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Abstract—Wireless power transfer technologies such as simultaneous wireless information and power transfer (SWIPT)
have shown significant potentials to revolutionise the design
of future wireless communication systems. When the only
energy source is from the wireless signals that are mainly
intended for information communications, the sustainability
and outage performance of SWIPT systems become critical
factors in theoretical evaluation and practical applications.
This paper firstly models the energy harvesting and energy
consumption of the power splitting protocol based SWIPT
systems to investigate the general sustainability condition. We
further model the power and information transfer outage
probabilities using Markov Chain, which are unique for
SWIPT systems since they both could cause communication
outage. We further demonstrate how to apply the closed-form
expression of the outage to optimise the key parameter of
splitting ratio for SWIPT systems. Hardware and numerical
experiments demonstrate the validity of the proposed model
and outage analysis, and confirm the effectiveness of the
solution to calculate the optimal splitting ratios under different
signal and channel conditions.
Index Terms—Wireless power transfer, SWIPT, outage,
wireless communications

I. I NTRODUCTION
Wireless power transfer (WPT) could shift the paradigm
of future wireless communications due to its unprecedented
benefits to lift the dependency of communication systems
on power supply infrastructure and enable higher freedom
for both design and deployment of communication networks [1]–[4]. While other energy harvesting approaches
such as kinetic and solar energy harvesters can derive
energy from the ambient environment sources, the availability and density of them are uncontrollable [5]. Simultaneous wireless information and power transfer (SWIPT)
offers a potentially controllable way to top up energy
storage by optimising the two fundamental resources of
wireless signals including energy and information, showing
significant potentials in energy-constrained scenarios such
as telemedicine, remote sensing, smart cities, as well as
general wireless communication systems [6]–[9].
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Existing studies on energy harvesting from wireless
signals have established the theoretical ground for SWIPT,
where two typical protocols could be adopted to split the
power for either energy harvest or information transfer:
time switching (e.g., [10], [11]) and power splitting (PS)
(e.g., [12], [13]). Considering the competition of these two
tasks for the same resource and the low energy-carrying
capability of radio frequency (RF) signals, PS based SWIPT
is gaining increased attention due to its higher spectral
efficiency [13], [14]. Promising research work on SWIPT
has addressed some key issues including, novel harvesting
circuits and antenna design (such as innovative rectifiers
and multi-antenna systems [12], [15]–[17]), communication
and cooperation protocols (such as routing and scheduling
methods [3], [18]), and harvesting and communication
strategies ( [5], [14]).
For SWIPT systems, the propagation loss and low power
carrying capability of RF signals could lead to potentially
frequent energy depletion and communication failure [2],
[7]. It becomes essential to study the outage performance of
such systems in order to investigate their sustainability, e.g.,
[5], [13]. Specifically, Lu et al. [13] considered the scenario
where SWIPT has the opportunity to harvest energy from
both the intended transmitter and ambient signals. Peng
et al. established the boundary conditions for achieving
an energy neutral state within a wireless sensor network
[19]. Ding et al. explored the important theoretical tool
of outage to analyse the performance of SWIPT systems
[20]. Existing research work has established the valuable
foundation for SWIPT, but they often adopt theoretical
models and parameters without underpinning from realworld perspectives. Furthermore, most outage analysis focuses on information transmission and neglects another
important outage factor caused by insufficient power from
the harvester, which is often unique in SWIPT systems.
This paper firstly introduces the energy harvesting and
power consumption models for a wireless communication
system and then evaluates their relationship by comparing
the average income and consumption to establish the sustainability condition. Since wireless signals usually suffer
from channel effects such as fading, we model the problem using Markov Chains and calculate the power and
information outage probabilities. We thoroughly investigate
the short-term and long-term performance under different conditions, e.g. ambient power harvesting and storage
in battery/supercapacitor, transceiver distance, and power
splitting factors, derive a closed-form for the joint power
and information outage, and present a low complexity
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approach to calculate the power splitting ratio, given the
different parameters such as transmitting power, fading, and
harvesting efficiency. We further evaluate the sustainability
model and the proposed solution using numerical and
hardware experiments, which confirm the performance of
the proposed approaches. The key contributions of this
paper are summarised below:
• Modelling the sustainability of SWIPT systems. Unlike most theoretical modelling work of SWIPT systems, we study the sustainability of SWIPT based
on practical system parameters from both the energy
harvesting and consumption perspectives. Hardware
experiments confirm the effectiveness of such a model.
• Outage analysis of SWIPT systems. In addition to
information outage, this paper studies the outage performance of SWIPT systems by analysing both the
power and information impacts that are unique for
SWIPT. The two outage probabilities are integrated
into one joint closed form, allowing optimisation on
the key relevant parameters such as power splitting
ratio, transmitting power, harvesting efficiency etc.
• Optimal power splitting. We propose a low complexity
approach to find the optimal power splitting ratio that
leads to minimum outage based on the closed form
expression. Numerical experiments confirm that the
optimal values under varied system and channel conditions can always be calculated using this approach.
The remainder of the paper is as follows: Section II introduces the system model and energy consumption model,
and proposes the sustainability condition for SWIPT. Section III investigates the power and information outage
probability. Section IV provides hardware and numerical
experiments to validate the sustainability condition and
analyse the outage performance. Finally, Section V concludes this paper and discusses some promising future
directions.
II. S YSTEM M ODEL AND S USTAINABILITY
S YSTEMS

OF

SWIPT

A typical SWIPT system includes both the transmitting
and receiving RF chains, a power splitter, an energy harvesting module and a storage module. This paper studies
the impacts of all these key modules (The main system
parameters are listed in Table I.). The power splitting factor
θs defines the ratio of RF power being used for information transmission. If a wireless node has a rechargeable
energy storage unit such as a battery or supercapacitor, the
harvested energy from the transmitter and ambient signals
will be stored in this unit and then used to power the signal
processing circuit and RF chain.
A typical SWIPT system can be modelled as follows
[20],
!
√
p
P hxs
(1)
+ na + np ,
y s = θs √
1 + dα
where ys is the received signal after power splitting, P
denotes the transmitting power from the source, e.g. a base

Parameters
P
θs
λ
d
α
β
η
Ts
R
Eelec
Eamp
I0
SdB
ρ

Description and exemplar values
Source transmitting power (1W )
Power splitting factor (0.5)
Average channel gain (1)
Transceiver distance (3.8m)
Path loss factor (2)
Battery conversion efficiency (0.9)
Harvesting efficiency (1)
Symbol duration
(for a BPSK symbol: 1/(256Kbps))
Data rate per Hz (1bit/Hz/s)
Transmitting/receiving electronics energy
consumption per one bit (50nJ/bit)
Energy dissemination rate (100pJ/bit/m2)
Zero-th order of the first type Bessel function
Ratio of direct and indirect energy in dB
Transmitting signal to noise ratio (SNR)
TABLE I: System parameters.

station or a wireless router, h denotes the channel coefficient from the transmitter to the receiver, which could be
modelled as a Rician distribution in most power harvesting
scenarios. Because non line-of-sight (NLOS) propagation
significantly attenuates the power of a wireless signal, the
received power is much lower than LOS scenarios, for
which Rician distribution provides more accurate modelling. xs is the source signal with unit power, d is the
distance between the transmitter and the receiver, and α is
the path loss factor. The transmitting signal to noise ratio
(SNR) is denoted by ρ = P/σp2 . The received signals are
subject to two main types of noise: the antenna unit noise
na and signal processing unit noise np , modelled by Gaussian Distributions N (0, σa2 ) and N (0, σp2 ), respectively.
The harvested energy from wireless signals can be expressed as follows


P |h|2
2
+
σ
(2)
Es = η (1 − θs )
a Ts ,
1 + dα
where η denotes the harvesting efficiency [12], [21], and
Ts is the symbol duration. Since σa2 is usually very small,
it is assumed to be 0 according to [10].
The stored energy at the battery or supercapacitor can be
modelled as follows, subject to a conversion loss,


|h|2
Eb = βEs = βη (1 − θs ) P Ts
,
(3)
1 + dα
where β is the conversion efficiency factor. According to
[22]–[24], for Lithium-ion batteries and supercapacitors, β
usually ranges from 0.9 to 0.95.
A. Energy consumption modelling
We model the energy consumption of a wireless node
according to [25], [26], consisting of two main parts: the
circuit power consumption and the propagated power. In
detail, the energy consumed at the circuit for receiving and
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transmitting one bit is Eelec (nJ/bit), and the disseminated
power is d2 Eamp , where Eamp denotes the energy dissipating factor for maintaining an acceptable SNR level.
This model also considers the energy consumption at the
computing modules, denoted as Ecomp (nJ/bit). Therefore,
the total energy required by a node to complete a communication session, e.g. receiving and transmitting a message
of N bits, can be approximated as follows:
Ec = 2N Eelec + N d2 Eamp + Ecomp ,

(4)

where the transmitter and receiver both consume N Eelec
energy, respectively. According to [25], [26], typical values
of Eelec and Eamp are 50nJ/bit and 100pJ/bit/m2,
respectively, which are also used in the experiments of
this paper. According to a recent study [27], the power
consumption of the computing unit in a new design consumes 8% of the total circuit energy consumption, which
is equivalent to 8.7%N Eelec . It is expected that the exact
consumption would decrease in future low-power systems.
B. Sustainability of SWIPT systems
To design a wireless communication system that relies
on SWIPT based power harvesting, it is important to study
its sustainability and identify the boundary condition to
achieve sustainable communications. We thus propose the
following definition:
Proposition 2.1: A SWIPT system is sustainable if
E{Eb } ≥ E{Ec }, where E{·} denotes the expectation, Eb
and Ec are defined by (3) and (4).
This proposition evaluates whether the expected harvested energy is greater than the average consumption.
Section IV validates this proposition and demonstrates the
outage using hardware experiments on PowerCast’s power
harvester [2].
III. O UTAGE

OF

SWIPT

SYSTEMS

This section studies the outage performance of power
harvesting and information transmission. Based on these
two components, a joint closed-form of SWIPT outage is
proposed. We further demonstrate how to obtain the optimal
splitting ratio for PS based SWIPT systems using the
closed-form. The same method can be used for optimising
other parameters of SWIPT systems to achieve minimum
outage.
A. Power outage probability
We first define the power outage of a SWIPT system as
follows,
P = Pr{Eb < Ec }
(5)
which represents the probability that the instant available
energy is insufficient for consumption.
The power states of a wireless node can be modelled
using a Markov Chain, shown in Fig. 1. Each node may
experience one of the following two states at each time
slot: sufficient power for information transfer, denoted as
H1 (the power sufficient state), and insufficient power for

Fig. 1: The Markov Chain model of a wireless node without
battery (H0 : Outage, and H1 : Sufficient power).

information transfer, denoted as H0 (the power outage
state).
The transition probabilities between two states (i and j)
are denoted as Pij , where i and j are either 0 (to represent
H0 ) or 1 (to represent H1 ). For a chain of power state
transitions, we analyse its probability evolution under two
different settings: C = 0 if there is no energy storage unit,
and C > 0 if the node is installed with a rechargeable
battery or supercapacitor with a capacity of C, which stores
energy harvested from both the SWIPT signals and ambient
RF signals.
1) No energy storage unit: If C = 0, the above Markov
Chain would reach a steady state as defined by the following equations,
(
π0 P00 + π1 P10 = π0
(6)
π0 P01 + π1 P11 = π1
where π0 and π1 are the steady-state probabilities of the
two states H0 and H1 . It is easy to know that π0 + π1 = 1,
P00 + P01 = 1 and P10 + P11 = 1. Therefore,
(
10
π0 = P01P+P
10
(7)
P01
π1 = P01 +P10
We can work out the above two equations and get the
overall power outage probability as follows,
Pp,o = 1 − π1 = 1 −

P01
P01 + P10

(8)

The two steady state probabilities within the above equations denote the sufficient and outage conditions between
power harvesting yield and consumption,
(
π01 = Pr{Eb ≥ Ec }
(9)
π10 = Pr{Eb < Ec }
Rician distribution is adopted for channel modelling
when there exists the LoS domination path together with
small scatters. The Rician factor s defines the ratio between
the power from the direct path and the scatters. For the
cases that s approaches 0, the direct path has comparable
power as the scatters, and the Rician distribution becomes
the Rayleigh distribution. We introduce g = |h|2 to denote
the channel gain, which follows the non-central exponential
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Following a similar analysis method as in the previous
section, we have the two states H0 and H1 denoting power
sufficient state and outage state, respectively. The transition
probabilities from any state at k to the states at k + 1 are
given by P00 (k), P01 (k), P10 (k) and P11 (k).

Fig. 2: The Markov Chain model of a wireless node with
a rechargeable battery (H0 : Outage, and H1 : Sufficient
power).

distribution with
√ a probability density function (PDF):
fλ (g) = I0 (2 λsg)λe−λg−s , 0 < g < ∞ [28]. Therefore,




|h|2
P01 = Pr βη (1 − θs ) P Ts
≥
E
c
1 + dα
Z +∞
p
=
I0 (2 λsg)λe−λg−s dg
(10)
Ec /γ

X

n
+∞ n X
(λEc )m
s
λEc
−s
= exp −
γ
n! m=0 γ m (m!)
n=0

s )P Ts
where γ = βη(1−θ
. I0 is the 0-th order Bessel
1+dα
function of the first kind, defined as

I0 (x) =

+∞
X

x
(n!)2
n=0

π1

j=1
KEc
γ

−KS

Given each gj ≥ 0, if C ≥ kEc , the above probability will
always be 100%.
Pk
Let G(k, λ) = j=1 gj = x. Considering the sum of the
Pk
Rice factors S = j=1 sj = ks. The power gain G(k, λ)
follows non-central χ2 distribution [29] with its PDF as
  k−1
√
λx 2 −λx−kS
e
Ik−1 (2 λkSx).
f (x) = λ
s

We can then obtain the following closed form

P11 (k) =

and the overall outage probability during K continuous
time slots as

=1 − e−λ

(15)

(11)

We can thus obtain the steady-state power sufficiency
probability as follows
X

+∞ n X
n
s
(λEc )m
λEc
(13)
−s
π1 = exp −
γ
n! m=0 γ m (m!)
n=0

Pp,o =1 −

j=1

2n

P10 can be similarly obtained as,
X

+∞ n X
n
s
(λEc )m
λEc
(12)
−s
P10 = 1 − exp −
γ
n! m=0 γ m (m!)
n=0

K
Y

In order to calculate the outage, P11 (k), which denotes
the probability of staying at an energy sufficient state at
time k (i.e., the cumulative energy yield is no less than the
consumption), is worked out first,




k

X
gj + S
+
C
≥
kE
P11 (k) = Pr
βη (1 − θs ) P Ts
c


1 + dα
j=1


k
X
kEc − C 
.
gj ≥
= Pr


γ

n
+∞ n X
X
(λEc )m
s
n! m=0 γ m (m!)
n=0

!K

(14)
.

For the special case of K = 1, the outage probability can
be regarded as the instantaneous power outage performance
for each time slot.
2) With an energy storage unit and ambient power
harvest: The model is shown in Fig. 2, where the states of
a wireless node at the (k − 1)th, kth and (k + 1)th time slot
are displayed. We denote the total number of continuous
messages (including the received and transmitted messages)
as K, and the initial state of the battery is C.

Z

∞
kEc −C
γ

f (x)dx

+∞
kEc − C X (kS)n
= exp(−λ
)
γ
n!
h
imn=0
λ(kEc −C)
n+k−1
X
γ
·
m!
m=0

(16)

Based on the Markov model in Fig. 2, the overall outage
of the wireless system during K time slots can be expressed
as follows
Pp,o = 1 −

K
Y

P11 (k).

(17)

k=1

A robust wireless system that functions sustainably
should achieve as low power outage as possible. In a
practical scenario, two power resources could be exploited,
for example, power from the dedicated RF sources and
ambient RF signals.
Proposition 3.1: The necessary condition to achieve a
predefined minimum power outage probability is that the
capacity of the power storage unit of a wireless node
meets the total power consumption during K continuous
functioning time slots: C = KEc . At the extreme scenarios,
the minimum power outage probability could reach 0.
Proof: From the Markov chain model, the proof of
Proposition 3.1 can be broken into several single steps from
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k = 1 to k = K. Firstly, we take the derivative of P11 (k),
−λ kEcγ−C

+∞
−kS X

∂P11 (k)
(kS)n
e
=
∂C
γ
n!
n=0

h
h
im
im−1 
λ(kEc −C)
λ(kEc −C)
n+k−1
n+k−1
X
X
γ
γ


−
·

m!
(m
−
1)!
m=1
m=0
=

e

+∞
−λ kEcγ−C −kS X

γ

n

(kS)
n!
n=0



λ(kEc −C)
γ

n+k−1

(n + k − 1)!

(18)

Working out the right hand side of the above equation gives
just one term as follows,


∂P11 (k)
kEc − C
= exp −λ
− kS
∂C
γ
s
 k−1

kEc − C
λ(kEc − C) 2
· Ik−1 (2 λkS
)
γ
γkS
(19)
By assigning

∂Pp,o (k)
∂C

= 0, we have
C = kEc .

(20)

Combining the conditions for each k from 1 to K, and
C ≥ kEc , we have that if the total available energy is C =
KEc , the power outage probability could reach minimum
during K time slots.
This result suggests that, for a theoretically perpetual
working wireless node equipped with RF energy harvesting
capabilities, the minimum available power and the capacity
of the energy storage should be no less than the designed
maximum power consumption.
However, most practical systems usually allow outage
occuring at a certain probability level, which can be calculated by (17). Another important factor is the average
residual power left in the energy storage unit after K time
slots, which provides the foundation of the next K time
slots, which is given below,
Proposition 3.2: The average power after K continuous
time slots is Cresidual = γK/λ − KEc + C.
Proof: The proof of Proposition 3.2 is as follows,
Cresidual = E {Eb − KEc + C}
= γE{

K
X
j=1

Cresidual = γK/λ − KEc + C.

The main purpose of energy harvesting is for information
exchange. It is thus important to evaluate the probability
of information outage under the condition that only partial
receiving power can be used for information communications, which can be formulated by the probability that data
rate supported by the received SNR falls below the required
data rate R.
We firstly denote the equivalent SNR at the receiver as
follows,
θs P |h|2
.
SNR =
(1 + dα )σp2
The outage probability is thus formulated below,
′
P10
= Pr {log(1 + SNR) < R} ,

(23)

and the steady-state outage probability can be obtained
similar to (7),
P′
π1′ = ′ 01 ′
(24)
P01 + P10
where the probability is taken over all possible g = |h|2 ,
given below,
Z µ
′
fλ (g)dg
P10 =
0

= 1 − exp(−λµ − S)
α

R

+∞ n X
n
X
S
(λµ)m
n! m=0 m!
n=0

(25)

−1)
′
′
′
, and P01
+ P00
= 1 and P10
+
where µ = (1+d θ)(2
sρ
′
P11 = 1. The steady-state of H1 can be obtained as
′
π1′ = 1 − P10

(26)

After a few mathematical manipulations, we can achieve
the closed form of the information outage as follows,
Pi,o = 1 −

K
Y

π1′

j=1

" +∞
#K
n
X Sn X
(λµ)m
= 1 − exp(−λKµ − KS)
n! m=0 m!
n=0
(27)
C. Joint outage performance

(21)

gj } − KEc + C

Incorporation of the probability distribution of
gives the closed form, as follows,

B. Information outage probability

PK

j=1

gj

(22)

From Proposition 3.2, a sustainable wireless node becomes possible only if γ/λ ≥ Ec . Otherwise, the whole
system would gradually deteriorate to the state similar
to the case of no battery in Section III-A1, leading to
significantly higher outage probability.

To measure whether a wireless node can function sustainably, the joint power and information outage can provide a
full picture of the outage performance of the system. At any
time slot k, the joint outage can be expressed as follows,
Po (k) = 1 − (1 − Pp,o (k)) (1 − Pi,o (k))

= Pp,o (k) + Pi,o (k) − Pp,o (k)Pi,o (k)

(28)

where Pp,o (k) is the power outage at time k, given by
Pp,o (k) =1 − P11 (k)
=1 − e−λ

kEc −C
γ

−kS

kEc −C m
+∞
n+k−1
X
(kS)n X (λ γ )
n!
m!
n=0
m=0
(29)
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and Pi,o (k) is the information outage at time k, given by
Pi,o (k) = 1 −

π1′

= 1 − exp(−λµ − S)

+∞ n X
n
X
S
(λµ)m
n! m=0 m!
n=0

k−1
X

ǫ(ξ + xkS)n−k+1 (k − 1)! k+1−n
x
+ (1 − x)2 ξ = 0.
n!
n=0
(31)
Proof: To prove Theorem 3.3, we firstly obtain the
derivative of Po (k) against θs as follows,
∂Pp,o (k)
∂Pi,o (k)
∂Po (k)
=
(1 − Pi,o ) +
(1 − Pp,o ),
∂θs
∂θs
∂θs
(32)

and

γ′ =
Let ξ =

we have


ξ
∂Pp,o (k)
ξ
ξ
=e− 1−θs −kS
∂θs
(1 − θs )2 kS(1 − θs )
p
· Ik−1 (2 kSξ/(1 − θs )).

(37)

After a few mathematical manipulations, the following
polynomial can be obtained
k−1
X

ǫ(ξ + xkS)n−k+1 (k − 1)! k+1−n
x
+ (1 − x)2 ξ = 0
n!
n=0
(38)
where x = 1 − θs .
The values of x and thus θs can be easily obtained by
calculating the roots of the above single-variable polynomial, where many numerical methods exist. Details are thus
neglected in this paper.
IV. E XPERIMENTS
This section presents extensive experiments to investigate
the power and information outage performance of SWIPT
systems. The experiments aim to provide insight on how to
optimise a sustainable RF energy harvesting node. Most of
the parameters are listed in Table I, with a few exceptions
that are specifically described in the relevant experiments.
The first part of this section investigates the theoretical
outage, and the second part provides hardware experiments
to validate the sustainability modelling and outage performance at the no battery scenario (the battery scenario is
not experimented due to the hardware limit).
A. Numerical experiments

 k−1
2

The second derivative is achieved as follows,
 n
ǫ
 
+∞
ǫ X S n θs
ǫ
∂Pi,o (k)
= exp
∂θs
θs θs2 n=0 n! n!
 

ǫ  p
ǫ
2
I
= exp
ǫ/(Sθ
)
,
0
s
θs θs2
α

(33)

−βηP Ts
∂γ
=
.
∂θs
1 + dα

λ(kEc −C)(1+dα )
,
βηP T

1
ξ
ξ
+ kS)k−1
(
(k − 1)! 1 − θs
(1 − θ)2

n
k−1
ǫ X 1
ξ
+ 2
+ kS
=0
θs n=0 n! 1 − θs

(30)

It is easy to see that, there exists a trade-off between
power outage and information outage, which is primarily
controlled by the power splitting factor θs . The following
theorem gives the optimal θs at the time slot k that leads
to the minimum joint outage probability.
Theorem 3.3: The optimal power splitting factor θs for
a minimum overall outage probability, represented as θs =
1 − x, is given by the roots of the following polynomial,

where
kEc −C
∂Pp,o (k)
γ ′ λ(kEc − C)
=e−λ γ −kS
∂θs
γ2
kE
−C
+∞
c
n
X (kS) (λ γ )( n + k − 1)
·
,
n!
(n + k − 1)!
n=0

is easy to see that the shared exponential terms are greater
than 0, therefore, we can simplify the expression as follows,

(34)

(35)

R

where ǫ = −λ(1+d ρ)(2 −1) . We expand the expression
above and obtain the following,
(
ξ

k−1
ǫ
∂Po (k)
ξ
e− 1−θs −kS
ξe θs
=
+ kS
∂θs
(k − 1)!
1 − θs
(1 − θ)2
n )
k−1
X 1 − ξ −kS  ξ
ǫ
ǫ
+ kS
.
e 1−θs
+ e θs 2
θs n=0 n!
1 − θs
(36)
Assign the above expression with zero and generate the
optimal θs associated with the minimum overall outage. It

1) Power outage performance: The first experiment
evaluates the instantaneous power outage probability
against the splitting factor θs covering the full splitting
spectrum, when there is no battery. The analysis model is
evaluated against simulation experiments where the Rician
factor s = 3dB, which means the ratio that the direct
power and indirect power contributing to the channel gain
is approximately 2. Fig. 3 presents the results, which are
evaluated at four distance points. The analysis model’s
outage probabilities closely match with the points obtained
at the simulation experiments. Less power splited from
the received signal’ total power (larger θs ) leads to a
higher power outage probability. Ideally, in order to achieve
improved power outage performance, we may tend to
split more power from the received signal, however, the
information outage would increase accordingly. A more
balanced solution is to equip a rechargeable battery or
supercapacitor with ambient power harvesting, which is
confirmed by experiments in the next subsection.
The analysis model is also compared with the ideal
harvesting scenario when there is no conversion loss (all
RF power could be harvested and stored). Fig. 4 gives the
results. It is clear that the ideal scenario sets the upper
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Fig. 3: Power outage probability against power splitting
factor in the case of no energy storage unit.

Fig. 5: Power outage probability under varied distance and
power splitting factor.
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Fig. 4: Power outage probability of the analysis model
against optimal benchmarks.

Fig. 6: Continuous power outage probability against ambient power harvest.

bound for any SWIPT systems. Distance also significantly
affects the power outage, for example, when θs = 0.5, the
outage probability occurred at 1m is approximately 10% of
that of 4m.
The next experiment evaluates the analysis model with
simulation experiments for the scenario with a power storage unit. The experiment fixes the storage unit to 1500nJ,
and chooses K to 16. s is 3dB. Fig. 5 presents the results,
which are evaluated at four θs values. Three observations
can be obtained: 1) the analysis model provides accurate
performance at the higher outage range, e.g., when they are
higher than 10−5 ; the approximations introduce errors that
become clear when the outage probabilities are low; 2) the
power splitting factor θs is essential to a satisfactory outage
performance: at the same distance, e.g. d = 8m, the outage
probability for θs = 0.8 is almost 100%, while that for θs
= 0.2 is approximately 10−5 ; 2) lower distance (especially
when d is less than 6m) and higher θs are crucial to optimal
power outage performance.
To wrap up this subsection, the final experiment studies

the case with varied power available from ambient signals.
We fix the distance to 6m and adjust the available power.
Fig. 6 illustrates the results, from which we can see the
opportunities to harvest energy from ambient signals have
a huge impact to the outage of the system. A slight increase
in ambient harvesting would make significant contribution
to a better power outage performance, particularly when the
number of continuous time slots K is small. For example, if
the initial power is 1000nJ, the power outage is 10−2 after
20 consecutive time slots, which is already better than the
best case shown in Fig. 3.
2) Information outage performance: The next group of
experiments focus on information outage to measure the
probability of exchanging information successfully. Most
parameters are also listed in Table I, with a few ones
specially explained in each experiment.
Fig. 7 reveals the information outage with regard to
SNR and θs . As expected, the increase in SNR leads
to the decrease of information outage. The increase of
power share from the received signal also contributes to
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Fig. 9: Joint power and information outage. The symbol
× denotes the theoretical θs values that give the minimum
outage, calculated using (31).
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Fig. 8: Information outage probability against distance.

lower outage. The gain becomes less significant when θs is
greater, e.g. 0.5 ∼ 0.6.
Compared to the power outage in Fig. 5, information
outage has a smoother impact on distance changes. Fig. 8
shows some examples when SNR is set to 30dB. Generally,
smaller distance contributes to lower outage probability, and
the increasing tread is similar for different θs values.
3) Joint outage and theoretical θs : This subsection
aims to evaluate the performance of the analysis model
of the joint outage, against simulation experiments. The
experiment also verifies whether Theorem 3.3 holds or not.
Fig. 9 gives an overall view, where both K and the
available power are changed. The distance is chosen to
achieve the average power sufficient state d = 3.8m. The
curves represent the joint outage probabilities, while markers represent simulation experiments using Rician channel
models. The bowl shapes where the lowest points indicate
the place of the ideal θs . We also use (31) to calculate
the theoretical θs and the corresponding outage probability
of each case, and mark them in the figure using black
× symbols. From the results, we can see Theorem 3.3
holds. The four cases further show that higher power from

The first hardware experiment investigates the sustainability proposition of SWIPT systems and evaluates the
contributions of variable distances between the transmitter
and receiver. The hardware and experiment settings are
given in Fig.10, in a space without interfering signals at
the same band (915MHz). Spectrum scanner was used to
make sure there was no RF signal at the same frequency
band, mainly due to the experiment environment being in
a new built building without any residents.
The power harvester is P1110, developed by PowerCast
and approved by FCC [2]. This experiment simulates the
boundary sustainable scenario that all harvested energy
is used to power a wireless node without splitting for
information transmission.
Fig. 11 presents the experiment results against the theoretical energy consumption model. The results suggest that
for the distance less than 7m approximately, the average
harvested energy is greater than the energy consumption,
showing the feasibility of building a sustainable wireless
node solely powered by RF signals. Particularly if the
distance is less than 1m, the harvested energy is several
times higher than the energy consumption. It is worth
mentioning that most of the parameters of the consumption
model are adopted from current wireless transceivers and
future low-power designs will lower the red dashed curve.
In a practical system, the received signal’s power may
fluctuate due to channel fading and quite often, the available
energy may be insufficient to support communication. The
final experiment thus evaluates the analysis model in a laboratory setting. Because the energy receiver (P1110) does
not have a power storage unit, this experiment compares the
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(b) The energy receiver (P1110 Powerharvester Receiver) and
measurement meter (Keithley2460).

Fig. 10: Experiment hardware set-up.

350
Harvested energy
Energy consumption modelling

300

Energy (nJ)

250

200

150

100

50

0

5

10

15

Distance (m)

Fig. 11: Harvested energy in experiments and energy consumption model.

performance of the analysis model that that has no battery.
100 experiments at each distance point were collected to
calculate the outage performance. Fig. 12 presents the
results. Generally, the analysis model provides a close
match to the experiment values at a large range of the
distance, where measurements at lower outage range are
slightly higher than theoretical modelling, showing that the
practical environment could not be optimally modelled by
Rician channels.

AND

F UTURE W ORK

This paper investigates the SWIPT systems’ sustainability using both theoretical modelling and practical experiments. We firstly study the energy harvesting and consumption modelling of general wireless systems, and then
propose the sustainability condition. We then investigate
the power and information outage performance of SWIPT
systems and demonstrate how to optimise the SWIPT
parameters using power splitting ratio as an example. Hardware and numerical experiments confirm the performance
of the proposed models and approaches.
Even though power consumption modelling of wireless
nodes has attracted wide research attention, e.g. [25], it will
be necessary to investigate contemporary and future lowpower designs, particularly for IoT communications that
often require sustainable sensing for substantially long time.
This paper uses [25] to establish a common baseline, and
does not cover the most up to date models. Our modelling
method, however, should still stand for the cases that have
different Eelec and Eamp .
It would be an interesting topic to investigate the overall
network performance in terms of power and information
outage in more recent architectures such as relaying and
5G systems. Some existing work has already touched on
this topic, e.g. networking based on energy harvesting [5],
relaying models [14], [18], two-way systems [3] etc. The
application of the sustainable SWIPT tools studied in this
paper could be applied for future study in these fields.
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