
864
IEICE TRANS. COMMUN., VOL.E106–B, NO.10 OCTOBER 2023

PAPER
Theoretical Analysis of Fully Wireless-Power-Transfer Node
Networks

Hiroshi SAITO†∗a), Fellow

SUMMARY The performance of a fully wireless-power-transfer (WPT)
node network, in which each node transfers (and receives) energy through a
wireless channelwhen it has sufficient (and insufficient) energy in its battery,
was theoretically analyzed. The lost job ratio (LJR), namely, is the ratio of
(i) the amount of jobs that cannot be done due to battery of a node running
out to (ii) the amount of jobs that should be done, is used as a performance
metric. It describes the effect of the battery of each node running out and
how much additional energy is needed. Although it is known that WPT
can reduce the probability of the battery running out among a few nodes
within a small area, the performance of a fully WPT network has not been
clarified. By using stochastic geometry and first-passage-time analysis for
a diffusion process, the expected LJR was theoretically derived. Numerical
examples demonstrate that the key parameters determining the performance
of the network are node density, threshold switching of statuses between
“transferring energy” and “receiving energy,” and the parameters of power
conversion. They also demonstrate the followings: (1) The mean energy
stored in the node battery decreases in the networks because of the loss
caused by WPT, and a fully WPT network cannot decrease the probability
of the battery running out under the current WPT efficiency. (2) When
the saturation value of power conversion increases, a fully WPT network
can decrease the probability of the battery running out although the mean
energy stored in the node battery still decreases in the networks. This result
is explained by the fact that the variance of stored energy in each node
battery becomes smaller due to transfer of energy from nodes of sufficient
energy to nodes of insufficient energy.
key words: wireless power transfer (WPT), performance evaluation,
stochastic geometry, first passage time, lost job ratio, probability of bat-
tery running out

1. Introduction

Recently, the number of mobile devices in our environment
has been rapidly growing. Millions of such devices re-
quire power via a battery, which must be frequently replaced.
However, as the number of devices increases, such frequent
large-scale replacement of batteries becomes infeasible. In
the meantime, the number of wireless sensors installed in
our environment is also increasing, and bundles of cables for
supplying power to those sensors may become problematic.
“Wireless power transfer” (WPT) is a promising technology
for solving these problems [1], [2]. WPT is also essential
for connecting a huge number of devices to the Internet of
Things (IoT) [3].
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Methods for implementing WPT include electromag-
netic radiation, resonant coupling, capacitive coupling, and
inductive coupling [4]. Among these methods, electromag-
netic radiation uses electromagnetic waves such as radio-
frequency waves as a medium to deliver energy in a form
of radiation, and it can transfer energy over longer distances
than other methods. In particular, its transfer range is more
than several meters [4]. Some commercial products us-
ing electromagnetic radiation have already appeared [1], [5].
(Due to health concern, the number of Federal Communi-
cation Commission approvals for far field WPT has been
limited [5].)

WPT energy sources can be classified as “dedicated”
or “ambient”, and each of those classifications can be sub-
classified as “fixed” or “mobile.” Dedicated sources are con-
trollable, and deployed at known locations (fixed sources) or
move along known routes (mobile sources). Their typical
examples are power beacons (fixed sources) [6], [7] and mo-
bile chargers (mobile sources) [8]. Energy transferred from
dedicated sources is normally predictable. Determining lo-
cations of fixed sources or routes of mobile sources is often
a research target [1] (and its references), [9]–[14]. Ambient
sources such as wireless sensors with random transmissions
(fixed or mobile sources) and vehicles connected to networks
(mobile sources) often randomly fluctuate and their behavior
is normally unpredictable. However, some ambient sources
such as TV towers are predictable.

WPT nodes can be classified according to whether they
are dedicated to charging (transferring energy) to other nodes
and do not receive energy from other nodes or they can
both transfer and receive energy. The latter is often called
“relay nodes.” The former is sub-classified into “fixed nodes”
or “mobile nodes.” A typical example of fixed dedicated
chargers is a power beacon or a base station/access point
with a charger function to charge mobile or wireless devices
[6], [7], [10], [15]–[18]. That of mobile dedicated chargers
is a mobile charger for working robots [8].

Examples of a relay node are a hybrid access point
working as a relay to transfer energy to other nodes and
transmit/receive information to/from nodes [19], [20] and
a relay node for transmitting information between wireless
devices and charging other nodes with insufficient energy
through WPT in a multihop wireless network [21]. When
relay nodes are introduced, spatial diversity increases and
coverage widens. Existing studies on relay nodes have fo-
cused on optimization of parameters such as relay-node den-
sity [22] and power-splitting and time-switching ratios [23],
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performance of protocols [19], and performance of relay
systems such as the outage probability [24], [25]. For many
other studies on relaying wireless power, see the references
in [25].

AlthoughWPT has been widely studied and it is known
that a relay node using WPT can reduce the probability of
running out of battery of a few nodes around it within a
small area, the performance of networks fully implementing
WPT has not been clarified yet. Accordingly, in this study,
the performance of a wireless-node network in which every
node, which may be a sensor node or a communication node,
can transfer and receive wireless power was theoretically
investigated. Hereafter, such a network is called a “fully
wireless power transfer node network.” Each node transfers
its energy to other nodes via radio frequency (RF) if it has
sufficient energy. When the energy originates from other
nodes, the node functions as a relay node. Multi-hop relaying
is also possible. The node may have an energy source such
as a solar panel or mains power.

Analyzing the “lost job ratio,” which is a performance
metric, can answer the following three questions: (i) how
well the performance of a network consisting of such nodes
performs, (ii) which parameters are key to improving the
performance, and (iii) what is the effect of fully wireless
power transfer on the network. Lost job ratio is the amount
of jobs that cannot be done due to the battery running out to
the amount of jobs that should be done. The job amount is
measured by the amount of energy a job uses. It is assumed
that nodes are distributed in a homogeneous Poisson point
process, and the lost job ratio of a typical node for a non-
linear direct current (DC) power conversion fromRFpower is
analyzed. To understand the impact of the spatial property,
the condition that there are no other nodes within a given
radius around the typical node is set for the analysis.

The major contributions of this paper are as follows:
(1) By using stochastic geometry and first passage time

analysis for a diffusion process, the performance of a fully
wireless-power-transfer node network is theoretically ana-
lyzed in terms of the lost job ratio, which describes the
impact of the battery of each node running out on the per-
formance of the network.

(2) Key parameters that affect the performance of the
network are clarified. They are node density, threshold
switching of statuses between “transferring energy to other
nodes” and “receiving energy from other nodes,” and the
parameters of a DC power conversion from RF power. The
importance of increasing the saturation value of this power
conversion to reduce the lost job ratio can be a significant
reason for developing an efficient means of power conver-
sion.

(3) Numerical examples demonstrate the followings. (i)
The mean energy stored in the node battery in the networks
decreases because of the loss caused by WPT, and a fully
WPT network cannot decrease the probability of running out
of battery under the current WPT efficiency. (ii) However,
the probability of running out of battery for a fully WPT
network with high node density can decrease when efficient

RF-DC power conversion is achieved (in particular, power
conversion efficiency is not easily saturated), regardless of
the decrease of the mean energy stored in the node battery in
the network. This is because the variance of stored energy
in the battery of each node becomes smaller when energy is
transferred from nodes with sufficient energy to nodes with
insufficient energy.

2. System Model and Assumption

In this study, a network composed of a set of nodes capa-
ble of WPT was analyzed. The nodes are distributed in a
homogeneous Poisson point process (HPPP) Φ ⊂ R2 with
intensity (node density) λ. To simplify the notation,Φ is also
used as the set of nodes, and x ∈ Φ is used as the identifier
of a node at x.

Let bx(t) ≥ 0 be the battery level (the amount of energy
stored in the battery) and sx(t) ∈ {0,1} be the status at t
of a node at x ∈ Φ. If bx(t) is higher than threshold θH ,
the node transfers energy through a wireless channel with
transmission power PT to other nodes. The status sx(t) of
the node at time t is one (that is, sx(t) = 1), which denotes
“energy transferring,” and the status when the node is not
transferring energy is zero (that is, sx(t) = 0). Other nodes
with status of zero receive the transferred energy and store it
in their battery. If the battery level of a node with sx(t) = 1
becomes lower than threshold θL (where θL < θH ), the
node stops transferring energy, and its status switches to
zero. Let Φi(t) be a set of nodes with status i at t: that
is, Φi(t) ≡ {x ∈ Φ|sx(t) = i}. The transitions of sx(t) are
defined below (Fig. 1):

sx(t) =

{
1 if bx(t) > θH or if sx(t − 1) = 1, bx(t) ≥ θL ,
0 if bx(t) < θL or if sx(t − 1) = 0, bx(t) ≤ θH .

(1)

bx(t) is defined at the beginning of time slot t, and sx(t)
is determined on the basis of bx(t) (Fig. 2). The transitions
of bx(t) are defined as

Fig. 1 Transition of sx(t).

Fig. 2 Time slot.
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Fig. 3 RF power vs. DC power. Model is given by Eq. (4) with γsat =

γ0 = 11.05 and β = 0.1. Measurement data are regenerated from Fig. 8 in
[3].

bx(t+1) = [bx(t)+τ(ux(t)−PT1(sx(t) = 1)+vx(t)−wx(t))]+

(2)

where τ is the length of the time slot, [x]+ = max(0, x), 1(x)

is an indicator function, and 1(x) =

{
1 if x is true,
0 otherwise.

The

third term on the right-hand side of Eq. (2) means power con-
sumption when energy is transferred to other nodes through
a wireless channel with transmission power PT . The second
term ux(t) is the amount of energy transferred from other
nodes and is given as

ux(t) = ψ(
∑

y,x∈Φ1(t)

PTGHx,y

|x − y|α
)1(sx(t) = 0), (3)

where ψ(·) ≥ 0 is DC power converted from RF power,
α > 2 is a path-loss exponent, G is a constant gain, and
Hx,y is small-scale fading (an independent random variable)
modeled as Rayleigh fading with mean 1. On the basis
of field data [26], [27], a few DC-to-RF power conversion
models have been proposed [3], [28]–[32]. Among them,
the model (Eq. (4)) proposed in [32] is used in the analysis
of this paper because it is tractable with stochastic geometry.

ψ(x) = γsat − γ0 exp(−βx) (4)

where γsat , γ0, and β are constants determined by field data
(Fig. 3). Although Eq. (4) is used for simplicity, it is possible
to generalize the model to fit the field data better as follows:

ψ(x) = γsat −
K∑
k=1

γk exp(−βk x). (5)

The extension to the analysis using this generalized model is
straightforward.

When sx(t) = 0, a node can receive energy transferred
from nodes in Φ1(t) and store it in its battery. In addition,
vx(·) is a random variable denoting energy supply from out-
sideΦ1(t) such as solar power supply, and wx(·) is also a ran-
dom variable denoting miscellaneous energy consumption
such as energy consumption for sensing rather than energy
transfer. {vx(t)}x,t ({wx(t)}x,t ) are independent and identi-
cally distributed with mean av ≡ E[vx(t)] (aw ≡ E[wx(t)])

Table 1 List of notations.
[x]+ [x]+ = max(0, x).
B(rb ), B(rb )

c disk with center o and radius rb , and its complement.

1(x) 1(x) =

{
1 if x is true,
0 otherwise.

Φ a set of locations of nodes
Φi (t) a set of locations of nodes with status i.
λ intensity (node density) of Φ.
τ time-slot length.
bx(t) battery level at t of a node at x ∈ Φ.
sx(t) status at t of a node at x ∈ Φ.
ux(t) energy transferred from other nodes.
vx(t), av energy supply from outside Φ1(t), av ≡ E[vx(t)].
wx(t), aw miscellaneous energy consumption, aw ≡ E[wx(t)].
σ2
v , σ

2
w σ2

v ≡ var[vx(t)], σ
2
w ≡ var[wx(t)].

PT transmission power.
ψ(·) DC power converted from RF power.
α path-loss exponent.
Hx,y small-scale fading (Rayleigh fading).
θH , θL thresholds denoting start and stop of energy transfer.
q, qo prob. of sx(t) = 1, conditional prob. of so(t) = 1.
Φo
rb

Φ ∩ B(rb )/o.
Ak (λ, q, rb ) exp(−2πλq

∫ ∞
rb
(1 − 1

1+kβPT Gr−α )r dr).
η(r) γsat − γ0A1(λ, q, r).
FLH , FHL first passage times from θL to θH and from θH to θL .
aLH , ãLH τ(η(0) + av − aw ), τ(η(rb ) + av − aw ).

σLH τ

√
σ2[ux(t) |sx(t) = 0] + σ2

v + σ
2
w .

σ̃LH τ
√
σ2
t [uo(t) |Φo

rb
= ∅, so(t) = 0] + σ2

v + σ
2
w .

and variance σ2
v ≡ var[vx(t)] (σ2

w ≡ var[wx(t)]). For stabil-
ity of bx(t), (i.e., limt→∞ E[bx(t)] < ∞), PT + aw > av must
be satisfied.

A list of notations is provided in Table 1.

3. Analysis of Battery Level and Performance Metrics

The battery level bo(t) of a typical node is theoretically an-
alyzed hereafter in terms of “lost job ratio” (LJR) of the
typical node. LJR is equivalent to the ratio of (i) the amount
of energy a node wants to use but is not able to use due to
its battery running out to (ii) the amount of energy a node
wants to use. Accordingly, LJR is used to describe how
much additional energy is needed.

It is assumed that a typical node is located at origin o.
According to Slivnyak’s theorem [33], [34], the locations of
nodes still follow an HPPP Φ under this assumption. The
battery level and status of each node at t depend on the
location of the node and the locations of other nodes. These
spatio-temporal correlations highly complicate the analysis.
This necessitates introducing the independent assumption
that: battery level and status of a node are independent of
those of other nodes. (A similar assumption was introduced
in [35].) Under this assumption, Φ1(t) is the thinned process
ofΦwith a Bernoulli thinning probability q ≡ Pr(sx(t) = 1).
(For a point process Φ, the thinned process of Φ with a
Bernoulli thinning probability q is a point process generated
by independently removing each point in Φ with probability
1 − q and retaining it with probability q. If Φ is an HPPP
with intensity λ, the thinned process becomes an HPPP with
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intensity qλ.) Thus, the intensity of Φ1(t) is λq. q is not
depend on x , o.

The analysis of the performance of the typical node in a
fully wireless-power-transfer node network is outlined as fol-
lows: (i) derive the first twomoments of uo(t),ux(t) as a func-
tion of q and qo ≡ E[so(t)|Φo

rb
= ∅] = Pr(so(t) = 1|Φo

rb
=

∅), which is the conditional average ratio of so(t) = 1; (ii)
obtain the expected first passage time E[FLH ] (E[FHL]) of
bo and that of bx from θL to θH (from θH to θL) as a func-
tion of q,qo on the basis of the first two moments uo(t),ux(t)
obtained in (i); (iii) describe q by using E[FLH (bx)] and
E[FHL(bx)] with the renewal process theory, obtain a non-
linear equation of q using (ii), and solve it to get q; (iv)
similarly, obtain qo by using q, E[FLH (bo)] and E[FHL(bo)]
by using (i)–(iii); and (v) obtain E[LJR] by using q and qo.

To determine the impact of the spatial properties on the
performance, we introduce rb and evaluate the probabilities
of bo(t) and so(t) as well as E[LJR] under the condition
Φo
rb
= ∅, where Φo

rb
≡ Φ∩ B(rb)/o, which means Φ∩ B(rb)

excluding o, and B(rb) is a disk with its center at o and the
radius of rb . This condition means that no nodes except
for the typical node exist within rb from the typical node.
A large rb corresponds to the case that there are no nodes
near the typical node. Conversely, a small rb corresponds to
the case that there can be nodes near the typical node. The
conditional probabilities become unconditional when rb = 0.

3.1 Deriving First Two Moments of uo(t),ux(t)

To analyze bo(t), the first conditional moment of uo(t),
namely, the conditional expectation of the amount of energy
transferred from other nodes, is analyzed.

E[uo(t)|Φo
rb
= ∅, so(t) = 0]

= E[ψ(
∑

x,o∈Φ1(t)

PTGHo,x

|x|α
)|Φo

rb
= ∅]

= γsat − γ0E[
∏

x∈Φ1(t)∩B(rb )c

exp(−
βPTGHo,x

|x|α
)]

(a)
= γsat

−γ0E[
∏

x∈Φ∩B(rb )c
(1 − q + q exp(−

βPTGHo,x

|x|α
))]

(b)
= γsat − γ0E[

∏
x∈Φ∩B(rb )c

(1 − q +
q

1 + βPTG |x|−α
)]

(c)
= γsat − γ0 exp(−λ

∫
B(rb )c

(q −
q

1 + βPTG |x|−α
)dx)

= η(rb), (6)

where η(rb) ≡ γsat − γ0 A1(λ,q,rb), Ak(λ,q,rb) ≡
exp(−2πλq

∫ ∞
rb
(1 − 1

1+kβPTGr−α )r dr). (a) is because Φ1(t)
is the thinned process of Φ with thinning probability q, and
x ∈ Φ(t) is not included in Φ1(t) with prob. 1 − q but is
included with prob. q. (b) is because Ho,x follows exp(1).
Thus,

∫
e−sωHo,x(ω)dω = 1/(1 + s). (c) is due to the mo-

ment generating functional (MGF) for an HPPP. The MGF
for an HPPP {xi}i of intensity ρ inΩ is given as follows [34].

For a generic function h(x),

E[
∏
i

h(xi)] = exp(−ρ
∫
Ω

(1 − h(x))dx). (7)

Therefore,

E[uo(t)|Φo
rb
= ∅, so(t) = 0] = η(rb), (8)

E[uo(t)|Φo
rb
= ∅] = η(rb)(1 − qo). (9)

Similarly, E[uo(t)2 |Φo
rb
= ∅, so(t) = 0] can be obtained as

follows.

E[uo(t)2 |Φo
rb
= ∅, so(t) = 0]

= E[ψ(
∑

x,o∈Φ1(t)

PTGHo,x

|x|α
)2 |Φo

rb
= ∅]

= γ2
sat − 2γsatγ0E[

∏
x∈Φ1(t)∩B(rb )c

exp(−
βPTGHo,x

|x|α
)]

+γ2
0 E[

∏
x∈Φ1(t)∩B(rb )c

exp(−
2βPTGHo,x

|x|α
)]

= γ2
sat − 2γsatγ0 A1(λ,q,rb) + γ2

0 A2(λ,q,rb). (10)

Thus,

σ2
t [uo(t)|Φo

rb
= ∅, so(t) = 0]

≡ E[uo(t)2 |Φo
rb
= ∅, so(t) = 0]

−E2[uo(t)|Φo
rb
= ∅, so(t) = 0]

= γ2
0(A2(λ,q,rb) − A1(λ,q,rb)2). (11)

Similarly to Eqs. (8), (10) and (11),

E[ux(t)|sx(t) = 0] = η(0), (12)
E[ux(t)2 |sx(t) = 0]
= (γ2

sat − 2γsatγ0 A1(λ,q,0) + γ2
0 A2(λ,q,0)), (13)

σ2[ux(t)|sx(t) = 0] = γ2
0(A2(λ,q,0) − A1(λ,q,0)2).

(14)

3.2 Obtaining First Passage Time of bx

The first passage times FLH (bx) and FHL(bx) of bx from θL
to θH and from θH to θL are defined as follows (Fig. 4):

FLH (bx)= inf(t > 0; bx(s) = θL, bx(s + t) ≥ θH )
(15)

FHL(bx)= inf(t > 0; bx(s) = θH , bx(s + t) ≤ θL).
(16)

Equation (2), which describes the battery level behavior, is
quite similar to a queue of packets. Therefore, the diffusion
process approximation, which is commonly used in queuing
theory, is used for analyzing the first passage times of battery
level.

Because sx = 1 during the passage time from θH to θL ,
bx(·) is approximated by a Brownian motion (the simplest
diffusion approximation) with drift E[τ(−PT +vx(t)−wx(t))]
during the passage from θH to θL . According to [36], the
first moment of FHL(bx) is given as follows.
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Fig. 4 Illustration of first passage time.

E[FHL](bx)= (θH − θL)/(τE[PT − vx(t) + wx(t)])
= (θH − θL)/(τ(PT − av + aw)) (17)

Note that sx = 0 during the passage time from θL to
θH . Therefore, bx(·) is approximated as a diffusion pro-
cess with a reflecting barrier at zero, an absorbing bar-
rier at θH , drift aLH ≡ τ(η(0) + av − aw), and diffusion
σLH ≡ τ

√
σ2[ux(t)|sx(t) = 0] + σ2

v + σ
2
w during its pas-

sage from θL to θH , where σ2[ux(t)|sx(t) = 0] is given by
Eq. (14). Applying Case D on page 1010 in [37] or Eq. (2.15)
in [38] to E[FLH (bx)] gives

E[FLH (bx)]

=
θH − θL

τ(η(0) + av − aw)

−
σ2[ux(t)|sx(t) = 0] + σ2

v + σ
2
w

2(η(0) + av − aw)2

{exp(−
2(η(0) + av − aw)θL

τ(σ2[ux(t)|sx(t) = 0] + σ2
v + σ

2
w)
)

− exp(−
2(η(0) + av − aw)θH

τ(σ2[ux(t)|sx(t) = 0] + σ2
v + σ

2
w)
)}.

=
θH − θL

aLH

−
σ2
LH

2a2
LH

{exp(−
2aLHθL

σ2
LH

) − exp(−
2aLHθH

σ2
LH

)}.

(18)

3.3 Obtaining q

Due to the renewal process theory applying to an alternating
renewal process,

q=Pr(sx(t) = 1)
= E[FHL(bx)]/(E[FHL(bx)] + E[FLH (bx)]). (19)

Therefore,

q(E[FHL(bx)] + E[FLH (bx)]) − E[FHL(bx)] = 0. (20)

Note that E[FLH (bx)] is a function of q. q (i.e., Pr(sx(t) =
1)) is the solution of Eq. (20). The left-hand side of the
equation becomes −E[FHL(bx)] < 0 for q = 0 and becomes
E[FHL(bx)] > 0 for q = 1. Thus, Eq. (20) has a solution in
(0,1). Solving it obtains q.

3.4 Obtaining First Passage Time of bo and qo

Similar to the first passage times FLH (bx) and FHL(bx) of
bx,

E[FHL(bo)]= (θH − θL)/(τ(PT − av + aw)), (21)
E[FLH (bo)]

=
θH − θL

τ(η(rb) + av − aw)

−
σ2
t [uo(t)|Φo

rb
= ∅, so(t) = 0] + σ2

v + σ
2
w

2(η(rb) + av − aw)2

{exp(−
2(η(rb) + av − aw)θL

τ(σ2
t [uo(t)|Φo

rb = ∅, so(t) = 0] + σ2
v + σ

2
w)
)

− exp(−
2(η(rb) + av − aw)θH

τ(σ2
t [uo(t)|Φo

rb = ∅, so(t) = 0] + σ2
v + σ

2
w)
)},

=
θH − θL

ãLH

−
σ̃2
LH

2ã2
LH

{exp(−
2ãLHθL

σ̃2
LH

) − exp(−
2ãLHθH

σ̃2
LH

)}. (22)

Here, ãLH ≡ τ(η(rb) + av − aw) and σ̃LH ≡

τ
√
σ2
t [uo(t)|Φo

rb = ∅, so(t) = 0] + σ2
v + σ

2
w . Therefore, qo

satisfies

qo(E[FHL(bo)]+E[FLH (bo)])−E[FHL(bo)] = 0. (23)

Similar to Eq. (20), this equation has a solution in (0,1)
because the left-hand side of this equation becomes
−E[FHL(bo)] < 0 for qo = 0 and becomes E[FHL(bo)] > 0
for qo = 1. Solving it by using q obtains qo. (Note that
E[FLH (bo)] is a function of q because η(rb) is a function of
q.)

3.5 Obtaining Lost Job Ratio

Since q and qo were derived, the performance metric of
interest, E[LJR], of the typical node when no other nodes
exist within rb , can be obtained as follows. Note that the
time average of the total energy consumed by the typical
node including the transferred energy and energy used is
PT qo + aw , and that of the energy offered is E[uo(t)|Φo

rb
=

∅] + av = η(rb)(1 − qo) + av . If the former is larger than the
latter, that is, if the typical node wants to use energy to do
a job but necessary energy is larger than offered energy, the
typical node must give up the job. This situation is referred
to as “lost job”, and the energy insufficiency causing lost job
in average is PT qo+aw−(η(rb)(1−qo)+av). (Because a long
time average is considered, it is unnecessary to take account
of stored energy at time 0 if it is finite.) Here, the amount
of job is measured by the energy the job needs. Therefore,
the amount of lost job is PT qo + aw − (η(rb)(1− qo)+ av) in
average, and the amount of job the typical node wants to do
is PT qo + aw .

Therefore, the lost job ratio in average is given as

E[LJR] = 1 − (η(rb)(1 − qo) + av)/(PT qo + aw). (24)
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The lost job ratio describes how large additional energy is
needed.

4. Numerical Examples

If not explicitly mentioned otherwise, the following con-
ditions were used in the following numerical examples:
λ = 0.1, α = 4, γsat = γ0 = 11.05, β = 0.1, G = 1,
PT = 50mW, av = 10mW, σv = 100mW, aw = 10mW,
σw = 100mW, θH = 100, θL = 50, and τ = 0.01s. vx and
wx follow normal distributions. The simulation is very time-
consuming due to spatial-temporal randomness. In each
simulation run, there were 5×104 time slots and the first 104

time slots were not used as an initial period to derive results.
200 simulation runs were conducted to determine each point
of a graph.

E[LJR] is plotted against λ in Fig. 5. As expected,
E[LJR] decreases as λ increases. This result can be ex-
plained by the fact that the number of nodes that can transfer
energy increases as λ increases and the energy transferred
from those nodes increases. For rb = 0 (i.e., without condi-
tions on nearby nodes), E[LJR] is reduced about 80% when
λ became five times larger. For larger rb , the reduction of
E[LJR] is smaller. This result can be explained by the fact
that nodes outside B(rb)were too far to sufficiently transfer a
large amount of energy. That is, the typical node was almost
isolated and could not benefit from the effect of the WPT
node network for a large rb .

In Fig. 5, as λ increases, the difference between E[LJR]
derived from Eq. (24) and that obtained by simulation be-
comes larger. The former was smaller than the latter. This
seems to be because there was a small positive correlation
between the status of the typical node and that of the nearest
node, η(rb) under the assumption of independence became
larger than the true η(rb) and resulted in a smaller E[LJR]
than the true E[LJR]. In addition, because η(rb) became
larger as λ increased, and the influence of its error on E[LJR]
in Eq. (24) became clearer.

The impact of λ on E[LJR] was non-linear. As λ in-
creased, the energy transferred from other nodes increased
because the number of surroundings nodes increased. This
is the direct impact of λ. The nodes receiving such en-
ergy could therefore reach sx(t) = 1 (the status transferring
energy) sooner. As a result, the ratio of nodes transfer-
ring energy to other nodes increased. This is the indi-
rect impact of λ, which is demonstrated in Fig. 6 where
qo = Pr(so = 1|Φo

rb
= ∅) plotted against λ increases as λ in-

creases. The direct and indirect impacts causes super-linear
impact, as shown in Figs. 5 and 6. However, for large rb , this
impact is very small, because the number of nodes transfer-
ring to the typical node is small and the energy received from
them is small.

The energy transferred from other nodes to the typical
node η(rb)(1− qo) and that transferred from the typical node
to other nodes PT qo are plotted in Fig. 7. This figure demon-
strates the following: (i) energy transferred from the typical
node is larger than that transferred to the typical node (that

Fig. 5 E[LJR] vs. λ with various rb .

Fig. 6 qo vs. λ with various rb .

is, WPT caused energy loss); (ii) as λ increases, the loss
becomes smaller for any rb (because λ has an upper limit
due to physical factors such as antenna size, the total energy
received cannot be larger than the energy transferred); (iii)
for small rb and large λ, the loss is small.

Because the amount of energy transfered to other nodes
from a node transferring energy is PT and is independent
of the number of nodes receiving the transferred energy, the
amount of energy received by a node and the number of nodes
receiving energy increase as the number of nodes increases.
The loss is thus smaller for larger λ. The energy transferred
from the typical node increases as λ increases because of the
increase of Pr(so = 1|Φo

rb
= ∅). For large rb , the energy

transferred from the other nodes to the typical node is small
because there are no nodes near the typical node even when
λ is large. The impact of λ is thus small for large rb .

As shown in Fig. 7, energy transfer causes energy loss
in the case WPT is applied. Actually, mean battery level
in the case WPT is applied was lower than that in the case
WPT is not applied (“Mean battery level” in Fig. 8). Thus,
there is a concern that the probability of the battery running
out increases by using WPT. To investigate this concern,
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Fig. 7 Energy transferred to and from typical node vs. λwith various rb .

Fig. 8 Pr(bo = 0) and E[bo] with and without WPT (simulation result).

the probability of the battery running out in the case WPT
is applied was compared with that without WPT. (Note that,
for stability of bx(t)withoutWPT, aw > av must be satisfied.
Therefore, av = 6 was used in Figs. 8 and 9.)

Figure 8 demonstrated that the probability of the battery
running out, Pr(bo = 0), can decrease for fairly high node
density and efficient RF-DC conversion, even when E[bo]
decreases. This result is due to the fact that the variance of
stored energy in each node battery becomes smaller due to
transferring energy from nodes of sufficient energy to nodes
of insufficient energy by WPT. Figure 9 illustrates this fact.
Pr(bo > θH ) becomes very small and Pr(θL < bo < θH )
very large in the case WPT is applied, and Pr(bo > θH )
and Pr(bo < θL) become very large in the case WPT is not
applied. However, Pr(bo = 0) can increase even when WPT
is applied if node density is low or RF-DC conversion is
inefficient (Fig. 8).

In Fig. 10, E[LJR] vs. rb with various θH and θL is
plotted. E[LJR] increases as rb increases for all combina-
tions of θH and θL . This result is due to the fact that no nodes
exist within rb around the typical node and the number of
nodes transferring energy to the typical node decreases as rb

Fig. 9 Observed Pr(bo) with and without WPT (simulation result).

Fig. 10 Effect of θH and θL on E[LJR].

Fig. 11 Effect of θH and θL on qo.

increases. Because the number of nodes transferring energy
to the typical node decreases as rb increases and the energy
transferred to the typical node decreases, qo(= Pr(so = 1))
decreases as rb increases (Fig. 11).
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Fig. 12 Impact of non-linearity of power conversion with various a
(γsat = γ0 = 11.05a).

E[LJR] and qo are large when θH or θL is small. As θH
or θL increases, E[LJR] and qo decreases (Figs. 10 and 11).
The increase of qo did not result in the increase of E[LJR].
This result seems to be due to the fact that the energy transfer
causes energy loss (Fig. 7). Thus, the increase of qo may not
contribute to the decrease of E[LJR]. (When λ increases,
the number of nodes increases in addition to the increase of
qo. Hence, the increase of energy received from other nodes
is larger than energy loss. Thus, the increase of qo and the
decrease of E[LJR] are simultaneous. See Figs. 5 and 6.)

According to Fig. 11, qo is large when θH or θL is small.
Large θH means that a node rarely reaches the status sx(t) = 1
(i.e., the status for transferring energy to other nodes) and
that the decrease of battery level at each time slot at that
status is PT − av + aw in average and is not dependent on θH
or θL . Thus, large θH results in small qo. For fixed θH , small
θL means that a node is likely to stay in the status sx(t) = 1
longer. Thus, small θL results in large qo.

The impact of the non-linearity of DC power conver-
sion from RF power on E[LJR] was investigated as follows.
Under the assumption that γsat = γ0 = 11.05a, E[LJR] is
plotted in Fig. 12, where a is a parameter denoting that satu-
ration power becomes a times larger than that of the current
conversion. For small rb , a has a large impact. Particularly
for rb = 0, E[LJR] decreased 20% smaller for a = 2 and
40% for a = 3. This result suggests the importance of de-
veloping an efficient conversion device for fully WPT node
networks.

As a increases, the difference between the theoretically
derived E[LJR] and that obtained by simulation becomes
larger. The former was smaller than the latter. The reason
for this error seems to be the same as that for the error in
Fig. 5.

5. Conclusion

The performance of a fully WPT node networks was investi-
gated by using a theoretical method with stochastic geometry
and first passage time analysis. As a performance metric,
E[LJR] was used, and an efficient method for computing it
was developed.

Numerical examples clarified that λ, θH , θL , γsat , and
γ0 are key parameters determining performance. For large
node density, appropriate θH and θL values, and efficient
DC power conversion from RF power, E[LJR] can be sig-
nificantly improved. In particular, it was demonstrated that
the development of efficient power conversion is important
for implementing fully WPT node networks. However, a
node located far away from other nodes cannot benefit from
the effect of a wireless power transfer node network. A func-
tion for detecting such isolation may be needed in each node
to overcome this problem.

Numerical examples demonstrated that mean stored en-
ergy in the network decreases because of energy loss caused
by WPT and that a fully WPT network cannot decrease the
probability of the battery running out. However, the prob-
ability of the battery running out decreases even under the
decrease of themean stored energy in the networkwhen node
density is high and DC power conversion from RF power is
efficient. This result is explained by the fact that the vari-
ance of stored energy in each node battery becomes smaller
due to energy transfer from nodes with sufficient energy to
nodes with insufficient energy. It is therefore concluded that
fully WPT node networks will benefit users by reducing the
probability of the battery running out when efficient RF-DC
power conversion is implemented.

An R program I developed for theoretically calculating
the metrics such as E[LJR] in this paper is available at [39].
Please refer to this paper for its use.
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