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Abstract

Recent progress studies in light of wireless communication systems mainly centred around

two focuses: zero-energy consumption and ultra-reliable and low-latency communication

(URLLC). Among various cutting-edge areas, exploiting ambient backscatter communica-

tion (Backcom) has recently been devised as one of the foremost solutions for achieving

zero energy consumption through the viability of ambient radio frequency. Meanwhile, using

short-packet communication (SPC) is the cheapest way to reach the goal of URLLCs. Upon

these benefits, we investigate the feasibility of Backcom and SPC for symbiotic wireless

sensor networks by analyzing the system performance. Specifically, we provide a highly

approximated mathematical framework for evaluating the block-error rate (BLER) perfor-

mance, followed by some useful asymptotic results. These results provide insights into the

level of diversity and coding gain, as well as how packet design impacts BLER performance.

Numerical results confirm the efficacy of the developed framework and the correctness of

key insights gleaned from the asymptotic analyses.

1 Introduction

With the widespread adoption of the Internet-of-Things (IoT), next-generation wireless net-

works are seeing an influx of emerging IoT applications and services [1]. These applications

and services are not limited to interactions between a specific system, such as wireless sensor

networks (WSNs), cellular networks, or vehicle networks, but also extend to new categories

such as telemetry, healthcare, smart grids, digital twins, and the metaverse [2]. In which, artifi-

cially intelligent technology plays a core role in controlling, collaborating and coordinating

network components [3]. Along with the benefits brought by IoT context, it also renders sev-

eral challenges to the development of physical wireless systems [4]. For instance, how to

accommodate the increasing demand for connected devices when the current spectrum is full,

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0307366 August 26, 2024 1 / 17

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Do QV, Minh BV, Nguyen Q-S, Kim B-s

(2024) Analysis of symbiotic backscatter

empowered wireless sensors network with short-

packet communications. PLoS ONE 19(8):

e0307366. https://doi.org/10.1371/journal.

pone.0307366

Editor: Kamarul Ariffin Noordin, Universiti Malaya,

MALAYSIA

Received: March 24, 2024

Accepted: July 4, 2024

Published: August 26, 2024

Peer Review History: PLOS recognizes the

benefits of transparency in the peer review

process; therefore, we enable the publication of

all of the content of peer review and author

responses alongside final, published articles. The

editorial history of this article is available here:

https://doi.org/10.1371/journal.pone.0307366

Copyright: © 2024 Do et al. This is an open access

article distributed under the terms of the Creative

Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in

any medium, provided the original author and

source are credited.

Data Availability Statement: We confirm that “All

relevant data are within the manuscript and its

Supporting information files.” We have also

https://orcid.org/0000-0002-6899-2347
https://orcid.org/0000-0003-0222-166X
https://orcid.org/0000-0001-9824-1950
https://doi.org/10.1371/journal.pone.0307366
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0307366&domain=pdf&date_stamp=2024-08-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0307366&domain=pdf&date_stamp=2024-08-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0307366&domain=pdf&date_stamp=2024-08-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0307366&domain=pdf&date_stamp=2024-08-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0307366&domain=pdf&date_stamp=2024-08-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0307366&domain=pdf&date_stamp=2024-08-26
https://doi.org/10.1371/journal.pone.0307366
https://doi.org/10.1371/journal.pone.0307366
https://doi.org/10.1371/journal.pone.0307366
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


prolong the activities of IoT devices with limited power resources, and provide ultra-reliable

and low-latency wireless communication (URLLC).

Amidst the shortage of available radio frequencies, several efficient strategies have been pro-

posed to tackle this challenge. The first aim is to line on full-duplex communication to increase

spectrum efficiency [5] but requires refined successive interference cancellation (SIC)

approaches to move residual interference it produces [6, 7]. Another strategy is to take advan-

tage of multiple access technologies, such as non-orthogonal multiple access [8] and rate-split-

ting multiple access [9], which enable multiple users to communicate simultaneously using the

same time and frequency resource block. However, exploiting such multiple access is tedious

because it is only suitable for a single network. As a result, recent progress on multiple access

typically combines it with two potential types of cognitive radio (CR) paradigms [10, 11], over-

lay and underlay. While underlay allows the secondary network to coexist with the primary

network subject to power-tolerant constraints, overlay networks operate under free interfer-

ence [12]. However, with the disadvantage characteristics by themselves, the realization of CR

solutions also becomes controvertible [13, 14].

In the wake of energy constraints, energy harvesting (EH) solutions have emerged as an

alternative that allows IoT devices to charge their batteries without human intervention [15].

Compared to charging energy from surrounding natural sources such as wind or sun, radio-

frequency (RF) EH is voted as the most cost-effective solution, with two representations of

wireless-power transfer communication network and simultaneously wireless information

power transfer [16]. According to many reports in the literature [17–22], the nature of active

communication enabled by RF signals consumes relatively high power, and this might not be

favourable to large-scale IoT deployments in the long term. Thus, it raises the question of find-

ing new alternatives with sustainable RF-EH capabilities and low power consumption.

Driven by the two necessities above, symbiotic communication, a new paradigm shift for

passive IoT, has recently emerged as the ultimate solution to tackle the issues of spectrum scar-

city and low-power consumption [23]. Symbiotic paradigm is a revolutionary concept that

expertly blends the strengths of two existing paradigms [24], ambient backscatter communica-

tion (Backcom) and CR. In this paradigm, the backscatter device passively modifies the

received signal from the primary transmitter with its information before sending it back to the

secondary receiver [25], effectively changing its load impedance instead of using dedicated RF

components. This allows Backcom to act similarly to CR paradigms while consuming zero

energy. This functionality helps a symbiotic paradigm to achieve properties of mutualism,

commensalism or parasitism [26]. Due to this prominent feature, the research on Backcom

with symbiotic mediums has recently attracted significant momentum from both industrial

and academia. For example, a full-duplex Backcom solution was proposed to symbiotic radio

(SR) system [27]. In [28], three practical cooperative transmission schemes was proposed for

symbiotic radio systems. The work in [29] provided a thorough and authoritative review of the

systematic view for SR, along with critical discussions to enhance the backscattering link,

achieve highly reliable communications, and effectively utilize reconfigurable intelligent sur-

faces. In [30], a novel beamforming design was proposed to multiple-input-multiple-output

SR backscatter system. Meanwhile, the work in [31] studied SR communication system in the

presence of multiuser multi- backscatter-device. In [32], two SR schemes were designed for a

pair of backscatter devices, is that, opportunistic commensal and opportunistic parasitic. In

[33], a symbiotic localization and Backcom architecture was developed for IoT localize target

objects to achieve two mutual benefits: sensing and communication stage. In [34], an investi-

gation of Backcom was put forward in symbiotic cell-free massive multiple-input multiple-out-

put systems. Meanwhile, an innovative solutions for enhancing the security of low-power IoT

devices using ambient backscatter communication was introduced in [35], with a strong focus
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on the balance between energy efficiency and security. In a very recent time, the work in [36]

presented advances in enhancing the robustness of wireless communication systems against

jamming attacks by designing a novel beamforming technique that utilizes the concept of sym-

biotic radio to effectively use the null space of interference, thereby enhancing safeguarding

data transmission significantly.

On the other hand, to deal with stringent URLLC conditions, where transmission latency is

expected to be less than 1 ms while reliability is from 99.9% to 99.9999%, recent efforts propose

to rethink the design of packet size [37]. Specifically, reducing packet size to improve the phys-

ical layer transmission latency; however, this action results in a higher error rate transmission.

In this case, there is no way to use a finite blocklength message coding scheme to boost reliable

communication. Based on Polyanskiy’s novel infinite block length theory, published in 2010

[38], the research on short-packet communication (SPC) has recently emerged as a vital solu-

tion and is receiving considerable interest from research communities [39–42]. In that, block-

error rate (BLER) is devised to be the key metric instead of using outage probability or ergodic

Shannon capacity for the performance evaluation.

Towards a green IoT network for the future, the interplay between symbiotic Backcom and

SPC becomes the pivotal direction. In the past, several works investigated the benefits brought

by SPC with conventional Backcom systems (backscatter devices are deployed for enhancing

communication coverage only), such as resource allocation [43], energy efficiency [44], and

error performance for finite backscatter channels [45]. However, to the best of authors’ knowl-

edge, the research on symbiotic Backcom systems with SPC remains unexplored in the litera-

ture. Therefore, this inspires us to investigate the feasibility of SPC in symbiotic Backcom

systems. In particular, the main focus of this work is on the performance of symbiotic Back-

com-empowered WSNs with SPC, where the secondary backscatter transmitter is parasitic

from the primary network. Overall, the main contribution of this article can be outlined as

follows:

• Towards future green URLLC use cases, this article studies the performance of symbiotic

backscatter-empowered WSNs, where a passive backscatter device with energy constraints

in the secondary networks exploits ambient RF signals generated by the primary transmitter

for the primary receiver as a green power source to be able to communicate with the second-

ary IoT receiver. To reject interference impacted by a primary transmitter’s RF signals, SIC

enables the IoT receiver to decode its signal from a passive backscatter device.

• Aiming at characterizing the performance of the considered networks, we provide an effi-

ciently approximated mathematical framework for the BLER performance evaluation with-

out any simulations or empirical, where we first endeavour to seek a way to derive closed-

form solutions for the signal-to-noise ratio (SNR) distributions received by the primary and

secondary receivers, while putting all the remaining energies to the work of finding out the

BLER approximation. Not only these, but we also provide some insightful asymptotic analy-

ses, which allow us effortlessly to answer these critical questions:

1. How much diversity and coding gains does the considered system achieve when com-

pared to a system using uncoded transmission?

2. How do the packet designs affect the BLER performance?

• To validate our developed mathematical framework, we provide some extensive numerical

results based on Monte-Carlo simulations method. It is interesting to show that this frame-

work accurately predicts the actual result with very minor errors, even with a series of

approximation approaches used. Besides, it also confirms the performance trend findings of
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the reflection coefficient designed at the backscatter device, the packet construction involv-

ing packet length and number of information bits, as well as the transmit power of the pri-

mary transmitter. Furthermore, we through numerical results have that when boosting the

reflection coefficient exceeds 2.5 (unit), the BLER performance of the secondary IoT receiver

converges to saturation.

The remainder of this article is covered as follows. Section 2 describes the system model,

followed by the average BLER analysis in Section 3. Next, Section 5 provides some numerical

results before concluding the article in Section 5.

2 System model

Let us consider a symbiotic backscatter communication system as shown in Fig 1, where the

cellular network, called the primary network, coexists with an IoT sensor network, called the

secondary network. In this setup, a backscatter device (named by BD) exploits the available RF

signal when carrying a symbol x(t) sent from the primary transmitter (denoted by PT) to the

primary receiver (called PR) to convey its symbol information c(t) to the secondary IoT sensor

receiver (i.e., IR), with t being the time t. In which, the packet information sent by BD has data

amount NIR bits with packet length LIR (or the equivalent terminologies: channel use or block-

length), while that of PT includes data amount NPR bits with packet length LPR. Due to the

presence of the multiplicative fading phenomenon and long-distance communication, no

interference occurs from BD to the signal of PR [27, 29, 33]. Meanwhile, there always exists

interference from PT to IR, which therefore requires the adoption of SIC approach at IR to

subtract x from the received signal before detecting c(t). In this investigation, all wireless chan-

nels are assumed to follow quasi-static Rayleigh block fadings, which means that channels vary

very small or even with static. Thus, it is reasonable to consider the availability of global chan-

nel state information at the terminals via statistical channel measurement methods [39–42,

45].

Fig 1. Illustration of the considered system.

https://doi.org/10.1371/journal.pone.0307366.g001
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For the sake of analysis, we denote by hPT,PR, hPT,BD, hPT,IR, and hBD,IR the channels of links

PT! PR, PT! BD, PT! IR, and BD! IR, respectively. Under Rayleigh fading assump-

tions, channel gains |h|2, h 2 {hPT,PR, hPT,BD, hPT,IR, hBD,IR} will obey exponential distributions

with the parameter λ 2 {λPT,PR, λPT,BD, λPT,IR, λBD,IR}, and the respective probability density

function (PDF) and the cumulative distribution function (CDF) are given by [46]

fjhj2ðxÞ ¼ l expð� lxÞ; Fjhj2ðxÞ ¼ 1 � expð� lxÞ: ð1Þ

Under the path-loss measurement, we can model λ as λ = dβ [47], with d 2 {dPT,PR, dPT,BD, dPT,

IR, dBD,IR} is the physical distance of links h and β 2 [2, 6] is the path-loss exponent.

Considering a block duration T> 0, the signal received at PR when sending x from PT with

the transmit power PPT over channel hPT,PR at the time t 2 T can be written as

yPR ¼
ffiffiffiffiffiffiffi
PPT
p

hPT;PRxðtÞ þ nPRðtÞ; ð2Þ

where nPR is the additive White Gaussian noise (AWGN) with zero-mean and variance N0 and

E{|x(t)|2} = 1, with E{�} being the expectation operator. On the foundation of (2), the signal-to-

noise (SNR) ratio to decode x(t) can be written as

gPR ¼
PPT

N0

jhPT;PRj
2
¼ ΨjhPT;PRj

2
; Ψ≜

PPT

N0

: ð3Þ

During the duration T, the communication between BD and IR goes through two stages. In

particular, BD firstly collects the power signal from PT based on energy harvesting technology.

Then, BD modulates its received signal power with c(t) and then backscatters it back to IR. As

a result, the signal received at IR at the time t can be expressed as

yIR ¼
ffiffiffiffiffiffiffi
PPT
p

hPT;IRxðtÞ þ
ffiffiffi
a
p

hBD;IR
ffiffiffiffiffiffiffi
PPT
p

hPT;BDxðt � tÞcðtÞ

þ nIRðtÞ;
ð4Þ

where α 2 (0, 1) is a reflection coefficient used to normalize c(t), τ is the processing delay at

BD, and nIR is the AWGN with zero-mean and variance N0. In order to reduce the impact of

interference, SIC is considered at IR with the decoding order x(t)! c(t). Thus, the corre-

sponding signal-to-interference-plus-noise ratio (SINR) of decoding x(t) and SNR of decoding

c(t) at IR can be written as

gIR;xðtÞ ¼
ΨjhPT;IRj

2

aΨjhPT;BDj
2
jhBD;IRj

2
þ 1

; ð5Þ

gIR;cðtÞ ¼ aΨjhPT;BDj
2
jhBD;IRj

2
: ð6Þ

From the formula above, the signal at IR is said to be successfully decoded when x(t) and c(t)
are perfectly decoded. Thus, the end-to-end SNR and SINR at IR can be claimed by

gIR ¼ min fgIR;xðtÞ; gIR;cðtÞg: ð7Þ

3 Average BLER analysis

When a packet having blocklength L is sent from the transmitter node to the receiver node

with the SNR γ and error probability �, Polyanskiy’s novel infinite block length theory said that
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the maximal channel coding ratio can be approximated as [38]

r � CðgÞ �
ffiffiffiffiffiffiffiffiffiffi
VðgÞ
L

r

Q� 1ð�Þ; ð8Þ

where C(x) = log2(1 + x) is the Shannon capacity, V(x) = (log2(e))2[1 − 1/(1 + x)2] is the chan-

nel dispersion, and Q−1(x) is the inverse of the Gaussian Q-function, i.e.,

QðxÞ ¼
R1
x

1ffiffiffiffi
2p
p expð� z2=zÞdz.

Provided that a packet has NRx bits and packet length LRx, with Rx 2 {PR, IR} and invoking

the relation in (8), the average BLER at Rx can be written as [39–42]

�Rx ¼

Z 1

0

Q
CðxÞ � rRxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VðxÞ=LRx

p

 !

fgRxðxÞdx; ð9Þ

with rRx = NRx/LRx. Unfortunately, the complex nature of the Q-function makes the mathemat-

ical analysis quite challenging. To end this, making use of the normal approximation method

in [11] shows that Q CðxÞ� rRxffiffiffiffiffiffiffiffiffiffiffiffi
VðxÞ=LRx
p

� �

can be linearly approximated by Ξ(rRx, LRx, γRx), i.e.,

Ξ rRx; LRx; gRxð Þ ¼

1; gRx � uRx

0; gRx � WRx

1

2
� zRxðgRx � kRxÞ; otherwise;

8
>>><

>>>:

ð10Þ

where zRx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LRx=½2pð2

2rRx � 1Þ�
p

, kRx ¼ 2rRx � 1, υRx = κRx − 1/(2zRx), and ϑRx = κRx + 1/

(2zRx).

Pulling (9) and (10) together and applying the integral-by-parts method, the average BLER

at Rx can be rearranged as

�Rx ’

Z1

0

ΞðrRx; LRx; gRxÞfgRxðxÞdx ¼ zRx

ZWRx

uRx

FgRxðxÞdx: ð11Þ

It is intuitively observed from (11) that finding the average BLER goes through two steps: 1)

finding out the CDF of γRx and 2) deriving the average BLER based on the relation in (11).

Consequently, we should recognize that most technical challenges come from finding the CDF

characteristic, solving the integral of the average BLER or even both of them.

3.1 Average BLER analysis of Primary Receiver (PR)

3.1.1 Statistical analysis of SNR distribution. Based on the developed formula in (11),

we in this subsection will focus on deriving the CDF of γPR, denoted by FγPR(x). Specifically,

revising the SNR built-in (3), we can mathematically derive a closed-form solution for FγPR(x)

as follows:

FgPRðxÞ ¼ Pr½gPR < x� ¼ Pr jhPT;PRj
2
<

x
Ψ

h i

¼

Z x
Ψ

0

fgPRðxÞdx ¼
Z x

Ψ

0

lPR exp � lPRxð Þdx ¼ 1 � exp �
lPR

Ψ
x

� �

:

ð12Þ
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3.1.2 Average BLER analysis. Having obtained the CDF of γPR in hand, we are next so

excited to derive the average BLER of PR by making use of the relation in (11).

Theorem 1. A closed-form solution for the average BLER of the primary receiver is formu-
lated as

�PR ’ 1 �
zPRΨ
lPR

exp �
lPR

Ψ
WPR

� �

� exp �
lPR

Ψ
uPR

� �� �

: ð13Þ

Proof. By injecting the developed CDF in (12) into the expression in (11), we can establish the

following average BLER formulation

�PR ’ zPR

ZWPR

uPR

FgPRðxÞdx ¼ zPR

ZWPR

uPR

1 � exp �
lPR

Ψ
x

� �� �

dx

¼ zPRðWPR � uPRÞ � zPR

ZWPR

uPR

exp �
lPR

Ψ
x

� �

dx:

ð14Þ

Applying the fact that ϑPR − υPR = 1/zPR and
R
exp � lPR

Ψ x
� �

¼ Ψ
lPR

exp � lPR
Ψ x

� �
for (14), we can

obtain the final solution in (13). The proof is completed.

Having achieved Theorem 1, we are interested in concluding that the average BLER of PR

can be characterized by a unique function involving all elementary functions. Thus, it is feasi-

ble to use common integrated software packages (i.e., Matlab, Maple, or Mathematica) to dis-

sect the average BLER performance by this function without any simulation or actual testing.

Yet, it would be extremely meaningful to explore or answer the questions of whether is there

any simpler way to characterize the average BLER performance limits at a high SNR regime

and how much performance gain the system can be achieved compared to an uncoded

transmission.

To answer these questions, let us turn to evaluate the asymptotic BLER. To begin with, let

us revisit the CDF of γPR in (12). By using the fact that 1 − exp(−x)’ x as x goes to 0, we can

simplify the expression in (12) as

FgPRðxÞ ’
Ψ!1 lPR

Ψ
x: ð15Þ

Combining this approximation with the formulation in (11), the asymptotic BLER can be

computed as

~�PR ’
Ψ!1

zPR

ZWPR

uPR

FgPRðxÞdx ¼ zPR

ZWPR

uPR

lPR

Ψ
xdx

¼
ð∗Þ
zPR

lPR

2Ψ
W

2

PR � u
2

PR

� �
¼ lPR

2rPR � 1

Ψ
:

ð16Þ

Herein, the last step is obtained based on a basic equality that x2 − y2 = (x + y)(x − y). Accord-

ingly, we have that W
2

PR � u
2
PR ¼ ðWPR � uPRÞðWPR þ uPRÞ. Recall that υRx = κRx − 1/(2zRx) and

ϑRx = κRx + 1/(2zRx), with zRx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LRx=½2pð2

2rRx � 1Þ�
p

and kRx ¼ 2rRx � 1, as provided in Eq

(10). On that basis, we can obtain WPR þ uPR ¼ 2kPR ¼ 2ð2rPR � 1Þ and ϑPR − υPR = 1/zPR. Pull-

ing all together yields W
2

PR � u
2
PR ¼ 2ð2rPR � 1Þ=zPR. By comparing this result with step (�) in Eq

(16), we can readily obtain the desired result.
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From the formulation in (16), it is wonderful to show that the BLER performance of PR is

dominated by three factors: the average SNR Ψ, the fading parameter λPR, and the coding

ration rPR. For the characteristic of Ψ, it is found that the BLER performance is proportional to

Ψ, which concludes the diversity gain of 1 and the respective coding gain is ½lPRð2
rPR � 1Þ�

� 1
.

For the characteristic of λPR, we notice that when the distance parameter dPT,PR increases, or

PR moves far from the PT in other words, the ABLER increases, which completely accords the

fact that the larger the communication coverage, the lower the performance quality. For the

characteristic of rPR = NPR/LPR, we can readily observe from the definition that rPR is an

increasing function of NPR but a decreasing function of LPR. This means that increasing the

data amount makes the transmission more error. In contrast, increasing the block-length

decreases the error data transmission, which then significantly enhances a reliable communi-

cation system.

3.2 Average BLER analysis of IoT sensor receiver

3.2.1 Statistical analysis of SNR distribution. Likewise, evaluating the average BLER at

IR also requires the CDF of γIR, denoted by FgIRðxÞ. Invoking the SNR built-in (7) and denoting

by Y ≜ jhPT;BDj
2
jhBD;IRj

2
, we can express FgIRðxÞ using the complementary probability property

as follows:

FgIRðxÞ ¼ 1 � Pr½gIR � x� ¼ Pr½minfgIR;xðtÞ; gIR;cðtÞg � x�

¼ 1 � Pr
ΨjhPT;IRj

2

aΨY þ 1
� x; aΨY � x

" #

¼ 1 � Pr jhPT;IRj
2
� x

aΨY þ 1

Ψ
;Y �

x
aΨ

� �

¼ 1 �

Z 1

x
aΨ

Pr jhPT;IRj
2
� x

aΨyþ 1

Ψ

� �

fYðyÞdy

¼ 1 �

Z 1

x
aΨ

exp �
aΨyþ 1

Ψ=lPT;IR
x

 !

fYðyÞdy;

ð17Þ

where the last step is achieved based on the relation Pr½jhPT;IRj
2
> x� ¼ 1 � FjhPT;IRj2ðxÞ. Observ-

ing the above integral shows that to achieve the solution, the foremost important task is now to

derive the joint PDF of |hPT,BD|2 and |hBD,IR|2. To proceed, let us consider the following deriva-

tion

fYðyÞ ¼
@FYðyÞ
@y

; ð18Þ

where the joint CDF of Y can be obtained as [18]

FYðyÞ ¼ 1 � 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lPT!IRy

p
K1ð2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lPT!IRy

p
Þ; ð19Þ

with λPT!IR ≜ λPT,BDλBD,IR and K1ð�Þ being the first order modified Bessel function of the sec-

ond kind.

Next, plugging (19) into (18) combined with the relation d
dz ½z

mKmðzÞ� ¼ � zmKm� 1ðzÞ [48],

we have that

fYðyÞ ¼ 2lPT!IRK0ð2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lPT!IRy

p
Þ: ð20Þ
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Having developed the PDF of Y in hand, we can rewrite the CDF of γIR by injecting (20)

into (17), which yields

FgIRðxÞ ¼ 1 � 2lPT!IR exp �
lPT;IRx
Ψ

� �Z1

x
aΨ

exp � alPT;IRyx
� �

K0ð2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lPT!IRy

p
Þdy

¼ 1 � 2lPT!IR exp �
lPT;IRx
Ψ

� �Z1

0

exp � alPT;IRyx
� �

�K0ð2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lPT!IRy

p
ÞH

aΨy
x
� 1

� �

dy;

ð21Þ

where Hð�Þ is the unit step function with

HðzÞ ¼
1; z > 0;

0; z < 1:

(

ð22Þ

To get the final solution for (21), we conjure the three following transformations into the Mei-

jer-G function as [49]

expð� zÞ ¼ G0;1
0;1 z

�
�
�
�

�

0

 !

;Hðjzj � 1Þ ¼ G1;1
0;1 z

�
�
�
�
�

1

0

 !

; ð23Þ

zmKnðzÞ ¼ 2m� 1G2;0
0;2

1

4
z2

�
�
�
�
�

�

1

4
mþ 1

4
n; 1

4
m � 1

4
n

0

@

1

A: ð24Þ

Applying the transformation into (21), we obtain

FgIRðxÞ ¼ 1 � lPT!IR exp �
lPT;IRx
Ψ

� �Z1

0

G0;1

1;1

aΨy
x

�
�
�
�
�

1

0

 !

� G2;0
0;2 lPT!IRy

�
�
�
�
�

�

0; 0

 !

G1;0
0;1 alPT;IRyx

�
�
�
�
�

�

0

 !

dy

¼ 1 �
lPT!IR

alPT;IRx
exp �

lPT;IRx
Ψ

� �

H0;1;2;0;0;1

1;0;0;2;1;1

0 : 1; 1

�

�
�
�
�
�

�

ð0; 1Þ; ð0; 1Þ

�
�
�
�
�

1; 1

0; 1

�
�
�
�
�

lPT!IR

alPT;IRx
;

Ψ
lPT;IRx2

0

@

1

A;

ð25Þ

where the last step can be attained based on two identities [50, eq 2.3] and [51, eq. 1.7.1] and

H�;�;�

�;�;�

� � � �
� � � j
� � �
� � � j
� � �
� � � j�; �

�
is the bi-variate Fox-H function.

3.2.2 Average BLER analysis. Having obtained the CDF of γIR in hand, we are next so

excited to derive the average BLER of IR by making use of the relation in (11).
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Theorem 2. A closed-form solution for the average BLER of the IoT sensor receiver can be for-
mulated as

�IR ’
XK

k¼1

p

2K

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 � c
2

k

q

FgIR
ck

2zIR
þ kIR

� �

; ð26Þ

where K represents the complexity-accuracy trade-off parameter while ψl = cos(π(2k − 1)/[2K]).

Proof. By injecting the developed CDF in (25) into the expression in (11), we can establish

the average BLER formulation as

�IR ’ 1 � zIR
lPT!IR

alPT;IR

ZWIR

uIR

1

x
exp �

lPT;IRx
Ψ

� �

�H0;1;2;0;0;1

1;0;0;2;1;1

�
0 : 1; 1

�

�
�
�
�

�

ð0; 1Þ; ð0; 1Þ

�
�
�
�

1; 1

0; 1

�
�
�
�
lPT!IR

alPT;IRx
;

Ψ
alPT;IRx2

�

dx:

ð27Þ

However, due to the intractability of the H-fox function, we tackle the integral in (27) by apply-

ing the Gaussian-Chebyshev quadrature method.

Having achieved Theorem 2, we are interested in concluding that a unique function of all

system parameters can characterize the average BLER of IR analytically. Nevertheless, the

involvement of the H-fox form in FgIRð�Þ in (25) makes the analysis quite complex; thus, it

raises the question of figuring out a simpler BLER formulation. In response to this question,

we make use of the equivalent infinitesimal 1/x’ 0 as x!1 to simplify the CDF of γIR in

(21) as

FgIRðxÞ ¼
Ψ!1

1 � 2lPT!IR exp �
lPT;IRx
Ψ

� �Z 1

0

exp � alPT;IRyx
� �

K0 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lPT!IRy

p� �
dy

¼ 1� exp
� lPT;IRx

Ψ

� �

G2;1
1;2

lPT!IR

lPT;IRxa

�
�
�
�
�

�

1; 1

 !

;

ð28Þ

where the last step is derived using the Meijer-G function transformations in (23) and (24)

before applying the standard form in [48, eqs. (7.811.1) and (9.31.2)]. It is clear that the result

in (28) has a simpler format compared to that of (25). However, the complex nature of the

Meijer-G function still limits deriving the average BLER. To end this, we rely on the first-order

Riemann integral approximation [11, Eq. (15)], which leads to

�
�

IR ’
Ψ!1

zIR

ZWIR

uIR

FgIRðxÞdx ¼ zIR WIR � uIRð ÞFgIR
WIR þ uIR

2

� �

¼ 1� exp
� lPT;IRkgIR

Ψ

� �

G2;1
1;2

lPT!IR=a

lPT;IRkgIR

�
�
�
�
�

�

1; 1

 !

:

ð29Þ

From the above formulation, it is interesting to show that the BLER performance exponen-

tially decreases with the Ψ. Especially, when we let 1/Ψ = 0, an interesting result can be

deduced from (29) that the average BLER will converge to a saturation, which is determined
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by

�
�

IR ’
Ψ!1

1 � G2;1

1;2

lPT!IR=a

lPT;IRkgIR

�
�
�
�
�

�

1; 1

 !

: ð30Þ

With this formulation, it is interesting to show that increasing NIR scales down the Meijer-G

function, which is equivalent to increasing the BLER. In contrast, increasing LIR scales up the

Meijer-G function, which then decreases the BLER.

4 Numerical results and discussions

This section provides some illustrative numerical results using Monte-Carlo simulations to

validate our developed mathematical framework, where the number of used channel realiza-

tion samples is 105. Without loss of generality, we consider the specific parameters for Rayleigh

channels as follows: λPT,PR = 2, λPT,BD = 4, λPT,IR = 3, and λBD,IR = 5 (channel modeling has

been early described at Eq 1). Unless otherwise specified, the key simulation parameters related

to packet designs and transmit SNR are set as follows: α = 0.5, LRX = 256 c.u, NPR = 300 bits,

NIR = 80 bits, and Ψ = 25 dB.

Fig 2 shows the average BLER versus α. We look at the case where PT sends 300 bits of data

to PR, while BD produces 80 bits of data for command control sync. It is observed that the

error performance of PR remains constant with respect to α since its receiving signal does not

gain any backscattering signal from BD. Meanwhile, IR’s error performance tends to reduce

with a small value of α and then become saturated. This is because on the one hand, scaling up

Fig 2. Impact of α on BLER.

https://doi.org/10.1371/journal.pone.0307366.g002
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α improves the received SNR signal to decode c(t) in (6) but decreases the received SINR signal

to decode x(t) in (5) on the other hand. Recall that the SIC procedure dominates the decoding

process at IR. Taking these together therefore explains why increasing α does not yield any

error performance improvement.

Fig 3 explores the impact of block-length LRX on the average BLER. From the figure, we can

see that while the error performance of PR reduces considerably with an increase in LRX, that

of IR decreases relatively low. The reasons are interpreted as follows: 1) for PR, the received

SNR given in (3) does not suffer from any SIC, which gives PR a chance to decode x(t) without

interference. Thus, it is safe to conclude that the more block-length (channel use) of the infor-

mation transmission, the higher the reliability of the communication channel. Recall that, such

phenomenon completely accords the analysis for the developed expression in (16). 2) for IR,

its decoding process takes place in two phases of decoding x(t) and c(t), respectively. Thus, this

process will increase an expected error during decoding c(t), making the error performance of

IR to be reduced slowly. Recall that such a phenomenon can be directly explained from (29),

where increasing LPR reduces the exponential component but scales up the Meijer-G compo-

nent accordingly.

Fig 4 showcases the average BLER against data amount sent by PT and BD. As observed,

conveying more data over a fixed channel use to the receiving node causes more errors during

communication, thereby leading to an increase in the BLER trend. These trends are perfectly

matched with our analyses for the expression in (16) and (29). In this case, a more channel

should be allocated to boost reliable communication. Yet, this assignment might not be

Fig 3. Impact of LRX on BLER.

https://doi.org/10.1371/journal.pone.0307366.g003
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beneficial to the systems as it is equivalent to an increase in the transmission latency. There-

fore, it is necessary to consider balancing such configuration for each application critically.

Fig 5 depicts the impact of Ψ on the average BLER. Overall, we can find that increasing Ψ
significantly improves the average BLER of PR and the trend is linearly decreasing. Clearly,

this observation perfectly matches up with the developed formula in (16), where the error per-

formance also becomes zero when we take into consideration 1/Ψ = 0. Meanwhile, varying PR

only improves the BLER of IR in moderate SNR but saturates at high SNR, which perfectly

agrees with the conclusion drawn on (30). On this basis, in order to improve the BLER of IR,

we should take care of both increasing Ψ in conjunction with an increasing number of block-

lengths.

5 Conclusion

In this work, we have studied the performance of symbiotic backscatter communication sys-

tems with short-packet transmissions. Particularly, aiming to characterize the system perfor-

mance without performing any simulation, we derived closed-form approximate and

asymptotic expressions of the average BLER for both the primary receiver and IoT sensor.

These mathematical frameworks enable us to directly assess the system performance by the

key parameters of the transmit power, fading parameters, data amount, and packet length. To

ensure the correctness of the developed mathematical framework, we produced some illustra-

tive simulation results based on the Monte-Carlo simulation while comparing the actual

impact of system parameters on the BLER behaviour over the analysis outcome.

Fig 4. Impact of NRX on BLER, with LRX = 100 c.u.

https://doi.org/10.1371/journal.pone.0307366.g004
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