
Backscatter-assisted Hybrid Relaying Strategy for
Wireless Powered IoT Communications

Yutong Xie∗†, Zhengzhuo Xu‡, Shimin Gong∗, Jing Xu‡, Dinh Thai Hoang§, and Dusit Niyato¶
∗School of Intelligent Systems Engineering, Sun Yat-sen University, China

†Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences, China
‡School of Electronic Information and Communications, Huazhong University of Science and Technology, China

§School of Electrical and Data Engineering, University of Technology Sydney, Australia
¶School of Computer Science and Engineering, Nanyang Technological University, Singapore

Abstract—In this work, we consider multiple energy harvesting
relays to assist information transmission from a hybrid access
point (HAP) to a distant receiver. The multi-antenna HAP also
beamforms RF power to the relays by using a power-splitting pro-
tocol. We aim to maximize the throughput by jointly optimizing
the HAP’s beamforming strategy as well as individual relays’ en-
ergy harvesting and collaborative beamforming strategies. With
dense user devices, the throughput maximization takes account
of the direct links from the HAP to the receiver as they are short
and contribute considerably to the overall throughput. Moreover,
we introduce the concept of hybrid relaying communications
which allows the energy harvesting relays to switch between
two radio modes. In particular, the relays can operate either in
RF communications or backscatter communications, depending
on their channel conditions and energy status. This results
in a non-convex and combinatorial throughput maximization
problem. With the fixed relay mode, we can find a feasible lower
performance bound via convex approximation, which further
motivates our algorithm design to update the relay mode in
an iterative manner. Simulation results verify that the proposed
hybrid relaying strategy can achieve significant performance
improvement compared to the conventional relaying strategy with
all relays operating in the RF communications mode.

Index Terms—Energy harvesting, wireless powered network,
hybrid relaying, wireless backscatter.

I. INTRODUCTION

Recently, wireless power transfer has been proposed as

a cost-effective way to sustain wireless communications for

billions of user devices [1], constituting the future Internet

of Things (IoT). With densely deployed IoT devices, we can

employ multiple energy harvesting relays to assist information

transmission between the transceivers by leveraging signal and

energy cooperation at individual relays [2]. Via cooperative

transmissions, we can achieve improved link quality, extended

coverage, higher spectral and energy efficiency [3]. However,

the high power consumption in the relays’ RF communica-

tions usually prevents them from cooperative transmissions,

especially for those relays with insufficient power supply.

Compared to RF communications, wireless backscatter is a

new promising communications technology featured with ex-
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tremely low power consumption for data communications [4].

The backscatter radios transmit information in the passive

mode by reflecting the incident RF signals. The change of

signal reflections can be captured by the receiver via an energy

detector [5]. The passive radio relies on the RF signals and its

operation can also enhance the active radio’s information trans-

mission. The conventional relay communications have been

extended to study passive relay communications [6], which can

be more energy- and spectrum-efficient due to the extremely

low power consumption. The authors in [7] and [8] showed

that the backscatter signals can be exploited as a form of multi-

path diversity to enhance active RF communications. In our

previous works [9] and [10], we proposed the passive relaying
scheme that uses the backscatter radios as wireless relays

to assist information transmission between active radios. By

optimizing the passive relays’ reflection coefficients, the multi-

path effect can be controlled to enhance signal reception [11].

The passive relaying game has been proposed in [12] as a

concave game to model the competition and conflict in relay

communications with multiple passive radios.

However, most of the existing works considered a simple

passive relaying model in which one or more backscatter

radios are employed to assist the active RF communications. In

this paper, we propose a novel hybrid relaying communications
model in which both passive and active relays can be employed

to assist active RF communications. To maximize the overall

throughput, each relay leverages a dual-mode radio that can

switch between the active and passive modes independent-

ly [6], depending on its channel conditions and energy status.

The relays’ mode selection actually incurs the tradeoff between

channel quality and multi-path diversity. As the conventional

relay models focus on either the active or passive relays, the

relay strategies are not applicable to this case. Hence, it calls

for a novel algorithm design for relay optimization in the

hybrid relaying communications.

In this paper, we focus on a two-hop hybrid relaying model.

In the first hop, the multi-antenna source node beamforms

information to the relays and the receiver. The passive relays

instantly backscatter the RF signals to enhance signal reception

at the active relays and the receiver. In the second hop,

the active relays amplify and forward the received signals
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to the receiver, with the enhanced channels by the passive

relays. We aim to maximize the throughput performance by

jointly optimizing the source beamforming strategy, the relays’

energy harvesting and mode selection strategies. It is clear

that the throughput maximization problem is combinatorial

and difficult to solve optimally. To overcome this difficulty,

we propose a two-step solution to optimize the relay strategy.

With a fixed relay mode, we firstly find a feasible lower bound

on the throughput performance via convex approximation.

Then, we evaluate individual relays’ energy status or potential

performance gain, which motivates the algorithm design to

update the relay mode in an iterative manner. Simulation

results verify that the proposed hybrid relaying strategy can

significantly improve the throughput performance compared

to the conventional relay strategy with all active relays. The

performance improvement becomes higher as the passive

radios set a greater magnitude to the reflection coefficients

by antenna design or load modulation.

II. SYSTEM MODEL

We consider a multi-antenna hybrid access point (HAP) and

a group of single-antenna user devices. The data transmission

from the HAP to the receiver is assisted by a set of relays

following the amplify-and-forward (AF) protocol. The set of

relays is denoted by N = {1, 2, . . . , N}. The HAP has a con-

stant power supply, while the relays are wirelessly powered by

RF signals emitted from the HAP. Via signal beamforming, the

HAP can control the rates of information and power transfer to

the relays following the power-splitting (PS) protocol [13]. Our

goal is to maximize throughput from the HAP to the receiver

by optimizing the HAP’s signal beamforming and the relaying

strategies. Let f0 ∈ C
K and fn ∈ C

K denote the complex

channels from the HAP to the receiver and from the HAP to

the n-th relay, respectively. Let g � [g1, g2, . . . , gN ]T ∈ C
N

denote the channel from the relays to the receiver. All channels

are block fading.

A. Two-Hop Relay Protocol with Direct Links

The relay-assisted information transmission follows a two-

hop half-duplex protocol. As shown in Fig. 1, the information

transmission is divided into two phases, i.e., the relay receiv-

ing and forwarding phases, corresponding to the information

transmission in two hops. Due to a short distance between

transceivers in a dense D2D network, the direct links between

the HAP and the receiver can exist in both hops and contribute

significantly to the overall throughput. Let (w1,w2) denote the

HAP’s signal beamforming strategies in two phases.

In the first hop, the multi-antenna HAP beamforms the

information signal with a fixed transmit power pt and the

beamforming vector w1. As shown in Fig. 1(a), the beam-

forming information can be received by both the relays and

the receiver directly. Hence, the beamforming design has to

balance the transmission performance to the relays and to

the receiver. A higher rate in direct transmission potentially

degrades the signal quality at the relays and reduces the data

rate of relays’ transmission. The HAP’s beamforming in the

Fig. 1: Hybrid relaying communications with direct links.
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Fig. 2: Wireless power transfer to the relays by the PS protocol.

first hop is also used for wireless power transfer in the PS

protocol, as shown in Fig. 2. Each relay can set a different

PS ratio to match the HAP’s beamforming strategy and their

energy demands. In the second hop, the relays amplify and

forward the received signals to the receiver. Meanwhile, the

HAP also beamforms the same information symbol directly

to the receiver with a new beamforming vector w2. Hence,

the received signal at the receiver is a mixture of the signals

forwarded by the relays and the direct beamforming by the

HAP. By maximal ratio combining (MRC) at the receiver,

e.g., [14], the received signals in both hops can be combined

together to enhance the reliability in transmission.

B. Hybrid Relaying via Dual-Mode Radios

We assume that each relay has a dual-mode radio structure

that can switch between the passive and active modes, similar

to that in [6] and [10]. In the passive mode, the relay sets a

proper load impedance to backscatter a part of the incident RF

signals, while the other part is harvested as energy by the an-

tenna. The backscattered signal can be exploited to enhance the

signal transmission to the receiver [8]. As shown in Fig. 1(b),

when the HAP beamforms the information signal to the relays,

the relay-n can turn to the passive mode and backscatter the RF

signals from the HAP directly to the receiver. By adapting the

antenna’s complex reflection coefficient, the passive relay can

equivalently enhance the direct channel from the HAP to the

receiver, as well as the channels from the other active relays to

the receiver. Hence, the relay’s mode switching introduces the

performance tradeoff between the channel quality and multi-

path diversity. Let bn ∈ {0, 1} be the binary variable indicating

the radio mode of relay-n. Then the set of relays will be

split into two subsets, i.e., Na � {n ∈ N : bn = 0} and
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Nb � N \ Na, denoting the set of active and passive relays,

respectively. Let f̂0 and f̂k for k ∈ Na denote the enhanced

channels from the HAP to the receiver and to the active relays,

respectively. Due to the passive relays’ backscattering, the

enhanced channels can be represented as follows:

f̂0 = f0 +
∑
n∈Nb

gnΓnfn = f0 +
∑
n∈N

bngnΓnfn, (1)

f̂k = fk +
∑
n∈Nb

zn,kΓnfn = fk +
∑
n∈N

bnzn,kΓnfn, (2)

where zn,k denotes the complex channel from the passive

relay-n to the active relay-k, and Γn denotes the complex

reflection coefficient of the passive relay-n. Thus, the en-

hancement to the channels f̂0 and f̂k depends on not only the

binary indicator bn ∈ {0, 1}, but also the complex reflection

coefficient Γn of each passive relay in set Nb.

III. THROUGHPUT MAXIMIZATION VIA HYBRID

RELAYING COMMUNICATIONS

To maximize the overall throughput performance, we aim

to optimize the HAP’s beamforming strategies (w1,w2) in

two hops, as well as the radio mode and PS ratio of each

relay. It is clear that the optimization of the binary relay

mode is complicated due to the combinatorial structure. In the

following, we propose to solve the performance maximization

problem in two steps. Firstly, assuming fixed relay modes, we

evaluate the enhanced channels and formulate the throughput

maximization problem with only active relays, similar to that

in [15]. Secondly, with the fixed beamforming strategy, we

evaluate individual relays’ energy status or potential perfor-

mance gain. This further motivates our algorithm design to

update the relay mode in an iterative manner.

A. Throughput Maximization with Fixed Relay Mode

Given a fixed set Nb of passive relays and the reflection

coefficients Γn, the enhanced channels for active RF commu-

nications are given as in (1) and (2). Then, we can formulate

the throughput maximization problem with the active relays

alone. Let s ∈ C denote the complex information symbol

with unit power, delivered from the HAP to the receiver. The

HAP’s beamforming can be represented as xs =
√
ptw1s.

Assuming normalized noise power, the SNR at the receiver in

the first hop is given by γ1 = pt|f̂H0 w1|2, where f̂H0 is the

Hermitian transpose of channel f0. Given the transmit signal

xs, the signal at the relay-n is mn = f̂Hn xs, where f̂n denotes

the enhanced channel from the HAP to the relay-n.

The HAP can adjust the information and power transfer to

different relays by controlling the beamforming vector w1.

Each active relay n ∈ Na in the PS protocol can choose a

different PS ratio ρn to balance its power supply and demand.

Hence, the power budget constraint of the relay-n is given by

pn ≤ ηρnpt|f̂Hn w1|2, where η denotes the energy harvesting

efficiency. The other part 1− ρn is sent to the signal detector

and thus the received signal at the relay-n is given by

rn =
√
(1− ρn)ptf̂

H
n w1s+ σn = yns+ σn,

where yn �
√

(1− ρn)ptf̂
H
n w1 and σn is the complex

Gaussian noise with zero mean and normalized unit variance.

In the second hop, the active relays amplify and forward the

information to the receiver. We define the power amplifying

coefficient of each relay-n as xn �
(

pn

1+|yn|2
)1/2

. Meanwhile,

the HAP can transmit the same information directly to the

receiver by using a new beamforming strategy w2. Hence, the

received signal rd at the receiver is a mixture of the HAP’s

direct beamforming and the relays’ joint transmissions, i.e.,

rd =

N∑
n=1

xnĝnyns+

N∑
n=1

xnĝnσn +
√
ptf̂

H
0 w2s+ vd,

where the first two terms correspond to the amplified signals

by the relays. The third term represents the direct beamforming

from the HAP. The channel ĝn is also an enhanced version of

gn, due to the passive relays’ backscattering. Till this point,

we can formulate the SNR in the second hop as follows:

γ2 =

∣∣∣∑n∈N xnynĝn +
√
ptf̂

H
0 w2

∣∣∣2
1 +

∑
n∈N |xnĝn|2 . (3)

When direct links are present in both hops, the overall SNR

is given by γ = γ1 + γ2 by using MRC at the receiver [15].

With the fixed relay mode, our target is to maximize γ by

optimizing the HAP’s beamforming strategies (w1,w2) in two

hops and the relays’ PS ratios ρ, subject to the relays’ power

budget constraints:

max
ρ,w1,w2

γ1 + γ2 (4a)

s.t. pn ≤ ηρnpt|f̂Hn w1|2, ∀ n ∈ Na, (4b)

ρn ∈ (0, 1), ∀ n ∈ Na (4c)

||w1|| ≤ 1 and ||w2|| ≤ 1. (4d)

However, the throughput maximization (4) is still challenging

due to the non-convex coupling between different active relays

in the objective (4a). The HAP’s beamforming strategy w1 is

also coupled with the relays’ PS ratio ρ in a non-convex form

via the power budget constraint (4b).

B. Lower Bound via Convex Reformulation

In the sequel, we provide a feasible lower bound on (4),

which is achievable by designing the beamforming and relay

strategies. To proceed, we can view the HAP as a virtual

relay node, i.e., denoted as relay-0. By setting ρ0 = 0
and y0 � √

ptf
H
0 w2, we can rewrite the SNR in (3) as

γ2 = (x◦ĝ)H(yyH)(x◦ĝ)
(x◦ĝ)H(x◦ĝ) , where x and ĝ are (N + 1) × 1

vectors with x0ĝ0 = 1. The symbol ◦ denotes the element-

wise product between two vectors. Define z = x ◦ ĝ, and then

γ2 = zH(yyH)z/||z||2. By Reyleigh quotient [15], we have

γ2 ≤ pt|f̂H0 w2|2 + pt
∑
n∈Na

(1− ρn)|f̂Hn w1|2. (5)
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The equality holds when z = cy for some scalar c, and thus

we have the following equality constraints:

ptc
2|f̂H0 w2|2 = 1, (6a)

ptc
2|f̂Hn w1|2 =

pn|ĝn|2/(1− ρn)

1 + (1− ρn)pt|f̂Hn w1|2
, ∀n ∈ Na. (6b)

A feasible lower bound of the throughput performance can be

found by maximizing γ1+γ2, subject to the constraints in (6).

It is clear that we can obtain the scalar variable c from (6a)

and then substitute it into (6b) to simplify the problem. Let

sn,1 � (1−ρn)|f̂Hn w1|2 and then we have the following result.

Proposition 1: A feasible lower bound on (4) can be found
by the convex reformulation as follows:

max
W̄1,W1�0

pt||f̂0||2 + pt|f̂H0 w1|2 + pt
∑
n∈Na

sn,1 (7a)

s.t.

[
κnθn − (1 + θn)sn,1

√
ptsn,1√

ptsn,1 1

]
� 0, ∀n ∈ Na

(7b)

κn ≤ f̂Hn W1f̂n, ∀n ∈ Na (7c)

sn,1 = f̂Hn W1fn − f̂Hn W̄1f̂n, ∀n ∈ Na, (7d)

where θn � ηpt|ĝn|2||f̂0||2 is a constant. At optimum, the PS
ratio of relay-n is given by ρn =

f̂Hn W̄1 f̂n

f̂Hn W1 f̂n
for n ∈ Na.

The proof of Proposition 1 follows a similar idea as that

in [15]. With the fixed relay mode, the channel information f̂0
and f̂n can be estimated by a training process. The objective

function in (7a) then becomes linear and the constraints (7b)-

(7d) define a set of linear matrix inequalities1. Hence, the

resulting problem can be efficiently solved by semi-definite

programming. Once we find the optimal matrix solution W1,

we can retrieve the HAP’s beamforming vector w1 by eigen-

decomposition or Gaussian randomization method [15].

C. Iterative Update of Hybrid Relaying Strategy

In this part, we devise heuristic algorithms to update the

hybrid relaying strategy based on the problem structure. In

each iteration, we switch the operating mode of one relay

node for simplicity. The basic idea of the iterative algorithm

is to start from the special case with all active relays and

then update the relay mode one by one depending on the

relay’s potential performance gain. Once we update the set

of passive relays, we solve problem (4) one more time to

update the HAP’s beamforming strategy and the active relays’

PS ratios. Such an iterative process continues until no further

improvement can be achieved by changing the relay mode.

1) Evaluation of Performance Gain: The most straightfor-

ward idea is to search for the passive relay that can produce

the maximum performance gain. Hence, the evaluation of

performance gain becomes the critical part for the iterative

algorithm design. To this end, we turn to problem (7) and

study its solution structure. It is clear that (7c) will hold with

equality at optimum and we can prove the following property.

1The constraint (7d) can be rewritten into two linear matrix inequalities.

Proposition 2: At optimum, the solution to (7) is given by
sn,1 = (ρ̄nθn− 1)/pt , and the objective γ in (7a) is given by

γ = pt||f̂0||2 + pt|f̂H0 w1|2 +
∑
n∈Na

(
ηρ̄npt|ĝn|2||f̂0||2 − 1

)
,

(8)

where ρ̄n � ρn

1−ρn
.

Proof: The proof of Proposition 2 can be simplified by

rewriting the matrix inequality in (7b) as (κn − sn,1)θn ≥
sn,1(1 + ptsn,1), which is equivalent to

ρ̄nθn ≥ 1 + ptsn,1, (9)

when the equality holds in (7c). Now we need to show that (9)

holds with the equality at optimum. This can be proved by a

contradiction. Assuming that (9) holds with strict inequality

at optimum, we can always improve sn,1 by decreasing

individual’s PS ratio ρn, as we have sn,1 = (1− ρn)|f̂Hn w1|2
by definition. Meanwhile, we note that ρ̄nθn in the LHS of (9)

is an increasing function in ρn. This implies that we can

improve sn,1 and correspondingly the objective in (7a) by

properly increasing ρn while still maintaining the feasibility

of (9). This brings a contradiction. Hence, we can conclude

that (9) holds with the equality at optimum. As such, we have

sn,1 = (ρ̄nθn − 1)/pt and simply rewrite (7a) into (8).

Proposition 2 implies that the performance gain of a passive

relay can be evaluated by (8). With the fixed strategy (w1,ρ),
we can check the performance gain of each relay when it is

switched to the passive mode. Thus, after iterating over all

passive relays, we can switch the relay with the maximum

performance gain to the passive mode. The complete solution

procedure is listed in Algorithm 1. In line 6 of Algorithm 1,

the optimization of the passive relay’s complex reflection

coefficient Γn is critical for the channel enhancement in (1)

and (2). To maximize the relay performance, the passive

relays can simply set the modulus of Γn to its maximum,

however the complex phase of Γn is more difficult to optimize

due to its couplings cross different relays. The independence

of different channels makes it difficult to enhance all relay

channels simultaneously. A straightforward approach is to

quantize its feasible region into a finite set and then devise

the one-dimension search algorithm for the optimal phase

that maximizes the relay performance. Alternatively, as an

approximation, we can simply align the phase of Γn to the

direct channel f̂0, as the signal beamforming on the direct

channel can be much stronger than that over the relay channels.

2) Energy-based Hybrid Relaying Strategy: Note that the

performance evaluation of γn for relay-n in (8) requires the

channel information of all active relays in set Na. Thus, the

γ-based hybrid relaying strategy in Algorithm 1 is still chal-

lenging for practical implementation due to the requirement

for information exchange. As such, we also design a simply

heuristic algorithm, namely, the energy-based hybrid relaying

strategy, by the intuition that the backscatter radios can be

more energy efficient than the active radios. With low energy

supply, the active relay prefers to operate in the passive mode.

With a fixed set of passive relays, the throughput maximization
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Algorithm 1 γ-based Hybrid Relaying Strategy

1: Initialize (w1, ρn) by solving (7) with all active relays

2: Update the SNR performance γt

3: while γt > γt−1

4: Evaluate each relay’s performance gain by (8)

5: Choose the passive relay with maximum gain

6: Optimize the relays’complex reflection coefficient

7: Update the set of passive relays: Nb ← Nb ∪ {np}
8: Update enhanced channels by (1) and (2)

9: Update (w1, ρn) and evaluate γt by (7)

10: end while

can be formulated as the convex optimization problem in (4).

After we determine the beamforming and relaying strategies,

we can sort the active relays by the RF power harvested

from the HAP, i.e., pn = ηρnpt|f̂Hn w1|2. Then, the heuristic

algorithm will switch the active relay with the minimum RF

power to the passive mode. We receive this update of relay

mode if it indeed improves the throughput performance.

Alternatively, we can order the active relays by the RF

power at the antenna multiplied by the channel gain |ĝn|2
in the second hop, i.e., qn � pt|ĝn|2|f̂Hn w1|2, which can be

viewed as a characterization of the transmission performance

in the passive mode. A higher value qn implies that the relay

can have better transmission performance as it turns into the

passive mode. Hence, we can switch the active relay with

the maximum qn to the passive mode. In practice, both the

energy budget pn and the backscatter performance qn can be

considered jointly for the relay mode selection.

IV. NUMERICAL RESULTS

In the simulation, we consider 3 antennas at the HAP and

N = 3 energy harvesting relays to verify the feasibility of the

proposed algorithms. The distance in meters between the HAP

and the receiver is d0 = 4. The relays are randomly distributed

in a circular region between the HAP and the receiver. The

noise power density is -90 dBm and the bandwidth is 100 kHz.

In each simulation run, we generate a set of 100 random

locations for the relays and evaluate the average throughput

performance at the receiver. The HAP’s transmit power pt in

milliwatts ranges from 10 to 100. Unless otherwise stated, the

energy harvesting efficiency is set by η = 0.5. The complex

modulus of the reflection coefficients is set by Γ = 0.5.

The complex phase can be properly turned according to

the direct channel f0 from the HAP to the receiver. The

path loss is modeled by the log-distance propagation model

L = L0 + 10α log10(d), where α = 2 and L0 = 30 dB.

The phase of complex channel is randomly generated. The

equivalent antenna gain at the transceiver is set to 15 dB. We

assume that all channels are fixed and known via a training

process at the beginning of each data transmission.

A. Throughput Comparison in Different Relaying Schemes

Figure 3 shows the throughput performance with multiple

energy harvesting relays in the PS protocols. The solid lines

10 20 30 40 50 60 70 80 90
200

250

300

350

400

450

Fig. 3: Throughput comparison in different transmission schemes.

correspond to the cases with all active relays. The dotted lines

correspond to the throughput performance with the γ-based

and the energy-based hybrid relaying strategies, denoted as γ-

based HRS and energy-based HRS in Fig. 3, respectively. The

common observation is that the throughputs in all strategies

initially increase and then stabilize when the HAP further

increases its transmit power pt. When power supply becomes

sufficient, the channel conditions become the throughput bot-

tleneck that limits its further improvement. The throughput

performances with and without direct links are both shown in

Fig. 3. We can observe that the throughput obtained from the

direct beamforming also contributes significantly to the overall

performance, and thus it cannot be ignored in practice.

From the dotted lines in Fig. 3, we observe that both the

γ-based and energy-based schemes significantly outperform

the conventional relaying protocol with all active radios. The

γ-based HRS is even better than the energy-based HRS.

However, this improvement comes with the cost of higher

computational complexity and communication overhead for

information exchange. In general, both γ-based and energy-

based schemes try to find the active relay with the worst

channel conditions or energy status, and switch it to the

passive mode with higher energy efficiency. Though a proof

of optimality or performance guarantee is not available, our

numerical results demonstrate that the proposed hybrid relay-

ing strategies perform practically good and outperform the

conventional relay strategies with all active radios.

B. Throughput Dynamics with Different Parameters

In this part, we focus on the throughput performance of the

energy-based HRS due to its simplicity for implementation.

As both the energy-based and γ-based HRS share the same

design principle, we believe that the conclusions drawn for the

energy-based HRS are also applicable to the γ-based HRS. In

Fig. 4, we show the throughput dynamics of the energy-based

HRS with different parameters, including the magnitude of the

complex reflection coefficients and the number N of relays.

We set Γ = 0.5 and N = 3 for the baseline case, in which we

apply the energy-based HRS to determine the beamforming

and the relaying strategies. Comparing to the baseline, we

observe a clear drop in the throughput performance of the
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energy-based HRS when we set a smaller value Γ = 0.3. This

is reasonable and can be understood by the suppressed trans-

mission capability in backscatter communications. A smaller

reflection coefficient may be caused by the imperfection in

load modulation or channel estimation. We further increase the

number of relays to N = 5 and observe that the throughput

performance can be significantly improved. With more relays,

it is highly probable that some relays with worse transmission

capability become the bottleneck. The energy-based HRS can

significantly improve the performance by witching these relays

to the passive mode.

The complex modulus of reflection coefficients has a great

impact on the passive relays’ transmission capability. Simi-

larly, the efficiency η for energy harvesting is important for

the energy harvesting active relays. In Fig. 5, we demonstrate

the tradeoff between passive and active relays by showing the

performance gain with different values for Γ and η, which is

defined as the relative increase of throughput obtained by the

energy-based HRS compared to the conventional protocol with

all active relays. For any fixed η, we observe an increasing

performance gain as we gradually increase the value of Γ. A

similar observation has been made in Fig. 4. Moreover, we

observe that the performance gain becomes more significant

as the value η decreases, which implies the active relays are

less efficient in energy harvesting.

V. CONCLUSIONS

In this paper, we have presented the formulations and algo-

rithms to the throughput maximization problem involving both

active and passive relays. We aim to jointly design the beam-

forming strategy at the source node, the energy harvesting and

mode selection strategies at the relays. Though the throughput

maximization is non-convex, with the fixed radio mode, we

can find a feasible lower bound on throughput performance via

convex approximation, which further motivates our algorithm

design to update the hybrid relaying strategy. Simulation re-

sults have verified that the new design, taking account of both

the direct links and hybrid relay communications, achieves

much better performance gain compared to the conventional

relaying protocol with all active relays. In our future work,

we may consider using deep reinforcement learning based

approaches to optimize the hybrid relaying strategy in a more

complicated network environment.

REFERENCES

[1] X. Lu, P. Wang, D. Niyato, D. I. Kim, and Z. Han, “Wireless networks
with RF energy harvesting: A contemporary survey,” IEEE Commun.
Surv. Tut., vol. 17, no. 2, pp. 757–789, 2015.

[2] Z. Chu, F. Zhou, Z. Zhu, M. Sun, and N. Al-Dhahir, “Energy beamform-
ing design and user cooperation for wireless powered communication
networks,” IEEE Wireless Commun. Lett., vol. 6, no. 6, pp. 750–753,
Dec. 2017.

[3] M. Kamel, W. Hamouda, and A. Youssef, “Ultra-dense networks: A
survey,” IEEE Commun. Surv. Tut., vol. 18, no. 4, pp. 2522–2545,
Fourthquarter 2016.

[4] X. Lu, D. Niyato, H. Jiang, D. I. Kim, Y. Xiao, and Z. Han, “Ambient
backscatter assisted wireless powered communications,” IEEE Wireless
Commun., vol. 25, no. 2, pp. 170–177, Apr. 2018.

[5] V. Liu, A. Parks, V. Talla, S. Gollakota, D. Wetherall, and J. R. Smith,
“Ambient backscatter: Wireless communication out of thin air,” in Proc.
ACM SIGGOMM, Aug. 2013.

[6] S. Gong, J. Xu, D. Niyato, X. Huang, and Z. Han, “Backscatter-aided
cooperative relay communications in wireless-powered hybrid radio
networks,” IEEE Network, to appear.

[7] D. Darsena, G. Gelli, and F. Verde, “Modeling and performance analysis
of wireless networks with ambient backscatter devices,” IEEE Trans.
Commun., vol. 65, no. 4, pp. 1797–1814, Apr. 2017.

[8] R. Long, H. Guo, G. Yang, Y.-C. Liang, and R. Zhang, “Symbiotic
radio: A new communication paradigm for passive internet-of-
things,” CoRR, vol. abs/1810.13068, 2018. [Online]. Available:
http://arxiv.org/abs/1810.13068

[9] S. Gong, J. Xu, L. Gao, X. Huang, and W. Liu, “Passive relaying scheme
via backscatter communications in cooperative wireless networks,” in
proc. IEEE WCNC, Bacelona, Spain, Apr. 2018.

[10] W. Chen, W. Liu, L. Gao, S. Gong, C. Li, and K. Zhu, “Backscatter-
aided relay communications in wireless powered hybrid radio networks,”
in proc. IEEE WCNC, Marrakech, Morocco, Apr. 2019.

[11] G. Yang, Q. Zhang, and Y. C. Liang, “Cooperative ambient backscatter
communications for green internet-of-things,” IEEE Internet of Things
Journal, vol. 5, no. 2, pp. 1116–1130, Apr. 2018.

[12] J. Li, J. Xu, S. Gong, C. Li, and D. Niyato, “A game theoretic approach
for Backscatter-Aided relay communications in hybrid radio networks,”
in proc. IEEE GLOBECOM, Abu Dhabi, UAE, Dec. 2018.

[13] A. Nasir, X. Zhou, S. Durrani, and R. Kennedy, “Relaying protocols for
wireless energy harvesting and information processing,” IEEE Trans.
Wireless Commun., vol. 12, no. 7, pp. 3622–3636, Jul. 2013.

[14] Y. Liu, “Wireless information and power transfer for multirelay-assisted
cooperative communication,” IEEE Communication. Lett., vol. 20, no. 4,
pp. 784–787, Apr. 2016.

[15] X. Luo, J. Xu, Y. Zou, S. Gong, L. Gao, and D. Niyato, “Collaborative
relay beamforming with direct links in wireless powered communica-
tions,” in proc. IEEE WCNC, Marrakech, Morocco, Apr. 2019.

Authorized licensed use limited to: Tsinghua University. Downloaded on April 21,2022 at 14:31:57 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


