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Abstract

We propose short packet communication in an underlay cognitive radio net-

work assisted by an intelligent reflecting surface (IRS) composed of multiple

reconfigurable reflectors. This scheme, called the IRS protocol, operates in

only one time slot (TS) using the IRS. The IRS adjusts its phases to give zero

received cumulative phase at the secondary destination, thereby enhancing

the end-to-end signal-to-noise ratio. The transmitting power of the secondary

source is optimized to simultaneously satisfy the multi-interference con-

straints, hardware limitations, and performance improvement. Simulation and

analysis results of the average block error rates (BLERs) show that the perfor-

mance can be enhanced by installing more reconfigurable reflectors, increas-

ing the blocklength, lowering the number of required primary receivers, or

sending fewer information bits. Moreover, the proposed IRS protocol always

outperforms underlay relaying protocols using two TSs for data transmission,

and achieves the best average BLER at identical transmission distances

between the secondary source and secondary destination. The theoretical ana-

lyses are confirmed by Monte Carlo simulations.

KEYWORD S
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1 | INTRODUCTION

In most conventional wireless systems, encryption and
communication between network devices are performed
with long packets. However, short packet communication
is required for ultra-reliable and low-latency communica-
tions in new-generation mobile networks such as 5G and
beyond, which support applications of industrial net-
works and Internet of Things (IoT) networks [1]. Short
packet communication uses information messages with

finite blocklength to reduce latency. Furthermore, it is
used in conventional cooperative networks as well as by
intermediate users operating as amplify-and-forward
(AF) and decode-and-forward (DF) relaying devices to
increase the system performance [2–5]. The authors in
Gu and others [2] investigated two-way AF networks for
short packet transmission and discovered a three-time-
slot transmission protocol that improves the performance
under the conditions of heterogeneous links with low
latency and data rate requirements. The authors of Gu
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and others [3], derived block error rates (BLERs) for full-
duplex and half-duplex relaying networks. They showed
that full-duplex relaying networks outperform the half-
duplex relaying networks for the same transmit powers
and BLER requirements. L�opez and others [4] decreased
the BLERs and delay in dual-hop DF networks with
wireless energy harvesting, whereas Nouri and others [5]
maximized the performance of dual-hop DF networks via
maximum ratio combining. Other studies [6–11] evalu-
ated the BLER system performance when short packets
were sent in different non-orthogonal multiple access
(NOMA) networks. Elsewhere, short packet communica-
tion has been used for downlinks of direct-transmission
NOMA models [6,10,11] and cooperative NOMA models
[8]. Marasinghe and others [9] applied a hybrid auto-
matic repeat request with chase combining to allow
shorter packet length and Lai and others [7] allocated dif-
ferent packet lengths to limit insecurity. Li and others
[12] implemented short packet transmission in multiple-
input multiple-output (MIMO) systems. They optimized
the transmit power and signal transmission time to maxi-
mize the average data rate. In Tran and others [13], a
MIMO NOMA system that serves multiple users simulta-
neously allowed shorter packets than a MIMO orthogo-
nal multiple access system, demonstrating that MIMO
NOMA combinations efficiently reduce the transmission
delay.

Recently published works [14–19] have focused on
short-packet communication cognitive radio networks.
Cognitive radio is a spectrum- sharing solution between
primary users in primary networks and secondary users
in secondary networks, allowing the efficient use of
licensed spectra in primary networks. By selecting one of
the sharing protocols (interweave, overlay, or underlay),
the secondary users can adaptably and knowledgeably
exploit the licensed spectra, guaranteeing that the quality
of service of the primary networks is within a given
threshold [17,20,21].

The intelligent reflecting surface (IRS) or reconfigur-
able intelligent surface (RIS) has recently emerged in
research on intelligently wireless transmission channels
[22–24]. The IRS solution can improve the spectral and
energy efficiencies at low hardware cost and small energy
consumption, which is especially convenient in practical
installations such as wall and ceiling mounts. Moreover,
an IRS is easily integrated into the existing wireless
systems. An IRS contains multiple reflectors that are
independently configured to adjust the phases and
amplitudes of the incoming signals. This adjustment
changes the transmission directions of the reflected sig-
nals into the desired directions that strengthen the signal
and decline co-channel interferences at the receivers.
Because they require no transmit power amplifiers such

as cooperative communication systems or massive
MIMO-equipped networks, IRS-based wireless networks
can operate in full-duplex mode without amplifying the
interferences [22]. Outstanding results in previous works
[25–27] showed that IRS-assisted wireless systems for
long packet transmission achieve higher performance
and consume lower transmit power than cooperative
communication schemes using relays.

1.1 | Related work and motivation

Chen and others [14] used short packet communications
and maximal ratio transmission to meet the low-latency
and security requirements of cognitive IoT with two
transceiver pairs of primary and secondary nodes and a
passive eavesdropper. They derived the secrecy through-
put under secrecy constraints and the decoding error
probability and discussed the impacts of blocklength on
transmission delay and secrecy performance. Later, Chen
and others expanded their previous security works to
cognitive relaying networks [15,16]. The relay design in
previous works [15,16] exploits the maximum ratio
combining/zero forcing beamforming scheme to guaran-
tee the secrecy performance of dual-hop short-packet
communications. In the underlay cognitive relaying
network of Ho and others [17], secondary-source and
secondary-energy-harvesting relays send short packets to
a secondary destination under interference constraints.
The relay can be selected to improve the BLER perfor-
mance. Hu and others [18] considered short-packet com-
munications in spectrum-sharing networks assisted by an
unmanned aerial vehicle (UAV). Because the UAV has a
limited battery capacity, Hu and others [18] designed the
packet error rate, sensing duration, normalized sensing
threshold, and transmit power of the UAV to maximize
the energy efficiency under the protection constraints at
the primary receivers. Vu and others [19] studied a
general approach for short-packet communications in
wireless-powered cognitive NOMA IoT networks with
imperfect channel state information (CSI) and successive
interference cancelation. They aimed to improve the
spectrum utilization, sustainability, and latency by
exploring the performance parameters (average BLER,
goodput, energy efficiency, latency, and reliability). Their
proposed protocol lowers the latency and improves the
reliability from those of the benchmark scheme (long
packet communications created in the same model set-
tings). However, previous works [14–19] have ignored
the emerging IRS.

Recently, the IRS solution has been considered in
cognitive radio networks [28–31]. Xu and others [29]
applied the IRS to resource allocation in full-duplex
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cognitive systems. They enhanced the performance of the
secondary networks and mitigated interference to pri-
mary users by a multi-parameter optimization scheme,
including a phase shift matrix at the IRS. Dao and Sun
[28] obtained the outage probabilities as exact and
asymptotic closed-form expressions for evaluating IRS-
supported multi-constraint two-way full-duplex underlay
systems. Yuan and others [30] investigated multiple IRSs
to a downlink multiple-input single-output cognitive
radio network. They attempted to maximize the achiev-
able rate of the secondary user under the constraints of
total transmit power and interference temperature.
Zhang and others [31] jointly optimized the transmit pre-
coding at the secondary user and phase shifts at the IRS
to minimize the total transmit power. However, non-
convex optimization problems become more complex
under intricate constraints and more computationally
intensive with the phase shift matrix. The abovemen-
tioned works omitted short packet transmission and ana-
lytical studies of the system performance.

The aforementioned works indicate the necessity of
IRS-assisted short packet communication in cognitive
radio networks. In this paper, we propose and analyze
short packet communication in an underlay cognitive
radio network under multi-interference constraints of the
primary receivers. Our network, called the SPC-UCR net-
work, is assisted by a multiple-reconfigurable-reflector
IRS in a scheme denoted as the IRS protocol. Short
packets are sent in a single time slot (TS) and the IRS

enhances the end-to-end signal-to-noise ratio (SNR) by
adjusting its phases until the phases received at a
secondary destination sum to zero. The transmit power
of the secondary source is optimized to maximize the
performance under all interference constraints without
exceeding its maximum allowance. The system perfor-
mance of the proposed IRS protocol is evaluated using
the single-integral, infinity-sum, and asymptotic average
BLERs.

1.2 | Contributions

Our main contributions are as follows: (1) we enhance
the system performance of the SPC-UCR network with
the proposed IRS protocol by installing a larger number
of reconfigurable reflectors, setting a larger blocklength,
sending fewer information bits, or reducing the number
of allowed primary receivers; (2) we maximize the
average BLER performance of the proposed IRS protocol
by setting identical distances from the IRS to the second-
ary source and the secondary destination; (3) we show
that the proposed IRS protocol always outperforms the
corresponding underlay relaying protocols using two TSs
to send short packets through a cooperative relay; and
(4) we validate the theoretical analysis results (single-
integral, infinite-sum, asymptotic and exact closed-form
expressions) of the average BLERs in Monte Carlo
simulations.

TAB L E 1 Notation table

Notation Meaning

f Υð�Þ Probability density function (PDF) of a random variable Υ

FΥð�Þ Cumulative distribution function (CDF) of a random variable Υ

Pr½Ξ� Probability operation of an event Ξ

E½�� Expectation operator

Var½�� Variance operator

k

M

� �
Binomial coefficient,

k

M

� �
¼ M!

k! M�kð Þ!

Γ½x� Gamma function [32] (Equation 8.310)

γ x, y½ � Lower incomplete Gamma function [32] (Equation 8.350.1)

Γ x, y½ � Upper incomplete Gamma function [32] (Equation 8.350.2)

Υ�CN 0,N0ð Þ Complex Gaussian random variable Υ with zero mean and variance N0 [22]

jj Magnitude

jj2 Gain

EyðxÞ Exponential integral function [33] (Equation 1), EyðxÞ¼
Ð∞
1
ðe�xt=tyÞdt

QðxÞ
Gaussian Q-function [4], QðxÞ¼ 1ffiffiffiffi

2π
p
Ð∞
x
e�y2=2dy
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1.3 | Paper outline and notations

The remainder of this paper is organized into the follow-
ing sections. Section 2 presents a system model of the IRS-
supported underlay cognitive network. Section 3 analyzes
the average BLERs of the proposed IRS protocol and the
benchmark protocols. Section 4 presents the results and
discussion and Section 5 summarizes our contributions.

Table 1 lists the notations used in this paper.

2 | SYSTEM MODEL

Figure 1 shows the system model with an IRS-supported
underlay network. The secondary source (S) attempts to
send information with σ bits to the secondary destination
through an IRS with L reconfigurable reflectors, denoted
as Tl, l¼ 1, 2,…,Lf g. The secondary nodes S and D toler-
ate the interference constraints of M primary receivers
PRi, denoted as Ii, i¼ 1, 2,…,Mf g; this operation is called
the IRS protocol. The secondary source S, secondary
destination D and M primary receivers are equipped in
one antenna1. In Figure 1, hSTl , dSTlð Þ, hTlD, dTlDð Þ and
hSPi , dSPið Þ denote the pairs of fading channel coefficients
and normalized distances of links S –Tl, Tl�D and S-PRi,
respectively. It is assumed that (1) pairs (S, D) and
(Tl, PRi) are not directly linked because they are far apart,
subjected to deep shadow fading and low reflecting
power of the IRS, or the beam is formed only at D of the
IRS [24]; (2) all primary receivers PRi are distributed
in a cluster and each Tl is close to others, so the
normalized distances can be set as dSTl ¼ dST, dTlD ¼ dTD
and dSPi ¼ dSP [34, 35]; (3) all fading channel coefficients
are complex normal random variables (RVs), that

is, hSTl ¼ hSTlj j e jφSTl �CN 0, 1=λSTð Þ, hTlD ¼ hTlDj je jφTlD �
CN 0, 1=λTDð Þ and hSPi �CN 0, 1=λSPð Þ, where the pairs
hSTlj j,φST1

� �
and hTlDj j,φT1D

� �
are the amplitude and

phase values of channels hSTl and hTlD, respectively,

λκ ¼ dβκ , β is the path-loss exponent [22, 24, 26, 36],

κ� ST, TD, SPf g, and j2 ¼�1. Consequently, hSTlj j and
hTlDj j are independent RVs and follow the Rayleigh dis-

tribution with means given by E hSTlj j½ � ¼ 1=2
ffiffiffiffiffiffiffiffiffiffiffiffi
π=λST

p
,

E hTlDj j½ � ¼ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffi
π=λTD

p
and variances given by

Var hSTlj j½ � ¼ 1�π=4ð Þ=λST and Var hTlDj j½ � ¼ 1�π=4ð Þ=λTD,
respectively [37] (eq. 6–70).

Under the operation conditions of the underlay
cognitive radio network, the transmit power of the
secondary source S (denoted by PS) cannot exceed the
maximum power (denoted by Pmax ); that is, PS ≤Pmax .

All interference constraints of the primary network,
including PRi, PS ≤ Ii=gSPi [21], must also be satisfied.
Therefore, PS is optimally set as PS ¼ min Pmax , I1=gSP1 ,

�
I2=gSP2 , …, IM=gSPM Þ [38] where gSPi ¼ hSPij j2 and
i¼ 1, 2,…,Mf g. According to previous works [34, 39], gSPi
is an exponential RV with PDF and CDF given by
f gSPi

ðxÞ¼ λSPe�λSPx and FgSPi
ðxÞ¼ 1� e�λSPx , respectively.

In the proposed IRS protocol, the secondary source S
transmits a signal s with blocklength η to a secondary
destination D through the IRS. The received signal at D
is presented as

yDIRS ¼
ffiffiffiffiffi
PS

p XL
l¼1

hSTl rlhT1D

!
sþnD, ð1Þ

where rl is the unit-adjusted response of the Tl, which
can be expressed as rl ¼ ejφl with φl being the adjustable
phase induced by Tl [22, 26], nD �CN 0,N0ð Þ is additive
Gaussian noise, and E sj j2� �¼ 1.

The received end-to-end SNR at D, which decodes s,
is obtained from (1) as

γDIRS ¼

ffiffiffiffiffi
PS

p
s
XL
l¼1

hSTl rlhT1D

!					
					
2

N0

¼
PS

XL
l¼1

hSTlj jejφSTl e jφl hTlDj je jφTlD

 !					
					
2

N0

¼
PS

XL
l¼1

hSTlj j� hTlDj je j φlþφSTl
þφTlDð Þ

!2

N0
:

ð2Þ

F I GURE 1 System model of an intelligent reflecting surface

(IRS)-supported underlay cognitive network
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To maximize γDIRS in (2), the phases φl of the Tl are
optimally selected as φl ¼� φSTl

þφTlD

� �
by varactor-

tuned resonators. The phases of CSI hSTl and hTlD are per-
fectly known [22,24–26,28]. The resonator can tune the
phase shift φl by adjusting the bias voltage on its varactor
[26]. The best end-to-end SNR in (2) is obtained as

γDIRS ¼

ffiffiffiffiffi
PS

p XL
l¼1

hSTlj j� hTlDj j
!
s

					
					
2

N0

¼
PS

XL
l¼1

hSTlj j� hTlDj j
 !2

N0
:

ð3Þ

The instantaneous BLER of decoding s at D is
expressed as [8]

εIRS ≈Q
C γDIRS
� �� σ

ηffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V γDIRS
� �

=η
q

0
B@

1
CA, ð4Þ

where the functions CðxÞ and VðxÞ are
respectively defined as CðxÞ¼ log2 1þ xð Þ and
VðxÞ¼ 1�ð1= 1þ xÞð Þ2� �

log2eð Þ2, and QðxÞ is the
Gaussian Q-function in L�opez and others [4]; specifically,
QðxÞ¼ ð1= ffiffiffiffiffi

2π
p ÞÐ∞x exp �y2=2ð Þdy. The blocklength η of

the short packet communications is considered in
large-value cases η>100ð Þ to ensure a well-approximated
operator [8].

For comparison purposes, we also consider short
packet communication in underlay cognitive radio
networks assisted by cooperative (DF or AF) relay
without the IRS. Here, the operations with DF and AF
cooperative relays are called the DF and AF protocols,
respectively. The cooperative relay is located at the IRS.
The end-to-end SNR at D, which decodes s, is expressed
as [2, 17, 25]

γXD ¼
min γSR, γRDð Þ, if X ¼  DF

γSRγRD
γSRþ γRDþ1

, if X ¼  AF,

8<
: ð5Þ

where γSR ¼ PSjhSRj2=N0 and γRD ¼ Pmax hRDj j2=N0; hSR
and hRD denote the fading channel coefficients of the
links from S to relay and from relay to D, respectively.
They are respectively given by hSR �CN 0, 1=λSTð Þ and
hRD �CN 0, 1=λTDð Þ.

The instantaneous BLER of decoding s at D in the
comparison protocols is computed as

εX ≈Q
C γDX
� �� σ

ηffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V γDXð Þ=η

p
!
, ð6Þ

where X� DF, AFf g.

3 | AVERAGE BLER

To simplify the presentations, we place identical
constraints on the tolerable interferences of all M
primary receivers PRi; that is, I1 ¼ I2 ¼…¼ IM ¼ I [38].
In addition, we set the parameter groups as
χ¼Pmax=No, ψ ¼ I=No, and Θ¼PL

l¼1jhSTl j� jhTlDj.
The average BLER of the SPC-UCR network is

determined as [8, 11]

εX ¼ E εXf g≈E Q
C γDX
� ��σ

ηffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V γDXð Þ=η

p
0
B@

1
CA

8><
>:

9>=
>;

¼
ð∞
0

Q
C γDX
� ��σ

ηffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V γDXð Þ=η

p
0
B@

1
CA� f γDX ðxÞdx

≈ v
ffiffiffi
η

p ðρ2
ρ1

FγDX
ðxÞdx,

ð7Þ

where f γXDðxÞ and FγDX
ðxÞ are the PDF and CDF of the

received SNR γDX, respectively, for X� IRS, DF, AFf g,
ν¼ �2π ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

22σ=η�1
p ��1

, ρ1 ¼ 2σ=η�1� 2ν
ffiffiffi
η

p� ��1
, and

ρ2 ¼ 2σ=η�1þ 2ν
ffiffiffi
η

p� ��1
.

3.1 | The proposed IRS protocol

To analyze the average BLER of the SPC-UCR network
with the proposed IRS protocol, we express the CDF
FγIRSD

ðxÞ as

FγIRSD
ðxÞ¼Pr γIRSD < x


 �¼ Pr
PSΘ2

N0
< x

� 

¼ Pr
Θ2min Pmax , I=gSP1 , I=gSP2 ,…, I=gSPM

� �
N0

< x

� 

¼ Pr Θ2min χ,ψ= max
i¼1, 2,…,M

gSPi
� �� �

< x

� 
:

ð8Þ

Setting gSPm ¼ max
i¼1, 2,…,M

gSPi
� �

, where m 1, 2,…,Mf g
in (8), we obtain
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FγIRSD
ðxÞ¼Pr Θ2min χ,ψ=gSPm

� �
< x


 �
¼Pr χΘ2 < x

� �\ χ ≤ψ=gSPm
� �
 �|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

AðxÞ

þPr ψΘ2=gSPm < x
� �\ χ >ψ=gSPm

� �
 �|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
BðxÞ

:

ð9Þ

Remark 1. Note that FγIRSD
ðxÞ!Pr Θ2χ < x


 �
as ψ !þ∞. This is the limiting condition
of (9).

Before finding closed-form expressions of
A(x) and B(x) in (9), we give the PDFs and
CDFs of the RVs gSPm and Θ in the forms of
Lemmas 1 and 2:

Lemma 1. The CDF and PDF of the RV gSPm
are respectively obtained as

FgSPm
ðxÞ ¼ð10aÞ 1� e�λSPx

� �M
¼ð10bÞPM

i¼0

i

M

 !
�1ð Þie�iλSPx ,

ð10Þ

f gSPm ðxÞ ¼ð11aÞMλSPe�λSPx 1� e�λSPx
� �M�1

¼ð11bÞ λSP
PM
i¼1

i

M

 !
i �1ð Þiþ1e�iλSPx:

ð11Þ

The proof is given in Papoulis and Pillai
[37] (Equations 7–14) and Son and others [39]
(Equations 4 and 5).

Lemma 2. The PDF and CDF of the RV Θ
are respectively found as

f ΘðxÞ¼
xue�x=v

vuþ1Γ uþ1½ � , ð12Þ

FΘðxÞ ¼ð13aÞ γ uþ1, xv

 �
Γ uþ1½ � ¼ð13bÞ 1�Γ uþ1, xv


 �
Γ uþ1½ � , ð13Þ

where μ¼Lπ= 4
ffiffiffiffiffiffiffiffiffiffiffiffiffi
λSTλTD

p� �
, ϑ¼L 1�π2=ð

16Þ= λSTλTDð Þ, u¼ μ2=ϑ�1, and v¼ϑ=μ.
γ x, y½ �, Γ x, y½ �, and Γ½x� represent the lower
incomplete Gamma function [32] (Equation
8.350.1), the upper incomplete Gamma func-
tion [32] (Equation 8.350.2), and the Gamma

function [32] (Equation 8.310.1), respectively.
They are related as γ x, y½ �þΓ x, y½ � ¼Γ½x� [32]
(Equation 8.356.3).

Proof. As demonstrated in previous works
[28,34], the product term jhSTl j� jhTlDj in the
RV Θ is a double Rayleigh distributed
RV. From previous works [26,28], the PDF
and CDF of Θ are obtained as (12) and (13),
respectively, where u¼ μ2=ϑ�1 and v¼ ϑ=μ.
First, μ can be expressed, manipulated and
solved as

μ¼ E½Θ� ¼E
PL
l¼1

hSTlj j� hTlDj j
� 

¼PL
l¼1

E hSTlj j½ ��E hTlDj j½ �ð Þ

¼PL
l¼1

1
2

ffiffiffiffiffiffiffi
π

λST

r
1
2

ffiffiffiffiffiffiffi
π

λTD

r� �
¼ Lπ

4
ffiffiffiffiffiffiffiffiffiffiffiffiffi
λSTλTD

p :

ð14Þ

Next, the parameter ϑ is stated as

ϑ¼ Var½Θ� ¼E Θ2

 �� E½Θ�ð Þ2

¼E
PL
l¼1

hSTlj j� hTlDj j
� �2
" #

�μ2

¼PL
l¼1

E hSTlj j2� hTlDj j2
 �þL L�1ð Þ

�E hSTϖj j� hTϖDj j� hSTτj j� hTτDj j½ ��μ2

¼PL
l¼1

E hSTlj j2
 ��E hTlDj j2
 �� �þL L�1ð Þ

�E hSTϖj j½ ��E hTϖDj j½ ��E hSTτj j½ ��E hTτDj j½ ��μ2,

ð15Þ

where ϖ, τ� 1, 2,…, Lf g and ϖ≠ τ.
In (15), jhSTl j2 and jhTlDj2 are exponential

RVs [34, 39], so E½jhSTl j2� ¼ 1=λST and
E½jhTlDj2� ¼ 1=λTD. Substituting the mean of
the Rayleigh distributions into (15), ϑ is
finally solved as

ϑ¼ L
λSTλTD

þL L�1ð Þ 1
2

ffiffiffiffiffiffiffi
π

λST

r� �2 1
2

ffiffiffiffiffiffiffi
π

λTD

r� �2

� Lπ
4
ffiffiffiffiffiffiffiffiffiffi
λSTλTD

p
� �2

¼ L
λSTλTD

1� π2

16

� �
,

ð16Þ

which completes the proof of Lemma 2.
The function A(x) in (9) is equivalently

expressed as
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AðxÞ¼ Pr Θ2 < x=χ
� �\ gSPm ≤ψ=χ

� �
 �
¼ Pr Θ<

ffiffiffiffiffiffiffiffi
x=χ

p� �
\ gSPm ≤ψ=χ
� �h i

¼FΘ
ffiffiffiffiffiffiffiffi
x=χ

p� �
�FgSPm

ψ=χð Þ:
ð17Þ

Substituting the exponential representa-
tion of FgSPm

ψ=χð Þ in (10a) and (13b) into (17),
A(x) is obtained as

AðxÞ¼ 1�
Γ uþ1,

ffiffiffiffiffi
x=χ

p
v

� 
Γ uþ1½ �

8>><
>>:

9>>=
>>;� 1� e�λSPψ=χ

� �M
: ð18Þ

Similarly, the function B(x) in (9) becomes

BðxÞ¼ Pr Θ<
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xgSPm=ψ

q� �
\ gSPm >ψ=χ
� �h i

¼
ð∞
ψ=χ

FΘ
ffiffiffiffiffiffiffiffiffiffiffi
xy=ψ

p� �
� f gSPm ðyÞdy:

ð19Þ

From (7) and (9), the average BLER of the
SPC-UCR network with the proposed IRS
protocol is computed as

εIRS ≈ v
ffiffiffi
η

p ðρ2
ρ1

AðxÞþBðxÞð Þdx

¼ v
ffiffiffi
η

p ðρ2
ρ1

AðxÞdx
|fflfflfflfflffl{zfflfflfflfflffl}

I1

þ
ðρ2
ρ1

BðxÞdx
|fflfflfflfflffl{zfflfflfflfflffl}

I2

0
BBBBB@

1
CCCCCA:

ð20Þ

Substituting AðxÞ in (18) into the integral
I1 in (20), we obtain

I1¼
ðρ2
ρ1

1�
Γ uþ1,

ffiffiffiffiffiffiffiffi
x=χ

p
v

" #
Γ uþ1½ �

0
BBBB@

1
CCCCA� 1� e�λSPψ=χ

� �M
dx

¼ 1� e�λSPψ=χ
� �M

ρ2�ρ1�
1

Γ uþ1½ �
ðρ2
ρ1

Γ uþ1,

ffiffiffiffiffiffiffiffi
x=χ

p
v

" #
dx

0
B@

1
CA:

ð21Þ

In terms of the variable y¼ ffiffiffi
x

p
, (21) is

rewritten as

I1 ¼ 1� e�λSPψ=χ
� �M

ρ2�ρ1�
2

Γ uþ1½ �
ðffiffiffiffiρ2p

ffiffiffiffi
ρ1

p
yΓ uþ1,

y
v
ffiffiffi
χ

p
� 

dy

0
B@

1
CA

¼ 1� e�λSPψ=χ
� �M

ρ2�ρ1�
1

Γ uþ1½ � Δ1
ffiffiffiffiffi
ρ2

p� ��Δ1
ffiffiffiffiffi
ρ1

p� �� �� �
,

ð22Þ

where the function Δ1ðxÞ is clearly defined as

Δ1ðxÞ¼ x2
Γ uþ1,

x
v
ffiffiffi
χ

p
� 

� x= v
ffiffiffi
χ

p� �� �u
e�x= v

ffiffi
χ

pð Þ

� uþ2ð Þ x= v
ffiffiffi
χ

p� �� �u
E� uþ1ð Þ x= v

ffiffiffi
χ

p� �� �
0
B@

1
CA:

ð23Þ

In (23), EyðxÞ is the exponential integral
function EyðxÞ¼

Ð∞
1 ðe�xt=tyÞdt (Equation (1)

in Alkheir and Ibnkahla [33]).
Substituting (22) into (20), εIRS is clarified

as follows:

εIRS ≈ v
ffiffiffi
η

p
1� e�λSPψ=χ
� �M�

� ρ2�ρ1�
1

Γ uþ1½ � Δ1
ffiffiffiffiffi
ρ2

p� ��Δ1
ffiffiffiffiffi
ρ1

p� �� �� �
þI2

�
:

ð24Þ

To express I2 in (24), we substitute B(x)
given by (19) into the integral I2 in (20):

I2 ¼
ðρ2
ρ1

ð∞
ψ=χ

FΘ
ffiffiffiffiffiffiffiffiffiffiffi
xy=ψ

p� �
� f gSPm ðyÞdydx

¼
ð∞
ψ=χ

ðρ2
ρ1

FΘ
ffiffiffiffiffiffiffiffiffiffiffi
xy=ψ

p� �
dx

0
B@

1
CA� f gSPm ðyÞdy:

ð25Þ

Lemma 3. I2 can be expressed in single
integral as follows:

I2 ¼ ρ2�ρ1ð Þ 1� 1� e�λSPψ=χ
� �M� �

� MλSP
Γ uþ1½ �

ð∞
ψ=χ

Δ2 ρ2, yð Þ�Δ2 ρ1, yð Þð Þe�λSPy 1� e�λSPy
� �M�1

dy,

ð26Þ

where the function Δ2 x, yð Þ is presented in
closed form as follows:
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Δ2 x, yð Þ¼Γ uþ1,

ffiffiffiffiffiffiffiffiffiffiffi
xy=ψ

p
v

" #
x� v2ψ

y
uþ1ð Þ uþ2ð Þ

� �

�v2ψ
y

ffiffiffiffiffiffiffiffiffiffiffi
xy=ψ

p
v

 !uþ1

e�
ffiffiffiffiffiffi
xy=ψ

p
v uþ2þ

ffiffiffiffiffiffiffiffiffiffiffi
xy=ψ

p
v

 !
:

ð27Þ

Proof. Substituting (13b) into (25) gives the
following results:

I2 ¼
ð∞
ψ=χ

ðρ2
ρ1

1�
Γ uþ1,

ffiffiffiffiffiffiffiffiffiffiffi
xy=ψ

p
v

" #
Γ uþ1½ �

0
BBBB@

1
CCCCAdx

0
BBBB@

1
CCCCA� f gSPm ðyÞdy

¼
ð∞
ψ=χ

ðρ2
ρ1

f gSPm ðyÞdxdy�
ð∞
ψ=χ

ðρ2
ρ1

Γ uþ1,

ffiffiffiffiffiffiffiffiffiffiffi
xy=ψ

p
v

" #
Γ uþ1½ � dx

0
BBBB@

1
CCCCAf gSPm ðyÞdy

¼ ρ2�ρ1ð Þ 1�FgSPm
ψ=χð Þ

� �

� 1
Γ uþ1½ �

ð∞
ψ=χ

ðρ2
ρ1

Γ uþ1,

ffiffiffiffiffiffiffiffiffiffiffi
xy=ψ

p
v

 !
dx

0
B@

1
CA� f gSPm ðyÞdy

¼ ρ2�ρ1ð Þ 1�FgSPm
ψ=χð Þ

� �
� 1
Γ uþ1½ �

�
ð∞
ψ=χ

Γ uþ1,

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ2y=ψ

p
v

" #
ρ2�Γ uþ1,

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ1y=ψ

p
v

" #
ρ1

�v2ψ
y

Γ uþ3,

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ2y=ψ

p
v

" #
�Γ uþ3,

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ1y=ψ

p
v

" #
ρ1

 !
0
BBBBB@

1
CCCCCAf gSPm ðyÞdy:

ð28Þ

Lemma 3 is solved using
Equation (8.256.2) in Gradshteyn and others
[32] followed by the CDF and PDF of the RV
gSPm (10a and 11a).

Lemma 4. The integral I2 over N!þ∞ can
be presented as an infinite sum:

I2 ¼ 2
Γ uþ1ð Þ

XM
i¼1

i

M

 !XN
n¼0

�1ð Þiþnþ1 ρ
uþnþ3

2
2 �ρ

uþnþ3
2

1

� �
iλSPψv2ð Þuþnþ1

2 n! uþnþ1ð Þ uþnþ3ð Þ
� Γ

uþnþ3
2

� 
þΓ

uþnþ3
2

,
iλSPψ
χ

� 
� uþnþ1

2

� �
Γ

uþnþ1
2

� � �
:

ð29Þ

Proof. Substituting (11b) and (13a)
into (19) and using the infinite-sum

expression γ uþ1,
ffiffiffiffiffiffiffiffiffiffiffi
xy=ψ

p
=v

h i
¼PN

n¼0 �1ð Þn

ffiffiffiffiffiffiffiffiffiffiffi
xy=ψ

p
=v

� �uþnþ1
n! uþnþ1ð Þ= in Gradsh-

teyn and others [32] (eq. 8.354), where
N!þ∞, we get

BðxÞ¼ λSP
Γ uþ1½ �

XM
i¼1

i

M

 !
i �1ð Þiþ1

�PN
n¼0

�1ð Þn
n! uþnþ1ð Þ

ffiffiffiffiffiffiffiffi
x=ψ

p
v

 !uþnþ1 ð∞
ψ=χ

y uþnþ1ð Þ=2e�iλSPydy

¼ 1
Γ uþ1½ �

XM
i¼1

i

M

 !XN
n¼0

�1ð Þiþnþ1 ffiffiffiffiffiffiffiffi
x=ψ

p
=v

� � uþnþ1ð Þ

n! uþnþ1ð Þ iλSPð Þ� uþnþ1ð Þ=2

� Γ
uþnþ3

2

� 
þΓ

uþnþ3
2

,
iλSPψ
χ

� 
� uþnþ1

2

� �
Γ

uþnþ1
2

� � �
:

ð30Þ

Having obtained BðxÞ, the integral I2
in (20) is solved as

I2 ¼ 1
Γ uþ1½ �

XM
i¼1

i

M

 !XN
n¼0

�1ð Þiþnþ1 iλSPð Þ� uþnþ1ð Þ=2

n! uþnþ1ð Þ ψv2ð Þuþnþ1
2

�
Γ

uþnþ3
2

� 
þΓ

uþnþ3
2

,
iλSPψ
χ

� 

� uþnþ1
2

� �
�Γ

uþnþ1
2

� 
0
BBB@

1
CCCA
ðρ2
ρ1

x uþnþ1ð Þ=2dx:

ð31Þ

The integral in (31) is easily solved to
prove Lemma 4.

Theorem 1. The average BLER of the SPC-
UCR network with the proposed IRS protocol
(εIRS) is obtained as an exact single-integral
form and an infinite-sum form. The expression
is given by (32) at the top of the
following page.

Proof. Theorem 1 can be proven using
Lemmas 3 and 4 for the average BLER of the
proposed IRS protocol (εIRS), which is given
by (24).

To gain additional insights, we evaluate
the average BLER of the SPC-UCR network
with the proposed IRS protocol from
ψ !þ∞. The presentation is given as
Remark 2.
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Remark 2. As ψ !þ∞, the average BLER
of the SPC-UCR network with the proposed
IRS protocol asymptotically

becomes

εIRSψ!þ∞ ≈ v
ffiffiffi
η

p ðρ2
ρ1

Pr Θ2χ < x

 �

dx

¼ v
ffiffiffi
η

p ðρ2
ρ1

FΘ
ffiffiffiffiffiffiffiffi
x=χ

p� �
dx

¼ v
ffiffiffi
η

p ðρ2
ρ1

1�
Γ uþ1,

ffiffiffiffiffiffiffiffi
x=χ

p
v

" #
Γ uþ1½ �

0
BBBB@

1
CCCCAdx

¼ v
ffiffiffi
η

p
ρ2�ρ1�

Δ1
ffiffiffiffiffi
ρ2

p� ��Δ1
ffiffiffiffiffi
ρ1

p� �
Γ uþ1½ �

� �
:

ð33Þ

The accuracy of the infinite sum form in
(32b) can be evaluated by the following error
metric [4]:

ξ¼
εIRSex� εIRSap
			 			

εIRSex
, ð34Þ

where εIRSex and εIRSap are the exact and
approximated average BLERs obtained by
(32a) and (32b), respectively.

3.2 | The benchmark protocols

The CDF FγDFD
ðxÞ of the SPC-UCR network with the DF

protocol is expressed as

FγDFD
ðxÞ¼ Pr γDFD < x


 �¼ Pr min γSR, γRDð Þ< x½ �

¼ Pr min
PS hSRj j2

N0
,
Pmax hRDj j2

N0

� �
< x

� 

¼ Pr min
min Pmax , I=gSP1 , I=gSP2 ,…, I=gSPM

� �
gSR

N0
, χgRD

� �
< x

� 
¼ Pr min χgSR,ψgSR=gSPm, χgRDð Þ< x½ �,

ð35Þ

where the exponentially distributed RVs are denoted
as gSR ≙ hSRj j2 and gRD ≜ hRDj j2, respectively, and the PDF
and CDF of gκ are given by f gκðxÞ¼ λκe�λκx and
Fgκ ðxÞ¼ 1� e�λκx , respectively, κ� SR, RDf g, λSR ¼ λST,
λRD ¼ λTD.

Equation (35) can be rearranged as

FγDFD
ðxÞ¼ 1�Pr min χgSR,ψgSR=gSPm, χgRDð Þ≥ x½ �

¼ 1�Pr χgSR ≥ xð Þ\ ψgSR=gSPm ≥ xð Þ\ χgRD ≥ xð Þ½ �
¼ 1�Pr χgRD ≥ x½ ��Pr χgSR ≥ xð Þ\ ψgSR=gSPm ≥ xð Þ½ �
¼ 1�Pr gRD ≥

x
χ

� 
�Pr gSR ≥

x
χ

� �
\ gSPm ≤

ψgSR
x

� �� 

¼ 1� 1�FgRD

x
χ

� �� �
�
ð∞
x=χ

f gSRðyÞ�FgSPm

ψy
x

� �
dy

¼ 1� e�λRDx=χ �
ð∞
x=χ

f gSRðyÞ�FgSPm

ψy
x

� �
dy:

ð36Þ

εIRS ≈
ð32aÞ

v
ffiffiffi
η

p
ρ2�ρ1�

1
Γ uþ1½ � 1� e�λSPψ=χ

� �M
Δ1

ffiffiffiffiffi
ρ2

p� ��Δ1
ffiffiffiffiffi
ρ1

p� �� �þMλSP

ð∞
ψ=χ

Δ2 ρ2, yð Þ�Δ2 ρ1, yð Þð Þe�λSPy 1� e�λSPy
� �M�1

dy

0
B@

1
CA

0
B@

1
CA

¼ð32bÞ v ffiffiffi
η

p 1� e�λSPψ=χ
� �M

ρ2�ρ1�
1

Γ uþ1½ � Δ1
ffiffiffiffiffi
ρ2

p� ��Δ1
ffiffiffiffiffi
ρ1

p� �� �� �
þ 2
Γ uþ1ð Þ

XM
i¼1

iMð Þ
XN
n¼0

�1ð Þiþnþ1 ρ
uþnþ3

2
2 �ρ

uþnþ3
2

1

� �
iλSPψv2ð Þuþnþ1

2 n! uþnþ1ð Þ uþnþ3ð Þ

� Γ
uþnþ3

2

� 
þΓ

uþnþ3
2

,
iλSPψ
χ

� 
� uþnþ1

2

� �
Γ

uþnþ1
2

� � �
0
BBBBB@

1
CCCCCA:

ð32Þ
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Remark 3. From (35) and (36), the asymp-
totic CDF FγDFD

ðxÞ as ψ !þ∞ is approximated
as

FγDFD
ðxÞ≈ Pr min χgSR, χgRDð Þ< x½ �

¼ 1�Pr χgSR ≥ xð Þ\ χgRD ≥ xð Þ½ �
¼ 1�Pr gSR ≥

x
χ

� �� 
�Pr gRD ≥

x
χ

� 

¼ 1� 1�FgSR

x
χ

� �� �
� 1�FgRD

x
χ

� �� �
¼ 1� e�x λSRþλRDð Þ=χ :

ð37Þ

Substituting (10b) and f gSRðyÞ¼ λSRe�λSRy

into (36), we obtain

FγDFD
ðxÞ

¼ 1� e�λRDx=χ �
ð∞
x=χ

λSRe
�λSRy�

XM
i¼0

i

M

 !
�1ð Þie�iλSPψy=xdy

¼ 1� λSRe�λRDx=χ
PM
i¼0

i

M

 !
�1ð Þi

ð∞
x=χ

e�y λSRþiλSPψ=xð Þdy

¼ 1� λSRxe�x λSRþλRDð Þ=χPM
i¼0

i

M

 !
�1ð Þi e�iλSPψ=χ

λSRxþ iλSPψ
:

ð38Þ

Substituting (38) into (7), we obtain the
average BLER of the SPC-UCR network with
the DF protocol. The formula (39) is given at
the top of the next page.

Remark 4. As ψ !þ∞, the average BLER
of the SPC-UCR network with the DF proto-
col is asymptotically obtained as follows:

εDFψ!þ∞

≈ v
ffiffiffi
η

p ðρ2
ρ1

1� e�x λSRþλRDð Þ=χ
� �

dx

¼ v
ffiffiffi
η

p
ρ2�ρ1þ

χ e�ρ2 λSRþλRDð Þ=χ � e�ρ1 λSRþλRDð Þ=χ� �
λSRþ λRD

!
:

ð40Þ

In the SPC-UCR network with the AF pro-
tocol, the CDF FγAFD

ðxÞ is similarly obtained as

FγAFD
ðxÞ¼ Pr γAFD < x


 �¼Pr
γSRγRD

γSRþ γRDþ1
< x

� 

¼Pr

PS hSRj j2
N0

Pmax hRDj j2
N0

PS hSRj j2
N0

þPmax hRDj j2
N0

þ1

< x

2
6664

3
7775

¼Pr
χgRDmin χgSR,ψgSR=gSPmð Þ

χgRDþmin χgSR,ψgSR=gSPmð Þþ1
< x

� 
:

ð41Þ

Remark 5. To the authors knowledge, the
CDF FγAFD

ðxÞ given by (41) does not admit a
closed-form mathematical expression. Refer-
ring to previous works [40–42], the end-to-
end SNR at D in the AF protocol is approxi-
mated by its upper bound as

εDF ≈ v
ffiffiffi
η

p ðρ2
ρ1

1�λSRxe
�x λSRþλRDð Þ=χXM

i¼0

i

M

 !
�1ð Þi e�iλSPψ=χ

λSRxþ iλSPψ

!
dx

¼ v
ffiffiffi
η

p
ρ2�ρ1�

PM
i¼0

i

M

 !
�1ð Þie�iλSPψ=χ

ðρ2
ρ1

λSRxe�x λSRþλRDð Þ=χ

λSRxþ iλSPψ
dx

0
B@

1
CA

¼ v
ffiffiffi
η

p
ρ2�ρ1�

PM
i¼0

i

M

 !
�1ð Þie�iλSPψ=χ �

χ

λSRþ λRD
e�ρ1 λSRþλRDð Þ=χ � e�ρ2 λSRþλRDð Þ=χ
� �

� iλSPψeiλSPψ λSRþλRDð Þ= χλSRð Þ

λSR

� Γ 0,
λSRþ λRD

χ

� �
ρ1þ

iλSPψ
λSR

� �� 
�Γ 0,

λSRþ λRD
χ

� �
ρ2þ

iλSPψ
λSR

� �� � �
0
BBB@

1
CCCA

0
BBB@

1
CCCA:

ð39Þ
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γAFD ¼ γSRγRD
γSRþ γRDþ1

< min γSR, γRDð Þ¼ γDFD : ð42Þ

Hence, the average BLER of the SPC-UCR
network with the AF protocol is lower-
bounded by the εDF given by (39).

Remark 6. Equations (33) and (40) show
that εIRS and εDF at high ψ values
(as ψ !þ∞) are independent of ψ , meaning
that the diversity gains of both the IRS and
DF protocols approach 0. As proof of this
remark, the diversity gains of these protocols
are respectively given by

DGIRS ¼ � lim
ψ!þ∞

log10ε
IRS

log10ψ

¼ � lim
ψ!þ∞

log10ε
IRS
ψ!þ∞

log10ψ
¼ 0,

ð43Þ

DGDF ¼ � lim
ψ!þ∞

log10ε
DF

log10ψ

¼� lim
ψ!þ∞

log10ε
DF
ψ!þ∞

log10ψ
¼ 0:

ð44Þ

4 | NUMERICAL RESULTS AND
DISCUSSION

This section presents and discusses the analysis and
simulation results in the two-dimensional plane. The
coordinates of the S, D, and IRS nodes in the proposed
IRS protocol (or cooperative relay in the comparison pro-
tocols DF and AF) were 0;0ð Þ, 1;0ð Þ, and xX, yXð Þ, respec-
tively, and the cluster with M primary receivers PRi was
located at xPR, yPRð Þ. Here, X� IRS, DF; AFf g, 0 < xX < 1,
and i¼ 1, 2,…,Mf g. The normalized distances were
determined as dSX ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2Xþy2X
p

, dXD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� xXð Þ2þ y2X

q
and

dSP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2PRþ y2PR

p
. The path-loss exponent was fixed at

β¼ 3. The simulations were executed by the Monte Carlo
method and the analytical results were calculated using
the theoretical expressions.

We first discuss the accuracy of the error metric
expressed as an infinite sum. Figure 2 plots the error
metric ξ in (34) versus number of summed terms Nð Þ.
The parameters were fixed at ψ ¼ 5 (dB), χ¼�5 (dB),
M¼ 3, σ¼ 256 (bits), η¼ 512 (bits), xPR ¼ 0,
yPR ¼ 0:5, xIRS ¼ 0:5, yIRS ¼�0:5, and L¼ � 2, 3, 4, 5f g. As

the number of reconfigurable reflectors L decreased,
fewer terms in the infinity sum Nð Þ (32b) were required
to achieve a good approximation. Regardless of L, the
error metric ξ quickly converged to a very small value
(e.g. ξ<0:4% at N >8). Hence, the infinite sum of the
average BLER of the proposed IRS protocol (32b) well
approximates the exact form (32a), even when truncated
to a limited number of elements.

F I GURE 2 Error metric ξ versus number of terms in the

infinite sum Nð Þ: ψ ¼ 5 (dB), χ¼�5 (dB), M¼ 3, σ¼ 256 (bits),

η¼ 512 (bits), xPR ¼ 0, yPR ¼ 0:5, xIRS ¼ 0:5, yIRS ¼�0:5, and

L� 2, 3, 4, 5f g

F I GURE 3 Average block error rate (BLER) versus ψ (dB) for

χ¼�5 (dB), σ¼ 256 (bits), η¼ 512 (bits), xPR =0, yPR =0.5, xIRS
=0.5, yIRS =�0.5, M =3, and L� 2, 3, 4f g
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Figure 3 plots the average BLERs of the proposed IRS
protocol and the benchmark protocols (DF and AF
protocols) versus ψ (dB). The parameters were fixed to
χ¼�5 (dB), σ¼ 256 (bits), η¼ 512 (bits),
xPR ¼ 0, yPR ¼ 0:5, xIRS ¼ 0:5, yIRS ¼�0:5, and M¼ 3. The
number of reconfigurable reflectors (L) was varied as
L� 2, 3, 4f g. In Figure 3 and the following figures, the
markers, solid lines, dotted-dashed lines, and dashed
lines denote the simulated, infinite-sum, exact closed-
form, and asymptotic solutions of the protocols, respec-
tively. In the simulated results of the SPC-UCR network
with the AF protocol, the lower-bound average BLERs of
the AF protocol matched the exact theory of the DF
protocol. As the number of terms in (32b) decreased in
the theoretical analysis of infinite sum, the difference
between two consecutive average BLERs converged
to 10�5, meaning that

		εIRSðNÞ� εIRS Nþ1ð Þ		<10�5.
Table 2 lists the ψ values in Figure 3 for different
numbers of terms (N) in the infinite sum (columns)
versus number of reconfigurable reflectors (rows). Reduc-
ing N reduced the complexity of the average BLER

analysis in the proposed IRS protocol. Observing
Figure 3, we observe that under all protocols, the BLER
performance of the SPC-UCR network improved after
providing higher interference-constraint parameters ψ
(defined as I/No) and by reducing the number of
primary receivers. The performance of the proposed IRS
protocol was also rapidly enhanced by increasing the
number of reconfigurable reflectors. Third, the proposed
IRS protocol always outperformed the DF and AF
relaying protocols. Fourth, the average BLERs of the IRS,
DF and AF protocols moved toward the error floor as ψ
increased, that is, at ψ >10 (dB). Finally, the infinite-sum
and closed-form theory analyses of the average BLERs
were consistent with Monte Carlo simulations and the
asymptotic theory was reasonable from ψ !þ∞. These
discoveries can be explained as follows. As ψ increases,
the transmitted power of the secondary source can be
increased by optimizing the power allocation, which
promotes large end-to-end SNRs. In particular, when the
transmit powers are optimized, the interference con-
straints of the primary receivers exert a trivial effect at

TAB L E 2 N versus L and ψ (dB)

L ∖ψ �10 �8 �6 �4 �2 0 2 4 6 8 10 12 14 16 18 20

2 54 40 30 23 18 14 11 9 7 6 5 3 1 1 1 1

3 60 45 34 26 20 16 13 10 8 6 5 3 1 1 1 1

4 67 50 38 29 23 18 14 11 9 7 5 3 1 1 1 1

F I GURE 4 Average block error rate (BLER) versus M for

ψ ¼ 5 (dB), χ¼ 0 (dB), σ¼ 256 (bits), η¼ 512 (bits),

xPR ¼ 0, yPR ¼ 0:5, xX ¼ 0:5, yX ¼�0:5, and L� 2, 3, 4f g
F I GURE 5 Average block error rate (BLER) versus χ (dB) for

ψ ¼ 5 (dB), σ¼ 256 (bits), η¼ 512 (bits), xPR ¼ 0, yPR ¼ 0:5, xX ¼ 0:5,

yX ¼�0:5,M¼ 3 and L� 2, 3, 4f g
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large ψ values, so the secondary source can transmit only
at the constant maximum power Pmax to reach the BLER
floor. More importantly, as shown in (3), increasing the
number of reconfigurable reflectors improved the end-to-
end SNR in the proposed IRS protocol.

Figure 4 shows the effect of varying the number of
primary receivers (M) on the average BLER of the
SPC-UCR network under the three protocols. The BLER
performances under all protocols declined as the number

of primary receivers increased because the received
end-to-end SNRs given by (3) and (5) are weakened by
interferences from multiple primary receivers. Further-
more, the maximum number of terms (N) required to
create the theoretical infinite sum was 11, indicating that
the proposed IRS protocol can reduce the complexity of
the mathematical calculation.

Figure 5 presents the average BLER of the proposed
IRS and benchmark protocols versus χ (dB). The
parameters were set to ψ ¼ 5 (dB), σ¼ 256 (bits), η¼ 512
(bits), xPR ¼ 0, yPR ¼ 0:5, xX ¼ 0:5, yX ¼�0:5,M¼ 3, and
L� 2, 3, 4f g. The BLERs in all protocols decreased
with increasing χ. Under the proposed protocol,
χ saturated at around �6 dB. When χ is large, the trans-
mitted power of the secondary source PS is affected only
by the fixed interference constraint (ψ ¼ 5 (dB)) and the
constant-mean channel gains. Therefore, both the aver-
age BLERs given by (7) and the average end-to-end SNRs
given by (3) and (5) converged to constant values with
increasing χ. This result confirms that the proposed IRS
protocol outperforms the DF and AF protocols when the
number of reconfigurable reflectors is large.

Figure 6 plots the BLER performances of the consid-
ered protocols versus locations of the reconfigurable
reflectors or cooperative relays (denoted as xX) when
ψ ¼ 5 (dB), χ¼�5 (dB), σ¼ 256 (bits), η¼ 512 (bits),
M¼ 3 and L� 2, 3, 4f g. The node locations are shown in
Figure 7. The PRs were fixed at (0, 0.5) and the reconfi-
gurable reflectors or cooperative relays were moved from
point A to C through B along the lines yX ¼ xX�1 if
0≤ xX ≤ 0:5 and yX ¼�xX if 0:5< xX ≤ 1. As shown in
Figure 6, all protocols achieved their best performances

F I GURE 6 Average block error rate (BLER) versus xX for

ψ ¼ 5 (dB), χ¼�5 (dB), σ¼ 256 (bits), η¼ 512 (bits), M¼ 3,

L� 2, 3, 4f g and yX ¼ xX�1, 0≤ xX ≤ 0:5� xX, 0:5< xX ≤ 1f

F I GURE 7 The location of the nodes in Figure 6

F I GURE 8 Average block error rate (BLER) versus η for ψ ¼ 5

(dB), χ¼�5 (dB), σ¼ 256 (bits), xPR ¼ 0, yPR ¼ 0:5, xX ¼ 0:5,

yX ¼�0:5,M¼ 3, and L� 2, 3, 4f g
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at xX ¼ 0:5 (and by inference, at yX ¼�0:5), correspond-
ing to identical distances from the reconfigurable reflec-
tors (cooperative relay) to the secondary source and
destination (i.e., dST ¼ dTD).

Next, the average BLERs of the IRS, DF and AF
protocols were evaluated as functions of blocklength η.
Figures 8 and 9 plot the results for different numbers of
information bits (σ¼ 256 and 512 bits, respectively). The

remaining parameters were set as ψ ¼ 5 (dB), χ¼�5
(dB), xPR ¼ 0, yPR ¼ 0:5, xX ¼ 0:5, yX ¼�0:5,M¼ 3, and
L� 2, 3, 4f g. The performance was improved by setting a
larger blocklength, sending fewer information bits, and
installing more reconfigurable reflectors.

Figure 10 summarizes the average BLERs of the IRS
and DF protocols as functions of two variables, namely, η
and σ, in three-dimensional coordinates. The other
parameter values were set to ψ ¼ 5 (dB), χ¼�5 (dB),
xPR ¼ 0, yPR ¼ 0:5, xX ¼ 0:5, yX ¼ �0.5, and L¼M¼ 3
while η and σ were varied from 100 to 1200 bits. The AF
protocol is omitted from this figure to clarify the display.
Figures 3–6 and 8 and 9 have already confirmed that the
AF protocol is less efficient than the DF protocol. The
BLER in both the IRS and DF protocols was minimized
at the smallest η and the largest σ (Figure 10), that is,
η¼ 100 bits and σ¼ 1200 bits. The results of Figure 10
confirm the accuracy of Figures 8 and 9 and provide a
visual guide for optimizing the blocklength and number
of information bits at a given average BLER.

5 | CONCLUSIONS

We proposed short packet transmission for an underlay
cognitive radio network assisted by a multiple-reconfigur-
able-reflector IRS. The proposed IRS protocol can operate
in a single TS under multi-interference constraints of the
primary receivers. The IRS enhances the end-to-end SNR
by adjusting its phases until the received cumulative
phases at the secondary destination sum to zero. The
transmitted power of the secondary source is optimized
to satisfy all interference constraints and maximize the
system performance within the limits of the maximum
transmit power. The system performance of the proposed
IRS protocol was evaluated by computing the single-
integral, infinite-sum, and asymptotic average BLERs. As
demonstrated in the simulation and analysis results, the
performance of the IRS protocol can be improved by
(1) installing a larger number of reconfigurable reflectors;
(2) setting a larger blocklength; (3) sending fewer infor-
mation bits; (4) reducing the number of allowed primary
receivers. The proposed IRS protocol outperformed the
benchmark DF and AF protocols (underlay relaying pro-
tocols without the IRS), which use two TSs to transmit
short packets through a cooperative relay. The proposed
IRS protocol and both benchmark protocols achieved
their best performances when the IRS or cooperative
relay was equidistant between the secondary source and
secondary destination. Finally, the theoretical analysis
results (single-integral, infinite-sum, asymptotic, and
closed forms) of the average BLERs were confirmed by
Monte Carlo simulations.

F I GURE 9 Average block error rate (BLER) versus σ for ψ ¼ 5

(dB), χ¼�5 (dB), η¼ 512 (bits), xPR ¼ 0, yPR ¼ 0:5, xX ¼ 0:5, yX ¼
�0:5,M¼ 3 and L� 2, 3, 4f g

F I GURE 1 0 Average block error rate (BLER) versus η and σ

for ψ ¼ 5 (dB), χ¼�5 (dB), xPR ¼ 0, yPR ¼ 0:5, xX ¼ 0:5, yX ¼�0:5,

and L¼M¼ 3
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