intended relays
exclusively. We adopt the framework of Stackelberg game to
capture the self-interest and hierarchically competing nature of
nodes. The relay—destination pairs play as leaders and the source—
destination pairs as followers. The existence and the uniqueness of
the Stackelberg equilibrium (SE) are shown, and a best-response-
based algorithm that achieves the SE is provided. Simulation
results demonstrate that the AWET protocol outperforms the
others.

Index Terms—Wireless energy transfer, two-hop networks,
Stackelberg games, Stackelberg equilibrium.

I. INTRODUCTION

N RECENT years, the pervasive deployment of wireless

nodes has highlighted the issue of ever-increasing energy
consumption in wireless communication networks. Energy har-
vesting networks, where wireless nodes can harvest energy
from natural sources, such as solar radiation, or dedicated
sources, for instance, radio frequency (RF) beams, have gar-
nered interest as a promising solution for perpetual energy
self-sufficient operation [2]-[12]. Wireless energy transfer
(WET) by RF energy harvesting is accomplished by trans-
ferring energy as RF signals from energy-abundant wireless
nodes to energy-deprived ones [13]-[15]. In addition to data
transmission cooperation in conventional wireless systems,
WET can be viewed as a special case of energy cooperation,
new dimension for cooperation among wireless nodes in addi-
tion to signal relaying [16], [17]. Significant research effort
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has focused on WET from different perspectives, for instance,
the trade-off between data transmission and energy harvesting
in various systems, practical issues in the implementation of
WET, see [13]-[15], [18] and references therein.

One such direction focuses on wireless information and
power transfer (WIPT) in relay networks. A relay network
with WET was proposed in [19], where the relay is energy-
constrained and harvests energy from the received RF signals
to forward the source’s information. Both power splitting and
time switching energy harvesting protocols are investigated.
Following this two-hop model, growing research has studied
WIPT relay networks in terms of optimal energy harvesting
protocol design, full duplex relaying (FD), relay selection,
and so on [20]-[23]. Another line of research considers wire-
less powered communication networks (WPCN), which was
proposed in [24]. WPCN refers to the system that a set of users
without energy access harvest energy from an access point
(AP) or a power beacon in downlink and transmit information
to the AP in uplink using the harvested energy. This model
has been extended to the setup with full duplex AP in [25].
Based on these models, [26] proposed a relaying cooperative
communication network with the destination working as the
power beacon.

In wireless sensor networks, energy harvesting sensors
could experience energy shortage periods when natural energy
sources may be unavailable, rendering communication infea-
sible even if there are favorable channel conditions to fusion
centers (destinations). Conversely, there could be sensors with
stable energy supplies but poor channels to destinations. Thus,
a viable solution to enable all is energy and signal cooperation
between these two parties. In this paper, we study a two-hop
network with one source and multiple relay-destination pairs,
where the source is energy-rich but has poor channels to the
destinations and the relays are energy-deficient but have bet-
ter channels to the destinations. The cooperation between the
source and the relays in energy transfer and data transmission
is of interest. We consider that the source and the relays belong
to different service operators; thus are noncooperative when
left to their own devices and need incentives to cooperate.
They are selfish in the sense that each node aims to transmit
its own data to the associated destination. With the competi-
tive objectives of the source and the relays, we study two-hop
systems with relay-centric objectives by Stackelberg games.
The framework of Stackelberg game models the hierarchi-
cal competition among players. The players with competitive
advantage, namely, the leaders, form an upper-level game, and
the followers play the lower-level game in response to the
leaders’ strategies.
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In related work, a number of papers have investigated
two-hop networks with WET from various game-theoretic
perspectives [27]-[38]. Reference [27] considers multiple
source-destination pairs competing for the assistance of an
energy harvesting relay. An auction-based power allocation
strategy is derived by solving a Nash game and the proper-
ties of the Nash equilibrium are discussed. In [28], a WIPT
system with multiple source-destination pairs communicating
through their dedicated relays is considered. A Nash game
is formulated for the competition among relays whose strate-
gies are the power splitting ratios. In [29], the relay has its
own objective of harvesting energy and a Nash bargaining
game is proposed to balance the information transmission effi-
ciency of multiple source-destination pairs and the harvested
energy of the relay. In [30], the energy trading in a WPCN
is modeled as a Stackelberg game between an AP-user pair
and multiple power beacons. The AP plays as the leader to
determine downlink energy harvesting time and energy price,
and power beacons as followers choose transmit powers to
maximize the income of WET service. Reference [31] studies
similar energy trading problem for a system with a multi-
antenna power beacon and multiple energy harvesting users.
Reference [32] extends the Stackelberg game with complete
information to the scenario, where the AP is not aware of
the channel state and the energy cost of power beacons, and
expected utility of AP is maximized. Reference [33] considers
a robust Stackelberg game in a WPCN with imperfect chan-
nel state information (CSI) between the users and the power
beacon. Cognitive radio networks with energy harvesting are
investigated in [34]-[36] via Stackelberg games. In [37], con-
sidering the data transmission objectives of both the source
and the relays, a single-leader Stackelberg game is formu-
lated for two-hop networks with WET, and Vickery auction is
employed for relay selection. As an extension, [38] consid-
ers multi-leader-single-follower Stackelberg games allowing
multiple relays to transmit in a multiple access channel (MAC)
in the second hop and derives the existence and uniqueness
properties of the equilibrium.

This paper considers a WET two-hop system with multiple
relay-destination pairs. The source has its data delivered to
destinations by a set of relays via decode-and-forward (DF)
relaying. WET occurs in the first hop from the source to the
relays to supply energy for data transmission in the second
hop. Each relay receives information and harvests energy from
the source intended signal in a time switching manner [39].
Relays are allowed to harvest energy from signals intended
for other relay nodes. By this means, we introduce interac-
tions among relays on wireless energy harvesting. For the
second hop, orthogonal channels by time-division are used for
multiple relay-destination transmission. Built upon this system
model, we highlight the contributions of this paper as follows.

1) We propose an asymmetric wireless energy transfer

(AWET) protocol. More specifically, with a time-
division transmission protocol in the first hop, each relay,
in addition to harvesting energy from its dedicated signal
sent by the source, while waiting for its turn to receive
source information, it also harvests from previously
transmitted signals to other relays. Thus, asymmetry
in terms of energy accumulation and wait time arises,
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Fig. 1. The two-hop network with wireless energy transfer. Solid lines and
dash lines indicate information transmission and energy transfer, respectively.

where relays with longer wait have opportunities to
harvest more energy at the expense of delay.!

2) Multi-leader-follower Stackelberg games are formulated
to capture the hierarchical competition between the
source and relays. We incorporate data rate, energy cost
and delay in the utility functions of players. The exis-
tence of Stackelberg equilibrium (SE) is shown and a
sufficient condition of the uniqueness of SE for AWET
is proved.

3) We show that the AWET model achieves higher util-
ity and average rate for relays, which implies that the
asymmetry of energy accumulation and delay improves
the performance of each agent in the network. We also
find that the competitive interaction on wireless energy
transfer facilitates to save energy and improves energy
efficiency in WET.

The remainder of the paper is organized as follows. In
Section II, we describe the two-hop network and propose the
asymmetric wireless energy transfer model AWET, as well as
the models considered for comparison, i.e., symmetric wireless
energy transfer (SWET), broadcast wireless energy transfer
(BCWET), and independent wireless energy transfer (IWET).
In Section III, we introduce the framework of Stackelberg
games with multiple leaders and followers. We formulate and
solve the multi-leader-follower Stackelberg games for AWET
and SWET models. In Section IV, we formulate single-leader-
follower Stackelberg games for BCWET and IWET models
and derive the optimal strategies. In Section V, we present
the simulation results for all proposed models and verify our
analytical findings. Section VI concludes the paper.

II. SYSTEM MODEL

We consider a two-hop relay network consisting of one
source, multiple relays, and multiple destinations shown in
Fig. 1. The source (S) transmits information to K destina-
tions, Dy, £ = 1,..., K, via K relays, Ry, k = 1,..., K,
that are capable of energy harvesting, i.e., each destination (D)
has one subscribed relay (R) to help forward signals in half
duplex mode. Decode-and-forward (DF) relaying is adopted.
Let K ={1,2,..., K} denote the set of R-D pairs. We con-
sider the setup where direct channels are too weak to be useful
and thus only include the channels of S-R and R-D pairs within

IWe note that this is distinct from [40], [41], which also allow nodes to
harvest energy from peer nodes’ signals or interference signals without this
deliberate asymmetry.
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the two-hop network. In order to convey messages to desti-
nations, the source provides wireless energy transfer to relays
as a trade for relaying service. Each relay has the primary
goal of transmitting its own information to the associated des-
tination. The relays, however, do not have power supplies and
thus are considered to operate only with the energy harvested
from the source’s signals to sustain transmission. The source’s
information is forwarded by the relays as a return for getting
wireless energy transfer from the source. Energy is harvested
at relays in a time switching manner, i.e., time division, during
the first hop transmission.

The two-hop transmission completes in two time slots,
where each hop occupies one slot of duration one second. For
the kth S-R-D channel, the source transmits to relay k& with
power p; in the first hop, and then the relay uses the har-
vested energy to transmit to destination k subsequently in the
second hop. We consider a system with low mobility such that
the channels are quasi-static over the two hops. The channel
state information (CSI) is known at the respective transmit-
ters and receivers. The source to relay and relay to destination
channel gains are denoted by h;. and gy, respectively, Vk € K.
We note that the analysis readily extends to fading channels
with known CSI, in which case hj, and g;, represent the chan-
nel fading level of the corresponding communication time slot.
For wireless energy transfer, we consider four different models
for the first hop for thorough comparison, namely, asymmet-
ric WET (AWET), symmetric WET (SWET), broadcast WET
(BCWET), and independent WET (IWET) as will be described
shortly.

In the second hop, we adopt time division transmission,
where each relay is assigned a 1/K long subslot to transmit
to its destination. Note that time division in the second hop
of AWET model is due to the asymmetry in the first hop,
where the asymmetry is introduced to allow the relays har-
vest more energy at the cost of waiting, as explained shortly
in Section II-A. Consequently, interference from other R-D
pairs is avoided. For the sake of a fair comparison, the same
type of protocol in the second hop is also deployed in the
variants of SWET, BCWET, and IWET, i.e., they only dif-
fer from the AWET in the energy transfer scheme in the
first hop. We also remark that a K-user interference chan-
nel in the second hop could be considered for each protocol.
However, this would decidedly complicate the notation and
formulation, and would still, in general, be suboptimal since
treating interference as noise, or decoding interference (the
two known techniques), are only known to be optimal in cer-
tain interference regimes. Thus, we opt for a simpler protocol
that highlights the impact of energy harvesting protocol in the
first hop.

The harvested energy in the first hop is exploited for sending
relay’s own information and forwarding the source’s signals
in the second hop. Let E%\{i denote the available energy for
the second-hop transmission obtained from wireless energy
transfer for relay k, M € {AWET, SWET, BC,IWET}. The
transmit power of relay is pg[k =K Egi , Vk. The instantaneous
transmission rate of relays is given by

M

9k PR,
RM —=1og| 1 k 1
Rk Og( + 0_2 >7 ( )

k= 1/K-%—1/K-)
S2R [Ri>D; K— S/K —K=(1-5¢)/K
SR, |R,>D, | S>R¢ | S R
energy | data
| | | [s>Re[re>Dd
k 1 *—1/K
Fig. 2. Two-hop transmission protocol with asymmetric wireless energy
transfer.

where 02 denotes the variance of Gaussian noise with zero
mean at all nodes in the system. Next, we characterize different
wireless energy transfer models in the first hop. The first one
is our proposed new model, and the others are comparative
models described for the sake of completeness.

A. Asymmetric Wireless Energy Transfer (AWET)

As shown in Fig. 2, the source communicates with the K
relays one by one by time division. Specifically, the source
transmits to relays in a predefined order.> Each relay is
assigned a subslot of duration 1/K second, which is divided
into the energy transfer fraction over time §;/K and the
information transmission fraction over time (1 — d;)/K with
0 € [0,1]. The instantaneous transmission rate of source is
given by

h
%kl%0+km> )

o2
We propose asymmetric wireless energy transfer (AWET),
where each relay harvests energy from existing RF signals
in the network until it is its turn to receive source’s data.
After receiving source’s data, the relay transmits immediately
to its associated destination using the harvested energy. More
specifically, when waiting for its turn of source access, relay
k harvests from both the source signals intended for previous
k—1 relays and the transmitted signals of relay 1,2, ...,k —2,
one by one over each subslot of duration 1/K, i.e., over %
seconds in total. During its energy harvesting interval d; /K
in the kth subslot, it harvests from its dedicated signal with
power pg, as well as the signal transmitted by relay k—1.
For RF energy harvesting, the energy conversion efficiency,
i.e., the ratio between harvested power and the received
power, is, in general, a nonlinear function of the received
power [39], [42], [43], where the received power is dominated
by the transmit power and the path loss. Specifically, the con-
version efficiency is zero when the received power is below the
sensitivity threshold and a constant when the received power
is above the saturation threshold. Between the sensitivity and
saturation thresholds, it can be approximated as a piecewise
linear function of the received power. To enable RF energy har-
vesting, we consider a communication scenario without loss of
generality that the range of the transmit power avoids the sen-
sitivity effect. Moreover, in order to simplify the analysis, we
assume an empirical constant 7, V& € IC, is chosen for relay

2The access order of relays could be determined based on the channel state
or the priority of destinations in the system.
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k based on measurements so that 7;, denotes the portion of the
received energy that is available for the second-hop transmis-
sion and 1 — ), fraction of the energy captures the loss due to
energy conversion, circuital processing, and all relevant signal
processing. Thus, the harvested energy that is available for the
transmission to destination k is

k1 k=2
AWET _ Tk AWET
Ery =% lz hepi + Y i kPR,
i=1 i=1

+ O (hkpk+lk—1,kp§}:\fT)], (3)

where [; 1. is the channel gain between relay i and relay k. In
particular, the first two terms represent the harvested energy
from the source and previous relays in the first k—1 subslots
and the last term is the harvested energy in the k-th subslot. In
this proposed protocol, relays can harvest more energy at the
cost of delay. There are multiple routes for one energy beam to
be harvested at relay k. For instance, p; can be harvested via
routes 1—k, 1-2—k, 1-3—k, 1-2—3—k, and so on, where
1—j—k means p; is first harvested by relay j, then, relay k
harvests from relay j’s signal. Due to the large attenuation
caused by the product of channel coefficients, in the sequel,
we only take into account harvesting energy beams that are
attenuated by at most two channel coefficients.? That is, the
routes in the form of i—k and i—j—k, Vi, j € I, are counted for
energy harvesting at relay k, Vi € K. After some arrangement,
EIQXVET can be expressed as

AWET
B

P 10k + Pr—1 (P ke + Pl—1.50k—10%)

K
k—2 k—2
+ v hwg P kO ki Y byl
i=1 J=i+l

“4)

where hk,k = Ukhk and hi,k = nihinkli,k for ¢ 75 k.

Remark 1: We consider equal-length subslots for all relays
in the two hops. The slot-duration and the scheduling for
the relays could be optimized to further improve the system
performance, which are interesting future directions.

B. Symmetric Wireless Energy Transfer (SWET)

For symmetric wireless energy transfer (SWET), see Fig. 3,
relays receive their dedicated signals from the source one by
one as in AWET model in a predefined order. J;, is dedicated
for energy transfer to relay k in each subslot. The instantaneous
source rate Rg, is given in (2). Each relay, while being idle,
can also harvest energy by listening to the signals intended for
all other relays throughout the entire remaining duration of the
first hop transmission. Thus, energy harvesting proceeds in a
symmetric manner throughout the first hop session, and the
second hop starts after all relays receive source’s information.

3This simplification does not change the form of energy harvesting
expression or problem formulation in the paper.

k 1 3
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Fig. 3. Two-hop transmission protocol with symmetric wireless energy
transfer.
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Fig. 4. Two-hop transmission protocol with broadcast wireless energy
transfer.

In the second hop, relay k keeps harvesting energy from the
earlier k—1 transmitted signals, then uses all harvested energy
for transmission to the associated destination. The harvested
energy is expressed by

k K
1
ERYPT = X Y hip|pisi+ Y. pi ®)
i=1 j=Ti#i

where h; j, is defined in (4).

C. Broadcast Wireless Energy Transfer (BCWET)

In the broadcast wireless energy transfer (BCWET) model,
see Fig. 4, the source broadcasts to all relays with power p;, for
all k throughout the first hop. Energy and information transfer
proceed at all relays for time ¢ and 1—§ seconds, respectively.
Independent messages are sent to relays using superposi-
tion coding. Each relay decodes its dedicated information by
decoding and canceling the signals intended for the relays with
degraded channels before decoding its own. The rate at each
relay is

by py;
RBC = log[ 1+ k . (6)
St o2 + hy Zi:hith bi

In the second hop, time-division multiple access is used, same
as in Section II-B. Relays harvest energy until it is their turn
to transmit. The harvested energy for second-hop transmission
at each relay is given by

K k
ERC =56 (Z Pi) (Z hi,k>, (7)
=1 =1
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where h; ;. is defined in (4). Noting that successive inference
cancellation (SIC) at the relays may require extra energy for
signal processing, here, for comparison we consider the best
case scenario for BCWET that the relays can use all available
energy for second-hop transmission.

D. Independent Wireless Energy Transfer (IWET)

Independent wireless energy harvesting model (IWET) is
the baseline model, where each relay only harvests energy
from the source signal intended for itself. In other words, the
relays are only active in energy harvesting over time /K,
Vk, in their assigned subslots. Using the harvested energy
EPI{\LVET, relay k transmits to its paired destination immedi-
ately after receiving source’s data. The source rate is given
as (2). E%{\;CVET is characterized by

1
Eﬁ\LVET = ?hhwmk' ®)

In the next section, we formulate and solve multi-leader-
follower Stackelberg games for two-hop networks with AWET
and SWET. Then, we will extend the formulations and solu-
tions for single-leader-follower Stackelberg games of other
models in Section IV.

III. MULTI-LEADER-FOLLOWER STACKELBERG
GAMES FOR Two-HoP NETWORKS

In the two-hop network under consideration, the source
and the relays are primarily interested in transmitting their
individual information to the corresponding destination. To
capture the selfish nature of each node and the hierarchi-
cal competition between the source and relays, we adopt the
framework of Stackelberg games. In general, a multi-leader-
follower Stackelberg game consists of multiple upper-level
players, the leaders, and a group of lower-level players, the fol-
lowers. Each leader has the advantage of being able to choose
its strategy by anticipating the followers’ strategies and com-
pete with the other leaders. The followers compete with each
other and choose their strategies in response to the leaders’
strategies [44]. Thus, an outer game among the leaders and an
inner game among the followers are played. We consider static
games with a group of rational players. Each player knows the
complete and perfect information of the set of players, the set
of strategies and the utility functions of all players, and does
best response [45].

In our relay-centric system with AWET and SWET, we have
the R-D pairs as leaders and the S-D pairs as followers. The
leader £, i.e., the R-D pair k, determines the strategy, §;, that
maximizes its utility Ug_p, . The follower %, i.e., the S-D pair
k, maximizes its utility Us_p, by choosing its strategy, the
transmit power pj,. We denote § = (61,...,8f) the strategies
of leaders, §_; = (81,...,05_1,0441,---,0x) the strate-
gies of leaders except leader k, p = (p1,...,pK) the strategies
of followers, and p_j, = (p1,..-,Pk—1,Pks1,---»Pk) the
strategies of followers except follower k. The Stackelberg
equilibrium (SE) is defined as follows [44].

Definition 1: Let 5;; and pz;, Vk, be the optimal strategies
for leaders and followers, respectively. (6*,p*) is a SE for

the multi-leader-follower Stackelberg game if for any feasible
strategy (8,p)

UR—Dk (6Z7Sik7p*) Z UR—Dk (5]658*—k;5p*)7 vk € IC? (9)
UYS—D;C (p27p*—k76*) > UvS—D]c (pkvp*_kv(;*)v Vk € K. (10)
Next, we define the utility functions and solve for SE of the

multi-leader-follower Stackelberg game for AWET and SWET
models.

A. AWET

We first focus on the Stackelberg game for AWET. The
utility of the follower S-D pair is defined as the net revenue
of sending data with the consideration of energy cost, which

is averaged over transmission completion time (k + 1)/ K for
k=1,...,K.

1
AWET
Us”p,” = m[(l — 0)Rs, — 1o
1 hy py;
= k+1{(1 5k)10g<1+ 2 ) upk],
(11)

where 1 > 0 denotes the cost per energy unit, which is fixed
for all k. The principal purpose of each relay is to convey
its own message to the corresponding destination. Thus, the
leader utility is defined as the time-averaged transmission rate
of relay’s data, and is given by

1
URYST = [ RRYET — (1= 0p) s, |
k+1
I N O i
I o2
by py;
g
where
AWET
PR,
= phi k0K + Ph—1 Pk + Pl—1,k0k—10)
k—2 k—2
+ ) pi | bk hi—160k + higdi Y by |- (13)
1=1 j=i+1

The game is formulated as that the followers determine their
strategy pg, Vk, by solving

UAWET

S—Dk ) (14)

max
pr€[0,P]
where P is the maximum transmit power. Each leader solves
the following optimization problem to choose its strategy
Op, Vk.

AWET

max UR_Dk

(15)
0,€[0,1]

The SE of the proposed game can be solved by backward
induction. In particular, the source’s strategy is analytically
solved in the first step and substituted into each leader’s
optimization problem, then the SE can be found by solving the
Nash equilibrium (NE) of the leaders’ noncooperative game.
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In the followers’ game, problem (14) is convex with respect
to p; for given ; and independent of p_j. Applying the
first-order optimality condition on the objective function yields

QUMWET |
B — )=k —u| =0. (16

Solving p;. and projecting to [0, P] yields the follower strategy

0, if 0y € [0, 1],
_ ) 1-46, % . -
pr = — —, if 8 € [0y, 01|, )
P R
P, if 05, € [0,04],

where & £ 1 — min{1, “h “} and &, 2 1 — min{1, M(Zj -
g Note that pj, is nonincreasing in §;. As Jj increases,
W T decreases due to a shorter transmission phase. As a
response, the source has to lower its transmission power to
reduce the energy cost so as to maintain a positive utility.
Furthermore, p; is also nonincreasing in p and nondecreas-
ing in hg, which implies p; equals zero if p is too large
and/or hy, is too small. In this case, Ugl'p WET is zero due
to zero transmit power. Without harvestmg from Dy, relay
k is still able to harvest energy from the other signals.
However, since relay k does not receive data from the source,
it becomes a free rider in the sense that it can transmit its
own information by the harvested energy without forwarding
source’s data.

Now consider the leaders’ game (15) only for d;, € [0, &;].
When §;, € [0,6,], by plugging p;, = P into (12), the leader
utility UP/{*W]?T increases on Jj, given §_ ;. This implies that
the optimal J;, that maximizes UQWET falls into the interval
[6%,0%]. Thus, 1t suffices to focus on &, € [, 01]. By sub-
stituting pj = M‘sk — %j into (15), the leader’s optimization
problem can be rewritten as follows.

max

UAWET _ [bg L6 4 Brde 1 C
81 €[00 D T4l ( kO T DrOk k)

- (- stop( - -an) |, as

where Ay = _%Zk’ B, = gl[hkk(l - ”7?) +
1—05_ 2 —5; 2

P 1,10k —1( ; L - T 1)+Z 2 by 1k( - 5,

md%é1+gm<1%1—ml+z (18 —

E) (b + hi i + 302 ).

The following lemma states the concavity of the objective
function.

Lemma I: In the maximization problem (18), the objective
function Ug AWET is a concave function with respect to & for
given &_p, Vk

Proof: We first show that f; (d) = 1og(Ak5% + Bror+ Cy)
is concave on . f1(d}) can be viewed as a function composed
by a logarithm function h(g(z)) = log(z) with a quadratic
function g(z) = Ayz? 4+ Bz + C). We know h is concave
and nondecreasing and g is concave due to A, < 0. Then h
is concave [46]. Furthermore, f5(d;) = (1 — &) log( (1 —

1)) is convex since the negative entropy function :rlog( )

is convex and composition with an affine mapping pre-
AWET

serves convexity. Thus, Ugp* A +1(f1 fa) s

concave. ]

We now investigate the existence and the uniqueness of

the SE. We denote the utilities of all leaders by UAWET 2

(UQW]SEF, ceey UQYVISEE), and denote the strategy set of the

leader game by Q £ Q1 x - - - x Q, where Q, = [54, 6klNand
x denotes Cartesian product Then, the leader game G/
is given by the triple (K, Q, UAWET), which is a noncooper-
ative game. The SE of the multi-leader-follower Stackelberg
game can be obtained by solving the Nash equilibrium (NE)
of the noncooperative game GAWET  The existence of pure
strategy NE can be guaranteed since Up AWET is continuous
and concave with respect to §; for given 5 k, and the strategy
set (). is nonempty, convex, and compact [47]. Furthermore,
we derive a sufficient condition for the uniqueness of NE.

Theorem 1: The game GAWET has a unique NE if ¢}, >
By, Vk.

Proof: Define matrix G such that the k-jth entry is [G];; =

82U .
# k,j = 1,2,...,K. Then, for the game GAWET

with @ convex and compact and Uy AWET continuous and
concave with respect to &, a sufﬁ01ent “condition for the
uniqueness of NE is that G + G7 is negative definite [48].
Note that G is a lower triangular matrix since the k-jth ele-
ment [G]; = 0 for j > k. The diagonal element [G]y; is
calculated as

kk — 2
k+1 (A3 + Byoy, + Cy)
1
- 1
1—6; (19

As Cp > B and 0 < 03, < 1, C, > Bpdy. Due to A, <0,
we have [G]g; < 0. The eigenvalues of G are its diagonal
elements. This implies that G is negative definite. So is G 7.
Hence, G + GT is indeed negative definite. This completes
the proof. |
The uniqueness of the NE implies the uniqueness of the
SE of the proposed multi-leader-follower Stackelberg game
for the AWET model. We apply Gauss-Seidel best-response-
based algorithm to achieve the equilibrium [49]. Each leader,
given the strategies of other leaders, plays its best response
o7 iteratively by solving problem (18). Due to the convexity
of (18), 67 can be obtained by solving the first-order optimality
condition and projecting to the feasible interval. Taking the
derivative of the objective function with respect to §; and
equating to zero gives
o UAWET

R-D, 1 240y + By,
Oy k+1| A2 + By, + Cy
hy,
+ log< (1—5k)) =0.
2
(20

Let 52 denote the solution of (20). Then, the optimal leader
strategy is given by

6} = min{ 0y, max{d;, 0, }}, Vk. (21)
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Algorithm 1 Gauss-Seidel Best-Response-Based Algorithm
0
)

1: Choose an initial strategy 50 = b1 S€tn = 0.

2: repeat
32 fork=1,...,K do
4: compute 1) (n+1) by 2D for given
(n+1) (n+1) <(n) (n)
6y N ’5k+1""’5K ).
5:  end for
6 set §(nt1) = (§ ](Cn—H))k jand n —n+1
7. until §("*1) satisfies a suitable termination criterion.
8: Compute the strategies of S-D pairs p as in (17).

The Gauss-Seidel best-response-based algorithm is summa-
rized in Algorithm 1. Note that the objective monotonically
increases in each iteration and the algorithm is guaranteed to
converge to the optimum [50].

We further observe that the optimal objective
URAW]:I)E,CT(CS* 8_},) is nonnegative.

Lemma 2: At the optimal solution &y, the leader utility
Ur AWET is nonnegative.
Proof As mentioned before, at the lower bound 65 = Jy,

the objective function URWET is increasing in 0. Then, due

UAWET

to the concavity, achieves the maximum either at

a unique point on the open interval (Jj,0;) or at the upper
bound §;,. This leads to the optimal value U, AWET((?")
U}‘{S‘YVISEICT(&). When 6, = &y, UQW&T(%) > 0 since
RﬁWET > 0 and Rg, = 0 by letting p, = 0 in (12).
Therefore, the optimal utility is nonnegative. |

Lemma 2 implies the nonnegativity of leader utility at
the equilibrium. Therefore, the proposed multi-leader-follower
Stackelberg game guarantees to relay all of the source’s data.

To compute the optimal strategy, CSI needs to be
exchanged between the relays for distributed implementation.
Alternatively, for a centralized setup, a control center with CSI
can compute the strategy (possibly offline) and communicate
to the terminals. Regarding the implementation of AWET, each
relay only needs to know the start of the frame of the two-
hop transmission and in which slot it is going to receive the
source’s information signal, so that it can harvest energy from
other signals while waiting for its intended information sig-
nal, then transmit to the associated destination after receiving
the source’s data. In other words, the system only requires the
overhead for CSI and transmission order at the beginning of
the two-hop transmission.

B. SWET

For SWET, the utility functions of follower k and leader k%,
USVE and URWE'T, are defined similarly as in (11) and (12)
respectlvely, except averaging over transmission completion
time 1+ k/K, Vk. The energy harvesting strategy d; € [0, 1]
is chosen by leader k. Accordingly, the follower adjusts its
transmit power pj satisfying p, € [0, P]. Specifically, each
follower’s problem is given by

1 h
USSX\]/DE])CT = K+k {(1 - 6k)10g<1 + kpk) - Mpk:|,
(22)

max
pE[0,P]

whose solution is given by (17). The leaders’ game is to solve
the following problem for all k.

SWET
R—=Dy K+k & o2

- (1- 5k)log<1 + hkpk)] ,
(23)

max
0r€[0,1]

where

SWET Zhlk pidi + Z Py

Jj=1,j#i

When 6, € [0, 1], pr, = 0 and utility UR SWET is invariant to

d. When d;, € [0,9,], pr = P and USWET 1ncreas1ng in &y,
1-4;, o2

H hy -

(24)

Thus, we only focus on 6, € [d, %], where P =
Each leader’s problem is rewritten as

max ~ USWET [10 A;.6%2 + Bro, + C,
Secls. 5 R—Dj K+k g( kOf + DOk k)
hy,
<1—6k>log( M(l—éw)}
(25)
with A4;, 2 9@2"“" By, & 2 [y, g, ( ﬁ—g) Yio) #k], and
Cké1+§’“[hkk21 1z;£k(1 i)t Zk 1h w(( -

2 . 2
717)+5z‘(1; )Jrzﬁéu;ék( = w5

The problem in (25) is convex, Wthh can be proven by
similar steps as in Lemma 1. Also, by the same argument
for AWET, there exists a pure strategy NE for noncooper-
ative game GSWET _ (K, Q, USWET), where USWET —
(UR SWET) w—1- Thus, the existence of SE is guaranteed. The

is given in (21), where 5 is the

0pt1mal leader strategy ¢;;
SWET
solution of g& Po— (. We apply the Gauss-Seidel best-
response-based algonthm in Algorithm 1 to obtain the SE.
Furthermore, the nonnegativity of leaders’ optimal utilities

hold by the same argument in Lemma 2.

IV. SINGLE-LEADER-FOLLOWER STACKELBERG
GAMES FOR TWO-HOP NETWORKS

In this section, we exploit single-leader-follower
Stackelberg game to formulate the interaction of nodes
in the two-hop network with BCWET and IWET. A single-
leader-follower Stackelberg game consists of a leader in the
upper-level problem and a follower who solves the lower-level
problem. The leader chooses its strategy by taking advantage
of anticipating the follower’s response, while the follower
makes its decision after observing the leader’s action. In the
sequel, we formulate and solve the games for BCWET and
IWET models.

A. BCWET

We consider two-hop networks with cooperative relays for
BCWET, where all relays share a common energy harvest-
ing fraction 6. We model the interaction between the source
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and relays as a single-leader-follower Stackelberg game in
the sense that the relays cooperate with each other to play
as a single leader and determine strategy J that maximizes
their common objective. The follower, the source, chooses
its strategy, the transmit power p = (p1,p2,...,PK), as a
response accordingly. Taking into account the energy cost,
the source utility is defined as the net revenue of overall
information transmission averaged over the two hop session of
2 seconds.

K

UPc = % > [(1 — 6)REC — upk},

k=1

(26)

where RBC is given in (6). Considering the common objective
of relays the leader utility is defined as the average sum rate

of transmitting relays’ data.

K

1 1
uEC = L 3oL g _(1—5)Rsk} @7
k=1
In particular, REC is given in (1) with pR° = KEE® and

EP]%C given in (7). The optimization problerﬂ for the follower

is formulated as follows.

K

BCc _ 1 g pi
maxUs™ = 2};1 (1= 0)log| 1+ gt | = ip
= ihi> by,
(28a)
K
s.t Z pp < P, (28b)
k=1

where (28b) is the power constraint of the transmitter. The

leader problem is
K
1 1 gkpR
Ug® =2 |=log|1 L
s UR© =3 Z{K 0%( * )
P pie
0%+ h Y insn Pi )|

- (1= 5)1og(1 +
(29)

where

K k
PRC = K& (Z m) (Z hi,k), vk (30)
i=1 i=1
We start with the follower problem (28). It can be observed
that for any given leader strategy 4, the source will allocate
all power to the relay with the best channel gain for utility
maximization. Let £* denote the index of this relay. Then, the
source’s signal only includes data for relay £* and its paired
destination. The other relays receive no data from the source
and can only harvest energy from the signal for relay £*. Thus,
the follower problem is simplified to
B Pk*> B }
KDk |-

C;{(lé)l g(1+
(31)

max UB
Pr* E[O»P}

The transmit power pg+ is solved as in (17) with index k*.
Accordingly, the leader utility can be rewritten as

g2

1
e )
-~ 6)10g<1+hk p’“")]. (32)

When pi+ = 0, both leader and follower have zero utility.
When pp« = P, U}E’C increases in 4, which leads to optimal

§ lying in interval [Jj,dj«]. Consequently, we 02nly need to
1-9 o

focus on leader’s problem with pp« = T B which is
given by
1[& 1
max  UBC =2 —log<Ak52 4 B+ ck)
6€[8 )5 01+ ] 2 Lgl K
— (- oog( - ))
M b
(33)
Kgy, Ko
where A £ *UTgZ( kzl hi,k), By, £ %(l -

2

m
}‘;* )(Z:iC 1 hi k), and Cy = 1. It is easy to verify that UBC

is concave in ¢ by Lemma 1. Let &’ be the solution of equation
N KAk62+Bk5+ Cy,

- log(h M(l—é)) +1

=0.(34)

The optimal strategy 0* can be obtained by projecting to the
feasible interval, that is

— min{gk*,max{ék*,él}}. (35)

B. IWET

In the IWET model, there is no interaction among relays
since each relay harvests energy only from its exclusive source
signal. This leads to a single-leader-follower Stackelberg game
for each S-R-D link. We consider K parallel single-leader-
follower Stackelberg games, in each of which R-D pair k plays
as the leader and the S-D pair k acts as the follower. The
utility function of follower U IWET is defined as in (11) by
replacing the superscript by IWET. The leader utility UFI{VYEZ
is in the form of (12) by plugging in RII;,LV:ET. In each game,
the follower chooses strategy p; by solving

[(1 — 0%) log(l + hkpk) upk}
(36)

1
IWET _
max U

peel0,P] O PF T k41

The solution is given in (17). The leader determines strategy
0y, in the problem below.

1 9Pk KOk Pk
TWET _ ,
UR=Dy = k+1 [log<1 Tt

— (1 —=6)log (1 + hkpk)]
(37

max
0 €[0,1]
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As we can see, zero utilities for the leader and the follower
occur when p; = 0 and UPI{VYET increases monotonically on
0y, if pp, = P. Thus, we simplify the leader problem as follows

by considering 85, € [, 01

max_ UPI{VY]]%T
51 € (81,01 ] i
-1 (A 52+ B,6 )
r 1|8 k0k + Brdy + Cy,

- (- atog( 2 -an) |, 6o

oZu

where A} £ —%, B & 9’“:5’“(% — ‘}’L—i), and Cj, = 1.
Once again the problem remains convex. Thus, the optimal
strategy can be obtained the same way as the oth%gv En%odels.
. is given by (21), where ¢’ is the solution of % =0,
Vk. In particular, the nonnegative property of each leader’s
utility holds as well for IWET, which can be verified by the

argument in Lemma 2.

V. NUMERICAL RESULTS

We present simulation results for the proposed models in
this section. We set the carrier frequency to be 900 MHz and
the bandwidth is 1 MHz. The noise power spectrum density
is —174 dBm/Hz. The channel power gain is modeled as the
product of short-term fading gain o2 and path loss coefficient
(3, where « is Rician distributed with Rician factor 3 dB for
S-R channels and 0 dB (Rayleigh fading) for R-D and R-
R channels. For large-scale fading, we use free space path
loss model for 5 with path loss exponent 3 and reference
distance 1 meter. The antenna gain is given as 6 dBi. The des-
tinations are located randomly and uniformly 50-100 meters
away from the source at the origin, and each relay is located
between the source and its paired destination with a uniformly
distributed distance away from the source, in [2, 25] meters.
We set n, = 0.5, Vk, and P = 1 W. p is chosen uniformly
from [0, 0.1] bits/Hz/J. In the following figures, we present
the results averaged over ten thousand of path loss, channel
realizations and p values.

Our overarching conclusion is that AWET provides the
best performance in terms of a number of metrics includ-
ing those favoring individual agents’ interests. Note also that
Algorithm 1 is implemented to find the best responses. In all
our simulations, we observe that the algorithm converges very
fast, for example on an average of fewer than two iterations
for a 10-relay system [1]. Next, we compare the results of
all models on different performance metrics. In Fig. 5, we
show the utility of individual relays for K = 5, where the
relay index indicates the transmission order. AWET achieves
a much better performance than other models in terms of indi-
vidual relay’s data transmission rate. For AWET, SWET, and
IWET, the relay that transmits earlier has a higher utility due
to a shorter waiting time. In particular, IWET model shows
the most drastic decline since relays harvest no extra energy
from others’ signals. Harvesting extra energy from ambient
signals facilitates to mitigate the difference of average rate of
relays. The BCWET model gives the fairest but relatively low

0.4 T

I AWET

°
w
o

o
w

o
N
a

Utility of individual relay (Mbps)
2 o
(6] n

o
o

o
o
a

1 2 3 4 5
Relay index
Fig. 5. Utility of individual relay for K = 5.
2.4 T T
—H&— AWET 3
2.2 [ |—O— SWET
—O—BCWET
2 [—F—IWET 1

9

Sum of leader utility (Mbps)
D

0.8

1 2 3 4 5 6 7 8 9 10
Number of relays

Fig. 6. Sum of leader utility versus number of relays.

utilities among relays because cooperative relays perform as
one node in the system.

Fig. 6 shows the sum of leader utility versus the number of
relays, where the sum of leader utility increases on the number
of relays. We observe that AWET significantly outperforms
the other models and the performance gap increases as the
number of relays increases. The reason is two-fold. The relays
that transmit earlier complete transmission sooner and those
who wait longer can harvest more energy and can have higher
utility. For BCWET and SWET in Fig. 6, as K gets larger, the
relays that transmit later have a lower utility in SWET than in
BCWET due to a longer waiting time, causing the sum utility
curves to intersect.

We plot the system energy consumption in Fig. 7 versus the
number of relays. The energy consumption is increasing in the
number of relays for BCWET, and decreasing for AWET and
SWET. This is because in AWET and SWET, the competition
among R-D pairs, caused by ambient harvested energy, enables
the source to transfer less energy for each relay as more relays
appear. In other words, competitive interaction during wireless
energy transfer saves energy. For BCWET, it is more proba-
ble that the best relay has a larger channel power gain when
there are more relays, which leads to a larger power allocation.
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In IWET, relays cannot depend on harvesting energy from
others’ signals, thus, the source transmits to each relay with
almost the same power, which results in much higher energy
consumption than AWET.

Fig. 8 shows the sum of follower utility versus the number
of relays. IWET performs the best in terms of follower utility
since the source allocates more energy to relays. Some of the
relays further take advantage of completing transmission in a
shorter time. Sum follower utility for SWET decreases due to
less energy being used when K increases as shown in Fig. 7.
As a comparison, AWET and BCWET perform in between the
two with the utility increasing on the number of relays, and
AWET provides larger follower utilities than BCWET.

Fig. 9 illustrates the system utility, our main metric, which is
defined as the sum of relay average rate that includes the data
of both the source and relays. All WET models have increasing
system utility in the number of relays. Our proposed, asym-
metric wireless energy harvesting model, i.e., AWET, provides
the best performance among all models. The results reflect
the impact of energy harvesting from ambient signals, energy
consumption, and transmission completion time. We further
demonstrate the system energy efficiency in Fig. 10, which
is defined as the ratio of system utility to system energy

. .
—&— AWET
—&O— SWET
—O— BCWET 1]

—— IWET

System utility (sum of relay average rate) (Mbps)

Number of relays

Fig. 9. System utility versus number of relays.

12 T

System energy efficiency (Mbps/Joule)

Number of relays

—_

Fig. 10. System energy efficiency versus number of relays.

—B— AWET

System utility (sum of relay average rate) (Mbps)

5 10 15 20 25
Distance between S and R (meters)

Fig. 11. System utility versus distance between S and R for K = 5.

consumption. All models show increasing efficiency on the
number of relays. Our proposed AWET again shows the high-
est efficiency due to the best performance on system utility and
relatively low energy consumption. SWET achieves the sec-
ond best energy efficiency as the lowest energy is consumed
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System energy consumption versus distance between S and R for

for overall transmissions. BCWET, as expected, performs the
worst by this metric since it needs the largest energy allocation.

Fig. 11 and Fig. 12 illustrate the effect of the source-to-relay
distance on the system performance. As relays locate father
from the source, the path loss of source to relay channels is
larger which leads to less harvested energy at relays. Thus, the
system utility in Fig. 11 decreases since less energy can be
utilized for the second-hop transmission. The system energy
consumption shown in Fig. 12 also decreases as the distance
becomes larger. This is because relays have to lengthen the
energy harvesting duration to make sure sufficient energy is
harvested. As the energy harvesting fraction §, increases, the
source transmit power p; decreases, see (17).

VI. CONCLUSION

In this paper, we have studied a relay-centric two-hop
network with signal and energy cooperation. Considering the
primary objective of transmitting relays’ data to destinations,
we have adopted the framework of Stackelberg game to model
the competition between the R-D pairs, i.e., the leaders, and
the S-D pairs, i.e., the followers. We have considered, ana-
lyzed and compared different wireless energy transfer models
in the first hop. In particular, we have proposed an asymmetric
wireless energy transfer model (AWET). In AWET, the source
transmits information and energy to the relays, focusing on
each relay one by one. The relays are able to harvest energy
from the signals intended for previous relays while waiting
for their turns. This trading delay for harvesting more energy
allows for better system performance. We have also consid-
ered SWET, BCWET, and IWET models that allows wireless
energy transfer in either a time-division, broadcast, or indepen-
dent fashion as comparative models. The data rate, energy cost,
and delay are taken into account in the utility functions. We
have formulated and solved multi-leader-follower Stackelberg
games for AWET (and SWET), and single-leader-follower
Stackelberg games for BCWET and IWET considering the
properties of each game. It has been confirmed by the sim-
ulation results that by taking advantage of the asymmetry
of energy accumulation and transmission completion time,

AWET outperforms the other models significantly in terms of
relay-centric utility. We have further observed that the asym-
metric competitive interaction among energy harvesting relays
achieves better system utility and energy efficiency.

REFERENCES

[1] S. Leng and A. Yener, “Relay-centric two-hop networks with asym-
metric wireless energy transfer: A multi-leader—follower Stackelberg
game,” in Proc. IEEE Int. Conf. Commun. (ICC), Kansas City, MO,
USA, May 2018, pp. 1-6.

[2] O. Ozel, K. Tutuncuoglu, J. Yang, S. Ulukus, and A. Yener,
“Transmission with energy harvesting nodes in fading wireless chan-
nels: Optimal policies,” IEEE J. Select. Areas Commun., vol. 29, no. 8,
pp. 1732-1743, Sep. 2011.

[3] J. Yang and S. Ulukus, “Optimal packet scheduling in an energy har-
vesting communication system,” /[EEE Trans. Commun., vol. 60, no. 1,
pp. 220-230, Jan. 2012.

[4] K. Tutuncuoglu and A. Yener, “Optimum transmission policies for bat-
tery limited energy harvesting nodes,” IEEE Trans. Wireless Commun.,
vol. 11, no. 3, pp. 1180-1189, Mar. 2012.

[5] K. Tutuncuoglu and A. Yener, “Sum-rate optimal power policies for
energy harvesting transmitters in an interference channel,” J. Commun.
Netw., vol. 14, no. 2, pp. 151-161, 2012.

[6] J. Yang and S. Ulukus, “Optimal packet scheduling in a multiple access
channel with energy harvesting transmitters,” J. Commun. Netw., vol. 14,
no. 2, pp. 140-150, Apr. 2012.

[71 O. Ozel, J. Yang, and S. Ulukus, “Optimal broadcast scheduling for
an energy harvesting rechargeable transmitter with a finite capacity bat-
tery,” IEEE Trans. Wireless Commun., vol. 11, no. 6, pp. 2193-2203,
Jun. 2012.

[8] C. Huang, R. Zhang, and S. Cui, “Throughput maximization for the
Gaussian relay channel with energy harvesting constraints,” /EEE J.
Select. Areas Commun., vol. 31, no. 8, pp. 1469-1479, Aug. 2013.

[9]1 K. Tutuncuoglu, B. Varan, and A. Yener, “Throughput maximization
for two-way relay channels with energy harvesting nodes: The
impact of relaying strategies,” IEEE Trans. Commun., vol. 63, no. 6,
pp. 2081-2093, Jun. 2015.

[10] B. Varan and A. Yener, “Delay constrained energy harvesting networks
with limited energy and data storage,” IEEE J. Select. Areas Commun.,
vol. 34, no. 5, pp. 1550-1564, May 2016.

[11] S. Ulukus et al., “Energy harvesting wireless communications: A review
of recent advances,” IEEE J. Select. Areas Commun., vol. 33, no. 3,
pp. 360-381, Mar. 2015.

[12] O. Ozel, K. Tutuncuoglu, S. Ulukus, and A. Yener, “Fundamental limits
of energy harvesting communications,” IEEE Commun. Mag., vol. 53,
no. 4, pp. 126-132, Apr. 2015.

[13] Z. Ding et al., “Application of smart antenna technologies in simulta-
neous wireless information and power transfer,” IEEE Commun. Mag.,
vol. 53, no. 4, pp. 86-93, Apr. 2015.

[14] S. Bi, C. K. Ho, and R. Zhang, “Wireless powered communication:
Opportunities and challenges,” IEEE Commun. Mag., vol. 53, no. 4,
pp. 117-125, Apr. 2015.

[15] X. Lu, P. Wang, D. Niyato, D. I. Kim, and Z. Han, “Wireless networks
with RF energy harvesting: A contemporary survey,” I[EEE Commun.
Surveys Tuts., vol. 17, no. 2, pp. 757-789, 2nd Quart., 2015.

[16] B. Gurakan, O. Ozel, J. Yang, and S. Ulukus, “Energy cooperation in
energy harvesting communications,” IEEE Trans. Commun., vol. 61,
no. 12, pp. 4884-4898, Dec. 2013.

[17] K. Tutuncuoglu and A. Yener, “Energy harvesting networks with energy
cooperation: Procrastinating policies,” IEEE Trans. Commun., vol. 63,
no. 11, pp. 4525-4538, Nov. 2015.

[18] I. Krikidis et al., “Simultaneous wireless information and power trans-
fer in modern communication systems,” IEEE Commun. Mag., vol. 52,
no. 11, pp. 104-110, Nov. 2014.

[19] A. A. Nasir, X. Zhou, S. Durrani, and R. A. Kennedy, “Relaying proto-
cols for wireless energy harvesting and information processing,” IEEE
Trans. Wireless Commun., vol. 12, no. 7, pp. 3622-3636, Jul. 2013.

[20] S. Atapattu and J. Evans, “Optimal energy harvesting protocols for wire-
less relay networks,” IEEE Trans. Wireless Commun., vol. 15, no. 8,
pp. 5789-5803, Aug. 2016.

[21] E. Benkhelifa, A. S. Salem, and M.-S. Alouini, “Rate maximization
in MIMO decode-and-forward communications with an EH relay and
possibly imperfect CSI,” IEEE Trans. Commun., vol. 64, no. 11,
pp. 45344549, Nov. 2016.



750

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

(32]

[33]

[34]

[35]

[36]

(371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

IEEE TRANSACTIONS ON GREEN COMMUNICATIONS AND NETWORKING, VOL. 3, NO. 3, SEPTEMBER 2019

C. Zhong, H. A. Suraweera, G. Zheng, 1. Krikidis, and Z. Zhang,
“Wireless information and power transfer with full duplex relaying,”
IEEE Trans. Commun., vol. 62, no. 10, pp. 3447-3461, Oct. 2014.

Z. Ding, 1. Krikidis, B. Sharif, and H. V. Poor, “Wireless information
and power transfer in cooperative networks with spatially random
relays,” IEEE Trans. Wireless Commun., vol. 13, no. 8, pp. 44404453,
Aug. 2014.

H. Ju and R. Zhang, “Throughput maximization in wireless powered
communication networks,” IEEE Trans. Wireless Commun., vol. 13,
no. 1, pp. 418-428, Jan. 2014.

H. Ju and R. Zhang, “Optimal resource allocation in full-duplex wireless-
powered communication network,” [EEE Trans. Commun., vol. 62,
no. 10, pp. 3528-3540, Oct. 2014.

H. Chen, Y. Li, J. L. Rebelatto, B. F. U. Filho, and B. Vucetic, “Harvest-
then-cooperate: Wireless-powered cooperative communications,” I[EEE
Trans. Signal Process., vol. 63, no. 7, pp. 1700-1711, Apr. 2015.

Z. Ding, S. M. Perlaza, 1. Esnaola, and H. V. Poor, “Power allocation
strategies in energy harvesting wireless cooperative networks,” IEEE
Trans. Wireless Commun., vol. 13, no. 2, pp. 846-860, Feb. 2014.

H. H. Chen, Y. Li, Y. Jiang, Y. Ma, and B. Vucetic, “Distributed power
splitting for SWIPT in relay interference channels using game theory,”
IEEE Trans. Wireless Commun., vol. 14, no. 1, pp. 410-420, Jan. 2015.
Z. Zheng, L. Song, D. Niyato, and Z. Han, “Resource allocation in
wireless powered relay networks: A bargaining game approach,” IEEE
Trans. Veh. Technol., vol. 66, no. 7, pp. 6310-6323, Jul. 2017.

H. Chen, Y. Li, Z. Han, and B. Vucetic, “A Stackelberg game-based
energy trading scheme for power beacon-assisted wireless-powered com-
munication,” in Proc. IEEE Int. Conf. Acoust. Speech Signal Process.
(ICASSP), 2015, pp. 3177-3181.

Z. Chu, F. Zhou, Z. Zhu, R. Q. Hu, and P. Xiao, “Wireless powered sen-
sor networks for Internet of Things: Maximum throughput and optimal
power allocation,” IEEE Internet Things J., vol. 5, no. 1, pp. 310-321,
Feb. 2018.

Z. Hou, H. Chen, Y. Li, and B. Vucetic, “Incentive mechanism design
for wireless energy harvesting-based Internet of Things,” IEEE Internet
Things J., vol. 5, no. 4, pp. 2620-2632, Aug. 2018.

S. Sarma, K. Kandhway, and J. Kuri, “Robust energy harvesting based
on a Stackelberg game,” IEEE Wireless Commun. Lett., vol. 5, no. 3,
pp. 336339, Jun. 2016.

S. Ghosh, M. R. Bhatnagar, A. Singh, and B. K. Panigrahi, “Secrecy
capacity in CRN with malicious energy harvester using game theo-
retic techniques,” IEEE Trans. Cogn. Commun. Netw., vol. 3, no. 3,
pp- 343-360, Sep. 2017.

T. Zhang, W. Chen, and F. Yang, “Balancing delay and energy efficiency
in energy harvesting cognitive radio networks: A stochastic Stackelberg
game approach,” IEEE Trans. Cogn. Commun. Netw., vol. 3, no. 2,
pp. 201-216, Jun. 2017.

O. Elnahas, M. Elsabrouty, O. Muta, and H. Furukawa, “Game theo-
retic approaches for cooperative spectrum sensing in energy-harvesting
cognitive radio networks,” IEEE Access, vol. 6, pp. 11086-11100, 2018.
B. Varan and A. Yener, “Incentivizing signal and energy cooperation
in wireless networks,” IEEE J. Select. Areas Commun., vol. 33, no. 12,
pp. 2554-2566, Dec. 2015.

S. Leng and A. Yener, “A multi-leader Stackelberg game for two-hop
systems with wireless energy transfer,” in Proc. IEEE Wireless Commun.
Netw. Conf. (WCNC), Barcelona, Spain, Apr. 2018, pp. 1-6.

X. Zhou, R. Zhang, and C. K. Ho, “Wireless information and power
transfer: Architecture design and rate-energy tradeoff,” IEEE Trans.
Commun., vol. 61, no. 11, pp. 4754-4767, Nov. 2013.

X. Zhou, R. Zhang, and C. K. Ho, “Wireless information and power
transfer in multiuser OFDM systems,” IEEE Trans. Wireless Commun.,
vol. 13, no. 4, pp. 2282-2294, Apr. 2014.

S. Lee, L. Liu, and R. Zhang, “Collaborative wireless energy and
information transfer in interference channel,” IEEE Trans. Wireless
Commun., vol. 14, no. 1, pp. 545-557, Jan. 2015.

E. Boshkovska, D. W. K. Ng, N. Zlatanov, and R. Schober, “Practical
non-linear energy harvesting model and resource allocation for SWIPT
systems,” IEEE Commun. Lett., vol. 19, no. 12, pp. 2082-2085,
Dec. 2015.

P. N. Alevizos and A. Bletsas, “Sensitive and nonlinear far-field RF
energy harvesting in wireless communications,” IEEE Trans. Wireless
Commun., vol. 17, no. 6, pp. 3670-3685, Jun. 2018.

M. Hu and M. Fukushima, “Multi-leader—follower games: Models, meth-
ods and applications,” J. Oper. Res. Soc. Japan, vol. 58, no. 1, pp. 1-23,
Jan. 2015.

[45] S. Lasaulce, M. Debbah, and E. Altman, “Methodologies for analyzing
equilibria in wireless games,” IEEE Signal Process. Mag., vol. 26, no. 5,
pp. 41-52, Sep. 2009.

[46] S. P. Boyd and L. Vandenberghe, Convex Optimization. Cambridge,
U.K.: Cambridge Univ. Press, 2004.

[47] D. Fudenberg and J. Tirole, Game Theory. Cambridge, MA, USA:
MIT Press, 1991.

[48] J.B. Rosen, “Existence and uniqueness of equilibrium points for concave
N-person games,” Econometrica J. Econometric Soc., vol. 33, no. 3,
pp- 520-534, Jul. 1965.

[49] G. Scutari, D. P. Palomar, F. Facchinei, and J.-S. Pang, “Convex
optimization, game theory, and variational inequality theory,” IEEE
Signal Process. Mag., vol. 27, no. 3, pp. 3549, May 2010.

[50] R. S. Varga, Matrix Iterative Analysis, Heidelberg, Germany: Springer,

2009.

Shiyang Leng (S’14) received the B.E. degree in
optoelectronic information engineering from the
Harbin Institute of Technology, Harbin, China, in
2012 and the M.Sc. degree in communications and
multimedia engineering from Friedrich-Alexander-
University Erlangen-Nuremberg, Erlangen,
Germany, in 2014. She is currently pursuing the
Ph.D. degree with Pennsylvania State University,
University Park, PA, USA, where she has been
a Graduate Research Assistant with Wireless
Communications and Networking Laboratory
since 2015. Her research interests include green communications, resource
allocation for wireless networks, and reinforcement learning.

Aylin Yener (S’91-M’01-SM’ 14-F’15) received the
B.Sc. degree in electrical and electronics engineer-
ing and the B.Sc. degree in physics from Bogazici
University, Istanbul, Turkey, and the M.S. and
Ph.D. degrees in electrical and computer engineering
from the Wireless Information Network Laboratory,
Rutgers University, New Brunswick, NJ, USA.

She is a Distinguished Professor of Electrical
Engineering at The Pennsylvania State University,
University Park, PA, USA, where she joined the
faculty as an Assistant Professor in 2002. Since
2017, she is also a Dean’s Fellow in the College of Engineering at The
Pennsylvania State University. She was a Visiting Professor of Electrical
Engineering at Stanford University from 2016 to 2018, and a visiting asso-
ciate professor in the same department from 2008 to 2009. Her current
research interests are in information security, green communications, caching
systems, and more generally in the fields of information theory, commu-
nication theory, and networked systems. She received the NSF CAREER
Award in 2003, the Best Paper Award in Communication Theory from the
IEEE International Conference on Communications in 2010, the Penn State
Engineering Alumni Society (PSEAS) Outstanding Research Award in 2010,
the IEEE Marconi Prize Paper Award in 2014, the PSEAS Premier Research
Award in 2014, the Leonard A. Doggett Award for Outstanding Writing
in Electrical Engineering at Penn State in 2014, and the IEEE Women in
Communications Engineering Outstanding Achievement Award in 2018. She
is a Distinguished Lecturer for the IEEE Information Theory Society from
2019 to 2020, the IEEE Communications Society from 2018 to 2020, and the
IEEE Vehicular Technology Society from 2017 to 2019. She was the second
Vice President in 2018, a Member of the Board of Governors from 2015 to
2018, and the Treasurer from 2012 to 2014 of the IEEE Information Theory
Society. She is serving as the Vice President of the IEEE Information Theory
Society in 2019. She served as the Student Committee Chair for the IEEE
Information Theory Society from 2007 to 2011, and was the Co-Founder of
the Annual School of Information Theory in North America in 2008. She
served as an Editor for the IEEE TRANSACTIONS ON COMMUNICATIONS
from 2009 to 2012 and the IEEE TRANSACTIONS ON MOBILE COMPUTING
from 2017 to 2018, and an Editor and an Editorial Advisory Board Member
for the IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS from 2001
to 2012. She also served as a Guest Editor for the IEEE TRANSACTIONS ON
INFORMATION FORENSICS AND SECURITY in 2011 and the IEEE JOURNAL
ON SELECTED AREAS IN COMMUNICATIONS in 2015. She was a Technical
(Co)-Chair for various symposia/tracks at the IEEE ICC, PIMRC, VTC,
WCNC, and Asilomar in 2005, from 2008 to 2014, and in 2018. She currently
serves as a Senior Editor for the IEEE JOURNAL ON SELECTED AREAS IN
COMMUNICATIONS.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


