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ABSTRACT In this work, we investigate a wireless powered communication network (WPCN) where
multiple sources are jointly utilized for wireless power transfer (WPT). By consuming the energy harvested
from the these WPT sources, a set of sensors are expected to accomplish reliable transmissions carried
by finite blocklength (FBL) codes. This work proposes a fairness-aware resource allocation design with
low-complexity in such a multi-source WPCN, where the practical nonlinear energy harvesting process is
considered (including the effects of components nonlinearity in rectifier circuits and mutual interference
between multiple radio frequency signals). In particular, a joint power and blocklength optimization
problem minimizing the maximum reliability of all short packet transmissions is considered. To cope with
the formulated extremely intractable nonconvex problem, we decompose it into two subproblems, i.e.,
a power allocation problem and a blocklength allocation problem, nevertheless, both of which are still
nonconvex. To address the power allocation subproblem, auxiliary variables are introduced. Subsequently
variable substitutions are performed to convert the problem into one being analytically tractable, and an
efficient iterative approach is provided via applying the successive convex approximation technique. For the
blocklength allocation problem, we for the first time verify the convexity of error probability with respect
to blocklength under a harvested energy constraint, which is of great theoretical value and can be extended
to numerous applications with energy limitations. Finally, by alternatingly addressing the two subproblems,
an efficient sub-optimal solution to the original problem is achieved.We provide numerical results to validate
and evaluate the proposed design, and a set of guidelines are provided for practical system designs.

INDEX TERMS Finite blocklength regime, wireless power transfer, resource allocation.

I. INTRODUCTION
In future sixth generation (6G) communication systems,
extremely massive connectivity is one of the major key per-
formance indicator to enable the so-called Internet of Every-
thing (IoE) [1], [2], in which massive devices are expected
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to exchange information or work cooperatively [3] in various
kinds of sophisticated applications (e.g., industrial automa-
tion, intelligent transportation, smart city). Meanwhile, the
explosive number of connected devices raises new require-
ments from two aspects: 1) how to provide stable and low-cost
energy supplement to massive devices [4] and 2) how to
allocate limited communication resources among massive
devices to achieve high-efficient communication [5], [6].
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In particular, future IoE is expected to pose significant chal-
lenges to traditional power supplement methods [7], e.g.,
batteries and cabling, due to their limitations with respect
to lifespan, capacity, costs and so on. In addition, laying
out cables recharging the batteries or replacing batteries (by
human beings or robots) may lead to significant inconve-
nience and costs especially in networks with massive devices.
Therefore, novel energy-powering approaches are urgently
required to match the future IoE requirements. Harvesting
energy from the environment (e.g., wind turbines, solar cells)
is an easy and eco-friendly solution [8]. Nevertheless, these
natural energy sources are unstable and might be inaccessi-
ble under numerous applications, e.g., indoors smart home,
autonomous control in factories and curves environmental
information detection. To cope with it, radio frequency (RF)
is a promising and practical energy source [9], [10], which
can be utilized as energy carrier. RF based energy harvesting
(EH) [10], [11], [12], [13], [14], as a form of a wireless
power transfer (WPT) technique, is capable of converting the
received RF signals into beneficial electricity resource in a
more controllable and stablemanner [15], which enables flex-
ible instant charging to satisfy practical service requirements.
More importantly, devices can be powered simultaneously
from the same RF signal, which facilitates the power supple-
ment in large-scale device networks.

So far, such RF-based WPT technology, verified as a
secure and efficient energy-powering approach, has been
integrated to wireless networks to support the potentially
massive unsourced wireless devices in a variety of scenar-
ios [16], [17], [18], [19]. Nevertheless, computation-intensive
and latency-sensitive communication in future 6G is still
challenging due to the limited communication resources (e.g.,
power, time, spectrum, etc). To guarantee energy-efficient
communication, resource allocation (including power, time
and etc.) has become an important research direction and
numerous efforts have beenmade to improve the performance
of wireless power communication networks (WPCN) [20],
[21], [22], [23]. Authors in [24] proposed an optimal time and
power allocation design for sum α-fair utility maximization
in a WPCN. In [25], authors investigated a dynamic-TDMA-
based WPCN and obtained the optimal time allocation strat-
egy in a closed-form expression targeting to maximize the
throughput. Authors in [26] proposed a multidimensional
resource allocation framework based on a heterogeneous
mobile architecture to achieve effective implementation of
federated learning. To improve the energy efficiency, authors
in [27] investigated a time, subcarrier, and power allocation
schemes in OFDMA multicell networks. Nevertheless, the
aforementioned results are conducted under the assumption
of an ideal linear EH process, which is likely inaccurate
in practical. Due to the component nonlinearity in rectifier
circuits, the output DC power in the EH process has actually
a complicated nonlinear relationship with the received RF
power [28]. To ensure the effectiveness of resource allocation
strategies in realistic system designs, nonlinear impact of

the EH process should be considered, especially in WPCN
supporting short packets transmissions, where power has sig-
nificant influence on communication performances in terms
of reliability.

Recently, some studies have proposed resource alloca-
tion designs while considering the practical nonlinear EH
model [29], [30], [31], [32], [33], but only a single WPT
is deployed as energy supplier. In practice, the path-loss is
usually considerable and the RF-DC conversion efficiency
is usually low [34], it is likely difficult to guarantee reliable
communications with only a single WPT source. Moreover,
upperbounded by the hardware, the transmit RF power from
a single source is limited, i.e., the achievableWPT capacity is
restricted, which may lead to insufficient power supplement
and accordingly result in low effective WPT. To cope with
this, introducing more WPT sources has been verified as
an effective solution [35]. By combining the multiple RF
signals from multi-source, a higher WPT efficiency and a
higher energy ceiling can be achieved, which contributes
to further system performance enhancement. One the one
hand, a higher flexibility is enjoyed by exploiting multiple
WPT sources, which is likely to lead to a higher EH (RF-
DC) conversion efficiency and thus improving the WPCN
performance. On the other hand, the diversity of channels
is introduced by multiple sources, and with the assistance of
which the negative impacts of deep fading at certain channels
can be compensated. In other words, the WPT performance
to devices are expected to be improved via enjoying one or
more relatively superior links (sources).

Although the joint utilization of multiple WPT sources has
the potential to improve the energy efficiency and accordingly
enhance the system performance, a great deal of challenges
are also introduced for system analysis and the corresponding
reasonable resource scheduling schemes are indispensable
prerequisites for high-efficiency energy transfer achievement.
On the one hand, according to [36], where an analytical
EH model for multi-source WPT system is proposed, the
mutual interference among multiple received RF signals has
a significant effect on the waveform of the received signal
at device, which should not be ignored. More importantly,
such interference can potentially lead to either positive or
negative impacts on the RF-DC conversion efficiency, which
will further pose an unpredictable impact on the WPT effi-
ciency of the system. In other words, to avoid these potential
negative influences on theWPT process, appropriate resource
allocation based on accurate EH model is essential to be
inevestigated. On the other hand, when the total available
resources (e.g., power) are limited, diverse resource schedul-
ing schemes among sources will result in different system
performances (e.g., reliability, delay, throughput). In order to
sufficienctly utilize the limited resource and optimally satisfy
diverse quality of service (QoS) requirements in numerous
types of networks, appropriate resource allocation schemes
are urgently needed accordingly. Authors in [37], formulated
a joint energy management and user scheduling problem
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in a multi-source energy harvesting wireless networks, but
the operations of the WPT process at different sources are
not cooperative, i.e., a joint design among them is missing.
In work [38], a power allocation design among sources has
been proposed, nevertheless, under a fixed frame structure,
i.e., the blocklength for WIT are unadjustable and only a
single dimension of resource (power) is optimized. In [39],
multiple sources are utilized for WPT, but the fairness-aware
resource allocation is out of the scope of their work. Note
that the sizes of the data packets generated at IoT devices
are possibly small and thus that the transmissions of these
packets are usually carried via short blocklength codes, e.g.,
communications operate in the so-called finite blocklength
(FBL) regime. In such case, the FBL impacts as well as the
impacts of the competitive blocklength allocations among
devices on the WPCN performance should be considered in
the system designs.

However, to the best of our knowledge, the fairness-aware
resource allocation design in a multi-source WPCN are still
open issues. We address such issues in this work via investi-
gating a multi-source WPCN supporting FBL communica-
tions of different sensors. Activated by the multiple WPT
sources, multiple sensors are supposed to realize reliable
short packet transmissions. Taking the nonlinear EH impact
into account, we study the error probability of the WPCN in
the FBL regime and propose a joint power and blocklength
allocation design minimizing the modelled error probability.

The main contributions of the work are summarized as fol-
lows. First of all, we provide a fairness-aware reliability char-
acterization inmulti-sourceWPCN. In particular, considering
the fairness among multiple sensors, we characterize the FBL
min-max error probability, which is jointly influenced by the
multiple WPT source power and the multiple WIT block-
length. A realistic EH nonlinear model is adopted, which
considers the impacts of the mutual interference among
multiple RF signals as well as the components nonlinearity
in rectifier circuit. Secondly, based on the characterization,
we formulate a joint resource allocation problem with the
objective of minimizing the maximum error probability of
short packet transmissions. To address the formulated non-
convex and extremely intractable problem (due to the non-
linear EH process, complex FBL transmission model and
multidimensional optimization variables), we decompose it
into two nonconvex but relatively tractable subproblems, i.e.,
power allocation problem and blocklength allocation prob-
lem. By introducing auxiliary variables, performing variable
substitutions and successive convex approximation (SCA),
the subproblems are respectively reformulated and alternately
addressed, through which a suboptimal solution to the orig-
inal problem can be achieved. Thirdly, for the first time we
prove that with a given amount of energy consumption, the
transmission error probability of the considered multi-source
WPCN network is convex with respect to the short packet
transmission blocklength. Such proved convexity may be of
interest to latency-sensitive communication network analysis
and inspire numerous studies regarding energy limited ultra

reliable low latency communications (URLLC) and facili-
tate the corresponding blocklength allocation designs. Lastly,
numerical results have been provided to confirm the ana-
lytical model and validate the performance of our proposed
algorithm. In particular, the simulation results have validated
the illustrated the significant performance enhancements of
our proposed joint resource allocation design compared with
the benchmarks. In addition, we observe that the increasing of
certain resources (e.g., WIT blocklength) has limited ability
for further reliability enhancement, which provides guide-
lines for practical low-cost, high-reliability and low-latency
system designs.

The remaining part of this work is organized as follows:
Section II describes the system model and review the perfor-
mance models of FBL transmissions as well as the nonlinear
EH with multiple RF sources. In Section III, we characterize
the FBL reliability and formulate a joint resource alloca-
tion problem. In Section IV, we decompose the intractable
original problem into two subproblems and respectively
address them. Finally, numerical results are presented and
discussed in Section V while the whole work is concluded in
Section VI.

II. PRELIMINARIES
A. SYSTEM MODEL
As depicted in Fig. 1, we focus on a multi-source WPCN,
where M sources perform WPT to N EH sensors nodes to
activate their short packets transmissions to a destination
node. All the sources are assumed to have sufficient energy
e.g., via wires connection to the power supplier, thus being
able to perform the required WPT process. The data amount
of the short packet transmitted from sensor i is defined as
ki,∀i = 1, . . . ,N . In particular, each sensor is equipped
with an energy harvester, through which the received RF
signals at sensor i (received from multiple WPT sources) are
converted to DC signals, which can further be utilized for
EH. Subsequently, by consuming all the harvested energy,
the short packet transmission from sensor i to the destination
node is activated. Under such harvest-then-transmit protocol,
an operation frame of the network is separated into a WPT
phase as well as a WIT phase as shown in Fig. 1.

During the WPT phase, since sufficient energy has been
buffered by sources, it is reasonable to assume that all the
sources are capable of providing stable power supplement for
sensors, i.e., the transmit power ofM sources are respectively
unchanged during the entire WPT phase. The transmit power
of source j is denoted by Pj and the time length for WPT is
written as Tsn0, where n0 denotes the blocklength (length in
symbol) of WPT phase and Ts denotes the time length per
symbol. The channel gain between source j to sensor i is
denoted by zi,j. Thus, the received RF power at sensor i from
source j can be given as Pjzi,j. Once sensor i receives the RF
signals from sources, the EH process is activated, in which
the received RF signals are converted to DC signals through
rectifier circuit in EH unit. Then, for sensor i, DC signals
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FIGURE 1. System model and the frame structure.

are converted to usable electricity with power of Pdc,i,∀i =

1, . . . ,N .
During the WIT phase, N sensors respectively transmit

short packets to the destination node by consuming all their
harvested energy during the WPT phase, which indicates an
energy causality limitation between WPT phase and WIT
phase. The entire WIT phase is conducted in a time-division
duplex (TDD) manner, i.e., N short packets are sequentially
transmitted to the destination, and the co-channel interference
can be avoided.We assume the short packet transmissions are
required to be completed under low latency and high relia-
bility constraints. For instance, a possible scenario would be
in a multi-sensor fusion (MSF) application, where informa-
tion from multiple sensors are transmitted, synthesized and
analyzed automatically by the control terminal under certain
guidelines. Based on the analysis results, a set of decisions
will be made by the control terminal, e.g., driverless car
motion decisions. To guarantee the correctness and timeliness
of decisionmaking, all the sensing data require to be transmit-
ted in an URLLC manner, i.e., the sensing data are supposed
to be transmitted successfully and all packets transmission
should be completed within a preconfigured time limitation.
Due to the constraint of latency, transmissions from sensors to
the destination node are carried via FBL codes. We denote by
ntotal the maximum available blocklength under the latency
constraint, i.e., total amount of symbols permitted during
the WIT phase. Accordingly, the time length of the entire
WIT phase is limited with

∑N
i=1 niTs ≤ ntotalTs, where

ni denotes the blocklength (amount of symbols) for short
packet transmission from sensor i to the destination node
and Ts denotes the duration of a single symbol. In the FBL
regime, the decoding errors should be considered. In this
work, we consider a reliable transmission scenario, where the
transmission error probability of each packet should be at lest
lower than 0.1, i.e., εi ≤ 0.1,∀i = 1, . . . ,N , where εi denotes
the error probability of short packet transmission from sensor
i to the destination node. Moreover, as the transmission time

length of each packet is short, the channels involved are
assumed to be block-fading, i.e., the channel is assumed to be
constant during one block and varies independently from one
transmission to the next. Additionally, we assume that each
sensor is equipped with a transceiver capable of transmitting
its own channel state information (CSI) to the WPT sources,
indicating that the CSI is available at the WPT source nodes.
Similarly, the CSI between sensor and destination node is
available at each sensor node by classic channel estimation
methods. In particular, the channel gain between Ri to D is
expressed as z̄2,i,∀i = 1, . . . ,N , and the noise power is
denoted by σ 2.
It is worthwhile mentioning that, all sensors have no other

energy-powering sources other than the RF energy from the
transmitter source and their harvested energy during WPT
phase is assumed to be completely consumed for short packet
transmission during WIT phase, which indicates that the
transmit power of sensor i is jointly influenced by the har-
vested energy Qch,in0Ts and its short packet transmission
time length niTs, i.e., P̄i =

Qch,in0Ts
niTs

holds, where P̄i denotes
the transmit power of sensor i and Qch,i denotes the har-
vested power at sensor i. In addition, in our proposedWPCN,
the source power and WIT blocklength can be dynamically
adjusted. It is critical to note that the realistic RF-DC con-
version efficiency is around a lower level, which necessitates
the reasonable resources scheduling among multiple sources
and multiple sensors to achieve high reliability short packet
transmissions under limited resources restrictions.

B. NONLINEAR EH MODEL
During the EH process, the received RF signals at the sensors
are first converted to DC signals for electricity reservation.
In a recent work [36], a performance characterization is
provided for a WPT system with multiple sources sending
independent RF signals, where the harvested DC power at a
EH receiver is given by

Pdc ≜ Feh(Q) ≈

(
1
a
W0(aeaIsϕ(Q)) − Is

)2

R̂L , (1)

with ϕ(Q) = Is +
∑n0

i=1 βi
∑∑M

m=1im=i
Ĉi,{im}

∏M
m=1Q

im/2
m ,

where n0 denotes the truncation order (having influences
on the accuracy for modelling the nonlinearity), Q ≜
(Q1, . . . ,QM ) is the set of M received RF signal powers.

Ĉi,{im} =
M !∏M
m=1 im!

∏M
m=1 λm,im is a constant, and βi = k̄iR

i
2
ant

is also a constant with k̄i =
Is

i!(nvt )i
. In addition, a =

R̂L
nvt

is

a constant with R̂L , n and vt being the load resistance, the
ideality factor, and the thermal voltage, respectively. More-
over, Is is the reverse bias saturation current, which is usually
not considered in linear EH models. W0(·) represents the
principle branch of LambertW function, which is the inverse
function to f (x) = xex . Furthermore, Rant represents the
matched antenna impedance. It should be pointed out that the
mutual interference among the multiple received RF signals
cannot be ignored, which is represented by

∏M
m=1Q

im/2
m in
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ϕ(Q) and such interference can either positively or negatively
influence the WPT efficiency, which makes the considered
multi-source WPCN be more challenging than one with only
a single WPT source. Clearly, a corresponding appropriate
power allocation design among multi-source is of significant
importance in high efficiency WPT realization.

C. TRANSMISSIONS IN THE FBL REGIME
Considering the small data amount of packets generated from
sensors and the low-latency requirements, short packet are
assumed to be transmitted in the FBL regime, in which the
transmission error is non-negligible. Based on [41] and [40],
the error probability is jointly influenced by the SNR γ ,
coding rate r and blocklength n, which is given by

ε = P (γ, r, n) ≈ Q
(√

n
V (γ )

(C (γ )− r)
)
, (2)

where C (γ ) = log (1+γ ) represents the Shannon capacity
and V (γ )=

(
1−

1
(1+γ )2

)
log22e represents the channel disper-

sion. Q−1(·) is the reverse of the Gaussian Q-function, which
is given by Q (x)=

∫
∞

x
1

√
2π
e−t

2/2dt .

III. JOINT RESOURCE ALLOCATION PROBLEM
FORMULATION
In this section, we first characterize the FBL error probability
in themulti-sourceWPCN and subsequently formulate a joint
power and blocklength allocation problem with the objective
ofminimizing themaximum error probability of short packets
transmissions.

A. FBL RELIABILITY CHARACTERIZATION
In the WPT phase, M sources conduct WPT simultaneously
in a broadcasting manner and the received power at sensor i
from source j is given by

Qi,j(Pj) = Pjzi,j, (3)

where Pj denotes the power of RF signals transmitted from
source j and zi,j denotes the channel gain between source j and
sensor i. Subsequently, the multiple RF signals are combined
and converted to DC for EH. The harvested power at sensor i
is given as

Pdc,i(P) = Feh
(
Qi(P)

)
, (4)

where Qi denotes the set of the multiple received RF power
at sensor i, i.e., Qi ≜ (Qi,1, . . . ,Qi,j, . . . ,Qi,M) and Feh(·)
characterizes the practical nonlinear relationship between the
charged power and the received power during EH process.
For details, see (1) in II-B. Based on the assumption of stable
EH capability of EH units, the harvested power Pdc,i(P) is
considered to be unchanged during WPT phase. Thus, dur-
ing WPT phase, the total harvested energy at sensor i with
duration n0Ts is given as

Ei(P) = Pdc,i(P)n0Ts. (5)

By consuming the harvested energy, sensors transmit short
packets to the destination during theWIT phase. Specifically,
the WIT phase is further divided into N slots, and the sensor
i transmit the short packet in the i-th slot with duration niTs
in timelength. We assume each sensor continuously performs
WIT with a stable capacity, i.e., the transmit power of sensor
i is unchanged during its frame of short packet transmission,
which is jointly affected by the harvested power Pdc,i(P) and
the WIT blocklength ni:

P̄i(P, ni) =
Ei(P)
niTs

=
Pdc,i(P)n0

ni
, ∀i ∈ {1, 2, . . . ,N },

(6)

where n0 denotes the WPT blocklength, which is a given
positive constant. With sensor transmit power P̄i, the signal-
to-noise (SNR) of short packet transmission from sensor i to
the destination can be written as

γi(P̄i(P, ni)) =
P̄i(P, ni)z̄2,i

σ 2
i

, (7)

where z̄2,i, σ 2
i are positive constants. To guarantee reliable

short packets transmissions, we set a lower bound limitation
for the SNR. We assume that the SNR of all the short packet
transmissions should be larger than 1, i.e., γi ≥ 1, i ∈

{1, . . . ,N } must be satisfied. The coding rate of the trans-
mission from sensor i to the destination is given as ri(ni) =
ki
ni
, where ki denotes the data amount of the short packet

(transmitted from sensor i). Recalling the FBL transmission
model (2), with SNR γi, coding rate ri and blocklength ni, the
transmission error probability from sensor i to the destination
is represented by

εi(P, ni) = P
(
γi(P̄i(P, ni)), ri(ni), ni

)
. (8)

Obvisously, the FBL reliability is jointly affected by the mul-
tipleWPT source power and theWIT blocklength. To achieve
the desired network performance in supporting a group of
sensors’ reliable short packets transmission, choosing appro-
priate transmission power amongmultiple sources and block-
length among WIT sensors is necessary, especially in a
WPCN with URLLC requirement.

B. JOINT RESOURCE ALLOCATION PROBLEM
FORMULATION
Considering the fairness among multiple sensors, we aim
to minimize the maximum transmission error probabil-
ity among all sensors by jointly optimizing the multiple
source power as well as the multiple WIT blocklength for
short packets’ transmission. The joint resource allocation
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problem is formulated as:

(OP) : min
{P},{n}

max
i∈{1,...,N }

εi(P, ni) (9a)

s.t. :
P̄i(P, ni)z̄2,i

σ 2
i

≥ 1, (9b)

ki
ni

≤ log2

(
1 +

P̄i(P, ni)z̄2,i
σ 2
i

)
, (9c)

M∑
j=1

Pj ≤ Ptotal, (9d)

0 ≤ Pj ≤ Pmax , (9e)
N∑
i=1

ni ≤ ntotal, (9f)

where term P̄i(P,ni)z̄2,i
σ 2i

in (9b) denotes the SNR of short packet

transmission from sensor i to the destination, which should
be no smaller than 1 to satisfy a basis requirement of reliable
transmission. Constraint (9c) specifies the Shannon capacity
restriction. Constraint (9d) limits the total available trans-
mit power at multiple sources. Constraint (9e) specifies the
maximum transmit power of each source for WPT. Finally,
constraint (9f) announces the upper bound of the total block-
length (latency) restriction during WIT phase.

Obviously, the Original Problem (OP) is a nonconvex non-
linear problem and is intractable due to the following reasons.
First, during WPT phase, the interference introduced by the
multiple received RF signals at sensor i from multiple WPT
sources is non-negligible, which combined with the compo-
nent nonlinearity in the rectifier circuits, make the charged
power a complicated nonlinear function with respect to the
multiple source power. Such nonlinearity makes the convex-
ity between εi and multi-source power P unpredictable and
accordingly makes the joint convexity of εi with respect to
(P,n) hardly expected. Second, in the FBL regime, the error
probability εi is a complex Q-function with respect to SNR
γi(P, ni), coding rate ri(ni) and blocklength ni, which poses
significant difficulty to problem resolution. Third, the error
probability is coupled with both two phases (WPT and WIT
phase). In particular, error probability εi is jointly and directly
influenced by (γi, ri, ni). Moreover, P and ni have a joint
influence on γi, and subsequently on the error probability
εi, which has introduced analysis difficulty in addressing the
Original Problem (OP).

IV. PROBLEM REFORMULATION AND SOLVING
A. ORIGINAL PROBLEM DECOMPOSITION
To address such a complicated nonconvex joint resource allo-
cation problem with complex coupling relationships, block
coordinate descent (BCD) based problem decomposition is
an effective solution. Decomposition, as a divide and conquer
strategy, is capable of breaking the hard problems into multi-
ple relatively simpler and mutual independent subproblems,
which significantly increases the solvability of the problem.

BCD regime, as a simple iterative algorithm for nonconvex
optimization, sequentially minimizes the objective function
in each block coordinate while holding the other coordinates
fixed. In particular, we decompose the Original Problem
(OP) into two subproblems, i.e., power allocation problem
and blocklength allocation problem, in both of which, only a
singular domain of resource (power or blocklength) requires
to be optimized, thus the mutual influence between power
and blocklength can be decoupled in optimization. Subse-
quently, a near-optimal solution can be obtained by sequen-
tially addressing the power allocation and blocklength allo-
cation problem until the result converges. The decomposed
power allocation problem and blocklength allocation problem
are respectively defined as follows.
Definition 1 (Power Allocation Problem): Power allocation

problem refers to the process of deciding the amount of
transmit power allocated to each WPT source with a given
WIT blocklength scheduling scheme. In particular, the trans-
mit power from source j is denoted by Pj,∀j = 1, . . . ,M ,
which are variables that have to be optimized. Considering
the limited WPT capacity of a single WPT source, Pj is
upper-bounded byPmax , which is a fixed value andPj ≤ Pmax
must be satisfied. The total available transmit power of M
sources is denoted by Ptotal , which is a positive constant.
Thus, we have

∑M
j=1 Pj ≤ Ptotal . Based on the definition,

the power allocation problem (SP1) is formulated as:

(SP1) : min
{P}

max
i∈{1,...,N }

εi(P) (10a)

s.t. :
P̄i(P)z̄2,i
σ 2
i

≥ 1, (10b)

ki
ni

− log2

(
1 +

P̄i(P)z̄2,i
σ 2
i

)
≤ 0,

(9d), (9e). (10c)

Definition 2 (Blocklength Allocation Problem): Block-
length allocation problem refers to the process of deciding
the amount of symbols to each sensor for short packet trans-
mission under givenmultiple source power setups.With fixed
symbol duration Ts, blocklength allocation is indeed a time
allocation among sensors. Under low-latency restriction, the
total available blocklength of N sensors is denoted by ntotal
and

∑N
i=1 ni ≤ ntotal must be satisfied. The blocklength

allocation problem is given as:

(SP2) : min
{n}

max
i∈{1,...,N }

εi(ni) (11a)

s.t. :
ζi

ni
≥ 1, (11b)

ki
ni

≤ log2

(
1 +

ζi

ni

)
(11c)

N∑
i=1

ni ≤ ntotal . (11d)
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where ζi in constraint (11b) is defined as ζi =
P̄i(P)n0 z̄2,i

σ 2
,

which is a positive constant with given multiple source
power P.

Clearly, based on the aforementioned problem decompo-
sition, the original extremely complicated problem has been
converted to two subproblems, which significantly facili-
tates the problem settlement. For one thing, the joint effect
of power and blocklength on error probability has been
decoupled via decomposition, which facilitates the investi-
gation of the convexity of FBL reliability respectively with
respect to the power and blocklength and accordingly assists
to address the subproblems. For another thing, under such
decomposition, power and blocklength are independently
optimized without mutual influence, which introduces more
flexibility when scenarios changes (e.g., under fixed frame
structure, blocklength is non-adjustable) and enables higher
extensibility to a variety of power or blocklength optimiza-
tion scenarios. In the following subsections, we respectively
provide solutions to the Subproblem (SP1) and Subproblem
(SP2).

B. SOLUTION TO SUBPROBLEM (SP1)
In this subsection, we introduce auxiliary variables and uti-
lize SCA algorithm to reformulate the Subproblem (SP1)
and obtain a corresponding suboptimal solution via iteration
based method.

In Subproblem (SP1), with given blocklength n0 and n,
the transmit power of sensor i is completely influenced by
multiple source power P, which is given as

P̄i(P) =
Ei(P)
niTs

=
n0
ni
Pdc,i(P), ∀i ∈ {1, 2, . . . ,N }. (12)

Nevertheless, Subproblem (SP1) is non-convex and cannot
be solved by convex optimization tools. First, due to the
nonlinear EH process during WPT phase, the SNR (γi) of the
short packet transmission from sensor i is a complicated non-
linear function with respect to the transmit power of multi-
source (P), which combined with the complex FBL transmis-
sion model (2), makes the object function not necessary con-
vex, i.e., the convexity of εi with respect to P unpredictable.
Second, constraints (10b) and (10c) are not necessary convex
since the concavity of terms P̄i(P)z̄2,i

σ 2i
and the convexity of

term − log2

(
1 +

P̄i(P)z̄2,i
σ 2i

)
are not strictly guaranteed. As a

consequence, Subproblem (SP1) is not convex. To cope with
it, a classical solution is to reformulate the subproblem into
a convex one by means of transformation, which is the focus
of the following work.

In Subproblem (SP1), εi is influenced by both WPT phase
and WIT phase, which poses challenges for the convexity
investigation of the object function. If εi is only affected by
either of the two phases, the problem will be much more
tractable. Moreover, it is obvious that the WIT ability is com-
pletely decided by the energy acquired during WPT phase,
which implies an energy supply and consumption limitation.
This motivates us to decouple the complicated nonlinear

relationship between the εi and P during WPT phase and
introduce sensor transmit power P̄ during WIT phase as a set
of variables to be optimized with the objective of establishing
a direct coupling relationship between εi and P̄i, which has
the following advantages. First, the nonlinear relationship
between γi and P has been replaced by a simple linear rela-
tionship between γi and P̄i, i.e.,γi(P̄i) =

P̄i z̄2,i
σ 2i

. Based on

such linear relationship, the convexity of εi with respect to
P̄ can easily obtained according to [42], in which the convex
relationship between εi and SNR γi has been demonstrated.
Second, the original equality relationship between P̄ and P,
i.e., (12) has been converted to an inequality one, i.e., P̄i ≤

Feh[Qi(P̂)]
n0
ni
, which facilitates the further utilization of SCA

algorithm. As a result, with the introduction of optimization
variables P̄, the problem is reformulated as:

(SP3) : min
P,P̄

max
i∈{1,...,N }

εi(P̄i) (13a)

s.t. P̄i ≤ Feh[Qi(P)]
n0
ni
, (13b)

P̄iz̄2,i
σ 2
i

≥ 1, (13c)

ki
ni

− log2

(
1 +

P̄iz̄2,i
σ 2
i

)
≤ 0,

(9d), (9e). (13d)

It is worthwhile mentioning that the optimal (P̄
⋆
, P̂

⋆
) of

problem (SP3) satisfies P̄⋆i = Feh[Qi(P̂
⋆)] n0ni , which can be

proved by the contradiction method due to the fact that the
transmission error probability of sensor i is monotonically
decreasing in the SNR γi =

z̄2,i
σ 2
P̄i, i.e., εi is monotoni-

cally decreasing in P̄i with given z̄2,i and σ 2. It indicates
that problem (SP3) with slacked variables P̄ and slacked
constraint (13b) is equivalent to (SP1). Subsequently, let
us focus on (13b), which depicts the coupling energy sup-
ply and consumption constraint between WPT and WIT
phase. According to the results conducted in our previous
work [38], it has been proved that the joint convex property of
Feh[Qi(P)] with respect to the reciprocal of multiple source
power, i.e., 1

P . To facilitate the characterization, we define
P̂ ≜ {P̂1, P̂2, . . . , P̂M}, where P̂j =

1
Pj
,∀j ∈ {1, . . . ,M}.

Hence, the harvested power at sensor i, i.e., Feh[Qi(P)] is
jointly convex in P̂. Based on the results, we perform variable
substitutions to constraint (13b), (9d) and (9e), which are
respectively reformed as

P̄i ≤ Feh[Qi(P̂)]
n0
ni
, (14)

M∑
j=1

1

P̂j
≤ Ptotal, (15)

P̂j ≥
1

Pmax
. (16)

Nevertheless, the constraint (14) is nonconvex due to the
nonconcave term Feh[Qi(P̂)]. To cope with it, we apply SCA
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algorithm to convert the original non-convex constraint into a
convex one. Based on the joint convexity of Feh[Qi(P̂)] with
respect to P̂, for any feasible local point P̂

(τ )
, we have

Qch,i = Feh[Qi(P̂)] ≥

M∑
j=1

−A(τ )i,j P̂j + B(τ )i , (17)

where the equality holds when P̂ = P̂
(τ )
, i.e., a tight

approximation is achieved. Both A(τ )i,j and B
(τ )
i are the positive

constants defined as

A(τ )i,j =
∂Feh[Qi(P̂)]

∂P̂j
|
P̂j=P̂j

(τ ) , (18)

B(τ )j = Feh[Qi(P̂)] |
P̂j=P̂j

(τ ) +

M∑
j=1

A(τ )i,j P̂j. (19)

The non-concave term Feh[Qi(P)] has been approximated to
a concave one

∑M
j=1 −A(τ )i,j P̂j + B(τ )i and the Local Problem

(LP1) based on any feasible point P̂
(τ )

is given as

(LP1) : min
P̂,P̄

max
i∈{1,...,N }

εi(P̄i) (20a)

s.t. P̄i ≤
n0
ni

 M∑
j=1

−A(τ )i,j P̂j + B(τ )i

 ,
(13c), (15), (16). (20b)

Obviously, all the constraints are convex. Subsequently,
we investigate the convexity of the object function in Local
Problem (LP1). In [38], the joint convexity of εi in (P̂, P̄)
has been verified. Based on the convexity preservation, the
maximum of a set of convex functions is still convex, which
indicates the convexity of the objective function in (LP1), i.e.,
max

i∈{1,...,N }

εi(P̄i) is jointly convex to (P̂, P̄). As a result, Local

Problem (LP1) is convex and can be effectively solved via
convex programming methods.

C. SOLUTION TO SUBPROBLEM (SP2)
In this subsection, we address the Subproblem (SP2) (block-
length allocation problem) while the transmitted power from
multiple WPT sources are given. In particular, we first inves-
tigate the convexity of error probability εi with respect to
short packet transmission blocklength ni. Subsequently, SCA
algorithm is utilized for nonconvex constraint reformulation.
Finally, a sub-optimal solution can be achieved through an
iteration-based algorithm.

To verify the convexity of Subproblem (SP2), we first study
the convexity of the object function in Subproblem (SP2).
In particular, we propose the following Lemma 1 to assist the
convexity confirmation of the object function.
Lemma 1: Under a total WPT energy constraint, the

transmission error probability εi is convex in the trans-
mission blocklength ni while satisfying γi ≥ 1, r ≥

0.0683[bits/ch.use], which is true for most practical FBL
applications in the region of interest.

Proof: To facilitate the derivation, we define xi(ni) =√
ni

(1− 1(
1+

ζi
ni

)2 )
(
log2

(
1 +

ζi
ni

)
−

ki
ni

)
ln 2, based on which the

transmission error probability from sensor i to the destination
node can be written as εi(ni) = Q(xi(ni)), where Q denotes
the Q-function. To investigate the convexity of εi, we take
the second derivative of εi with respect to ni and judge the
nonnegativity of it:

∂εi

∂ni
=
∂εi

∂xi

∂xi
∂ni

, (22)

∂2εi

∂n2i
=
∂2εi

∂x2i

(
∂xi
∂ni

)2

+
∂εi

∂xi

∂2xi
∂n2i

, (23)

where ∂2εi
∂x2i

=
1

√
2π
xie−

x2i
2 ≥ 0,

(
∂xi
∂ni

)2
≥ 0, ∂εi

∂xi
=

−
1

√
2π
e−

x2i
2 < 0. Nevertheless, the nonnegativity of term

∂2xi
∂n2i

cannot be easily obtained, whichmakes the nonnegativity

of ∂
2εi
∂n2i

unpredictable. Therefore, the following work focuses

on the nonnegatively proof of term ∂2xi
∂n2i

when γi ≥ 1 and

r ≥ 0.0683[bits/ch.use] holds.
To facilitate the derivation, we define xi = ln 2(φiψi),

where φi =

√√√√ ni(
1− 1

(1+
ζi
ni

)2

) and ψi =

(
log2(1 +

ζi
ni
) −

k
ni

)
.

The first-order derivative of φi and ψi can respectively be
given as

∂φi

∂ni
=

(ζi + ni)(ζ 2i + 3ζini + 4n2i )

2ζi(ζi + 2ni)2
√

ni(ζi+ni)2

ζ 2i +2ζini

, (24)

∂ψi

∂ni
=

−ζini + ln 2ki(ζi + ni)

n2i (ζi + ni) ln 2
. (25)

Based on (24) and (25), the first-order derivative of xi with
respect to ni is given as:

∂xi
∂ni

= ln 2
(
∂φi

∂ni
ψi + φi

dψi
∂ni

)
= ln 2

(
1
2ζi

√
ζi

ni

(ζ 2i +3ζini+4n2i )

(ζi + 2ni)
3
2

(
log2(1 +

ζi

ni
)−

k
ni

)
︸ ︷︷ ︸

ωi

+

√
ni√

ζ 2i + 2ζini

−ζini + ln 2ki(ζi + ni)

n2i ln 2︸ ︷︷ ︸
ρi

)
(26)

To facilitate the investigation of the second-order derivative
of xi with respect to ni, we first take the first-order derivative
of component ρi and ωi with respect to ni, i.e.,

∂ρi
∂ni

and ∂ωi
∂ni

,

VOLUME 11, 2023 32355



N. Guo et al.: Fairness-Aware Resource Allocation in Multi-Source WPCN in the Finite Blocklength Regime

which are given as follows.

∂ρi

∂ni
=

1
2

√
ζi(ζi + 2ni)

(ζi + 2ni)2
√
ni

−ζini + ln 2ki(ζi + ni)

n2i

+

√
ni

ζ 2i + 2ζini

ζini − ln 2kini − 2 ln 2kiζi
n3i

=

1
2ζ

2
i ni−

3
2 ln 2kiζ

2
i +2ζin2i −

9
2ζikini−2 ln 2kin2i

ζin2i
√

ni
ζ 2i +2ζini

(ζi + 2ni)2
.

(27)
∂ωi

∂ni
=
ξi

ϱi
, (28)

where ξi and ϱi are respectively given as:

ξi = (ζi + ni)216 kin4i ln 2 − 2ζ 4i ni − 20ζ 2i n
3
i − 10ζ 3i n

2
i

− 16ζin4i − ζ 4i ni ln
(
1 +

ζi

ni

)
− 5ζ 2i n

3
i ln

(
1 +

ζi

ni

)
− 6ζ 3i n

2
i ln

(
1 +

ζi

ni

)
+ 3ζ 4i ki ln 2 + 36ζikin3i ln 2

+ 18ζ 3i kini ln 2 + 35ζ 2i kin
2
i ln 2, (29)

ϱi = 4ζ 2i ni ln 2(ζi + 2ni)4
(
n3i + 2ζin2i + ζ 2i ni

ζ 2i + 2ζini

)3/2

. (30)

Subsequently, the second-order derivative of xi with
respect to ni can be obtained as (21), shown at the bottom
of the page. Obviously, the denominator of d2xi

dn2i
is positive.

Subsequently, we focus on the molecules in (21), which is
defined as f in (31), shown at the bottom of the next page.
Considering ζi

ni
= γi,

ki
ni

= ri, f can further be reformulated
to (32), as shown at the bottom of the next page. When
γi ≥ 1, ri ≥ 0 holds, ϵ3 and ϵ5 in (32) are non-negative terms
and respectively satisfy:

ϵ3 ≥ 8 ln(1 + γi) + 18 ln 2ri − 4]γ 2
i + 6 ln 2riγi, (34)

ϵ5 ≥ [ln(1 + γi) + 3 ln 2ri]γ 2
i (35)

Moreover, term ϵ2 satisfies:

ϵ2 ≥ [18 ln(1 + γi) + 75 ln 2riγ 3
i − 16]γ 3

i + 3 ln 2riγi.

(36)

Based on the relaxation of term ϵ2,ϵ3 and ϵ5, i.e., (34) (35) (36),
we have the inequality function (33), as shown at the bottom
of the next page. When γi ≥ 1 and ri ≥ 0.0683 holds, ν1,
ν2 and ν3 respectively satisfies ν1 ≥ 0.0039,ν2 ≥ 0.0273 and
ν3 ≥ 0.0106, which indicates that f ≤ 0, thus d2xi

dn2i
≤ 0 holds.

As a result, we have

∂2εi

∂n2i
=

(
1

√
2π

xie−
x2i
2

)(
∂xi
∂ni

)2

−

(
1

√
2π

e−
x2i
2

)
∂2xi
∂n2i

≥ 0,

(37)

i.e., εi is convex with respect to ni. □
With the assistance of Lemma 1, the convexity of the object

function in Subprobelm (SP2), i.e., the joint convexity of
max εi, i ∈ {1, . . . ,N } with respect to n can easily be proved
as follows. Noted that εi denotes the error probability of the
transmission of the i−th packet, which is completely affected
by the blocklength allocated to sensor i and is independent
from the blocklength allocated to sensor i’, i ̸= i′, i.e.,
∂2εi
∂n2

i′
= 0, ∂2εi

∂ni∂ni′
= 0, i ̸= i′. Therefore, the Hessian matrix of

εi with respect to n can be obtained as

∂2εi
∂n21

· · ·
∂2εi
∂n1∂ni

· · ·
∂2εi

∂n1∂nN
...

. . .
... · · ·

...
∂2εi
∂ni∂n1

· · ·
∂2εi
∂n2i

· · ·
∂2εi
∂ni∂nN

...
...

...
. . .

...
∂2εi

∂nN ∂n1
· · ·

∂2εi
∂nN ∂ni

· · ·
∂2εi
∂n2N


=



0 · · · 0 · · · 0
...
. . .

... · · ·
...

0 · · ·
∂2εi
∂n2i

· · · 0

...
...

...
. . .

...

0 · · · 0 · · · 0


,

which is clearly positive semi-definite. Thus, εi is jointly
convex in n. Based on the convexity preservation, the max-
imum of a set of convex functions is still convex, i.e.,
max εi(ni), i ∈ {1, . . . ,N } is also jointly convex in n.
So far, the convexity of the object function in Subprob-

lem (SP2) has been characterized. The following task is to
prove the convexity of the constraints in Subproblem (SP2).
Constraint (11b) is nonconvex, but can be easily transferred
into a convex one, i.e., ζi ≥ ni. Constraint (11d) is linear,
which is also convex. Nevertheless, constraitn (11c) is non-
convex due to the non-concave term log2(1+

ζi
ni
). To copewith

it, we utilize the same method in IV-B, i.e., SCA to convert
the non-concave term log2(1 +

ζi
ni
) into a concave one. The

∂2xi
∂n2i

= ln 2
(
∂ω

∂ni
+
∂ρ

∂ni

)
= ln 2

(
8ζin5i + 20ζ 2i n

4
i + 16ζ 3i n

3
i + 4ζ 4i n

2
i − 24kiζ 5i ln 2 − 5ζin5i ln

(
1 +

ζi

ni

)
− ζ 5i ni ln

(
1 +

ζi

ni

)
.

− 16ζ 2i n
4
i ln

(
1 +

ζi

ni

)
− 18ζ 3i n

3
i ln

(
1 +

ζi

ni

)
− 8ζ 4i n

2
i ln

(
1 +

ζi

ni

)
− 3ζ 5i ki ln 2 − 87ζikin4i ln 2

− 24ζ 4i kini ln 2 − 120ζ 2i kin
3
i ln 2 − 78ζ 3i kin

2
i ln 2

)/4ζini ln 2(ζi + 2ni)4
(
n3i + 2ζin2i + ζ 2i ni

ζ 2i + 2ζini

)3/2
 (21)
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second-derivation of log2(1 +
ζi
ni
) with respect to ni is given

as
∂2(log2(1+

ζi
ni
))

∂n2i
=

2ζini+ζ 2i
ln 2(ni+ζi)2n2i

, which is non-negative with

ζi ≥ 0, ni ≥ 0. Therefore, log2(1+
ζi
ni
) is convex in ni. Based

on the convexity of log2(1+
ζi
ni
), an inequality can be obtained

as follows.

log2

(
1 +

ζi

ni

)
≥ −C (χ )

i ni + D(χ )
i , (38)

where C (χ )
i and D(τ )

i are defined as

C (χ )
i = −

d
(
log2

(
1 +

ζi
ni

))
dni

|ni=n
(χ )
i
, (39)

D(χ)
i = log2

(
1 +

ζi

ni

)
|ni=n

(χ )
i

+C (χ)
i ni. (40)

The equality in (38) holds at local point n(χ). Based on the
SCA, the original nonconcave term log2(1 +

ζi
ni
) has been

converted into a linear and concave one, i.e., −C (χ )
i ni+D(χ )

i .
In the χ -th iteration, the local-problem is written as

(LP2) : min
{n}

N∑
i=1

εi (41a)

s.t. : ζi ≥ ni, (41b)
ki
ni

≤ −C (χ )
i ni + D(χ )

i , (41c)

N∑
i=1

ni ≤ Ntotal, (41d)

which is a convex problem and can be effectively solved by
convex optimization tools.

D. SOLUTION TO ORIGINAL PROBLEM (OP)
By alternately addressing the two decomposed problems, i.e.,
Subproblem (SP1) and (SP2), which have been effectively

solved in IV-B and IV-C, we can obtain a suboptimal solution
to the original problem. The joint power and blocklength
allocation algorithm is depicted in Alforithm 1. In particular,
we first initialize the values of

(
P(0), P̄

(0)
,m(0)

)
and calcu-

late the corresponding initialized maximum error probability.
Subsequently, the alternating of two subproblems is started.
The power allocation problem is first addressed. In the τ -th
iteration for power allocation problem settlement, we address
the Local Problem (LP1) and obtain the corresponding opti-
mal solution

(
P̂
(τ )
, P̄

(τ )
)
, based on which a new local prob-

lem arises accordingly. The iteration progresses until the
result converges. Finally, a suboptimal solution to Subprob-
lem (SP1) is obtained. Based on the obtained multiple WPT
sources power allocation results, blocklength allocation prob-
lem, i.e., Subproblem (SP2) is subsequently addressed. Sim-
ilar to the power allocation algorithm, in the χ -th iteration,
we first determine C (χ )

i ,D(χ )
i , and subsequently solve the

Local Probelm (LP2). After repetition, we can obtain a sub-
optimal solution to the blocklength allocation problem, which
also represents the end of a round of alternation between
power and blocklength allocation. Subsequently, a new round
of alternation starts, in which the power and blocklength
allocation results obtained in the previous round of alternation
are taken as the initial values. Such iterations proceeds until
the results converges.

Lastly, we study the complexity of the proposed itera-
tion algorithm based on the ellipsoid method. Sub Prob-
lem (SP1) has (M + N ) optimization variables, which
leads to O

(
(M + N )2 1

ϵ

)
rounds of ellipsoid updates,

where ϵ denotes the optimization threshold. With each
cycle of ellipsoid updating, the complexity cost for object
function is O

(
(M + N )2

)
and that for constraints is

O ((M + N )(N + N +M + 1)). As a result, with 8 rounds
of iteration, the complexity of the power allocation algorithm
can be given as O

(
8(M + N )2 1

ϵ

)
×

(
O(M + N )2+O

(
(M +

f = ln 2 n6i

(
8
ζi

ni
+ 20

(
ζi

ni

)2

+ 16
(
ζi

ni

)3

+ 4
(
ζi

ni

)4

− 24 ln 2
ki
ni

− 5
ζi

ni
ln
(
1 +

ζi

ni

)
−

(
ζi

ni

)5

ln
(
ζi + ni
ni

)

−16

((
ζi

ni

)2

ln
(
1 +

ζi

ni

))
− 18

(
ζi

ni

)3

ln
(
1 +

ζi

ni

)
− 8

(
ζi

ni

)4

ln
(
1 +

ζi

ni

)
− 3 ln 2

(
ζi

ni

)5 ki
ni

−87 ln 2
ζi

ni

ki
ni

− 24 ln 2
(
ζi

ni

)4 ki
ni

− 120 ln 2
(
ζi

ni

)2 ki
ni

− 78 ln 2
(
ζi

ni

)3 ki
ni

)
, (31)

f = − ln 2n6i
{
[16 ln(1 + γi) + 120 ln 2ri − 20] γ 2

i︸ ︷︷ ︸
ϵ1

+ [18 ln(1 + γi) + 78 ln 2riγ 3
i − 16]γ 3

i︸ ︷︷ ︸
ϵ2

+ [8 ln(1 + γi) + 24 ln 2ri − 4]γ 4
i︸ ︷︷ ︸

ϵ3

+ [5 ln(1 + γi) + 87 ln 2ri − 8]γi︸ ︷︷ ︸
ϵ4

+ [ln(1 + γi) + 3 ln 2ri]γ 5
i︸ ︷︷ ︸

ϵ5

+24 ln 2ri
}
. (32)

f ≤ − ln 2n6i
{
[25 ln(1 + γi) + 141 ln 2ri − 24]︸ ︷︷ ︸

ν1

γ 2
i + [18 ln(1 + γi) + 75 ln 2riγ 3

i − 16]︸ ︷︷ ︸
ν2

γ 3
i + [5 ln(1 + γi) + 96 ln 2ri − 8]︸ ︷︷ ︸

ν3

γi
}

(33)
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Algorithm 1 Joint Resource Allocation Algorithm
Initialization

1) Initialize the feasible (P(0), P̄
(0)
,m(0)).

2) Initialize the maximum error probability εmax
(0) based

on (P(0), P̄
(0)
,m(0)).

Joint Resource Allocation
3)Initialize εjoint = εmax,min = ε

(0)
max, Popt = P(0), P̄opt =

P̄
(0)
,

mopt = m(0), ~ = 0.
4)Iteration ~ = ~ + 1
Power Allocation
5) Initialize P̂ = 1/Popt , τ = 0.

for sensor i = 1 : N
for source j = 1 : M

6) Determine parameters A(τ )ij according to
(18)

endfor
7) Determine parameters B(τ )i according to (19)

endfor
8) Update (P̂

(τ+1)
, P̄

(τ+1)
) by solving (18)

9) if
∣∣ε(τ+1)

max − εmax,min
∣∣/εo,min ≤ εconverge-threshold

P(~)
= 1/P̂

(τ+1)

break
endif

10) if ε(τ+1)
max < εmax,min

εmax,min = ε
(τ+1)
max , P̂opt = P̂

(τ+1)
,Popt =

1/P̂
(τ+1)

endif
11) τ = τ + 1 and jump to step b).
Blocklength Allocation
12) Initialize χ = 0

for sensor i=1:N
13) Determine C (χ )

i and D(χ)
i according to (39,40)

endfor
14) Update blocklength n(χ+1)

i via solving (P4)
15) if

∣∣ε(χ+1)
max − εmax,min

∣∣/εmax,min ≤ εconverge-threshold
ε~joint = ε

(χ+1)
max ,m(~)

= m(χ+1),
break

endif
16) if ε(χ+1) < εmax,min

εmax,min = ε(χ+1), n = n(χ+1),

endif
17) if

∣∣∣ε~joint − ε~−1
joint

∣∣∣/ε~−1
joint ≤ εconverge-threshold

break
else return to step 4)
endif

N )(N+N+M+1)
))

= O
(
8(M + N )3(2M + 3N + 1) 1

ϵ

)
=

O
(
28(M + N )4 1

ϵ

)
. We can similarly obtain the complexity

of the blocklength allocation algorithm as O
(
8N 2 1

ϵ

)
×(

O(N 2)+O
(
N (N + N + 1)

))
= O

(
83N 4 1

ϵ

)
. As a result,

withϖ rounds of alternating iterations, the complexity of the

proposed joint resource allocation algorithm can be given as
ϖ ×

(
O
(
8(M + N )3(M + 2N ) 1

ϵ

)
+O

(
83N 4 1

ϵ

))
.

V. NUMERICAL RESULTS
In this section, we first validate our joint resource allocation
design in V-A and subsequently evaluate the system perfor-
mance, including the impacts of diverse setups on reliability
as well as the performance comparisons between our design
and the benchmarkers in V-B. In simulation, the default
parameters are setup as follows. With respect to the system
topology, five sensors are deployed on a circle evenly with
the center at the origin of the Cartesian coordinate, i.e., (0, 0)
and the radius of the circle is set to 2 meters. The destination
node is distributed at (15,15) in the Cartesian coordinate.
Three WPT sources are deployed on an arc 20 meters away
from the destination node and 5 meters from the center of
multiple sensors. The blocklength is set as n0 = 500, ntotal =

3000. The packet size of all short packets are set to ki =

70bits, i ∈ {1, . . . ,N }. For the nonlinear EH process, we have
the following setup parameters based on [36]: Is = 5µA,
R̂L = 200�, n0 = 4. Moreover, the minimized maximum
error probability is abbreviated as MMEP to facilitate the
discussion.

A. VALIDATION
In this subsection, we first validate the proposed Lemma 1
and subsequently verify the efficiency of our proposed
design. Finally, the necessity of the nonlinear EH model for
practical design is validated.

1) VALIDATION OF LEMMA 1
We assume three sensors are deployed for short packet trans-
mission and the available total blocklength for their trans-
mission is limited to 1500 symbols. The relationship between
the maximum error probability and n1, n2 has been depicted
in Fig. 2 and Fig. 3 on the next page respectively in a
linear-scale and logarithmic-scale. Obviously, the maximum
error probability is jointly convex in the WIT blocklength of
two sensors, which is consistent with the analytical results in
lemma 1. Moreover, we can also observe that the maximum
error probability among multiple short packet transmissions,
in some cases, rarely changes when blocklength allocation
decisions vary. For instance, when n2 is set to 100 sym-
bols, the maximum error probability does not change while
n1 varies from 100 to 500 symbols. It can be interpreted by
the fact that MMEP is bottlenecked by the most unreliable
transmission among all short packet transmissions and the
sensor which is allocated with rather little resource has a huge
probability of making a decisive impact on system reliability.
This result indicates that a corresponding reasonable resource
allocation plays a significant role in system reliability bottle-
neck enhancement.

2) CONVERGENCE BEHAVIOR OF PROPOSED ALGORITHM
Subsequently, we move on to evaluate the efficiency and
accuracy of our proposed iteration-based joint resource
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FIGURE 2. Joint convexity of maximum error probability with respect to
multiple WIT blocklength in linear form.

FIGURE 3. Joint convexity of maximum error probability with respect to
multiple WIT blocklength in logarithm form.

allocation algorithm. Optimal results obtained from exhaus-
tive search (ES) algorithm with different resolutions are also
provided. As shown in Fig. 4, power allocation and block-
length allocation are alternatively performed and the mini-
mized maximum error probability (MMEP) decreases as the
iteration progresses and finally converges. Obviously, two
sharp reductions of MMEP respectively occur in the power
and the blocklength allocation in the first round of optimiza-
tion, subsequently the MMEP decreases slowly and approx-
imately converges at the 50th iteration, which confirms the
efficiency of our method. To investigate the accuracy of PD,
the optimal result obtained from exhaustive search (ES) is
also provided. We can observe that ES with smaller res-
olution helps to obtain a better resource allocation scheme
compared to the large resolution results, resulting in a more
reliable transmission, nevertheless, at the same time more
time is consumed due to the larger searching space. By com-
paring ‘PD’ and ‘ES (smaller resolution)’, we can learn that
the sub-optimal solution of PD is very close to the exhaustive
search one with less than 10−7 amount of order error, which
confirms the accuracy of PD. Although ES (smaller resolu-
tion) achieves relatively higher FBL reliability, its complexity
is extremely significant, i.e., O

(
(PtotalPunit

)M−1
× ( ntotalnunit

)N−1
)
,

FIGURE 4. MMEP over iterations, where the results of both proposed
design (PD) and exhaustive search (ES) are depicted.

FIGURE 5. Results of power allocation design while diverse EH models
(linear and nonlinear EH) are considered.

where Punit and nunit respectively denote the step length for
power and blocklength searching. We can learn that the com-
plexity of ‘ES’ is extremely higher than that of our algorithm
ϖ ×

(
O
(
8(M + N )3(M + 2N ) 1

ϵ

)
+O

(
83N 4 1

ϵ

))
, espe-

cially with largeM (source number) and N (sensor number).
The result indicates that our algorithm appears to be both
accurate and efficient. More interestingly, on the one hand,
we can observe that the alternating iterations of power and
blocklength are performed more than once, which suggests
a correlation between power and blocklength, i.e., differ-
ent power (or blocklength) setups corresponds to different
blocklength (power) decisions for maximum error probabil-
ity minimization, which emphasizes the significance of the
joint resource optimization. On the other hand, one round of
power-blocklength optimization has already yielded a result
close to the optimal solution, which indicates that in practical
design, a relatively good result can also be obtained via
few rounds of power-blocklength optimization whenmultiple
rounds of optimization are not allowed (e.g., extreme time-
sensitive communication).
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FIGURE 6. MMEP over total transmit power for multiple WPT sources
with diverse WPT blocklength and packet size.

3) NECESSITIES OF NONLINEAR EH MODEL
Next, we verify the importance of utilizing the nonlinear
model to depict the EH process. In Figure 5, the MMEP
results of power allocation under both linear and nonlinear
EH models are provided, where ‘LPA’ and ‘NPA’ denote
the power allocation results respectively based on the linear
EH model and the nonlinear EH model. ‘Actual MMEP’
represents the practical MMEP of the ‘LPA’ algorithm, i.e.,
the power scheduling solutions obtained from ‘LPA’ are
regarded as the transmit power of multiple WPT sources and
the practical MMEP is accordingly calculated based on the
practical nonlinear multi-RF signals combined EH model,
i.e., (2). Obviously, when Ptotal = 33.5 dBm, the theoretical
result based on the linear model is close to its actual MMEP
calculated by the nonlinear model. Nevertheless, when the
total source power continuously increases or decreases from
33.5dBm, significant performance gaps are observed between
‘LPA’ and ‘Actual MMEP’. This result suggests that the
linear EH model is too idealized for practical system design,
since only within a narrow range does the linear EH model
accurately depicts the practical situation. Moreover, we can
learn that the slope of ‘LPA’ is significantly larger than that of
the other two curves, which indicates that the FBL reliability
based on linear EH model is much more sensitive to the total
source power.

B. PERFORMANCES ANALYSIS AND COMPARISON
In this subsection, we investigate the impacts of diverse setups
on the system reliability, including the total source power,
WIT blocklength, packet size, sensor number and source
number, etc. The performance advantage of our joint resource
allocation design compared with the benchmarkers are also
emphasized. Based on the numerical results, some sugges-
tions are also provided for practical system design.

1) IMPACT OF TOTAL POWER ON MMEP
First of all, we study the impact of total power on the MMEP,
where diverse WPT blocklength and packet size setups are

FIGURE 7. MMEP versus total WIT blocklength with diverse total source
power setups, where resource average sharing design (ES) is utilized as
benchmarker for performance advantage evaluation of the proposed
design (PD).

assumed. In Fig 6, larger total power contributes to lower
MMEP. In particular, more source power leads tomore energy
harvested by sensors, supporting short packets transmission
with higher reliability. More interestingly, the slopes of all the
curves rarely changes regardless of the amount of total power,
which indicates that although energy acquisition is a nonlin-
ear process, the total power has an approximately linear effect
on the logarithm of the system’s reliability and a relatively
stable reliability performance enhancement can be achieved
by enlarging the total source power. Moreover, we can learn
that larger WPT blocklength and smaller packet size leads
to lower MMEP. In particular, larger WPT blocklength rep-
resents longer EH duration, which indicates more available
energy for short packet transmissions. The smaller packet size
means lighter transmission burden, which requires relatively
less resources for reliable transmission. In addition, it can be
observed that curve ‘n0 = 550, k = 70’ and curve ‘n0 = 600,
k = 80’ are close to each other. This result indicates that
the system is capable of supporting reliable transmission of
packet with larger data size by sacrificing a certain amount
of transmission latency. From another perspective, in delay-
sensitive applications, the size of the packet that the system
can support to transfer is relatively reducedwhen amore strict
delay requirements is announced.

2) IMPACT OF TOTAL WIT BLOCKLENGTH ON MMEP
We next investigate the impact of total WIT blocklength on
the MMEP in Fig. 7. As expected, the MMEP is mono-
tonically decreasing in the WIT blocklength. More inter-
estingly, all the curves first drop sharply and subsequently
flatten as theWIT blocklength increases. For one thing, based
on (2), longer blocklength n directly contributes to lower
error probability. For another thing, larger WIT blocklength
results in lower SNR when the harvest energy is given, which
makes a negative impact on system reliability. In other words,
Fig. 7 also illustrates a tradeoff with respect to blocklength.
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FIGURE 8. MMEP versus packet size with diverse WPT and WIT
blocklength setups. The results of both PD and AS are provided.

In addition, the results based on resource average sharing
(AS) strategy is also provided as performance benchmarkers.
We can learn that our ‘PD’ significantly outperforms the ‘AS’
and a stable reliability enhancement (compared with AS) is
achieved regardless of the WIT blocklength, i.e., the reliabil-
ity enhancement barely changes asWIT blocklength changes.
When Ptotal = 36dBm, the MMEP of ‘AS’ with 2000 sym-
bols as WIT blocklength is close to the MMEP of ‘PD’
with 800 WIT blocklength, i.e., to achieve a same MMEP,
our PD is capable of reducing 60% of the transmission delay
compared with ‘AS’. By comparing ‘PD, Ptotal = 36dBm’
and ‘AS, Ptotal = 37dBm’, the ‘PD’ is observed to reach a
higher system reliability with lower power consumption. This
result indicates that a fuller utilization of the limited resources
can be achieved by our ‘PD’. Moreover, as Ptotal increases
from 35dBm to 37dBm, a uniform reliability enhancement is
achieved by both ‘PD’ and ‘AS’, which is consistent with the
analysis in Fig. 6.

3) IMPACT OF PACKET SIZE ON MMEP
Subsequently, we analyze the impact of packet size onMMEP
in Fig. 8. To facilitate the analysis, we assume that all sensors
transmit short packets with same size. As shown in Fig. 8,
larger packet size results in higherMMEP, which is consistent
with the results in Fig. 6. Moreover, larger WPT blocklength
n0 or WIT blocklength ntotal contributes to higher FBL relia-
bility, which indicates that higher transmission reliability can
be obtained by sacrificing a portion of the latency (i.e., longer
blocklength). More interestingly, when additional latency is
allowed in the system, (e.g., the total communication block-
length (n0+ntotal) increases 100 symbols from 2000 to 2100),
extending theWPT phase (i.e., increasing n0 from 500 to 600)
results in higher reliability than extending theWIT phase (i.e.,
increasing ntotal from 1500 to 1600) and a more significant
performance enhancement can be achieved (‘AS’ as a bench-
mark). On the one hand, as discussed in Fig. 7, there exists a
tradeoff with respect to the short packet transmission block-
length. The reduction in MMEP introduced by extending the

FIGURE 9. MMEP versus sensor number with diverse WPT sources
deployments.

WIT blocklength gradually diminishes as the blocklength
increases. On the contrary, the reliability enhancement intro-
duced by longer WPT blocklength is much more stable and
significant. On the other hand, during WPT phase, multiple
sources transmit RF signals to all sensors in a broadcasting
manner, which indicates that all sensors can simultaneously
benefit from the increase in n0. Nevertheless, multiple sensors
sequentially perform short packet transmission in a TDD
mode during WIT phase. It indicates that there exists a
blocklength resource competition among multi-sensors with
the objective of guaranteeing their respective reliable trans-
missions, i.e., the performance advantages brought by the
increased blocklength of WIT phase cannot be shared by all
sensors. This result suggests to allocate relatively more time
(blocklength) for the WPT phase for frame designs.

4) IMPACT OF SENSOR NUMBER ON MMEP
Subsequently, we move on to investigate the influence of
sensor number on system reliability in Fig. 9. We can observe
that more sensors result in higher MMEP since the block-
length assigned to each sensor shrinks as the sensor number
enlarges, which results in lower system reliability. By com-
paring the ‘PD’ and ‘AS’, we can once again observe that our
‘PD’ significantly improves the system reliability and such
performance enhancement gradually enlarges from around
one order of magnitude to two orders of magnitude as the
sensor number increases from 4 to 14, which indicates that
reasonable power and blocklength joint optimization is of
great significant, especially in applications with larger num-
ber of sensors. This result can be interpreted as the fact that in
our defined scenario, more sensors would introduce greater
heterogeneity, thus more significant flexibility for resource
allocation and more potential for performance enhancement
are introduced. In addition, reliability performances with
diverse WPT source deployments are also provided. In sce-
nario with a singular WPT source, the joint power and block-
elength allocation design is equivalent to the pure blocklength
allocation. Obviously, 3 sources (S1, S2, S3) enabled WPCN
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FIGURE 10. Comparison of system performance under diverse resource
allocation regimes. MMEP versus source number is also provided.

significantly outperforms the one with only one singular
WPT source (S1 or S2 or S3). On the one hand, channel diver-
sity introduced by multiple sources is capable of compensat-
ing deep fading, which can improve the system robustness
for wireless powered communication. One the other hand,
multiple sources introduce more flexibility for resource allo-
cation and accordingly enables a more significant potential
for performance enhancement. More interestingly, although
multiple sources can bring numerous benefits for transmis-
sion that cannot be provide by a singular WPT source, the
reliability of a multi-source WPCN is not necessarily better
than that of a single-source WPCN. For instance, curve ‘PD,
M= 1(S3)’ represents the pure blocklength allocation design
in a single-source WPCN, which achieves higher FBL relia-
bility than the average sharing resource allocation design in a
multi-source WPCN, i.e., curve ‘AS, M = 3(S1,S2,S2)’. The
result indicates that the joint resource optimization among
such multi-source driven WPCN plays a key role in per-
formance improvement, which fully utilizes the advantages
of multiple WPT sources. In addition, when the combined
driving of multi-source is not possible in certain scenarios,
the reasonable selection of the onlyWPT source can also help
system to achieve a relatively reliable transmission.

5) IMPACT OF SOURCE NUMBER ON MMEP AND
PERFORMANCE ANALYSIS OF INDEPENDENT POWER AND
BLOCKLENGTH ALLOCATION.
To investigate the respective contribution of power alloca-
tion and blocklength allocation on system reliability perfor-
mance enhancement in the joint resource optimization design,
Fig. 10 depicts the MMEP versus diverse WPT source num-
ber under different resource allocation schemes, including
average sharing strategy (AS), independent power allocation
(IP), independent blocklength allocation (IB) as well as our
proposed joint power and blocklength allocation design (PD).
All WPT sources are arranged in a cluster along a straight
line that traverses the area of several sensors. As the size
of the source cluster increases, the number of WPT sources

increases accordingly. By performance comparison, it is easy
to notice that our PD significantly outperforms the other three
resource allocation schemes (i.e., AS, IP, IB) and it is worth
mentioning that such performance advantage i.e., the MMEP
reduction of PD comparedwith other three schemes, becomes
more significant when the number of WPT sources increases.
This result indicates that the joint optimization of power and
blocklength plays a crucial role in guaranteeing reliable short
packet transmission, especially in scenarios wheremoreWPT
sources are jointly utilized as energy suppliers. Moreover,
we can observe that when M = 1, i.e., only one WPT
source is deployed, the obtained MMEP are the same for
‘IP’ and ‘AS’ and the same for ‘IB’ and ‘PD’. This happens
due to the fact that power allocation makes no sense with a
singular WPT source, thus independent power allocation is
equivalent to the average sharing regime. Similarly, the joint
resource (power and blocklength) allocation design is equiv-
alent to the independent blocklength allocation design. More
interestingly, we can also observe that more WPT sources
(larger source cluster) do not necessarily help achieve more
reliable transmission if there is a lack of reasonable power
allocation design. Specifically, for ‘IB’ and ‘AS’ regimes,
larger WPT source number results in worse system reliability
when M ≥ 6. In contrast, the curves ‘IP’ and ‘PD’ do not
trend upward, but rather flatten out. The reasons might be the
following: On the one hand, a certain number ofWPT sources
may have already guaranteed a great coverage of all the
sensors, i.e., all the sensors have received sufficient energy
for short packet transmission. Therefore, the utilization of
additional WPT sources may have rather less contribute for
higher transmission reliability since the total available power
among all the sources is limited. On the other hand, with
given total power, a larger source cluster might do not have
better power supply capabilities than the existing sources
(e.g., due to the relatively isolated location), which not only
limits the further reliability enhancement but even results in
the potential to degrade the system performance. Taking ‘AS’
and ‘IB’ as instances, the transmit power of each source is
decreased as the number of sources increases (due to the
limited total transmit power among multiple sources), which
makes the sources with better WPT performance not fully
utilized and accordingly negatively affect the FBL reliability,
which explains why the curves ‘AS’ and ‘IB’ tend to increase
when the source number increases to a certain number. This
result shows that both reasonable WPT source configuration
and the corresponding resource scheduling are important
factors for high reliability achievement in practical system
designs.

VI. CONCLUSION
In this study, we investigated a multi-source enabled short
packet transmission network, where the practical nonlinear
EH model is considered. In particular, we characterized the
FBL reliability in the multi-source WPCN. Considering the
fairness among sensors, a joint power and blocklength allo-
cation design targeting at minimizing the maximum error
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probability among multiple short packet transmissions is
accordingly proposed. Nevertheless, due to the nonlinear EH
model as well as complicated Q-function in FBL model, the
formulated joint resource allocation problem is non-convex
and cannot be efficiently solved by convex optimization tools.
To address the original problem (OP), we first decoupled
the supply and consumption relationship between WPT and
WIT phase and decomposed OP into two sub-problems (i.e.,
power allocation problem and blocklength allocation prob-
lem). Although the sub-problems are relativelymore tractable
due to lower dimensionality of optimization variables, they
are still non-convex. To cope with it, we transferred the orig-
inal nonconvex power allocation subproblem into multiple
convex local problems through slack variables introduction,
variable substitution and SCA algorithm. In blocklength allo-
cation problem, we converted the nonconvex constraint into a
convex one through SCA algorithm and proved the convexity
of FBL error probability with respect to WIT blockength.
Finally, a suboptimal solution of the original problem can
be obtained by alternatingly addressing the subproblems.
Via simulation, we validated the accuracy and efficiency of
our proposed alternating-based algorithm and investigated
the performance advantage of our joint resource allocation
design. Based on the numerical results, a set of guidelines are
also provided for practical system design.
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