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Abstract—The advances of 6G systems have prompted the
study of new communication paradigms, including relay net-
works enabled by wireless power transfer (WPT). While existing
literature focuses on the cooperative case, this paper examines
a non-cooperative scenario in which a source must incentivize
one of several battery-powered user equipments (UEs) to act
as a relay by offering payment in the form of WPT, while
the utility-maximizing UEs seeking to extract as much energy
from the source as possible. We propose a protocol based on
a reverse auction that enables the source to determine which
candidate UE to select as the relay and the amount of energy to be
transferred as payment, even when the channel quality between
the candidates and the destination is unknown to the source. We
first examine the performance of the system under the classical
Vickrey auction. We prove that our protocol achieves the best
possible outage probability and point out ways to mitigate the
gap in energy efficiency when compared to a cooperative baseline.
We then analyze system performance under a Myerson auction,
which maximizes the auctioneer’s utility. To ensure computational
tractability, we extend the forward auction regularity condition to
the reverse setting, providing a mathematical characterization of
regularity and the associated pricing mechanism. We then prove
the regularity of the WPT-based auction under both lognormal
and Rayleigh fading. To validate our analytical findings, we
present extensive numerical results demonstrating how system
parameters affect energy efficiency and outage probability. Our
results show that auction-based protocols can reduce both outage
probability and communication energy by more than 50% with
as few as two relay candidates, compared to direct transmission
by the source. Additionally, they demonstrate exponential conver-
gence to the cooperative lower performance bound and indicate
conditions under which one auction type is preferred over the
other. Overall, the auction-based system offers a foundation for
improved energy efficiency and communication reliability in non-
cooperative environments.

I. INTRODUCTION

S 6G standards come into clearer focus, a number of key

technologies, paradigms, and challenges have received
increasing attention [1]. Higher communication frequencies,
including mmWave and THz communications, will enable
massive data rates, but they will also require new network
topographies to account for propagation phenomena, such
as high penetration loss and sparse multipath effects, not
commonly present at lower frequencies [2]. As the number of
connected devices continues to grow rapidly, there is increased
demand for distributed architectures and frameworks, such
as federated learning and edge computing, that avoid the
overhead of fully centralized systems [3, 4]. Wireless power
transfer (WPT) has also received attention as a potential
enabler for networks of unpowered sensors, among other
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Fig. 1. Overview of problem scenario. A source UE must offload data to the
AP, but the LOS path is blocked, resulting in poor link quality. The source
must induce a candidate UE to cooperate with a payment in the form of WPT.

applications [5, 6]. Finally, running as a common thread
through all these trends is the need to keep systems energy
efficient, particularly in the face of climate change [7].

In this paper, we examine a scenario at the confluence
of these factors. Specifically, we consider a source node
which needs to offload data to a remote access point (AP)
with which the source does not have a direct line-of-sight
(LOS) channel, due to some blockage. For high-frequency
channels, this blockage creates significant penetration loss,
making direct communication with the AP costly in terms of
energy consumption or potentially infeasible due to limits on
transmit power. The source may try to enlist another nearby
user equipment (UE) to act as an intermediate relay. However,
to convince the non-cooperative entity to provide the relaying
service, the source can use wireless power transfer (WPT) as
a form of payment. Fig. 1 illustrates the problem scenario.

Our objective is to design a protocol which ensures that the
source can communicate with the AP in an energy-efficient
manner while accounting for the individual rationality of the
participating entities. We approach the problem from a game-
theoretic perspective and propose an auction-based protocol
which achieves the desired system behavior. We next present
a brief literature review before stating our contributions.

A. Literature Review

WPT involves the transfer of energy from one device
to another without a wired connection, and while several
technologies fall under the umbrella of WPT, we specifically
consider RF-based WPT. In recent years, it has found many
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applications, from smart home ecosystems to industrial manu-
facturing [8]. For example, RF WPT can be used in Internet of
Things (IoT) networks to charge batteries on small, remote de-
vices, possibly with the aid of unmanned vehicles [9]. Experi-
mental results demonstrate received powers in the microwatt or
milliwatt ranges [10], and although comparatively inefficient
compared to, e.g., inductive coupling, RF WPT can operate
across greater distances (up to several km) [11]. Furthermore,
as communication networks grow denser, harvesting ambient
RF energy becomes a more attractive possibility, which has
prompted research into hardware improvements [12, 13].

In the context of communication systems, the past several
years have seen increased interest in simultaneous wireless
information and power transfer (SWIPT), particularly in the
context of IoT networks and cooperative relaying (CR) [14-
19]. [14] considers a single BS using non-orthogonal multiple
access (NOMA) to communicate with a near user and a
far user while aided by a set of energy-harvesting relays. It
then focuses on calculating the outage probability and finding
the optimal power allocation while accounting for residual
hardware errors and channel estimation errors. A SWIPT setup
using antenna diversity receives attention in [15], which com-
pares the performance of full-duplex to half-duplex relaying.
The energy-harvesting relay node employs two batteries for
greater efficiency, one for energy harvesting, the other to
power the transmission. The outage probability and optimal
power splitting ratios are found. In [16], the authors propose
a wireless communication system integrating WPT and CR
to enhance node operations and communication reliability.
They explore both orthogonal and non-orthogonal CR schemes
where multiple sources communicate with destinations via an
energy-harvesting relay, adapting transmission strategies based
on the relay decoding status. Numerical analysis demonstrates
that the non-orthogonal CR scheme outperforms the orthog-
onal scheme in certain scenarios, influenced by parameters
such as transmit powers, data rates, and terminal distances.
[18] proposes a cooperative communication scheme based
on WPT-enabled relaying that uses both time splitting (TS)
and antenna switching (AS) paradigms, as well as self-energy
recycling (SER). Splitting and switching ratios are optimized
to maximize the communication rate, and the scheme is shown
to outperform comparable designs. A comprehensive survey of
WPT for CR is found in [19].

The aforementioned body of work focuses on cooperative
settings, so that the source and the relay are generally analyzed
or optimized as a single unit. In contrast, we consider a non-
cooperative scenario, where other nodes must be incentivized
to provide the relaying service. Such scenarios will naturally
arise in next-generation communication networks, which will
include many densely deployed UEs, from IoT devices, to
wireless sensors, to autonomous vehicles, and personal devices
such as smartwatches and phones [20, 21]. These devices,
many of which will be battery-powered, may be owned by
distinct entities, which are unlikely to expend their resources
for the benefit of others. However, leveraging these devices for
relaying could alleviate the need for deploying dedicated relays
and would allow the communication topology to dynamically
respond to real-time needs. For example, in a smart city

deployment, IoT sensors or personal devices such as phones
and wearables could opportunistically serve as relays to ex-
tend coverage in infrastructure-poor areas or reduce latency
for time-sensitive applications, provided they are adequately
incentivized. Thus, in this paper, we present a solution to the
challenging problem of incentivizing non-cooperative UEs to
perform a relaying service.

Many aspects of communication systems are well modeled
as the interaction of non-cooperative, self-interested agents.
Consequently, game theory and auctions have long been used
to approach a wide range of problems, including resource
allocation, relay selection, and power management [22-24].
For example, [24] uses a game-theoretic framework to de-
velop a decentralized power allocation method which improves
localization and energy efficiency in hybrid active-passive
wireless sensor networks.

Several other works sit specifically at the intersection of
WPT and game theory [25-30], including several that use non-
cooperative games to understand how to manage interference,
which, while detrimental to communication, may be harvested
for additional energy [25, 26]. A Stackelberg game is deployed
in [28] to analyze the behavior of end users serviced by a
mobile UAV which provides both mobile edge computing
(MEC) and energy transfer capabilities, and in [29], the Gale-
Shapely matching algorithm is used to associate cluster heads,
which act as energy harvesting relays, with clusters in a
cognitive radio non-orthogonal multiple access system. In [30],
a device-to-device caching system is studied, where some
users cache popular content locally and are compensated via
WPT by other users who utilize the cache. The system is
analyzed as a Stackelberg game to characterize the interplay
between the WPT payments and the caching policy.

Recent years have also seen the use of auctions and other
market-based solutions to determine prices for WPT services.
For example, [31] proposes a peer-to-peer double auction
mechanism to extend the battery life of mobile devices. More
recently, [32] considers the interaction between a network op-
erator and a power supplier which uses WPT to charge network
nodes. A Stackelberg game models their interaction, and the
game framework enables price design for the WPT service
while accounting for both the costs and battery efficiency in
the network. The authors of [33] analyze pricing strategies
for UAV-mounted chargers in wireless sensor networks using
a Hotelling market model, while [34] extends this analysis
to static UAVs in competitive markets. Both studies employ
game-theoretic approaches to derive equilibrium pricing and
maximize service provider profits. In [35], the authors consider
a dynamic evolutionary game modeling an energy market,
where several small-cell base stations buy and sell excess
energy from each other. In these works, however, energy
transfer is the objective rather than a means for incentivizing
coordinated behavior, e.g., relaying.

Market-based solutions have also appeared in the context
of WPT-enabled relaying. For example, in [27], a single
relay serves multiple source-destination pairs and must decide
how to allocate the power received from the sources for
communication to the destinations. An auction-based approach
is formulated to determine how to allocate the received power
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among the several destinations, and its Nash equilibria are
studied. More recently, [36] proposes an auction-based method
with payments in the form of virtual currency to select a relay
node and transmit power in a multi-source sensor network.
However, none of these works consider WPT itself as a form
of payment.

While WPT and relay have appeared frequently in con-
junction with auctions and other game-theoretical approaches,
our work is unique in two fundamental ways. First, we use
the auction to bring about WPT-enabled relaying in a non-
cooperative setting. In this respect, our work is most similar
to [27]. However in that paper, the auction determines how to
allocate power which has already been harvested by a relay,
while in our paper, the auction is used to select a suitable
relay and determine the amount of energy to transfer via WPT.
Second, we use energy itself as the medium of exchange. In
this respect, our work bears some resemblance to [30], but
we study WPT-based auctions for energy-efficient relaying,
whereas [30] examines a Stackelberg game for the reduction
of content delivery wait times in device-to-device caching.

In non-cooperative networks, designing an effective relaying
protocol is challenging due to the self-interested nature of
the UEs, which aim to maximize their utility by extracting
as much energy from the source as possible. Additionally,
the source lacks knowledge of the channel quality between
UEs and the AP, complicating the selection of an efficient
relay. Furthermore, the protocol must balance energy effi-
ciency and communication reliability, while avoiding excessive
computation or communication overhead, making the design
of incentive-compatible protocols in non-cooperative settings
a complex yet critical task.

To address these challenges, we propose protocols based
on Vickrey [37] and Myerson [38] auctions. In a Vickrey
auction (also known as a second-price, sealed-bid auction),
the highest bidder wins but pays an amount equal to the
second-highest bid. This mechanism is efficient in the sense
that the item is always allocated to the participant who
values it most. In contrast, a Myerson auction is a modified
Vickrey auction in a Bayesian setting that maximizes the
auctioneer’s expected profit. However, this comes at the cost
of occasional inefficiency, as the highest-value bidder may not
always win. Importantly, both Vickrey and Myerson auctions
are incentive-compatible, meaning that bidders are best off
truthfully reporting their valuations [39]. In this paper, we
leverage this property to design and analyze protocols based
on these auctions, exploring the properties of Vickrey and
Myerson auctions in the context of the WPT-enabled relay
system. We next outline our contributions.

B. Contributions

This paper provides several contributions to the literature,

as enumerated below:

o We present the problem of using WPT to induce energy-
efficient relaying in a non-cooperative setting by model-
ing the battery-powered relaying candidates as rational,
utility-maximizing agents that must be motivated to act
as relays through a payment of energy. We propose the
use of WPT-based auctions, implemented in a simple

protocol, to achieve the coordination required for the
relaying service in the non-cooperative setting, and for
comparison, we also present a cooperative baseline.

o For Vickrey WPT auctions (VWAs), we mathematically
prove that the outage probability is minimized, as is in
the case of the cooperative baseline. We show that this
outage probability decays exponentially as the number
of candidates grows, and we mathematically characterize
the energy efficiency gap compared to the cooperative
baseline.

o As an alternative, we propose Myerson WPT auctions
(MWAs), which significantly improve energy efficiency.
We first rigorously develop a novel extension of the clas-
sical regularity result to reverse Myerson auctions, then
mathematically prove the regularity of the MWA with
both lognormal and Rayleigh fading. We then mathemat-
ically characterize the outage probability, and show that,
although the outage probability increases compared to the
VWA, the gap in outage probability decays exponentially
as the number of candidates grows.

« Finally, we present several numerical studies that illus-
trate how system parameters (e.g., the number of candi-
dates, the fading parameters, and the auction type) affect
the outage probability, the source’s energy consumption,
and the energy harvested by the candidate. Comparing
the results for the VWA and MWA, we offer insights
into the tradeoffs of each auction type and give guidance
when one auction type is preferred over the other.

Aspects of this work appear in our conference paper [40],
which focuses on Myerson auctions with lognormal fading.
As well as providing detailed proofs omitted from [40] due
to space constraints, this paper analyzes Vickrey auctions and
further examines the Myerson auction under a Rayleigh fading
model. Furthermore, we provide an in-depth comparison of the
Vickrey and Myerson auctions and give guidance on when one
type of auction is preferred over the other.

The rest of the paper is organized as follows. In Section II,
we lay out the communication and WPT models used through-
out the paper, and in Section III, we present our auction-based
protocol. We then analyze systems performance of the protocol
when using a Vickrey auction in Section IV and when using
a Myerson auction in Section V. Section VI then corroborates
the analytical results and illustrates the impact of various
system parameters, and Section VII concludes the paper.

II. SYSTEM MODELING

We consider a system consisting of a source UE; a set of n
battery powered UEs, referred to as candidates; and a single
access point (AP). The source is located at g5 € R2, and the
candidates are located at positions g; € R?, Vi € N, where
N ={1,...,n}. We treat g; as independently distributed over
the region of interest, Q, and without loss of generality, we
assume the access point is located at the origin. The system
is illustrated in Fig. 2.

The source must transfer data to the AP in a timely
manner. To do so, it may either try to send the data itself,
or it may try to induce one of the candidates to provide a
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Fig. 2. System setup for the WPT-enabled relaying scenario. The orange
dot gives the location of the source, gs, the black dots give the locations of
the candidates, g;, and the AP is at the origin. The large black circle in the
center indicates the blockage, and the gray region indicates the area where
the channel to either the source or the AP is NLOS. The arrows represent
channels, with the green arrows representing channels used if UE i acts as the
relay. The channels are labeled with corresponding channel power variables.

relaying service using WPT energy payments. In the rest of
this section, we provide our communication model, including
channel modeling, as well as our model for WPT.

A. Channel Modeling and Communication

Let the source-to-AP, candidate-to-AP, and source-to-
candidate wireless communication channel power (square of
the modulus of the complex-valued channel gain) be denoted
Hg, H;, and H,;, respectively. We assume that these are
sufficiently well-estimated by both the transmitter and receiver,
so that the source knows Hg and H,;, Vi € N, and the
i candidate knows H;; and H;. However, the source and
candidates do not know channel coefficients for channels
which they do not use, so that the source does not know
H;, Vi € N, and the i™ candidate does not know H, and
H;, Vj € N'\i. Thus, in auction terminology, the power of the
candidate-to-AP channel, H;, constitutes private information.

As in [40], we model each channel as composed of path loss
and small-scale fading components, with large-scale shadow-
ing modeled by using different parameters for LOS and non-
LOS (NLOS) channels. More specifically, for [ € {s,i, si} we
have H; = H; pLH; ¢, where H; pr, is the path loss component,
and H;y is the fading component, commonly modeled as a
lognormal, Rayleigh, or Rician random variable [41]. The path
loss component is modeled as H;p. = Kd, ", with K and
n the path loss intercept and exponent, respectively, and d;
the distance between the transmitter and receiver. Path loss
parameters K and n take on different values for the LOS and
NLOS cases, and we distinguish these values with LOS and
NLOS superscripts (e.g., KX05, KNLOS) We will assume that
Hg is a NLOS link, motivating the need to find a relay, and
that H;, Hy; are LOS links, as otherwise, candidate i would
almost surely provide no advantage over the direct NLOS link.

To model channel capacity, we rely on the Shannon-Hartley
theorem, so that the maximum achievable spectral efficiency
over the channel is

s = logy (1+ PrxHifo?), (M

where Prx, H;, and o2 are the transmit power, channel power,
and receiver noise power, respectively. We further assume that
the source and all UEs have a maximum transmit power Ppax.
Consequently, for transmission with spectral efficiency r to be
successful, we must have r < log, (1 + PaxH;/0?).

B. Data Transfer Requirements

The source must transfer a given amount of data to the
destination within a fixed amount of time, 7. This models
scenarios with hard time-related constraints, such as vehicular
systems (V2X), AR/VR, or industrial automation. We do not
assume that satisfying the time constraint is always feasible,
and thus we examine system performance in terms of both
energy consumption and outage probability. We note that using
the maximum allowed time, 7, results in the lowest energy
usage [42], so that, without loss of generality, we will assume
the full time T is always used for the relay procedure’.

Let D represent the bandwidth-normalized amount of data
(in bit/Hz) that must be transferred. The specification of
both 7 and D induces a spectral efficiency requirement of
r > D/T (bit/s)/Hz, so that for the source to transfer the data
directly to the AP, its minimal transmit power is Py = {/Hj,
where ¢ = (2P/T — 1)0? is the minimum required received
power to communicate at a rate of D/T. For deep fades (poor
channel conditions) or short transmit times, this value may be
quite large, and may in fact exceed Ppax. Alternatively, the
source may use WPT to incentivize a candidate to act as a
decode-and-forward relay to the AP.

C. Relaying and WPT

Relaying data to the AP via one of the candidates requires
two transmissions, and we assume that, due to either the
use of orthogonal frequency bands or full-duplex relaying
capabilities, additional delay due to the relaying operation
is negligible. First, to transmit the data to the candidate, the
source must transmit with a power of at least Py ; = {/Hy ;.
Then, the candidate must transmit the data to the AP with a
power of at least P; = {/H;. To incentivize the candidate,
however, the source must also send enough energy to the
candidate to at least cover the cost of transmission. Let Pwpr
be the power allocated for wireless power transfer. The power
harvested by the i UE, Pharv,i, depends on a number of
factors, including the channel between the source and the
candidate, Hj ;, the effective aperture of the receiver antenna,
A,, and the energy-harvesting circuitry efficiency, a [17].
Formally, we have Py, = PwprH; iAr@ = & Pwpr where
@; = Hg ;A is the overall efficiency of the WPT.

We consider simultaneous wireless information and power
transfer (SWIPT), in which WPT and communication happen
concurrently, implemented with power-splitting [43], so that

IThis assumption can also be explicitly derived within a multi-attribute
auction framework, but this requires substantial additional notation and
ultimately simplifies to the formulation we consider.
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o’ Receiver noise power Hj Channel power, source to AP H; Channel power, candidate i to AP
Hg ; Channel power, source to candidate i Prot Total source transmit power Prax Max. transmit power
D Bandwidth-normalized data requirement T Maximum transmit time @; Overall WPT efficiency for candidate i
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TABLE T

IMPORTANT SYSTEM VARIABLES

if the source chooses candidate i as the relay, its total power
consumption is Py = Py i+ Pwpr, With Py ;/ Pt the receiver’s
power splitting ratio. The key question addressed in this pa-
per is this: how can the source determine which candidate
to use (if any) and total transmit power, Py, in this non-
cooperative setting?

III. AN AUCTION FORMULATION

We view the source and all candidates as rational decision
makers seeking to non-cooperatively maximize their individual
utilities. The source and the candidates both seek to minimize
their net energy expenditure. Additionally, the source must
ensure that the data is offloaded within the time limit, 7. These
preferences are captured in the following utility functions for
the source and candidates, denoted as U and U;, respectively:

Uy = Cz = TPy,

0 Ifp#i 2)

U; = .
a;T(&;(Pot — Ps,i) = P;)

Ifp=i’

where C is a large reward modeling successful data transmis-
sion to the AP within the time budget, z € {0, 1} indicates
whether this is actually achieved, p is the index of the
candidate chosen for relaying (if any), and a; € {0, 1} indicates
whether a chosen candidate agrees to take on the relaying
service. To enforce the rationality of the candidates, we have

1 if @(Pot— Psi) = Pi 20
0 Otherwise

a; = >
so that the candidate only agrees to take on the relaying
task if the will not result in a net loss of energy. Note that
when &; (Pt — Ps;) — Pi = 0, the candidate is indifferent
between accepting and rejecting the agreement, and for ease
of exposition, we assume that in this case the candidate will
accept’. For the source, smaller values of C emphasize energy
efficiency, while larger values of C place greater weight on
ensuring successful communication, and to ensure that the
source always has positive utility when communication is
successful, we have C > T Pp,x. Finally, we also assume that
the transmission is sufficiently spatially constrained so that if
a candidate is not chosen as the relay, it cannot harvest energy,
though relaxing this assumption is an important direction for
future work.

A reverse auction, sometimes called a procurement auction,
naturally frames the considered scenario. In this framework,
the source looks to “buy" relaying services from the candi-
dates, who bid for the opportunity to provide the service. In
practice, the communication protocol proceeds as follows: (1)
The source broadcasts a request for bids; (2) The candidates

2We assume candidates are not malicious, meaning they will honor their
commitment if they agree to relay.

respond with bids; (3) the source broadcasts its choice of the
winner, p, as well as the price, Pyy; (4) the winner accepts or
rejects; (5) the relaying process begins. This process disallows
extended bargaining between the source and candidates, which
is desirable given the potential costs in both time and energy
that could result. For ease of exposition, we consider bids as
proposed values of the total source transmit power, Py. This is
equivalent to bids in terms of total source energy usage, 7 Py,
since the source will always use the full time to transmit.
Furthermore, since both the source and candidate know the
value of Hy ;, this is equivalent to expressing bids as proposed
values of Pwpr. We next present details of the auction-based
protocol.

A. Auction Components

We next review the components of an auction and their
corresponding concepts in our WPT-enabled relaying setting.

Valuations: In a reverse auction, the valuations, V =
{vo,...,vn} indicate how much the service is worth to the
participants, where vy is the value of the service to the
procurer, and v;, Vi € N is the cost that would be incurred by
the bidders if they had to provide the service.

Thus, the valuation of the source (the service procurer) is the
power required to directly transmit the data to the AP. Recall
that Py is the minimum power required for direct transmission
to the AP. If Py < Py, then vg = Pg. However, if Py > Ppax
the source cannot transmit the data directly within the time
frame. In this case, we set vo = Pmax, With the interpretation
that this is the maximum power the source could possibly use
for WPT payment. Consequently, vo < Pp,x always holds.

The valuations of the candidates may be similarly modeled.
If the source elects to send data via the i candidate, it
must transmit with a power of at least Ps; + P;/&;, which
ensures non-negative utility for the i candidate. Thus, v; =
P+ P;/@;. Note that, to facilitate comparison, the valuation
is expressed in terms of the power required by the source, not
the power used by the candidate. Importantly, there is a one-
to-one mapping between v; and the private information H;, so
that bidding v; is equivalent to revealing H;.

Bids: The candidates’ valuations depend on private channel
information, H;, which is not known by the source. Thus,
in a general setting, the candidates could provide bids that
differ from their true valuations, as their goal is to maximize
their profit. However, this paper considers two specific auction
rules (mechanisms) under which bidding the true valuation
maximizes a candidate’s utility. These incentive-compatible
mechanisms have been well-studied in game theory literature
and applied across a variety of domains [39]. As we discuss
in greater detail later in this section, using a mechanism that
results in the candidates’ biding their true valuations differs
in subtle but important ways form assuming that the source
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knows all the valuations beforehand or that the candidates act
cooperatively with the source.

Mechanisms: A mechanism is defined by two functions,
p(V) and X(V), which take as arguments the set of valu-
ations, ‘V, and determine the winner of the auction and the
payment to the winner, respectively. In the context of the WPT
scenario, p(“V) indicates which of the candidates will act as
the relay, and X (V) gives Py Note that p(V) = 0 indicates
the source will not try to relay through any of the candidates.
If that is the case and Pg < Ppax, the source successfully sends
the data directly. Otherwise, a communication outage occurs,
and we assume that the source, knowing that the transmission
will be unsuccessful, uses Py = 0. More generally, it will not
transmit at all if communication cannot occur within the given
time frame through any of the candidates or itself.

B. System Metrics

The trade-off between communication reliability and energy
efficiency constitutes a fundamental challenge in our commu-
nication system, and we consider the outage probability and
energy consumption as the core performance metrics of our
proposed protocol. We next discuss each of these in more
detail.

1) Outage Probability: An outage occurs when the source
is unable to transfer data to the AP, which corresponds to
z = 0. For a given mechanism and a set of valuations, we
have

I If p(V) # 0 and X(V) = vy
z=11 If p(V)=0and Py < Ppax 3)
0 Otherwise.

For a given mechanism, the outage probability is the prob-
ability that the mechanism does not successfully transfer the
data within the time limit, 7', and we define this probability
in the ex-ante sense, i.e., considering uncertainty both in the
candidate placement and fading realization. Thus, for a set of
n relay candidates, we formally define the outage probability
as follows:

Pow = / 5(1— 2 (p(V). X(V) fs, (V)dV, (&)
VeSy

where S« is the set of all sets of valuations, and where 6(/) =
1if I = 0 and 6(/) = O otherwise. The PDF fs,, (V) gives
the likelihood of a specific valuation set, V, which depends
on the distribution of fading on each channel as well as the
placement of each of the relay candidates, which will be given
in more detail latter in the context of specific fading models.

An outage may happen either because there is no feasible
route for communication, i.e., Py > Ppax and v; > Ppax, Vi €
N, or due to the auction mechanism itself. This leads to the
following definition:

Definition 1. A mechanism is said to minimize the out-
age probability if an outage occurs only when the qual-
ity of communication channels precludes data offload-
ing, via any of the candidates or via the source itself,
within the time frame, T. Formally, this is expressed as
((p(V)=0) A (Ps > Ppar)) = (minjepn Vi > Prax). The
corresponding minimum outage probability is denoted as p},,,.

Importantly, when using a mechanism that minimizes the
outage probability, communication occurs whenever feasible.

2) Energy Consumption: To evaluate energy use in the
system, we consider the sum of the net energy consumption
of each node. The source uses energy T Py, and if there is a
winning candidate, it uses energy TP, where the dependence
of p on V has been dropped for readability in the subscript.
Additionally, a winning candidate harvests energy 7@, Pio, SO
the net energy consumed in the system is T (Pio+P,—0p Pior) =
T (Pt —AP,), where TAP, = T(&@,Por— Pp) is the net energy
gain of a winning candidate. However, practical experiments
documented in the [10] and references therein indicate that
that the net power harvested by a winning candidate will be
orders of magnitude smaller than the total transmit power of
the source. Thus, when discussing energy efficiency, we focus
on the source’s energy consumption. In our analysis presented
in Sections IV and V, we discuss energy consumption in
the ex-post sense, i.e., considering the final outcome of the
protocol for specific realizations of candidate placement and
channel fading. In Section VI, numerical results show energy
consumption in the ex-ante sense, i.e., as expected or average
values.

C. A Cooperative Lower Bound

To provide a best-case performance bound for comparison,
we briefly consider the scenario where the candidates work
cooperatively with the source, i.e., where U; = Ug = Cz —
TPt + 2je N A€i, Where Ag; is the net energy change of a
relay candidate as given in (2). In this scenario, the source
and the UEs work together to minimize the total system
energy consumption while also ensuring that communication is
achieved (z = 1), if possible. To respect the energy constraints
of the relay candidates, (3) still holds, that is, the chosen
relay candidate must still harvest at least as much energy as
it expends while performing the relay service.

Although we consider the cooperative scenario, the relay
candidates still hold private information, v;, which the source
must obtain using the protocol described earlier. The source
first broadcasts a request for information, the relay candidates
respond with v;, and finally the source makes a decision based
on the given information. In particular, we have

pC (V) =i* = argmin v,
ie NU{0} (5)
XE(V) = vie

Note that this mechanism satisfies the condition given in Def-
inition 1 and thus achieves the minimum outage probability.
Furthermore, X€ clearly gives the least amount of energy the
source can use to successfully communicate with the AP, and it
can easily be shown that in the most energy efficient system,
no excess energy is harvested by a chosen relay candidate,
due to the losses incurred by WPT (i.e., the fact that @ < 1).
Thus, the protocol also minimize the total system energy
consumption.

For both the cooperative and non-cooperative scenarios
considered in the paper, the relay candidates report their
true valuations, v;. However, in the former case it is due
to a shared objective while in the latter case, it is due to
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the incentive compatibility of the mechanism. To illustrate,
note that if the mechanism in (5) were employed in a non-
cooperative scenario, we would have a classical first-price
sealed-bid auction, which is not incentive compatible [39].
More specifically, non-cooperative relay candidates would tend
to submit bids higher than their true valuations, and the source
would end up using more energy than in the cooperative case.

Remark - The Role of Private Information An alternative
view of the problem is that the lack of information on H;
leads to the difference in outcomes between the cooperative
and non-cooperative scenarios. If the source knows H;, Vi € N
beforehand in the non-cooperative case, it can make a take-
it-or-leave-it offer to the best candidate, which the candidate
would accept since it still has non-negative utility. This out-
come would be identical to the outcome of the cooperative
mechanism given in (5). However, the private information held
by the relay candidates precludes this outcome.

We next evaluate the system under a Vickrey-auction-
based protocol. As we shall see, the lack of cooperation and
information leads to some performance loss, but as the number
of candidates increases, the results of the auction approach
those of the cooperative baseline, as verified in Section VI.

IV. VICKREY WPT AUCTIONS (VWA)

This section considers system performance when the pro-
tocol described in Section III employs a Vickrey auction,
and we refer to this protocol as the Vickrey WPT Auction
(VWA). We first present the Vickrey mechanism, then analyze
the outage probability, mathematically characterizing it as a
function of the number of candidates. Finally, we discuss
energy consumption, which motivates the Myerson mechanism
introduced in Section V.

A. The Vickrey Mechanism

The standard Vickrey auction [37] is a classical incentive-
compatible mechanism. For a reverse auction, it is defined as:
pV (V) =i* = argminv;
ie NU{0}
v vi I pV(V) #£0 ©)
X ((V) = \% >
vo If p" (V) =v;
where 7 = arg min; 5, (op\i+ i In words, the participant, either
candidate or source, with the lowest valuation wins>. If the
winner is a candidate, then the source pays the amount of
the second-lowest valuation, while if the winner is the source
itself, it “pays" itself its own valuation (no transfer is made).

B. Outage Probability

Recall from Section III that if data transfer is not complete
within the time frame 7, we say an outage has occurred, and
let p}fut denote the outage probability under the VWA. We now
prove that the VWA minimizes the outage probability (Defi-
nition 1) before mathematically characterizing this minimum
outage probability.

3Valuations are dependent on communication channel powers, which are
continuous random variables, so that we will almost surely never have two
valuations equal to each other, and we omit tie-breaking rules for brevity.

Lemma 1. The VWA minimizes the outage probability, as
described in Definition 1.

Proof. Recall that if Py > Ppax, we have vg = Ppax, and
suppose that P¢ > P and pY (V) = 0. By the definition of
2V (V)in Eq. (6), this implies vg = Pmax < min;ep v;, which
satisfies the condition stated in Definition 1.

As a consequence of Lemma 1, we have p;’ut = Dout?

and the VWA achieves the same outage probability as the
cooperative baseline. We next mathematically characterize
this minimum outage probability.

From the discussion of the valuations in Section III, we
see that an outage occurs if and only if min; v; > Ppax
and Py > Ppax. For the source, this implies P, < ¢/Hj,
while for each individual candidate, we must have Pp.x <
{(1/(aAyHg iH;) + 1/H, ;). Recall from Section II that H; =
HypiHp¢ for [ € {s,i,si}, where the path loss component
H; p is determined by the distance between the two nodes
on the link. Let F HfNLos(hf) denote the CDF of the fading in
the NLOS case. For a given source location g5, we can then
calculate the outage probability at the source as follows:

Pout,s = Pr (Pmax < {/Hs) = FHfNLOS (é’/(Hs,PLPmax)) - (D

We model the event that the individual candidates ex-
perience an outage, i.e., cannot feasibly act as relays, as
independently and identically distributed (i.i.d.). To see this,
first note that channel measurement campaigns indicate that
in low-scattering environments, small-scale fading spatially
decorrelates within a few wavelengths [41], while for scat-
tering rich-environments, decorrelation can occur within a
half a wavelength, as in the classical Jakes model [44]. For
a transmission at 5GHz, this translates to decorrelation in
3 to 12 cm, while for higher frequencies, decorrelation can
occur within a centimeter or less. We therefore treat fading as
independent across channels. We also model the candidates’
placements as independent, so that the path loss components
of the channel powers are independent as well.

Let H. and H; . denote the candidate-to-AP and the source-
to-candidate channel power, respectively, for an arbitrary
candidate. Further, let fp(g) denote the PDF of the spatial
distribution of the generic candidate, and let foLos (hf) and
F HL0S (ht) denote the PDF and CDF of the LOS fading, respec-
tively. Then integrating over possible candidate placements
and channels realizations, we calculate the outage probability

for an arbitrary candidate as:
Poute = Pr(Pmax < é’(l/(a,AVHS,CHC) + 1/Hs,c))

= [ fo(@[ e () Fpos (s(q. 1) dnd
qeQ h=0 f f
where Q is the region in space such that the point ¢ € Q has
a LOS channel to both the AP and source, and where
Pmax + Pmax
a’ArHs,i,PL(Q) Hi,PL(CI) h Hs,c,PL(Q)
_ ,,LOS
Here, H.pL(q) = K*%%||q||;"" and H,pL(q) = K*95||q -
LOS

gslly 7" are the path loss component of the candidate-to-
AP and source-to-candidate channels, respectively, given the

()

-1

1
g(q’h) :Z(
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candidate location, g. The overall outage probability is then
given by:
pZut = P(‘,Lt = pout,spout,cn~ 9)

The above expression shows that the outage probability
decays exponentially as the number of candidates increases,
with the base, pourc, dependent on the spatial distribution of
the candidates, among other factors. In summary, we have
shown that the VWA minimizes the outage probability (see
Definition 1), we have mathematically characterized this
minimum outage probability, and we have shown that the
outage probability decays exponentially as the number of
candidates increases.

C. Energy Consumption

We next evaluate the system-wide energy consumption,
assuming that communication is possible. If i* = 0, then the
energy consumption is simply 7v;« = Tvg = TP,. Importantly,
the energy consumption in this case is identical for the
cooperative baseline and the VWA. When i* # 0, however,
the VWA results in additional energy usage. The total energy
consumption is given by Tv; — T@&;(v; — v;+), where the first
term captures the source’s energy consumption, and the second
term accounts for the net energy harvested by the candidate.
Comparing with the cooperative baseline, for which the energy
consumption is given by 7v;-, the difference in energy is

AE = (1 - @l*)T(V{ - Vi*).

The above expression accounts for the fact that the source
uses (v;—v;+) more power, which is only slightly offset by the
net &;-(v; —v;+) power harvested at the relay, since in general
a;+ is orders of magnitude less than 1. Thus, the VWA is less
energy efficient than the cooperative baseline.

The expression above indicates two approaches for im-
proving energy efficiency. First, improving WPT efficiency
&; through, e.g., hardware improvements, reduces the cost of
energy transfer. Second, reducing the gap between v; and v;-
will also bring the performance of the VWA more closely
in line with cooperative baseline. This could be achieved
by increasing the number of candidates, as illustrated in
Section VI. Alternatively, the source may employ a different
type of auction which, on average, brings its total TX power,
X(V) = Py, closer to the minimum, v;+, while maintaining
incentive compatibility. This possibility is explored next.

V. MYERSON WPT AUCTIONS (MWA)

In this section, we consider an alternative protocol based on
a Myerson auction, which reduces the source’s energy usage,
and we refer to this protocol as the Myerson WPT Auction
(MWA). Myerson auctions [38] are known to maximize the
auctioneer’s utility, so that on average, they will minimize
the source’s energy consumption. These auctions are defined
within a Bayesian setting, so the source must know the
probability distribution from which the candidates’ valuations
are drawn. For the MWA, this amounts to knowing the distri-
butions over H;, Vi € N. With this additional information, it’s
possible to construct a mechanism that, on average, improves
the energy efficiency of the system.

The general Myerson mechanism can be computationally
cumbersome, but when a set of regularity conditions are met,
the mechanism becomes easily computable. In the rest of
the section, we first extend classical results on regular
Myerson auctions to the reverse auction setting and prove
the regularity of the MWA for lognormal and Rayleigh
fading. We then mathematically characterize the outage
probability and show the improved energy efficiency.

A. Reverse Myerson Auctions

In this section, we develop a novel extension of results
for Myerson auctions. Myerson auctions resemble Vickrey
auctions, but rather than comparing valuations directly, virtual
valuations are used to determine the winner and payment.
In general, determination of virtual valuations requires a
potentially complex “ironing" procedure [38]. However, if the
distributions over the valuation satisfy a regularity condition,
the mechanism simplifies greatly. After first presenting this
established regularity condition and associated mechanism
for forward auctions, we extend the Myerson framework by
mathematically proving the equivalent regularity condition and
mechanism for reverse auctions.

Let Fy,(v;) and fy,(v;) denote the CDF and PDF, respec-
tively, of a generic valuation, v;, with support ®;. We now
present the standard regularity definition.
1-Fy; (vi)

v (vi)
A forward Myerson auction is regular if dc{(vl-)/dvi >
0, Yv; € ©;,Yi € N. Furthermore, clf(vi) is the forward
auction virtual valuation.

Definition 2. (Forward Regularity) Let c{ vi) =vi—

Note that the virtual valuations are defined only for the
bidders. However, for ease of notation, we define cg (vo) = vo.
We may now restate Myerson’s result:

Theorem 1. For regular forward Myerson auctions, the seller-
optimal mechanism is given by:

M _ Foo"
M (V) =max {e/ i)}
WM pfM () 20
0 IfpfM¥)=0

(10)
XMy =

with wf-™ = inf <s|c£fyM (s) > max{clf(vi)}:’:o}.
Proof. See [38].

Thus, the winner of the forward auction is the bidder with
the highest virtual valuation, and their payment corresponds
to the virtual valuation of the second-highest bidder. The
above result holds for forward auctions, but our WPT-enabled
relaying scenario is best modeled as a reverse auction, as the
bidders are offering to provide a service at a cost. We next
extend this result to the reverse auction:

Definition 3. (Reverse Regularity) Let c¢;(v;) = v; + ?‘:’ ((\t:)) A

. . . 1
reverse Myerson auction is regular if dc;(v;)/dv; > 0, Yv; €
®;,Vi € N Furthermore, c; is the reverse auction virtual
valuation.
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For ease of notation, we again set ¢ (vp) = vo, and we now
extend Theorem 1.

Corollary 1. For a regular reverse Myerson auction the buyer-

optimal mechanism for reverse auctions is given by:
pM (V) = ml_in {ci(vi)}iy

WM If pM (V) %0 (11)

M —
s {0 If pM (V) =0’

with ™ = sup {SleM (s) < min {ci(vi)}?zo}.
Proof. See Appendix A.

By proving the Myerson regularity condition and mech-
anism structure for reverse auctions, we have derived
conditions under which the Myerson pricing mechanism
is easily implementable. We next show that under lognormal
fading and Rayleigh fading, the MWA satisfies the reverse
regularity condition in Definition 3.

B. Regularity of WPT Auctions

We now show the regularity of the MWA under lognormal
and Rayleigh fading. For tractable analysis, we assume that
the source has partial information about the candidate-to-AP
downlink channel power, H;. Specifically, we assume the loca-
tions of the candidates and path loss parameters are available
to the source, so that the path loss component of the channel,
H; p1, is known. We also assume that the parameters needed
to model fading, specified below, are known*. However, the
fading realizations, H; ¢, Vi € N are unknown, and they are
treated as i.i.d random variables with a known PDF and CDF
of leios(h) and F H%os(h), respectively.

To simplify analysis, recall that v; = P;/@; + P ;, Yi € N.
Given our information assumptions, P ; is constant while P;
is a random variable due to its dependence on the unknown
fading power H;¢. Letting V; = P;/&; = C;/H; ¢, with C; =
{/(HipLd;), we have fy, (vi) = fy. (vi— Ps,;). Further, let
¢G(¥;) = v + FV, (ﬁi)/fvi(ﬁi), and note that d¢;(v;)/dv; =
dc;(v;)/dv;. Thus, we may equivalently show that the auction
with valuations ¥; is regular. We now derive the cumulative
distribution function of ¥;:

~ C;
FVI,(IN/I'):PI'( iSfi)ZPr(—le}i)
it

i (12)
=1-Pr (H[’f < Ci/ﬁi) =1- FH'T:OS (h;(¥;)),

where h;(V;) = C;/V;. Noting that h; (V) is monotonic in ¥, the
PDF is given by f, (%) = fyros (hi(¥;)) C:/9?. We are now
ready to develop the main resélts.

Lognormal fading: We first consider the case where fading
power is modeled as a lognormal random variable. Dis-
cussion of lognormal fading generally characterize channel
power in the dB domain, i.e., Hﬁ? = 10logy H; . For
the derivations below, it will be more convenient to work
with linear power, so that if H;; ~ Lognormal(0, 0';), then

4Candidate locations may be found using, e.g., integrated sensing and
communication techniques [45]. The LOS channel path loss and fading
parameters may be estimated from the source’s interaction with the candidates
over the source-to-candidate channel, which is also LOS.

H{? ~ N(0,(100/In(10))*), where N denotes the normal
distribution.

Theorem 2. Suppose that for all i € N, the fading is i.i.d
with H; y ~ Lognormal(0, 0']%). Then the WPT reverse Myerson
auction is regular.

Proof. See Appendix B.

The above result shows that under lognormal fading, the

mechanism described in (11) minimizes the source’s ex-
pected energy consumption. Furthermore, as a consequence
of the monotonicity of ¢;(v;) implied by regularity, the optimal
transmit power X™ (V) can be found with logarithmic time
complexity using a simple bisection method.
Rayleigh fading: Rayleigh fading is another common fading
model found in the literature. Importantly, Rayleigh fading
refers to the distribution of the channel gain, the square root of
the power, and if the channel gain is Rayleigh distributed with
distribution parameter i ¢, the channel power is exponentially
distributed with average power 2¢/J% [44]. We now prove the
regularity of the auction assuming this model.

Theorem 3. Suppose that for all i € N, the fading is i.i.d with
Hiy~ Exp(l/(ng)). Then the WPT reverse Myerson auction
is regular. '

Proof. From Eq. (12) and the properties of the exponential
distribution, we have

i -G
Fy(3)=1-(1- e—hi("i)/@‘ﬁfz)) =exp|——5
' 2Vi¢f
- C; —-C;
fi(Pi) = ——exp | — .
' 2v%1,0f2 2v,~¢/1§

We can now write & (¥;) = ¥; + 297 /C;, which is monoton-
ically increasing in ¥; for all ¥; > 0.

The result presented above indicates that, with Rayleigh
fading, the mechanism given in (11) minimizes the source’s
average energy usage. We note that the expression ¢;(¥;)
is quadratic, so that finding the payment, X* (V), using the
Myerson mechanism can be done in constant time.

Remark - Rician Fading: In addition to lognormal and
Rayleigh fading, Rician fading is another important fading
model found in the literature. Although Rayleigh fading can
be seen as a Rician fading with a K-factor of 0 [44], it
is easy to produce counterexamples that illustrate that
a general Rician distribution is not regular, and thus
more complex “ironing" techniques are needed for auctions in
these scenarios [38]. Specifically, the ironing technique must
determine the convex hull of the virtual valuation function,
¢;(v;), which depends on non-analytic functions that appear
in the PDF and CDF of the Rician distribution (an order-zero
modified Bessel function of the first kind and a first-order
Marcum Q-function, respectively). This presents a significant
challenge in the derivation of a closed-form expression, and
numerical methods would incur high computational costs and
corresponding energy usage. This makes Myerson auctions
under Rician fading more challenging compared to lognormal
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and Rayleigh fading, and we discuss this point further in
Section VII.

C. Outage Probability

While the MWA promises greater energy efficiency on
average compared to the VWA, it does not minimize the
outage probability. To illustrate, consider a simple scenario
consisting of a single candidate and the source, with Py > Ppax
and v{ < Pyax = vo < ¢1(v1). The VWA results in the candi-
date winning and the source using total power Pp.x. However,
for the MWA, the source wins but cannot communicate. Thus,
while the MWA requires less energy on average, it does so at
the cost of increased outage probability. We next characterize
the extent to which the MWA results in additional outage
probability.

For the MWA, we decompose the outage probability into
two components. First, there is pJ , which is the minimum
outage probability, corresponding the event that Py > Pp,ax and
v;i > Pnax for all i > 0. For the MWA, we have an additional
outage probability, pg/l[l’tg, corresponding to realizations of the
valuations which satisfy three conditions: that Py > Pp,x, that
p(V) =0, and that there exists at least one i such that v; <
Pmax- Thus, the outage probability under the MWA, po =
Dot Pl(:/llftg . We have already mathematically characterized py,,
in Eq. (9), and we now characterize the gap, pg/l[l’tg:

Pg/lll}g =Pr ((PS > Prax) ﬂ (N ci(vi) > vo) ﬂ (UL, vi < vo))
=Pr (Py > Pmax)

x Pr ((ﬂ:’:lci(vi) > V) ﬂ (UL vi < vo) |Ps > Pmax)
n

= Pout,s 1_[ (F\/i (Pmax) — FV{(VLI)) s
i=1

with % = ¢;'(Pmax), Where, assuming regularity, ;! is the
well-defined inverse of the reverse auction virtual valuation
function, c¢;(v;).

Three circumstances reduce or eliminate the increased risk
of outage. First, as long as a candidate wins the MWA,
communication will occur, since the payment XM (V) will
satisfy XM (V) < cpm(XM(‘V)) < vg £ Ppax. Secondly,
if Py < Ppax, then communication will always occur when
possible, since even if the source wins, it is able to successfully
transmit the data in time. Finally, as the number of candidates
increases, the additional outage probability decreases. More
specifically, if we again assume that candidates are indepen-
dently and identically distributed (so that valuations, v; Vi € N
are 1.i.d.), we have

M, —
pomg = Pout,s (FV(. (Pmax) — FVC(VC))n >

where the candidate-identifying subscript i has been replaced
by ¢, denoting a generic candidate. This expression shows that
the gap, pﬁf;tg, between the minimum outage probability and
the outage probability of the MWA decays exponentially in n.
Thus, we have shown that there is gap in outage probability
between the cooperative baseline and the MWA, and
that this gap decreases exponentially as the number of
candidates increases.

D. Energy Consumption

While the Myerson mechanism may result in a larger outage
probability, it also reduces the average energy consumption. To
build intuition as to why, consider a simple scenario with a
single candidate, and assume that v < ¢;(v]) < vo. In the case
of the VWA, the total source transmit power is Py = v, while
for the MWA, we have Py = cl’l(vo) < vo. As numerical
results in Section VI show, this difference can be significant.

In summary, the MWA increases energy efficiency but
does so at the cost of a greater outage probability. We next
present several numerical results which illustrate the analysis
of the preceding sections.

VI. NUMERICAL RESULTS

We now present numerical studies illustrating the analysis
presented in the previous sections. We compare the outage
probability, the source energy usage, and the energy harvested
using both the VWA and MWA under different fading as-
sumptions. These showcase when one type of auction will be
preferred over the other, as well as how the number of can-
didates, the fading characteristics, and the blockage geometry
impact system performance. Where appropriate, we compare
the results of the auction-based protocol to the cooperative
lower bound and to an upper bound corresponding to the
worst-case scenario where the relay service is not available,
which we refer to as the source-only scenario.

Throughout the section, we consider the setup depicted in
Fig. 3, with g5 = (5.76 m,5.76 m), the AP at the origin, and a
large circular blockage occluding the LOS path. The locations
of the candidates, g;, are i.i.d. uniformly across the regions
where a LOS path exists to both the AP and source, i.e., the
non-gray areas in Fig. 3 (a) and (b). We use the following
system parameters, drawn from real-world studies for channels
at 28 GHz: For LOS channels, we set the path loss intercept
and exponent to K05 = 0 and "5 = 2.5, respectively, while
for NLOS channels we set KNMOS = —25 and NOS = 5.76.
Both lognormal and Rayleigh fading is considered, and the
lognormal fading is parameterized with of 4gg = 8.66 for
LOS channels and oy g = 9.02 for NLOS channels [2,
Table VI], [46]. We set vy = 1/ V2 for all Rayleigh fading
experiments to ensure that the same total power is used for
the lognormal and Rayleigh cases. The receiver noise power
is taken as 02 = —=75dBm, and P,x = 100 mW. We consider
a fixed time of 7 = 1s and a bandwidth-normalized payload
of D = 8 bits/Hz, so that the data must be sent at a rate of
at least r = 8 bits/s/Hz. If the maximum achievable rate as
defined in Eq. (1) is less than this on any of the channels used
for communication, we declare an outage. For WPT, we take
the circuity efficiency to be @ = 0.2 [47] and the effective
aperture as A, = 0.01 m?.

Analysis in the preceding sections assumes that the fading
component of the channel is independent for each candidate,
as fading decorrelates within a few wavelengths [41, 44], with
larger-scale correlation due to shadowing captured through
LOS/NLOS effects. However, for completeness, our simula-
tions account for spatial correlation of the fading. For lognor-
mal fading, we generate dB-domain samples by drawing from
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Fig. 3. Numerical results for a sample blockage scenario. (a) and (b): The probability that a candidate at each point could act as a relay in the cooperative
case for (a) lognormal and (b) Rayleigh fading, i.e., pou,c from Eq. (8) conditioned on candidate placement. Areas which do not have a LOS path to both
the AP and the source are crosshatched. (c) and (d): The outage probability of the MWA, VWA, and cooperative baseline for (c) lognormal and (d) Rayleigh
fading. The cooperative baseline outage probability is calculated using the expression for the minimal outage probability in Eq. (9), while the MWA and VWA
outage probabilities are determined empirically from the numerical experiments. The outage probability under the MWA is greater than it is for the VWA,
which matches the minimum outage probability. For both the VWA and MWA, the outage probability decays exponentially. (e): The outage probability gap
between the Vickrey and Myerson auction. This gap decays exponentially in the number of candidates. (f) and (g): The average source transmit power under
the VWA and MWA, as well as for the cooperative baseline introduced in Section III, for (f) lognormal and (g) Rayleigh fading. Energy usage for the MWA
is less than it is under the VWA, and energy efficiency converges as the number of candidates increases. See color PDF for optimal viewing.

a correlated normal distribution, where the covariance between
fading at two points, ¢; and ¢;, is given by o-z(qi,qj) =
O'f% p€XP(—1lgi — g;l/dac), with dgc as the decorrelation dis-
tance [48]. In our experiments, we use dgq. = 0.1 m. Similarly,
following [44, 48], we generate correlated Rayleigh fading
samples in the dB domain by independently sampling two
correlated normal variables for the in-phase and quadrature
components, using the covariance from [48, Eq. (25)]. The
final channel fading values are obtained by summing their
squared magnitudes. These channel simulations, along with
the geometric calculations for LOS determination, are imple-
mented in Python using standard scientific computing libraries.

Throughout, we show system performance with different
numbers of candidates, under different fading models, and
in different environments. For each combination of number
of candidates, fading model, and environment geometry, we
sample 10,000 different possible placements of the n candi-
dates, and for each candidate we sample fading variables from
the corresponding distribution. For each sampled problem
instance, we calculate the cooperative baseline and the results
of both the VWA and MWA. We report the average of these
batches of 10,000 problem instances.

A. Outage Probability

We first study the outage probability across auction types,
looking at the impact of the number of candidates and the
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Fig. 4. Average net energy harvested for the scenario depicted in Fig. 3.

fading characteristics. We first calculate the outage probability
of the source using Eq. (7), which we find to be pous = 0.76
for lognormal fading and poys = 0.99 for Rayleigh fading.
This is the source-only upper bound on outage probability,
corresponding to the case where the source does not have the
option to relay.

Averaging over the possible positions of the candidates as
well as the possible realizations of the channel fading power,
we find that the outage probability for an arbitrary agent,
mathematically characterized in Eq. (8), is pouic = 0.35 for
lognormal fading and poyc = 0.47 for Rayleigh fading (Fig. 3
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Fig. 5. Numerical results illustrating the impact of maximum transmit time, 7', on system performance for a system of of n = 5 relay candidates under
Rayleigh fading. (a): Impact of maximum transmit time on outage probability. The outage probability for the Myerson and Vickrey auctions decreases as the
transmit time increases. As discussed in Section IV, the outage probability of the cooperative baseline is equal to that of the Vickrey auction. (b): Impact of
maximum transmit time on average energy consumption. The average energy consumption, which generally decreases as the maximum transmit time increases.
Interestingly, source energy consumption peaks around 65 mJ for the Vickrey auction with 7' = 0.7s. (c): Impact of maximum transmit time on average net
energy harvested. The net energy harvested peaks at 7 = 0.6, and generally, the source pays the relay candidate less when data offloading is less urgent
(larger T).
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Fig. 6. Numerical results illustrating the impact of correlation probability, &, on system performance for a system of n =5 relay candidates under Rayleigh
fading. (a): Impact of correlation on outage probability. As points become more correlated and spatially concentrated, the outage probability increases due
to decreased diversity in relay candidate locations. (b): Impact of correlation on source transmit power. Increased correlation modestly increases the average
source transmit power. (c): Impact of correlation on average net energy harvested. Increased spatial clustering reduces the net energy harvested by the winning

relay candidate.

(b)). Thus, we will see lower outage probabilities under lognor-
mal fading than we see under Rayleigh fading, though we note
that for different choices of variance o2, this relationship may
not hold. These candidate outage probabilities are then used to
calculate the minimum outage probability pg . using Eq. (9),
which is compared to the outage probabilities of the VWA and
MWA computed empirically from the simulation experiments.
As stated in Lemma 1, we see that the VWA achieves the
minimum outage probability, i.e., p}, = p(‘)/ut, while there is a
gap between the minimum outage probability and the outage
probability of the MWA. The results also demonstrate the
exponential decay predicted in our discussion in Sections IV,
and Fig. 3 (e) shows that the gap in outage probability
between the MWA and minimum outage probability decays
exponentially, as discussed in Section V. Crucially, both the
VWA and MWA reduce the outage probability by as much as
50% and 34%, respectively, with only a single relay candidate
compared to the source-only upper bound, and both push the
probability near O for larger values of n.

B. Source Energy Usage

Figs. 3 (f) and (g) compare the source’s average energy con-
sumption under both the VWA and MWA, with the cooperative
scenario as a baseline. For fair comparison, we take averages
for each of the methods only over cases with successful

communication. We see that, as expected, the MWA results
in significantly less energy usage than the VWA, and that for
large n, the energy consumption of both auctions approaches
that of the baseline. The decay in energy consumption is
particularly pronounced for the VMA. Thus, while the VWA
achieves a lower outage probability than the MWA, the MWA
is more energy efficient. Both auction protocols significantly
reduce energy usage compared to the source-only upper bound,
which uses on average 85 mJ and 100 mJ under lognormal and
Rayleigh fading, respectively. More specifically, with only a
single available candidate, the MWA reduces average energy
consumption by over 60%, while with as few as four available
candidates, the VWA decreases the energy consumption of the
source by 65%.

C. Energy Harvested

The average energy harvested by the candidates is plotted
in Fig. 4. Increasing the number of candidates makes the
auction more competitive, and consequently we see the energy
harvested decreases. Similarly, the MWA reduces the net
energy harvested by the candidates when compared to the
VMA, as the MWA allocates more of the net energy savings
of the system to the source. As discussed in earlier sections,
the net energy harvested by the candidates is several orders
of magnitude smaller than the energy used by the source, so
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that source energy consumption dominates considerations of
energy efficiency in the system.

D. Impact on Transmit Time

We now investigate the impact of the maximum transmit
time, 7, on system performance. Specifically, we consider
T =0.1k for k € 5,...,10 in a system of n = 5 relay candi-
dates with Rayleigh fading, and the corresponding results are
presented in Fig. 5. As expected, we observe that increasing
T generally reduces the outage probability and the source’s
transmit power for both the MWA and VWA, aligning with
the intuition that a longer transmission window reduces the
required transmit rate and therefore increases the likelihood
of successful communication. However, for the VWA, the
source’s energy consumption reaches a peak of approximately
65mJ] at T = 0.7s. This is because for T < 0.7s, the
source must almost always transmit at the maximum power
(Pmax = 100mW) when communication occurs, resulting in
a linearly increasing relationship between maximum transmit
time, 7', and total energy consumption.

We also find that the energy harvested by the winning relay
candidate exhibits a non-monotonic trend, peaking at 7 = 0.6 s.
For, T > 0.6, the auction dynamics effectively results in the
relay candidates gaining a premium for smaller values of T
(more urgent communication). Conversely, when T is large,
the urgency is reduced, and the source pays the relay less.

E. Impact of Spatial Distribution

Thus far, we have assumed that relay candidates are uni-
formly and independently distributed across the region of
interest. However, in practical scenarios, relay locations may
exhibit spatial correlation, forming clusters rather than being
uniformly spread. To investigate this effect, we introduce a
sampling procedure that generates spatially correlated relay
distributions. First, we sample the initial relay candidate
position, ¢, uniformly from the region with LOS to both
the AP and the source. For each subsequent relay candidate,
with clustering probability &, it is sampled from a Gaussian
distribution centered at g; with a standard deviation of 0.5m
along each axis. Specifically, ¢q; ~ N(q1,0.25 I5x»), where
I>x> is the 22 identity matrix. We then use rejection sampling
to ensure that these points maintain LOS to both the AP and
the source. With probability 1-¢£, the relay candidate is instead
sampled uniformly from the region.

By varying the value of &, we can systematically study the
impact of clustering on system performance. When & = 0, all
relay candidates are independently and uniformly distributed,
representing no clustering. Conversely, when & = 1, all relay
candidates are drawn from a single Gaussian distribution
whose mean is itself uniformly sampled from the region’.
Intermediate values of & allow for a continuum between these
two extremes, enabling controlled analysis of the impact of
spatial correlation on system performance.

SThis allows us to identify the impact of clustering independent of exactly
where in the space the cluster is centered

Fig. 6 shows the results from the experiment in a system
with n = 5 relay candidates under Rayleigh fading. Interest-
ingly, increased spatial correlation degrades performance in
terms of both outage probability and energy consumption, as
it reduces diversity in relay candidate placement. Additionally,
higher spatial correlation leads to a decrease in net energy
harvested. This occurs because relay candidates clustered
together experience similar channel conditions, resulting in
comparable valuations. When the gap between the lowest and
second-lowest valuations is smaller, the winning candidate
harvests less energy.

F. Impact of Blockage Geometry

To better understand the impact of the environment, we con-
sider an additional blockage configuration, shown in Fig. 7 (a),
under Rayleigh fading. Due to the geometry of the blockages
in this environment, the outage probability for an arbitrary
candidate iS poyc = 0.36, lower than it was in the blockage
environment considered in Fig. 3 under Rayleigh fading, and
comparing Fig. 7 (b) to Fig. 3 (d), we see that the outage
probabilities drop more quickly in this environment than they
do in the environment considered previously. Similarly, the
average source TX power drops more quickly in this alternate
blockage configuration (compare Fig. 7 (b) to Fig. 3 (g)). Thus,
while the overall trends of rapid decay in outage probability
and energy consumption are consistent across environments,
certain blockage environments lead to better performance than
others.

G. Comparing Auction Types

The previous results illustrate the inherent tradeoff between
the VWA and MWA. For small n, the MWA provides sig-
nificant energy savings compared to the VWA, but at the
cost of a higher Outage probability. As n grows, the energy
savings offered by the MWA become less dramatic. However,
the outage probability gap, pé\;[t’g, also shrinks.

To better understand when one auction type should be
used instead of the other, we compare the average utility,
Us, as defined in Eq. (2) for both the MWA and VWA
under Rayleigh fading in the environment shown in Fig. 3.
Specifically, for each value of n, we find the value of C
(the reward for successful communication in Eq. (2)) such
that the source is indifferent between the two auctions and
plot them in Fig. 8. As C grows larger, greater importance
is placed on ensuring communication occurs, i.e., reducing
outage probability, and energy efficiency becomes less critical.
We therefore see that when ensuring communication is more
important (larger values of C), the VWA is preferred, as it
achieves the minimum outage probability. On the other hand,
the MWA is preferred when greater importance is placed on
energy efficiency (smaller values of C). Qualitatively, we see
that as n increases, the MWA becomes preferred for a greater
range of values of C. This suggests that as the number of
candidates increases, the MWA becomes more desirable.
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Fig. 8. Proposed design space: The blue line indicates the values of the
communication reward, C, defined in Eq. (2), such that the source’s expected
utility is equal under the VWA and MWA. Conceptually, C is a penalty for
failing to communicate. For values of C below the line, the MWA is preferred.
For values of C above the line, the VWA is preferred.

H. Computational Complexity

We next compare the computation required for the VWA and
MWA as well as for the cooperative lower bound. All three ap-
proaches require the same coordinating communication steps,
outlined in Section III, and computationally, the difference in
these protocols lie in the mechanisms (p™, XM), (p¥, XV),
and (p€, X©). Each of these runs in O(n) time, as the source
must compare the valuations or virtual valuations of each of
the n relay candidates. In general, a Myerson auction could be
computationally intensive due to the need to find the convex
hull of virtual valuation functions. However, the key results in
Theorems 2 and 3 prove the regularity of the auction under
lognormal and Rayleigh fading, so that virtual valuations can
be easily calculated.

VII. CONCLUSIONS AND FUTURE WORK

This paper presents a novel approach to incentivizing non-
cooperative, battery-powered UEs to act as relays through
the use of wireless power transfer (WPT) and auction-based
protocols. By analyzing the performance of Vickrey and
Myerson auctions under realistic channel conditions, we have
demonstrated that these mechanisms offer promising solutions
for optimizing both energy efficiency and outage probability
in non-cooperative relay networks with limited information.
Through mathematical analysis and proofs, we have shown

that the Vickrey WPT auction (VWA) achieves the same min-
imum outage probability achieved in the non-cooperative case,
while the Myerson WPT auction (MWA) is an energy-efficient
alternative at the cost of a possibly greater outage probability.
Extensive numerical results corroborate our analytical findings
and highlight the critical role of system parameters, such as
the number of candidate UEs, the fading environments, and the
geometry of the blockages. Overall, the mathematical analysis
and numerical results provide guidance on when one auction
type is preferred over the other.

Several directions remain open for future research. One
avenue involves extending the MWA to handle non-regular
Rician fading models. While the VWA applies to any fading
model, our discussion of the MWA focused on lognormal
and Rayleigh fading due to their analytical tractability. In-
corporating “ironing” procedures [38] would make the MWA
applicable to a broader range of fading environments.

Another important direction is introducing more dynamic
adaptability into the system. This includes developing mech-
anisms to select between different auction types in real time
based on network conditions and optimizing over transmission
time 7 rather than treating it as a fixed parameter. Relaxing the
constraint on 7 would allow for a more flexible and respon-
sive auction framework, particularly in scenarios where strict
timing constraints are not required. Furthermore, expanding
the model to account for mobility would open new research
directions, particularly in the context of communication-aware
robotics [49]. Studying auctions with a mobile source or
mobile relays introduces additional challenges related to link
stability, power dynamics, and relay selection.

Finally, revisiting assumptions related to the UEs’ utility
could lead to intriguing avenues for future work. For example,
the impact of non-winning candidates harvesting energy from
the source’s transmission warrants deeper investigation, and
understanding how passive energy harvesting affects bidding
strategies and overall network efficiency could lead to refine-
ments in the auction design. Hybrid incentive systems that
combine energy-based payments with monetary or alternative
incentives could also offer a more comprehensive understand-
ing of system performance, making auction-based relaying
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more applicable to real-world deployments.

APPENDIX A
PROOF OF COROLLARY 1

Proof. Our proof consists of two parts. First, we show that
Definitions 2 and 3 are equivalent. Then, we show that the two
mechanisms are equivalent as well. We first cast the reverse
auction as a forward auction by negating the valuations. Let
V‘if = —v; denote the equivalent forward auction valuations.
Then we have

1= F,r(=vi)
f 1) = el (vp) = =y - ——
= T
=y, — By (vi) _ —ci(v))
l fV (Vl) o

Thus, ¢;(v;) corresponds to the negation of the forward auction
virtual valuations. Furthermore, we note that

dc{(vif)
dv{'

_(=Ddci(vi)
- (=Ddv; -

dci(vi)
dV,~ '

Therefore, the valuations of the reverse auction satisfy the
condition in Definition 3 if and only if the valuations of the
equivalent forward auction satisfy Definition 2.

We must also show that the reverse auction and forward
auction mechanisms are equivalent, i.e., pM (V) = p/"M (=V)
and XM (V) = -X/"M(—V), where —V is the set of
valuations in the equivalent forward auction. This follows
directly from the negation of the virtual valuations shown in
Eq. (13) and the definitions of the mechanisms in Eq. (10) and
Eq. (11).

APPENDIX B
PROOF OF THEOREM 2

Proof. As a general statement, we have

dei(vi) _ . fo, (Vi) Fy, (V) dfy, (Vi)
dv; o0 fy, (7)) di; "
L Fg,00) dfy, () (1
T R G2 av

For lognormal shadowing, the CDF of the fading is
Fyros(h) = ®(In (h)/oy), with ®(-) the CDF of the stan-
dard normal distribution, while the PDF is fHL_os(h) =

——=exp(—1In(h)/20 ) Based on this, we have
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Differentiating, we get
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dv; dhi(¥;) dv;
exp(=Inh;(7:)/(2077))
Clo'f@

_Inh; (v )) -C;
i)

_ —exp(=Inhi(7:)/(2077)) _Inki(
- ﬁ%af\/ﬂ J%
_ _fVl (‘71') B In h,‘(\~1[)
Vi o-}
We can now expand Eq. (14):
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We then let y = In (h;(7;))/of to get
déi(vi) 1-®(y)
— =2+ or—v).
dv; s 7Y

where ¢ is the PDF of the standard normal distribution. We
note that (1 —® (y)) /¢ (y) is by definition the Mills ratio
for a standard normal distribution, for which the following
inequality holds [50]: (1 — ®(y))/¢(y) < 1/y, Vy > 0.
Consequently, for all 7;, we have d¢é;(¥;)/dv; > 0.
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