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Relay-Enabled Backscatter Communications: Linear
Mapping and Resource Allocation
Rui Xu, Liqin Shi, Yinghui Ye, Haijian Sun, and Gan Zheng, Fellow, IEEE

Abstract—Relay-enabled backscatter communication (BC) is
an intriguing paradigm to alleviate energy shortage and improve
throughput of Internet-of-Things (IoT) devices. Most of the
existing works focus on the resource allocation that considered
the unequal and continuous time allocation for both source-
relay and relay-destination links. However, the continuous time
allocation may be infeasible since in practice, the time allocation
shall be carried out in integral multiple of the subframe duration
unit. In this article, we study a discrete time scheme from
the perspective of frame structure, where one transmission
block is divided into two phases and the linear mapping is
employed as a re-encoding method to determine the number
of subframes for both phases and the power allocation for
each subframe in a relay-enabled BC system. Based on this, we
derive an accurate system-throughput expression and formulate
a mixed-integral non-convex optimization problem to maximize
the system throughput by jointly optimizing the power reflection
coefficient (PRC) of the IoT node, the power allocation of the
hybrid access point (HAP) and the linear mapping matrix,
and solve it via a three-step approach. First, we derive the
optimal eigenvalues of the linear mapping matrix via introducing
auxiliary variables and exploiting Karush-Kuhn-Tucker (KKT)
conditions. Second, we employ the time-sharing technology to
convert the discrete optimization problem to a continuous non-
convex problem and solve it by leveraging successive convex
approximation (SCA) and monotonicity or bisection method.
Finally, an integer conversion strategy is designed to find a
suboptimal number of subframes for both phases, based on
which the continuous variables are further optimized. According
to the above approaches, we propose a low complexity iterative
algorithm to obtain the throughput maximization-based resource
allocation solution. Numerical results analyze the performance of
our proposed algorithm, verify the superiority of our proposed
scheme, and evaluate the impacts of network parameters on the
system throughput.

Index Terms—Backscatter communication, linear mapping,
relay, resource allocation.

I. INTRODUCTION

As an integral part of the future Internet, the Internet
of Things (IoT) is expected to promote the transformation
of human production and lifestyle in a fully intelligent and
automated way [1], [2]. Towards this goal, it is required to
realize high-density IoT deployment and seamless connec-
tivity among IoT nodes. However, due to the limitations of
battery size and device cost, most IoT nodes are energy-
constrained and may run out of battery in a few months or
years, leading to an outage event and a threat to seamless
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connectivity [3], [4]. To alleviate the challenge, wireless power
transfer has been incorporated into wireless communications,
leading to wireless powered communication network (WPCN)
[5] and simultaneous wireless information and power transfer
(SWIPT) [6]. Both solutions allow IoT nodes to harvest energy
from the radio frequency signals transmitted by the dedicated
energy source, e.g., power beacon (PB), and utilize it to
support active communications (AC). Nevertheless, due to
the contradiction between the low energy harvesting (EH)
efficiency and power-hungry AC, the harvested energy may
not be enough to support AC adopted in WPCN and SWIPT,
which therefore motivates us to find a ultra-low power com-
munication paradigm, i.e., backscatter communication (BC)
[7], [8]. Different from AC, in BC, IoT nodes (also referred
to as BC transmitter in the following context) are allowed to
passively modulate and reflect the incident signal by adjusting
the antenna load impedance so as to avoid using active com-
ponents, and simultaneously to harvest energy for sustaining
its circuit operation. Accordingly, in BC, the IoT node has a
simpler tranceiver diagram and lower power consumption.

Despite these advantages of BC, it is appropriate for short-
range communications [3] and cannot meet the requirement
of long-range IoT applications. One promising way to extend
the communication range is the hybrid paradigm of BC and
AC, where the IoT nodes can either modulate and backscatter
their own information to the receiver via BC, or transmit
information after harvesting enough energy, subject to the
energy-causality constraint of each IoT node. The hybrid
architecture can fully exploit the complementary capability
of BC and AC in terms of the power consumption and
throughput to obtain a better performance, as verified by [9]–
[11]. However, due to the low efficiency of EH, the IoT node
has to allocate a long period for EH and only leave a very short
interval for AC in each transmission block, thus hindering its
practicability. Another alternative solution is the relay-enabled
BC1, where a relay is deployed to forward BC transmitter’s
signal [17]–[23]. In particular, the IoT node modulates and
backscatters incident signals from a PB to the relay and
the associated receiver simultaneously, and subsequently the
relay decodes the received signal and forwards the decoded
signal to the receiver. By doing so, both source-destination
and source-relay-destination links form a virtual multi-antenna
scenario that exploits the radio diversity gain to improve the
performance and thus to extend the communication range.

1We note that there exists another paradigm combining BC with relaying
(see [12]–[16]), which is different from our work and may not be used
to extend BC’s communication range. The reasons can be summarized as
follows. In [12]–[16], the relay is energy-constrained and operates in the BC
by reflecting the source’s signal without modulating its own information,
while in our work, the relay works in the AC mode to forward the BC
transmitter’s signal.
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In [17], the authors formulated a throughput maximization
problem by jointly optimizing the power reflection coefficient
(PRC) of the IoT node and the operation modes of the hybrid
access point (HAP), i.e., the relay or the PB, based on the
equal-time allocation in an opportunistic relay-enabled BC
system. However, the equal-time allocation may not make full
use of the transmission for a better performance. Therefore,
the resource allocation based on the unequal-time allocation
has become an important research direction in relay-enabled
BC. In [18], the authors maximized system throughput of
the relay-enabled BC by optimizing the BC time of the IoT
node, the AC time and EH time of the relay when the relay
is energy-constrained, or optimizing time allocation without
EH when the relay is non-energy-constrained. Considering
the same scenario with [18], the authors in [19] studied the
transmission time minimization problem with a given amount
of information required to be delivered. Subsequently, in
[20] and [21], the authors extended the single relay scenario
[18], [19] into the multiple relays scenario in the absence
of direct link between the IoT node and the destination.
Under this setting, a sum-rate maximization problem was
solved in [20] to obtain the optimal time allocated for the
IoT node to perform BC, and for the multiple relays to
perform AC and EH, while the authors in [21] formulated
a sum-rate maximization problem by jointly optimizing the
energy beamforming vectors of the HAP, the time scheduling
among EH, BC, AC, as well as the power allocation of
the relays. Nevertheless, the above works [18]–[21] have not
considered the energy-causality constraints of the IoT nodes
and may not work well in the scenario with energy-constrained
IoT nodes. To fill this gap, the authors in [22] studied a
throughput maximization problem by optimizing time and
power allocation subject to the energy-causality constraints
of the IoT node and the relay. Considering the scenario with
direct link and the energy-causality constraint of the IoT node,
[23] proposed an optimal time allocation strategy to maximize
the achievable throughput.

Although [18]–[23] have designed various resource alloca-
tion schemes for relay-enabled BC systems by considering
unequal and continuous time allocation, there are two draw-
backs. First, the unequal and continuous time allocation may
be impractical in relay-enabled BC systems. In practice, the
transmission block is composed of frames and each frame
is divided into a number of subframes with fixed duration
rather than arbitrary segmentation, thus the practical unequal
time allocation shall be carried out in integral multiple of the
subframe duration unit. This indicates that the time allocated
for both phases in relay-enabled BC systems should be dis-
crete instead of continuous one. Second, when the direct link
exists, it is quite hard to derive an accurate throughput for the
relay-enabled BC system. To address this issue, the existing
works [18], [19], [23] adopted an upper bound of the system
throughput [24], but such a way leads to the overestimation
of the performance. Based on the above discussion, it is
necessary to revisit the throughput expression and redesign
the resource allocation scheme in relay-enabled BC systems
while considering the unequal and discrete time allocation.

Towards this end, in this paper, we consider a relay-enabled

BC network in the presence of a direct link, where a HAP
serves as the PB to broadcast an energy signal and an IoT
node conveys information to the HAP and destination via
BC in the first phase, and then the HAP serves as the relay
to re-encode the information of the IoT node and forward
it to the destination in the second phase. To achieve the
unequal and discrete time allocation for both phases, the linear
mapping2 [25]–[28] is introduced as the re-encoding method3

through a linear mapping matrix, which can adjust the number
of subframes for both phases and allocate the power for
each subframe dynamically. Under this setting, we aim to
design a practical resource allocation scheme to maximize the
throughput of the considered relay-enabled BC network. Our
main contributions are summarized below:

• This is the first work to consider the unequal and discrete
time allocation from the perspective of frame structure
in a relay-enabled BC network. We derive an accurate
system-throughput expression for the relay-enabled BC
network by introducing the linear mapping as the re-
encoding method and combining the received signal at
the receiver to jointly detect the original signal from the
perspective of the frame, avoiding the overestimation of
the performance caused by the inaccurate throughput in
[18]–[23].

• We study the throughput maximization for a relay-
enabled BC network under the unequal and discrete
time allocation scheme. More specifically, we propose
a mixed-integer non-convex optimization problem to
maximize the system throughput by jointly optimizing
the linear mapping matrix, the power allocation of the
HAP and the PRC of the IoT node, subject to the
energy-causality constraint of the IoT node, the energy
constraint of the HAP and the constraint of the linear
mapping matrix. The formulated problem is different
from the existing works in that we not only introduce
a linear mapping matrix of the relay, but also apply
our derived accurate throughput, while these have not
been considered [18]–[23]. Due to this, our formulated
problem is much more challenging than the existing ones.

• To solve the mixed-integer non-convex optimization
problem, we derive the optimal eigenvalues of the linear
mapping matrix via introducing auxiliary variables and
exploiting Karush-Kuhn-Tucker (KKT) conditions. Then,
we apply the time-sharing technology to convert the dis-
crete optimization problem to a continuous non-convex
one that can be cast into two problems: one is solved
by leveraging successive convex approximation (SCA)
and the other is solved by exploiting the monotonicity or
bisection method. Since the continuous time allocation
is obtained, we design an integer conversion strategy
to serialize the continuous optimal results into discrete

2The linear mapping is implemented through a linear mapping matrix, in
which the dimensions and eigenvalues of the linear mapping matrix reflect
the number of subframes allocated for the two phases and the power allocated
for each subframe, respectively.

3The re-encoding method can be implemented by using the linear mapping
to transform the decoded original signal into the forwarded signal at the relay,
which ensures that the dimensions of the forwarded signal can adapt to the
number of subframes allocated to the relay phase.
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values that satisfy the original constraints, based on
which the continuous variables are further optimized. On
this basis, we propose an iterative algorithm to maximize
the throughput of our considered network.

• We perform extensive simulations to verify the conver-
gence of our proposed iterative algorithm, analyze the
gap caused by the time-sharing technology, and evaluate
the throughput achieved by our proposed algorithm and
the impact of network parameters on throughput, result-
ing in the following conclusions. 1) The proposed SCA-
based iterative algorithm has a fast convergence speed; 2)
The gap caused by the time-sharing technology decreases
with the increase of the total number of subframes in
one transmission block; 3) The proposed scheme shows
superiority comparing with other schemes; 4) To maxi-
mize the throughput, more subframes are allocated to the
relay phase when the channel condition of the source-
destination link is worse.

The rest of this paper is organized as follows. In section
II, we describe the system model and analyze the working
flow of the relay-enabled BC network. Section III studies the
throughput maximization problem and gives the transforma-
tions and solutions. Section IV provides simulation results to
validate the effectiveness of the proposed algorithms and the
superiority of the proposed scheme. Finally, Section V draws
the conclusion of our work.

II. SYSTEM MODEL

As depicted in Fig. 1, we consider a relay-enabled BC
system consisting of one IoT node (also termed as S), one
receiver (also termed as D) and one HAP (also termed as
R) with two functions of the relay and PB. Both the IoT
node and receiver are equipped with a single antenna, while
the HAP has two antennas so that it can broadcast energy
signals and receive the backscattered signal from the IoT
node simultaneously. In the considered system, we assume
that one transmission block is composed of L subframes and
its duration time is denoted by Ts. There are two transmission
phases in one transmission block, i.e., the backscatter phase
with M subframes and the relay phase with N subframes, and
the number of subframes for two phases satisfies L = M+N .
In the backscatter phase, the HAP broadcasts energy signals
and the IoT node modulates and reflects its own information
on a part of incident signals, and harvests energy from the
remaining incident signals to support its circuit operation,
simultaneously. In the relay phase, the HAP, serving as a relay,
re-encodes the decoded signal and forwards it to the receiver,
while the IoT node keeps silent. Such an assumption of the
IoT node avoids the simultaneous reception at the receiver, and
makes the network easy to implement. We suppose that the
duration time of one transmission block, Ts, is less than the
coherence time, i.e., the channel power gain of all links keep
unchanged within each transmission block. We also denote
the channel coefficients, i.e., S−D link, S−R link and R−D
link, as hSD, hSR, and hRD, respectively. For traceability
analysis, we stack all subframes together and re-write the
entire transmission block in a matrix format, thus the channel

IoT node(S) Receiver(D)

HAP(R)

SDH

SRH RDH

Energy signal

Backscatter signal

Forward signal

Interference signal

M subframes

1 M… 1 N…

Relay phase

N subframes

L subframes

Backscatter phase

Fig. 1. System model and frame structure.

matrices of S−D, S−R and R−D links can be denoted as
HSD = hSDIM , HSR = hSRIM , and HRD = hRDIN ,
where IM and IN are the identity matrices with M and N
dimensions, respectively.

1) The backscatter phase: During the backscatter phase,
the HAP broadcasts the energy signal, then the received signal
of the IoT node is given by

y =
√
P0HSRs, (1)

where s ∈ CM×1 is the predefined energy signal with unit
power and P0 denotes the transmit power of the HAP. Note
that in (1), the noise of the IoT node is neglected since its
circuit only consists passive components and takes few signal
processing operations [29]–[31].

By performing BC, the received signal of the IoT node
y is split into two parts via a PRC β (0 ≤ β ≤ 1). The IoT
node modulates its information on one part of the received
signal and reflects to the receiver and the HAP, and the
remaining part is absorbed by the energy harvester. Thus, the
backscattered signal and the harvested energy of the IoT node
can be written as [32]–[36], respectively,

yB =
√
P0βFc, (2)

Eh=
Tsη(1−β)P0

L
Tr
(
HSRH

H
SR

)
=
M

L
Tsη(1−β)P0|hSR|2, (3)

where c ∈ CM×1 denotes the information of the IoT node
with unit power, F = diag (HSRs) and η is the energy
conversion efficiency4 of the EH circuit.

Then, the received backscatter signal at the receiver and
HAP can be expressed as, respectively,

ySD =
√
P0βHSDFc+

√
P0HRDs+nSD, (4)

ySR =
√

P0βHSRFc+
√
P0HLIs+ nSR, (5)

where nSD ∈ CM×1 and nSR ∈ CM×1 are the Gaussian noise
vectors, HLI ∈ CM×M denotes the residual loop interference

4For ease of analysis, we consider a linear energy harvesting model. Please
note that our work can be easily extended to the scenario with non-linear
model scenario by following a similar approach considered in [37] and [38].
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channel gain matrix at the HAP, and HLI = hLIIM with the
unit matrix of M dimensions IM .

Eqs. (4) and (5) indicate that there exists co-channel inter-
ference caused by the energy signal. Since the energy signal is
predefined and the channel state information (CSI) is assumed
to be available, the co-channel interference, i.e.,

√
P0HRDs

and
√
P0HLIs, can be removed via successive interference

cancellation (SIC) before decoding c at both the HAP and
receiver. Then using Shannon capacity, we can write the
throughput of the S−D and S−R links as, respectively,

RSD =
TsW

L
log2

[
det

(
IM +

βP0HSDQQHHH
SD

Wσ2

)]
=

M

L
TsW log2

(
1 +

βP0|hSR|2|hSD|2

Wσ2

)
, (6)

RSR =
TsW

L
log2

[
det

(
IM +

βP0HSRQQHHH
SR

Wσ2

)]
=

M

L
TsW log2

(
1 +

βP0|hSR|4

Wσ2

)
, (7)

where W is the communication bandwidth and σ2 denotes
the noise power spectrum density. In (6) and (7), Q =
diag (HSR1), where 1 is an M × 1 column vector whose
entries are all one [32]–[36].

2) The relay phase: In this phase, the IoT node keeps
silent and the HAP forwards the received signal to the
receiver following decode-and-forward (DF) protocol. Thus,
the received signal of the receiver is given by

yRD =
√

P1HRDx+nRD =
√
P1HRDGc+nRD, (8)

where P1 represents the forwarding power of the HAP, x ∈
CN×1 is the re-encoded signal with unit average power via
linear mapping method, G ∈ CN×M is the mapping matrix to
transform the original signal into the re-encoded signal, i.e.,
x = Gc, and nRD ∈ CN×1 is the Gaussian noise vector.

At the receiver, it combines the received signal ySD and
yRD to jointly detect the information c. Then the combined
signal is given by

yD
∆
=

(
ySD

yRD

)
=

( √
P0βHSDFc√
P1HRDGc

)
+

(
nSD

nRD

)
. (9)

It can be further simplified as

yD = HDc+ nD, (10)

where HD
∆
=

( √
P0βHSDF√
P1HRDG

)
and nD

∆
=

(
nSD

nRD

)
.

Using (10), the expression of achievable throughput at the
receiver and the transformation can be written as (11), as
shown at the top of the next page. The existence of linear map-
ping matrix G in RD2 makes RD complex. To make it trace-
able, we introduce eigen-decomposition, i.e., GGH=UHΛU,
under the power constraint 1

NTr
(
GGH)=1 to ensure that

the forwarded signals have unit average power, where U is a
unitary matrix, Λ = diag (λ1, · · · , λN ) and the eigenvalues,
i.e., λ1, · · · , λN , are non-negative. Due to the same num-
ber and multiplicity of non zero eigenvalues of GGH and

GHG, there are at least N − min (M,N) zero eigenvalues
of GGH. Accordingly, we assume that the remaining non-
negative eigenvalues of GGH, except for N − min (M,N)
zero eigenvalues, are denoted as λ1, · · · , λmin(M,N). As such,
RD2 is converted into

RD2=
TsW

L

min(M,N)∑
i=1

log2

1+ λiP1|hRD|2
/(

Wσ2
)

1+βP0|hSR|2|hSD|2
/
(Wσ2)

. (12)

Through the above analysis, the achievable throughput of
the IoT node is given as [24]

Rsum = max {RSD,min (RSR, RD)} . (13)

Remark 1. When the time duration for the backscatter and
relay phases is unequal, i.e., M ̸= N , the maximum ratio
combining cannot be used at the receiver. Accordingly, the
existing works [18], [19], [23] used an upper bound expression
of that derived in [24], as discussed in Remark 2, leading to
overestimate the performance. In this paper, we combine the
received signal with linear mapping method, as shown in (9),
through which the original information can be jointly detected
and the system-throughput expression at the receiver can be
calculated as (11). Thus, we can obtain the total throughput
of the relay-enabled BC system in (13). Note that under the
equal time allocation, our derived expression equals that of
[24] and this can be referred to Remark 2.

III. PROBLEM FORMULATION AND ITERATIVE
ALGORITHM

In this section, we formulate a mixed-integral non-convex
problem to maximize the throughput of considered relay-
enabled BC network, and then solve it by proposing a low
complexity iterative algorithm.

A. Problem Formulation

Our goal is achieving the maximum throughput by opti-
mizing the linear mapping matrix, the power allocation of
the HAP, and the PRC of the IoT node. Accordingly, the
optimization problem can be formulated as

P1 max
λ1,··· ,λmin(M,N),P0,P1,β,M,N

Rsum

s.t. C1 :
M

L
TsP0 +

N

L
TsP1 ≤ E,

C2 : Eh ≥ M

L
TsPc,

C3 : M +N = L,

C4 : M,N ≥ 0, ∀M,N ∈ L,

C5 :

min(M,N)∑
i=1

λi = N,

C6 : 0 ≤ P0, P1 ≤ Pmax,

C7 : 0 ≤ β ≤ 1, (14)

where E and Pmax denote the total energy in one transmis-
sion block and the maximum transmit power of the HAP,
respectively, L = {1, 2, . . . , L}, C5 is derived from the power
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RD =
TsW

L
log2

[
det

(
IL +

HDH
H
D

Wσ2

)]
=

TsW

L
log2

[
det

(
IM +

HH
DHD

Wσ2

)]
=

TsW

L
log2

[
det

(
IM +

βP0HSDQQHHH
SD

Wσ2
+

P1H
H
RDG

HGHRD

Wσ2

)]
=

TsW

L
log2

[
det

(
IM +

βP0|hSR|2|hSD|2

Wσ2
IM +

P1|hRD|2

Wσ2
GHG

)]

=
TsW

L
log2

[
det

((
1 +

βP0|hSR|2|hSD|2

Wσ2

)
IM +

P1|hRD|2

Wσ2
GHG

)]

=
TsW

L
log2

(1 + βP0|hSR|2|hSD|2

Wσ2

)M

× det

(
IN +

P1|hRD|2/
(
Wσ2

)
1 + βP0|hSR|2|hSD|2/ (Wσ2)

GGH

)
=

TsWM

L
log2

(
1 +

βP0|hSR|2|hSD|2

Wσ2

)
︸ ︷︷ ︸

RSD

+
TsW

L
log2

[
det

(
IN +

P1|hRD|2/
(
Wσ2

)
1 + βP0|hSR|2|hSD|2/ (Wσ2)

GGH

)]
︸ ︷︷ ︸

RD2

. (11)

constraint, i.e., 1
NTr

(
GGH) = 1, and Pc is the constant

circuit power consumption for BC.
In P1, C1 denotes the energy constraint of the HAP. C2

ensures the energy-causality constraint of the IoT node, i.e.,
the consumed energy of the IoT node should not exceed
its harvested energy. C3 and C4 constrain the number of
subframes for two transmission phases. C6 and C7 specify
the value ranges of the transmit power of the HAP in two
phase and the PRC of the IoT node.

Problem P1 is a mixed-integer non-convex optimization
problem due to the discrete time variables and the coupling
between optimization variables, e.g., M and P0. Thus, this
problem cannot be directly solved by using the existing convex
tools. In what follows, we solve P1 via a three-step approach.

B. Problem Transformation and Iterative Algorithm

In the first step, we derive the optimal eigenvalues of the
linear mapping matrix, i.e., λ1, · · · , λmin(M,N), via introduc-
ing auxiliary variables and exploiting KKT conditions, and
substitute them into P1 for reducing optimization variables.

It can be observed that the max-min expression of the ob-
jective function brings challenges to solve P1. To address this,
we first introduce an auxiliary variable t = min {RSR, RD}.
Then, P1 can be reformulated as

P2 max
λ1,··· ,λmin(M,N),P0,P1,β,M,N,t

max {RSD, t}

s.t. C1− C7,

C8 : RSR ≥ t,

C9 : RD ≥ t. (15)

Lemma 1. To maximize P2, the equality of C8 or C9 must
be satisfied, then an equivalent transformation between P1 and
P2 is completed.

Proof: Please see Appendix A. ■
P2 is still non-convex. In what follows, by leveraging

the KKT conditions, we can obtain some useful results, as
summarized in Lemma2.

Lemma 2. To maximize the throughput in P2, the remain-
ing eigenvalues, except for zero eigenvalues, should be equal,
i.e., λ∗

1 = · · · = λ∗
min(M,N) =

N
min(M,N) , where ∗ denotes the

optimal solution corresponding to the optimization variables.
Proof: Please see Appendix B. ■
Theorem 1: Based on Lemma 2, the optimal linear map-

ping matrix G∗ to maximize the throughput should satisfy
G∗(G∗)H = IN under M ≥ N , while (G∗)HG∗ = N

M IM
under M < N .

By substituting all eigenvalues of G∗(G∗)H into P2, we
obtain an equivalent optimization problem as

P3 max
P0,P1,β,M,N,t

max {RSD, t}

s.t. C1− C4,C6− C8,

C9−1 : R′
D ≥ t, (16)

where R′
D is obtained by substituting all eigenvalues into

RD, i.e., R′
D = RSD + R′

D2, R′
D2 = TsW

L

min(M,N)∑
i=1

log2(
1 +

P1|hRD|2/(Wσ2)
1+βP0|hSR|2|hSD|2/(Wσ2)

× N
min(M,N)

)
. The specific

expression of R′
D is shown at the top of the next page.

Remark 2: It is worth noting that the system-throughput
expression employed in the previous studies, e.g., [18], [19],
[23], is an upper bound of that we derived in this work,
and the reasons are as follows. In [18], [19], [23], the
system-throughput expression5 is calculated as Rsum0 =
max {RSD,min (RSR, RD0)}, where RD0 = RSD+RRD and
RRD = TsWN

L log2

(
1 + P1|hRD|2

Wσ2

)
, while in our work, it

is expressed as Rsum = max {RSD,min (RSR, R
′
D)}, where

R′
D = RSD+R′

D2. The reason why Rsum0 is an upper bound
of Rsum lies in RRD ≥ R′

D2, which can be interpreted from

5In [18], [19], [23], the authors assumed that the channel gain of the direct
transmission is much smaller than that of the source-relay link, and thus
ignored the comparison between RSD and RSR. Since this work has not
made assumption on the channel gains of all links, for traceability analysis,
we made such a comparison.
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R′
D =


TsWN

L log2

(
1 + βP0|hSR|2|hSD|2+P1|hRD|2

Wσ2

)
+ TsW (M−N)

L log2

(
1 + βP0|hSR|2|hSD|2

Wσ2

)
,M ≥ N,

TsWM
L log2

(
1 + βP0|hSR|2|hSD|2

Wσ2 + NP1|hRD|2
MWσ2

)
,M < N.

(17)



Case(i), RSR ≥ RD0 ⇒
{

Rsum0 = RD0

Rsum = R′
D

⇒ Rsum0 ≥ Rsum;

Case(ii), RSR < R′
D ⇒

{
Rsum0 = max {RSD, RSR}
Rsum = max {RSD, RSR}

⇒ Rsum0 = Rsum;

Case(iii), R′
D ≤ RSR < RD0 ⇒

{
Rsum0 = RSR

Rsum = R′
D

⇒ Rsum0 ≥ Rsum.

(18)

three cases in (18), as shown at the top of the next page.
In particular, under the equal time allocation, the derived
system-throughput expression in this work can be reduced
to Rsum = TsW

2 log2 (1 + max[γSD,min[γSR, γSD + γRD]]),
which is the same as the expression of system throughput
in [24], where γSD, γSR and γRD denote the signal to
interference plus noise ratio (SINR) of the link of S−D,
S−R and R−D, i.e., γSD= βP0|hSR|2|hSD|2

Wσ2 , γSR= βP0|hSR|4
Wσ2 ,

and γRD = P1|hRD|2
Wσ2 . While in the previous studies [18],

[19], [23], Rsum0, under the equal time allocation, equals
TsW
2 log2(1+max[γSD,min[γSR,γSD+γRD+γSDγRD]]), which

is an upper bound of the accurate system throughput evidently.
This not only shows the accuracy of the expression obtained
in this paper, but also proves that the expression adopted in
[18], [19], [23] is an upper bound of what we derived.

P3 is still a non-convex mixed-integer programming prob-
lem although it has been simplified. In the second step, we
transform P3 into a continuous variable optimization problem
by applying the time-sharing relaxation which is proposed
in [39], and then solve it from two cases, as shown in P5.1

and P5.2, respectively. In specific, a continuous auxiliary real
variable ρ in the closed interval [0, 1] is introduced to relax
discrete variable6 M

L , where ρ can be considered as the time
allocation factor. Then, problem P3 can be converted into

P4 max
P0,P1,β,ρ,t

max {R′
SD, t}

s.t. C1−1 : ρP0 + (1− ρ)P1 ≤ P,

C2−1 : η (1− β)P0|hSR|2 ≥ Pc,

C6− C7,

C8−1 : R′
SR ≥ t,

C9−2 : R′′
D ≥ t,

C10 : 0 ≤ ρ ≤ 1, (19)

where P = E/Ts, R′
SD = TsWρlog2

(
1+ βP0|hSR|2|hSD|2

Wσ2

)
,

R′
SR = TsWρlog2

(
1+ βP0|hSR|4

Wσ2

)
. R′′

D is shown as the top of
the next page. Next, we need to explore the optimal solutions
of P4. Towards this end, Lemma 3 is provided as follows.

6The gap caused by the time-sharing method between the original mixed-
integer optimization problem, i.e., P3, and the converted continuous opti-
mization problem, i.e., P4, decreases with the increase of the number of
total subframes, i.e., L, which can be verified in Fig. 4 of simulation.

Lemma 3. For the optimal solutions, the equalities of
constraints C1−1 and C2−1 must hold. Therefore, the optimal
PRC, β∗, is 1− Pc

ηP0|hSR|2 . This means the total energy of the
HAP and the harvested energy of the IoT node should be used
up for maximizing the throughput.

Proof: Please see Appendix C. ■
Based on Lemma 3, we substitute the optimal PRC, β∗,

into P4, which results in

P5 max
P0,P1,ρ,t

max {R′′
SD, t}

s.t. C1−1 : ρP0 + (1− ρ)P1 ≤ P ,

C6,C10,

C7−1 : Pc ≤ ηP0|hSR|2,
C8−2 : R′′

SR ≥ t,

C9−3 : R′′′
D ≥ t, (21)

where R′′
SD=TsWρlog2

(
B + P0|hSR|2|hSD|2

Wσ2

)
,R′′

SR = TsWρ

log2

(
A+ P0|hSR|4

Wσ2

)
, A = 1 − Pc|hSR|2

ηWσ2 , B = 1 − Pc|hSD|2
ηWσ2 .

R′′′
D is shown as the top of the next page.
It can be seen from (21) that the objective function includes

a max function and it makes this problem non-convex. Thus,
we discuss P5 from the following two cases so that the max
function can be removed.

Case 1 with R′′
SD ≤ t: In this case, we have R′′

SD ≤ R′′
SR

and R′′
SD ≤ R′′′

D , which infers hSD ≤ hSR. Accordingly, P5

can be written as

P5.1 max
P0,P1,ρ,t

t

s.t. C1−1,C6,C7−1,C8−2,C9−3,C10. (23)

For analysis, P5.1 can be discussed from the following
scenarios, i.e., 1/2 ≤ ρ ≤ 1 and 0 ≤ ρ < 1/2.

When 1/2 ≤ ρ ≤ 1, P5.1 can be expressed as P5.1.1,

P5.1.1 max
P0,P1,ρ,t

t

s.t. C1−1,C6,C7−1,C8−2,C9−3,

C10−1 : 1/2 ≤ ρ ≤ 1. (24)

It can be observed that the objective function is linear and
easy to handle, while the auxiliary variable ρ is still coupled
with P0 and P1 in C1−1, C8−2 and C9−3. To decouple it,
we construct two auxiliary variables, i.e., a = P0 (1− ρ) and
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R′′
D =

 TsW (1− ρ) log2

(
1 + βP0|hSR|2|hSD|2+P1|hRD|2

Wσ2

)
+ TsW (2ρ− 1) log2

(
1 + βP0|hSR|2|hSD|2

Wσ2

)
, 1
2 ≤ ρ ≤ 1,

TsWρlog2

(
1 + βP0|hSR|2|hSD|2

Wσ2 + (1−ρ)P1|hRD|2
ρWσ2

)
, 0 ≤ ρ < 1

2 .
(20)

R′′′
D =

 TsW (1− ρ) log2

(
B + P0|hSR|2|hSD|2+P1|hRD|2

Wσ2

)
+ TsW (2ρ− 1) log2

(
B + P0|hSR|2|hSD|2

Wσ2

)
, 1
2 ≤ ρ ≤ 1,

TsWρlog2

(
B + P0|hSR|2|hSD|2

Wσ2 + (1−ρ)P1|hRD|2
ρWσ2

)
, 0 ≤ ρ < 1

2 .
(22)

b = P1 (1− ρ), and substitute P0 = a
1−ρ and P1 = b

1−ρ into
P0 and P1, resulting in

P5.1.2 max
a,b,ρ,t

t

s.t. C1−2 : a− b+
b

ρ
≤ P

(
1

ρ
− 1

)
,

C6−1 : 0 ≤ a, b ≤ Pmax(1− ρ),

C7−2 : Pc(1− ρ) ≤ ηa|hSR|2,
C8−3 : R′′′

SR ≥ t,

C9−4 : R̃D ≥ t,

C10−1, (25)

where R̃D=TsW (1−ρ)log2
(
B+ a|hSR|2|hSD|2+b|hRD|2

(1−ρ)Wσ2

)
+TsW

(2ρ−1)log2
(
B+a|hSR|2|hSD|2

(1−ρ)Wσ2

)
, R′′′

SR=TsWρlog2

(
A+ a|hSR|4

(1−ρ)Wσ2

)
.

To tackle these non-convex constraints, i.e., C1−2, C8−3,
and C9−4, SCA technology [40] is employed to obtain a
locally optimal solution in an iterative manner that is shown
in Lemma 4.

Lemma 4. For any given ρj , aj and bj , we have

y (ρ) ≥ ylb
(
ρj
)
, f (ρ, b) ≤ fub

(
ρj , bj

)
, (26)

g (ρ, a) ≥ glb
(
ρj , aj

)
, w (ρ, a) ≥ wlb

(
ρj , aj

)
, (27)

where the above equalities hold at the points ρ = ρj ,
a = aj and b = bj , and the functions of y (ρ), f (ρ, b),
g (ρ, a), w (ρ, a), e (ρ, a, b), ylb

(
ρj
)
, fub

(
ρj , bj

)
, glb

(
ρj , aj

)
and wlb

(
ρj , aj

)
are defined in Appendix D. At the local

points ρj , aj and bj , both the functions y (ρ), f (ρ, b), g (ρ, a),
w (ρ, a) and its corresponding bounds ylb

(
ρj
)
, fub

(
ρj , bj

)
,

glb
(
ρj , aj

)
, wlb

(
ρj , aj

)
have the identical gradients.

Proof: Please refer to Appendix D. ■

By performing SCA, P5.1.2 can be transformed to a convex
one, which is given by

P5.1.3 max
a,b,ρ,t

t

s.t. C1−3 : a− b+ fub
(
ρj , bj

)
≤ P

(
ylb
(
ρj
)
− 1
)
,

C6−1,C7−2,C10−1,

C8−4 : glb
(
ρj , aj

)
≥ t,

C9−5 : e (ρ, a, b) + wlb

(
ρj , aj

)
≥ t. (28)

It can be ready proven that P5.1.3 is convex and thus it can
be directly solved by CVX [41] based on SCA technology, as
summarized in Algorithm 1.

Algorithm 1 SCA-based Iteration Algorithm for Solving P5.1

Input: Coordinates of the IoT node, the HAP and the receiver
Output: P ∗

0 , P ∗
1 , ρ∗, β∗, t∗

1: Initialize ρ0, a0, b0;
2: repeat:
3: Obtain

{
a∗1, b∗1, ρ∗1, t∗1

}
by solving P5.1.3;

4: Update the obtained continuous optimal solutions ;
5: until:

{
a∗1, b∗1, ρ∗1, t∗1

}
is converge;

6: Compute
{
P ∗1
0 , P ∗1

1 , β∗1} by P ∗1
0 = a∗1

1−ρ∗1 , P ∗1
1 =

b∗1

1−ρ∗1 , β∗1 = 1− Pc

ηP∗1
0 |hSR|2 ;

7: Obtain
{
u∗2, v∗2, ρ∗2, t∗2

}
by solving P5.1.5 ;

8: Compute
{
P ∗2
0 , P ∗2

1 , β∗2} by P ∗2
0 = u∗2

ρ∗2 , P ∗2
1 = v∗2

1−ρ∗2 ,
β∗2 = 1− Pc

ηP∗2
0 |hSR|2 ;

9: if t∗1 ≥ t∗2 then
10: {P ∗

0 , P
∗
1 , ρ

∗, β∗, t∗} =
{
P ∗1
0 , P ∗1

1 , ρ∗1, β∗1, t∗1
}

;
11: else
12: {P ∗

0 , P
∗
1 , ρ

∗, β∗, t∗} =
{
P ∗2
0 , P ∗2

1 , ρ∗2, β∗2, t∗2
}

;
13: end if

When 0 ≤ ρ < 1/2, P5.1 can be expressed as P5.1.4,

P5.1.4 max
P0,P1,ρ,t

t

s.t. C1−1,C6,C7−1,C8−2,C9−3,

C10−2 : 0 ≤ ρ < 1/2. (29)

Under this scenario, we solve this optimization problem by
introducing the following auxiliary variables, i.e., u = P0ρ
and v = P1 (1− ρ). Then, P5.1.4 is transformed into

P5.1.5 max
u,v,ρ,t

t

s.t. C1−4 : u+ v ≤ P,

C6−2 : 0 ≤ u ≤ Pmaxρ,

0 ≤ v ≤ Pmax(1− ρ),

C7−3 : Pcρ ≤ ηu|hSR|2,

C8−5 :
⌣

RSR ≥ t,

C9−6 :
⌣

RD ≥ t,

C10−2 : 0 ≤ ρ < 1/2, (30)

where
⌣

RD = TsWρlog2

(
B + u|hSR|2|hSD|2

ρWσ2 + v|hRD|2
ρWσ2

)
and

⌣

RSR = TsWρlog2

(
A+ u|hSR|4

ρWσ2

)
. Based on the above oper-

ations, we obtain an equivalent convex problem, and it can
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Algorithm 2 Algorithm for Solving P5.2

Input: Coordinates of the IoT node, the HAP and the receiver
Output: ρ∗, β∗, P ∗

0

1: if q′
(
min

(
1, Pη|hSR|2

Pc

))
≥ 0 then

2: ρ∗ = min
(
1, Pη|hSR|2

Pc

)
, P ∗

0 = P
ρ∗ ;

3: else if q′
(

P
Pmax

)
≤ 0 then

4: ρ∗ = P
Pmax

, P ∗
0 = P

ρ∗ ;
5: else
6: Obtain ρ∗ via bisection method, P ∗

0 = P
ρ∗ ;

7: end if

be solved by CVX. After obtaining the approaches to solve
P5.1.3 and P5.1.5, problem P5.1 can be solved by designing
Algorithm 1.

Case 2 with R′′
SD > t: In this case, R′′

SD > R′′
SR or R′′

SD >
R′′′

D should be satisfied. We note that R′′
SD ≤ R′′′

D holds. This
is because R′′′

D is the throughput to combine the S−D link
and the R−D link, while R′′

SD only denotes the throughput
of the S−D link. Accordingly, here we only need to consider
R′′

SD > R′′
SR. In this case, we have hSD > hSR and t = R′′

SR.
Based on the above discussion, P5 can be converted into

P5.2 max
P0,P1,ρ

R′′
SD

s.t. C1−1,C6,C7−1,C10. (31)

For P5.2, it is easy to prove P ∗
1 = 0 maximizing the objective

function. Combining it with C1−1, we have P0 = P
ρ , and

substitute it into the objective function, resulting in

P5.2.1 max
ρ

R′′′
SD

s.t. C10−3 :
P

Pmax
≤ ρ ≤ min

(
1,

Pη|hSR|2

Pc

)
, (32)

where R′′′
SD=TsWρlog2

(
B+P |hSR|2|hSD|2

ρWσ2

)
. In terms of C10−3

in P5.2.1, the feasible region of ρ can be determined as fol-
lows. Firstly, we drive Pc

η|hSR|2≤P0≤Pmax through combining
C6 with C7−1 in P5.2. Next, we obtain C10−3 by substituting
P0=

P
ρ into the above inequality and combining C10.

Clearly, the constraint is linear and thus P5.2.1 can be solved
by analyzing the objective function. The objective function
can be written as q(ρ)=TsWρlog2

(
B+P |hSR|2|hSD|2

ρWσ2

)
. It can

be observed that the second derivative of q (ρ), i.e., q′′ (ρ)=
−TsWP 2|hSR|4|hSD|4

ρ(BρWσ2+P |hSR|2|hSD|2)
2
ln 2

, is negative, and thus the first

derivative of q (ρ), i.e., q′ (ρ)=TsW log2

(
B+ P |hSR|2|hSD|2

ρWσ2

)
−

TsWP |hSR|2|hSD|2

(BρWσ2+P |hSR|2|hSD|2) ln 2
is a monotonically decreasing

function of ρ. Hence, the objective function is concave and
there exists only one unique optimal solution in P5.2.1. Based
on this, we can find the optimal time allocation factor by
using the monotonicity or bisection method, as summarized
in Algorithm 2, shown at the top of this page.

Until now, we have solved P5.1 and P5.2. From the above
discussion, we know that if hSD≤hSR, P5 is reduced to P5.1;
Otherwise, P5 is equivalent to P5.2. Combining the above

Algorithm 3 Throughput Maximization based Algorithm

Input: Coordinates of the IoT node, the HAP and the receiver
Output: M†, N†, β†, P †

0 , P †
1

1: if hSD ≤ hSR then
2: Obtain {P ∗

0 , P
∗
1 , ρ

∗, β∗, t∗} by solving P5.1 by Algo-
rithm 1;

3: else
4: Obtain {P ∗

0 , P
∗
1 , ρ

∗, β∗, t∗} by solving P5.2 by Algo-
rithm 2;

5: end if
6: Obtain discrete optimal solution

{
M†, N†} by preform-

ing integer conversion strategy;
7: if hSD ≤ hSR then
8: Obtain

{
P †
0 , P

†
1

}
by re-optimizing {P0, P1} and com-

pute β† = 1− Pc

ηP †
0 |hSR|2

;
9: else

10: Re-compute
{
P †
0 , P

†
1 , β

†
}

by P †
0 = PL

M† , P †
1 = 0, β† =

1− Pc

ηP †
0 |hSR|2

;
11: end if

methods to solve P5.1 and P5.2, we can easily solve P5.
Through the above analysis, we can obtain the optimal con-

tinuous solution denoted as {P ∗
0 , P

∗
1 , ρ

∗}, through which we
can compute the optimal number of the subframes allocated
to both phases, i.e., M∗ = ρ∗L, N∗ = L − M∗. However,
{M∗, N∗} is a continuous solution, which cannot be used in
practice. Therefore, we need to implement integer conversion
so that {M∗, N∗} can be converted to a feasible integer
solution, i.e.,

{
M†, N†}, satisfying the original problem,

and then re-optimize {P0, P1} by substituting
{
M†, N†}

into the original problem. However, the conventional integer
conversion method, e.g., rounding, may not guarantee that the
results meet the constraints of the original problem, since such
a method has not considered the constraints of our formulated
problem. Hence, in the third step, we propose an integer
conversion strategy, through which the derived integer solution
meets all constraints of the original optimization problem. In
what follows, we focus on designing an integer conversion
strategy. Once

{
M†, N†} is determined, {P0, P1} can be

derived by re-optimizing or re-computing.
In this work, the time-sharing technology is applied

to convert a discrete optimization problem, i.e., P3, to a
continuous one, i.e., P4, and our goal is to design an integer
conversion strategy to obtain a feasible integral solution
satisfying all the constraints of P3. Due to the complexity of
constraints in P3 and the equivalence of P3 and P1 under the
optimal solutions, we design an integer conversion strategy,
through which the derived integral solution should satisfy all
the related constraints with M and N of P1, i.e., C1, C3,
and C4. Both C3 and C4 can be easily satisfied because we
obtain N† via L − M† and ρ ∈ [0, 1]. Thereby, the integer
conversion strategy only depends on C1. We can find that
the left side of C1 increases with M when P0 > P1 and
decreases with M when P0 < P1. Combining it with the
fact that the equality of C1 must be satisfied for maximizing
the throughput of the IoT node, we have M† = ⌊M∗⌋ when
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R̂D =


N†TsW

L log2

(
B + P0|hSR|2|hSD|2+P1|hRD|2

Wσ2

)
+ TsW

(
2M†

L − 1
)
log2

(
B + P0|hSR|2|hSD|2

Wσ2

)
,M† ≥ N†

M†TsW
L log2

(
B + P0|hSR|2|hSD|2

Wσ2 + N†P1|hRD|2
M†Wσ2

)
,M† < N†

(35)

P ∗
0 > P1

∗ and M† = ⌈M∗⌉ when P ∗
0 < P1

∗, where ⌊·⌋ and
⌈·⌉ are the integer floor operation and integer ceil operation
respectively. Besides, the monotonicity of the left side in C1
is not related to M when P0 = P1. In this case, how to
design M† only depends on the relationship of the objective
function under M† = ⌊M∗⌋ and M† = ⌈M∗⌉. Specifically,
there are two cases for the relationship of the objective
function, i.e., {P ∗

0 = P1
∗}& {Rsum (⌊M∗⌋) ≥ Rsum (⌈M∗⌉)}

(also denoted as Condition 1) and {P ∗
0 = P1

∗}&
{Rsum (⌊M∗⌋) < Rsum (⌈M∗⌉)} (also denoted as Condition
2). Accordingly, the integer conversion strategy can be
described as

M† =

{
⌊M∗⌋ , P ∗

0 > P1
∗ or Condition 1,

⌈M∗⌉ , P ∗
0 < P1

∗ or Condition 2.
(33)

Using (33), the optimal integral solution of N† can be
calculated by N† = L−M†.

After obtaining M† and N†, we need to further explore
the optimal transmit power of the HAP, i.e., P0 and P1, by
substituting M† and N† into P5.1 or P5.2.

For Case 1 with hSD ≤ hSR, we obtain the optimal transmit
power of the HAP by solving P6, given by

P6 max
P0,P1,t

t

s.t. C1−5 :
M†P0

L
+

N†P1

L
≤ P,

C6,C7−1,

C8−6 : R̂SR ≥ t,

C9−7 : R̂D ≥ t, (34)

where R̂SR=
M†TsW

L log2

(
A+P0|hSR|4

Wσ2

)
, R̂D is shown as the top

of the next page.
Due to the linear objective function and convex constraints,

P6 is convex and can be directly solved by CVX.
For Case 2 with hSD > hSR, the optimal transmit power of

the HAP can be re-calculated as P †
0 = PL

M† , P †
1 = 0.

Combining the above three conversion steps, we proposed a
throughput maximization-based algorithm, as summarized in
Algorithm 3. Please note that after modifications, our proposed
algorithm can also be adapted in the multi-IoT nodes scenario.
Here we omit the detailed procedure due to the limited space.

C. Complexity Analysis

In this subsection, we evaluate the computational
complexity of Algorithm 3. Firstly, we analyze the
computational complexities of Algorithm 1 and Algorithm
2. For Algorithm 1, the interior point method [38],
[42] is adopted and its computational complexity is
O
(√

K log (K)
)

for each iteration, where K denotes the
number of the inequality constraints of optimization problem.

Assume that the maximum number of iterations of outer
layer for solving P5.1.3 is K1, then the computation
complexity for Algorithm 1 can be calculated as
K1O

(√
K2 log (K2)

)
+ O

(√
K3 log (K3)

)
, where K2

and K3 denote the number of the inequality constraints
of P5.1.3 and P5.1.5, i.e., K2 = K3 = 7, respectively. For
Algorithm 2, the worse case is to adopt the bisection method.
For the bisection method [43], the searching range is set
as
[

P
Pmax

,min
(
1, Pη|hSR|2

Pc

)]
, which will reduce by half

after each iteration, and thus the number of iterations is

K4 = log

(
P/Pmax−min(1,Pη|hSR|2/Pc)

ε

)
, where ε denotes

the accuracy. Therefore, the computational complexity of
the bisection method can be expressed as O (K4), which
equals the complexity of Algorithm 2. Subsequently, we
analyze the computational complexity of re-optimizing or
re-computing {P0, P1} after obtaining the discrete subframe
allocation. The computational complexity of the worst
scenario, i.e., re-optimizing {P0, P1} when hSD ≤ hSR, is
O
(√

K5 log (K5)
)

by using the interior point method, where
K5 represents the number of the inequality constraints of
P6, i.e., K5 = 6. Based on the above analysis, the total
computational complexity of Algorithm 3 can be calculated as
max

{
K1O

(√
K2 log (K2)

)
+O

(√
K3 log (K3)

)
,O (K4)

}
+

O
(√

K5 log (K5)
)
.

IV. SIMULATION

In this section, we present numerical simulation results to
verify the effectiveness and the superiority of our proposed
resource allocation scheme for the relay-enabled BC network.
In this network, the IoT node, the HAP and the receiver are
located within a 2-D region of 100×100 m2 and described
with a 2-D Cartesian coordinate system. The basic simulation
parameters considered in this paper are shown in Table I [11].
Besides, the channel gains are model as |hSD|2 = ξSDd

−α1

SD ,
|hSR|2 = ξSRd

−α2

SR and |hRD|2 = ξRDd
−α3

RD , where ξi and
di denote the power gain of the small-scale fading and the
distance for the ith link i ∈ {SD,SR,RD}, and α1, α2 and
α3 represent the path loss exponents of the S−D, S−R and
R−D links, respectively. Unless otherwise specified, we set
α2 = 2.7 and α3 = 2.7. In what follows, we analyze the
simulation results from the following aspects: 1) Convergence
of Algorithm 3; 2) Performance analysis of the time-sharing
technology; 3) Comparison with other schemes; 4) Impacts of
network parameters on throughput and subframe allocation.

A. Convergence of Algorithm 3

Fig. 2 shows the convergence of the proposed Algorithm 3
from the perspective of iteration variables, i.e., ρ and a, versus
the iteration number. We plot the convergence curves under
different parameters, i.e., α1=2.5, Pmax=20W and α1=2.5,
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Table I. Simulation Parameters

Simulation parameter Value
Coordinate of the IoT node S (0, 0)
Coordinate of the HAP R (20m, 20m )
Coordinate of the receiver D (100m, 0)
The duration of one frame Ts 10 ms
Channel bandwidth W 10 kHz
Noise power spectral density σ2 −100 dBm/Hz
Energy conversion efficiency η 0.5
Backscatter circuit power consumption Pc 200 µW
Total energy in each frame of the HAP E 200 mW
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Fig. 2. Iteration variables versus iteration number.

Pmax=30W. It can be observed that less than three iterations
for Pmax=30W and just only one iterations for Pmax=20W are
required for Algorithm 3 to converge a value. That illustrates
that the proposed algorithm has a quick convergence. Besides,
it can be clearly seen that the convergence speed of Pmax=
20W is faster than that of Pmax =30W. This phenomenon
can be interpreted that the convergence performance of SCA
algorithm largely depends on the setting of the initial value.
However, the initial value setting, i.e., ρ0=0.7, a0=6, may
not be suitable for Pmax=30W compared with Pmax=20W,
leading to more iterations.

B. Performance Analysis of the Time-Sharing Technology

In this subsection, we would like to analyze the gap caused
by using the time-sharing technology. Fig. 3 shows the com-
parisons between the proposed optimization algorithm and the
exhaustive search algorithm in terms of achievable throughput
under the setting of Pmax=20W, L=20 and Pmax=30W,
L=20. Note that the exhaustive search algorithm can obtain
global optimal solution for our formulated problem, at the
cost of a high computational complexity. It can be observed
that the gaps between the exhaustive search algorithm and
our proposed Algorithm 3 is obvious when the number of
subframes is few. This phenomenon may be caused by the
following two reasons. On the one hand, the integer conversion
strategy needs to be performed after obtaining the optimal
continuous solutions through the time-sharing technology,
which may lead to the suboptimal discrete solutions in order
to meet the constraints of the original optimization problem.
On the other hand, for the time-sharing technology, the gap
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Fig. 3. Throughput under different algorithms and maximum
transmit power versus the path loss exponent of S−D link.
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can be ignored when the number of subframes is sufficiently
large. This indicates that when the number of subframes tends
to infinity, the gap caused by the time-sharing technology is
zero. This is because when the number of subframes tends
to infinity, N/L and M/L can be arbitrary variables in the
range 0 to 1. To illustrate this conclusion, Fig. 4 shows the
gap caused by the time-sharing technology versus the number
of total subframes. Let’s pick out some points with large gaps
in Fig. 3, i.e., α1 = 4.0 and α1 = 3.9 in Pmax = 20W, as
well as α1=2.6 and α1=2.9 in Pmax=30W. We can see
that the gap between the above two algorithms tends to zero
with the increase of the number of total subframes on the
whole, although there may be some fluctuations. The reason
for fluctuations is as follows. After adopting the time-sharing
technology, the integer conversion is applied to convert the
obtained optimal continuous time into a discrete one. When
α1 = 4.0 and α1 = 3.9 in Pmax = 20W, the optimal power
allocation for P5.1 satisfies P ∗

0 = P1
∗, thus the integer con-

version strategy is determined by Condition 1 and Condition
2. When α1=2.6 and α1=2.9 in Pmax=30W, the optimal
power allocation for P5.1 satisfies P ∗

0 > P1
∗, the integer

floor operation needs to be performed to obtain the optimal
integral solution. Therefore, in order to meet the constraints of
the original optimization problem, the corresponding integer
conversion strategy for our formulated problem needs to be
followed, which may lead to the suboptimal discrete solutions
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resulting in fluctuations at some points. We can also find that
the fluctuations under α1=4.0 and α1=3.9 in Pmax=20W
seem to be more extensive than that under α1 = 2.6 and
α1=2.9 in Pmax=30W when the total number of subframes is
large, so that there seems no fluctuation in the curve under
α1 = 2.6 and α1 = 2.9 in Pmax = 30W, such phenomenon
can be interpret as follows. When α1=4.0 and α1=3.9 in
Pmax=20W, the optimal power allocation for P5.1 and P6 all
satisfies P ∗

0 = P1
∗ = 20W , which means that the gap caused

by the integer conversion strategy has not been compensated
through the further optimization. However, the optimal power
allocation for P5.1 and P6 are not equal when α1=2.6 and
α1=2.9 in Pmax=30W, thus the gap caused by the integer
conversion strategy has been compensated partly through the
further optimization.

C. Comparison with Other Schemes
For comparison between the proposed scheme and other

schemes, we will do it from the following two aspects.
Firstly, we compare the proposed scheme with the following
three fixed time schemes: 1) BC; 2) relay-enabled BC; 3)
opportunistic relay-enabled BC. Besides, we compare the
proposed scheme with other related schemes, which optimize
the continuous and unequal time variables. Fig. 5 plots the
throughput versus the path loss exponent of S−D link of dif-
ferent schemes under α2 = 3.2 and D = {50, 0}. We can see
that the throughput achieved by all the schemes will decrease
with the increase of the path loss exponent of S−D link. It can
also be observed that the proposed scheme always outperforms
the other schemes in terms of achievable throughput. The
reasons are summarized as follows. The fixed time scheme is
considered in other schemes without the optimization of time
allocation, while the proposed scheme in this paper optimizes
the unequal time allocation, which takes full advantage of
changes in network parameters. Fig. 6 shows the comparison
of our proposed scheme and other related schemes considering
the optimization of the continuous time variables. In this
figure, we plot two curves of our proposed scheme under
different number of total subframes, i.e., L = 20 in reality
and L = 1000 in simulation, respectively. We can clearly
see that the achievable throughput of our proposed scheme
under setting L = 20 is less than obtained from other related
scheme. There exists two reasons as follows. On the one hand,
other related schemes apply an upper bound of the accurate
system-throughput expression we obtained in this paper to
find the optimal resource allocation scheme. On the other
hand, other related schemes can obtain more ideal throughput
by optimizing the continuous time, while this is infeasible in
reality. Comparing the other curve under L = 1000 with other
related schemes, the achievable throughput of our proposed
scheme is less than other related schemes in the whole because
an upper bound of the accurate throughput expression is used
in other related schemes, which confirms Remark 2.

D. Impacts of Network Parameters on Throughput and Time
Allocation

Fig. 7 depicts the throughput versus the X−coordinate and
Y−coordinate of the HAP under different setting of Pmax.
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Fig. 5. Throughput under different schemes versus the path loss
exponent of S−D link.
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schemes versus the path loss exponent of S−D link.

We can see that the achievable throughput decreases with the
increase of whatever Y−coordinate or X−coordinate of the
HAP. The reason is as follows. When Y−coordinate of the
HAP decreases, the distances both S−R and R−D links is
shortened, a better throughput can be obtained. Besides, with
the decrease of X−coordinate of the HAP, the distance of the
S−R link is shorten while the R−D link is increased, that
leads to the uncertainty of throughput changes. However, the
reduction of the achievable throughput caused by the increase
of distance of R−D link can be compensated by optimizing
the other network parameters. At the same time, the decrease
of X−coordinate of the HAP not only shortens the distance of
S−D link but also weakens the impact of the double path loss.
Therefore, we can obtain a better throughput with the decrease
of X−coordinate of the HAP. Fig. 8 shows the number of
subframes allocated for each phase, i.e., the backscatter phase
and the relay phase, versus the path loss exponent of S−D
link. When the channel quality of S−D link is worse, the
number of subframes allocated to the relay phase is more.

V. CONCLUSION

In this paper, considering the unequal and discrete time
allocation, we proposed a practical resource allocation scheme
for the relay-enabled BC network based on the linear map-
ping method. Specifically, we derived the accuracy system-
throughput expression by applying the linear mapping. Based
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on this, a mixed-integer non-convex optimization problem is
formulated by jointly optimizing the linear mapping matrix,
the power allocation of the HAP and the PRC of the IoT
node to achieve the maximum throughput. We proposed an
iterative algorithm to solve this non-convex problem via in-
troducing auxiliary variables, exploiting KKT conditions and
time-sharing technology, and proposing an integral conversion
strategy. The complexity of the proposed algorithm was also
analyzed. Finally, simulation results were provided to verify
the convergence of the proposed algorithm, the superiority of
the proposed scheme, and the impacts of network parameters
on the system throughput.

APPENDIX A

According to the auxiliary operation t = min {RSR, RD},
we prove Lemma 1 from the following two cases, i.e., Case
1: RSR≥RD, and Case 2: RSR<RD. For Case 1, supposed
that RD>t+ in C9 and other constraints are satisfied for the
optimal solutions

{
λ+
1 , · · · , λ

+
min(M+,N+), P

+
0 , P+

1 , β+,M+,

N+, t+}. However, there exists another solutions
{
λ+
1 , · · · ,

λ+
min(M+,N+), P

+
0 , P+

1 , β+,M+, N+, t∗
}

satisfying RD=t∗

and other constraints when t∗ ≥ t+. At this time, the objec-
tive value keeps unchanged or increases since the objective
function does not decrease with variable t. This means that
the equality in C9 must hold for the optimal solutions under
condition RSR ≥ RD. It can be reduced to a special case of

P1. By the same argument, we gain that the equality in C8
holds for the optimal solutions under condition RSR < RD.
That denotes the other special case of P1. Therefore, The
optimal solutions from P2 must satisfy one of constraint C8
or C9 with equality and equals that from P1.

APPENDIX B

Let µ1, µ2, µ3, µ4, µ5 and µ6 denote the nonnegative
Lagrange multipliers associated with C1, C2, C3, C5, C8, C9.
Then the partial Lagrangian function of P2 is given by

L=max

{
TsWM

L
log2

(
1+

θ1
Wσ2

)
, t

}
+µ1

(
E−MP0Ts

L
−NP1Ts

L

)
+ µ2

(
η (1− β)P0|hSR|2 − Pc

)
+ µ3 (M +N − L)

+ µ4

N −
min(M,N)∑

i=1

λi

+ µ5

[
TsWM

L
log2

(
1 +

θ3
Wσ2

)
− t

]

+ µ6

[
TsWM

L
log2

(
1 +

θ1
Wσ2

)
− t

]
+

µ6TsW

L

min(M,N)∑
i=1

log2

(
1 +

θ2/
(
Wσ2

)
1 + θ1/ (Wσ2)

λi

)
, (B.1)

where θ1
∆
= βP0|hSR|2|hSD|2, θ2

∆
= P1|hRD|2 and θ3

∆
=

βP0|hSR|4 for convenience. By taking the partial derivative
of L with respect to λi, we have

∂L
∂λi

=
µ6TsW

Lln 2

 1(
λi +

1+θ1/(Wσ2)
θ2/(Wσ2)

)
− µ4. (B.2)

By letting ∂L/∂λi = 0, we can derive the necessary condition
of optimal eigenvalues.

λ∗
i = max

{
0,

TsWµ6

Lµ4 ln 2
−

1 + θ1/
(
Wσ2

)
θ2/ (Wσ2)

}
. (B.3)

Since
min(M,N)∑

i=1

λi = N , the optimal eigenvalues are given by

λ∗
i =

TsWµ6

Lµ4 ln 2
−

1 + θ1/
(
Wσ2

)
θ2/ (Wσ2)

. (B.4)

It can be observed that there exist the unique solution satis-
fying KKT conditions for P2. Therefore, the optimal solution
for problem P2 is λi =

N
min(M,N) for i = 1, · · · ,min (M,N).

Lemma 2 is proven.

APPENDIX C

First of all, we prove that the equality of constraint C1−1
must hold by means of contradiction. Specifically, we suppose
that the optimal solution denoted

{
P+
0 , P+

1 , β+, ρ+, t+
}

satis-
fies ρ+P+

0 +(1− ρ+)P+
1 < P and the remaining constraints.

However, we can find another solution {P ∗
0 , P

∗
1 , β

+, ρ+, t∗}
satisfying ρ+P ∗

0 + (1− ρ+)P ∗
1 = P where P ∗

0 > P+
0 ,

P ∗
1 > P+

1 , and t∗ > t+. At this time, other constraints
are also satisfied and the objective function obtains a better
value, which conflicts with the original assumption. Therefore,



13

y′ (ρ) = − 1

ρ2
, f ′

ρ (ρ, b) = − b

ρ2
, f ′

b (ρ, b) =
1

ρ
, f ′′

ρρ (ρ, b) =
2b

ρ3
,

g′ρ (ρ, a) = TsW log2

(
A+

a|hSR|4

(1− ρ)Wσ2

)
+

TsWρ(
A(1−ρ)2Wσ2

a|hSR|4 + (1− ρ)
)
ln 2

, g′a (ρ, a) =
TsWρ(

A(1−ρ)Wσ2

|hSR|4 + a
)
ln 2

,

w′
ρ (ρ, a) = 2TsW log2

(
B +

a|hSR|2|hSD|2

(1− ρ)Wσ2

)
+

TsW (2ρ− 1)(
B(1−ρ)2Wσ2

a|hSR|2|hSD|2 + (1− ρ)
)
ln 2

, w′
a (ρ, a) =

TsW (2ρ− 1)(
B(1−ρ)Wσ2

|hSR|2|hSD|2 + a
)
ln 2

,

g′′aa (ρ, a) = − TsWρ(
A(1−ρ)Wσ2

|hSR|4 + a
)2

ln 2
, w′′

aa (ρ, a) = − TsW (2ρ− 1)(
B(1−ρ)Wσ2

|hSR|2|hSD|2 + a
)2

ln 2
. (D.1)

the equality of constraint C1−1 must hold for the optimal
solutions.

Next, we prove that the equality of constraint C2−1 must
hold still by means of contradiction. Specifically, assume that{
P+
0 , P+

1 , β+, ρ+, t+
}

is the optimal solution to P4, where
η(1−β+)P+

0 |hSR|2 > Pc always holds. However, we can
construct another solution

{
P+
0 , P+

1 , β∗, ρ+, t∗
}

satisfying
β∗ > β+, t∗ > t+ and η (1− β∗)P ∗

0 |hSR|2=Pc. Obviously,
we can find that the constructed solution can achieve a
better throughput and satisfy all the constraints of P4, which
conflicts with the original assumption. Based on this, the
equality of constraint C2−1 must hold for the optimal solution
and we can derive the optimal PRC, i.e., β∗ = 1− Pc

ηP0|hSR|2 .
The proof is completed.

APPENDIX D

For convenience, we define the following functions to
denote the complicated expressions in P5.1.2. y (ρ)

∆
= 1

ρ ,

f (ρ, b)
∆
= b

ρ , g (ρ, a) ∆
= TsWρlog2

(
A+ a|hSR|4

(1−ρ)Wσ2

)
, w (ρ, a)

∆
= TsW (2ρ− 1) log2

(
B +a|hSR|2|hSD|2

(1−ρ)Wσ2

)
, e (ρ, a, b) = TsW

(1− ρ) log2

(
B + a|hSR|2|hSD|2+b|hRD|2

(1−ρ)Wσ2

)
.

In terms of these functions, we take the partial derivative
with respect to ρ, a and b, respectively, which are shown at
the top of this page.

Thereby, we have y (ρ) ≥ ylb
(
ρj
)
, f (ρ, b) ≤ fub

(
ρj , bj

)
,

g (ρ, a) ≥ glb
(
ρj , aj

)
and w (ρ, a) ≥ wlb

(
ρj , aj

)
, where

ylb
(
ρj
)
= y

(
ρj
)
+ y′

(
ρj
) (

ρ− ρj
)

(D.2)

fub
(
ρj , bj

)
= f

(
ρj , bj

)
+ f ′

ρ

(
ρj , bj

) (
ρ− ρj

)
+ f ′

b

(
ρj , bj

) (
b− bj

)
+ f ′′

ρρ

(
ρj , bj

) (
ρ− ρj

)2
, (D.3)

glb
(
ρj , aj

)
= g

(
ρj , aj

)
+ g′ρ

(
ρj , aj

) (
ρ− ρj

)
+ g′a

(
ρj , aj

) (
a− aj

)
+ g′′aa

(
ρj , aj

) (
a− aj

)2
, (D.4)

wlb

(
ρj , aj

)
= w

(
ρj , aj

)
+ w′

ρ

(
ρj , aj

) (
ρ− ρj

)
+w′

a

(
ρj , aj

) (
a− aj

)
+ w′′

aa

(
ρj , aj

) (
a− aj

)2
. (D.5)

The equal signs in the above inequalities only hold when
ρ = ρj , a = aj and b = bj . At the local points ρj , aj

and bj , both the functions y (ρ), f (ρ, b), g (ρ, a), w (ρ, a) and
its corresponding bounds ylb

(
ρj
)
, fub

(
ρj , bj

)
, glb

(
ρj , aj

)
,

wlb

(
ρj , aj

)
have the identical gradients.
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