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1 | INTRODUCTION

| Tran Trung Duy’

| Pham Viet Tuan> | Tan-Phuoc Huynh*

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.

KEYWORDS
block error rate, intelligent reflecting surface, reconfigurable intelligent surface, short packet
communication, underlay cognitive radio

finite blocklength to reduce latency. Furthermore, it is
used in conventional cooperative networks as well as by

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

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 (BLERSs) 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. Lopez 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.

TABLE 1 Notation table
Notation Meaning
1220 Probability density function (PDF) of a random variable Y
Fy () Cumulative distribution function (CDF) of a random variable Y
Pr[E] Probability operation of an event =
E[] Expectation operator
Var| Variance operator

. . - k 1
Binomial coefficient, =z M
M

TM—FK)!

I[x] Gamma function [32] (Equation 8.310)

rpe, vl
Tlx,y]
Y ~ CN(0,No)

Lower incomplete Gamma function [32] (Equation 8.350.1)
Upper incomplete Gamma function [32] (Equation 8.350.2)

Complex Gaussian random variable Y with zero mean and variance N, [22]

Il Magnitude

| ‘2 Gain

Exponential integral function [33] (Equation 1), E,(

©

e

1

Gaussian Q-function [4], Q(x) = JLE; fe ~ /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 ¢ bits to the secondary destination
through an IRS with L reconfigurable reflectors, denoted
as T;, ={1, 2, ...,L}. The secondary nodes S and D toler-
ate the interference constraints of M primary receivers
PR;, denoted as [;, i={1, 2,..., M }; this operation is called
the IRS protocol. The secondary source S, secondary
destination D and M primary receivers are equipped in
one antenna'. In Figure 1, (hsr,dsr,), (hrp,drp) and
(hsp,, dsp,) denote the pairs of fading channel coefficients
and normalized distances of links S—T;, T; — D and S-PR;,
respectively. It is assumed that (1) pairs (S, D) and
(T, PR;) 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 PR; are distributed
in a cluster and each T; is close to others, so the
normalized distances can be set as dsy, = dsr, dr,p =dp
and dsp, =dsp [34, 35]; (3) all fading channel coefficients
are complex normal random variables (RVs), that
iS, hSTl = |hST1| eijTl ~ CN(O, 1/15'1‘), thD = |thD|ej‘/’T1D ~
CN(0,1/Arp) and hgp, ~ CN(0,1/Asp), where the pairs
(|hst|, @sr,) and (|hrp|,@rp) are the amplitude and
phase values of channels hgr, and hyp, respectively,
A :df, p is the path-loss exponent [22, 24, 26, 36],
x € {ST,TD,SP}, and j%2=—1. Consequently, |hsy,| and
|hrp| are independent RVs and follow the Rayleigh dis-
tribution with means given by E[|hst||=1/2+/7/sr,

E[|hrp|]=3+/7/irp  and  variances

Var[|h5Tl|]_(1 n/4)/ist and Var[|hrpl|] =
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 Py ); that is, Ps < Pyax.

given by
(1—x/4)/Am,
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FIGURE 1 System model of an intelligent reflecting surface
(IRS)-supported underlay cognitive network

All interference constraints of the primary network,
including PR;, Ps <I;/gsp [21], must also be satisfied.
Therefore, Pg is optimally set as Ps = min (PmaX,I 1/8sp,»
I,/gsp,» - Im/8sp,) [38] where gg = lhsp,)? and
i={1,2,...,M}. According to previous works [34, 39], 8sp,
is an exponential RV with PDF and CDF given by
fog X) = Aspe™"¥ and Fy, (x) =1— e, respectively.

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

L
Yiks = V/ Ps ZhST,rlhT1D>S+nD, (1)

=1

where r; is the unit-adjusted response of the T;, which
can be expressed as r;=¢é? with ¢, being the adjustable
phase induced by T, [22, 26], np ~ CN(0,Ny) is additive
Gaussian noise, and E{|s|"} =1.

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

2

L
Pss ZhSTl VlhT1D>

/Do =1
RS =
No

L
Ps (Z |hST1 |eilﬂST, eln |hT1D |ej‘/’TlD )

=1

2

No

L 2
Ps § |hst,| x |thDej(‘/’t+<P5T,+¢TlD)>
=1

No
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To maximize yhxg in (2), the phases ¢, of the T; are C(R) -
optimally selected as ¢, =—(ggy, +¢rp) by varactor- &~ 0 X/ _n >, (6)
tuned resonators. The phases of CSI hgr, and hr,p are per- V(V}%)/ n
fectly known [22,24-26,28]. The resonator can tune the
phase shift ¢; by adjusting the bias voltage on its varactor =~ where X € {DF, AF}.
[26]. The best end-to-end SNR in (2) is obtained as
L 2 3 | AVERAGE BLER
’\/ITS > lhsn| |hT,D|>S
Vs = =1 To simplify the presentations, we place identical
; No 2 (3)  constraints on the tolerable interferences of all M
P <ZhST1| % |thD|> primary receivers PR;; that is, [; =1, =..=Iy =1 [38].
=1 In addition, we set the parameter groups as
- No ’ )(:PmaX/NOaW:I/No’and@:ZlL:ﬂhSTz‘X|hTzD‘-

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

D o
JIRS C(}’IRS)_Z , (4)
\/ V(yPRS)/ n
where the functions C(x) and V(x) are

respectively  defined as C(x)=log,(1+x) and
V(x)=(1-(1/(1+x))*)(log,e)’, and Q(x) is the
Gaussian Q-function in Lopez and others [4]; specifically,
Q(x)=(1/v2x) [T exp(—y?/2)dy. The blocklength n of
the short packet communications is considered in
large-value cases (> 100) 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]

min (ysg, ¥rp)> if X = DF
}’% = YSRYRD if X — AF (5)
Ysre t7rp +1

where YsSrR :Ps|hSR|2/N0 and YRD :Pmax|hRD|2/NO; hSR
and hgp denote the fading channel coefficients of the
links from S to relay and from relay to D, respectively.
They are respectively given by hsg ~CN(0,1/4sr) and
hRD ~ CN(O, ]-//1TD)

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

The average BLER of the SPC-UCR network is
determined as [8, 11]

_ () —%
eX= E{e*} ~ES Q W
% [ COR) —;

— " b (x)dx (7)
Jo 7o | A%

0

P2

zv\/ﬁJF},g (x)dx,

P1

where f,x(x) and F,o(x) are the PDF and CDF of the
received SNR y)]%,_{espectively, for X e {IRS, DF, AF},
v=(2aV22M 1), py=2o/"—1— (2uy0) ", and
po =2 1+ (i)

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
F YIRS (x) as

Ps®’
FY}DRS (x) =Pr [}/})RS <x] = PI‘|: N

<X

0

—Pr [92 min (Pmax’ I/gSP1 ) I/gspz’ “es I/gSPM)

- ®

<X

— 2 1
=Pr [@ min (}(, W/iLIT%??EM(gSP,-)> <x

Setting gSPm:;lrr%axM(gSPl_), where m {1,2,..,M}
in (8), we obtain e
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Fyus (x) = Pr[©°min (v, w/gsp, ) <X|
=Pr[(y0*<x) N (y<y/gsp, )]

AL )
+Pr[(y©?/gsp, <x) N (x> w/gsp,)]-

B(x)

Remark 1. Note that F,us(x) — Pr[@°% <x]

as y — +oo. 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 ggp and © in the forms of
Lemmas 1 and 2:

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

(10a) -~ M
ngPm (X) = (1 —e ispx)

(10b) Z <M>( )efi/kpx, (10)

(11a) M-1

fa (X) = Migpe™ AseX (1 — ghe)

(11b) i (1) (11)
= ﬂSPZ i(—1)" e e,

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 ©
are respectively found as

xie=x/v
f@(x):m, (12)
oyt 1, 5 o, Tlut1]

where u=Lr/(4\st2p), 9 =L(1— %/
16)/(AST/1TD)1 M:ﬂz/tg—l, and 1)219//1
rPx, ], T[x,y], and T[x] 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

ETRI Journal—WI LEYJ—33

function [32] (Equation 8.310.1), respectively.
They are related as y[x,y|+I'[x,y] =T[x] [32]
(Equation 8.356.3).

Proof. As demonstrated in previous works
[28,34], the product term |hgt,| X |A1,p| in the
RV © is a double Rayleigh distributed
RV. From previous works [26,28], the PDF
and CDF of © are obtained as (12) and (13),
respectively, where u=u?/9—1 and v=49/pu.
First, u can be expressed, manipulated and
solved as

L
j= E@] =E[Z|hsn| x |hT,D|}
=1

( [lhst,[] < E[|hrp]]) (14)

Next, the parameter J is stated as

h I\Mh

9= Var[®] =E[€?] — (E[6])

L 2
<E|hST1| X hT1D|)
=1

2

L
= Elhsy|* x |hrp[*] +L(L ~1)
=1

EHhSTm| X ‘hTwD‘ X

| —u?
- IZL:l(E[|hSTl|2] x E[|hnpl*]) +L(L—1)

E[|hst, || x E[|hr,p] x E[

A< E]

=12,
(15)

where w, 7€ {1,2,..,L} and w # 7.

In (15), |hsy,|* and |hgp|* are exponential
RVs [34, 39], so E[hsy|]=1/4sr and
E[|hr,p|’] =1/Arp. Substituting the mean of
the Rayleigh distributions into (15), 9 is
finally solved as

L 1 [7\*/1 7\2
9= FL(L-1 - =
AsTATD ( ) ( ﬁST> (2 ﬂTD) (16)

2 L n?
_ ( Ln ) — 1—-2
4\/ZstAtp ASTATD 16/’

which completes the proof of Lemma 2.
The function A(x) in (9) is equivalently
expressed as
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A(x) =Pr[(©% <x/x) N (gsp, <w/x)]
7Pr{(®< \/_—‘) (gspm<’/’/1)} (17)
ro570)-

Foo, (W/x).

Substituting the exponential representa-
tion of Fg, (w/x) in (10a) and (13b) into (17),
A(x) is obtained as

F[u+1, \/fﬂ v
X (1—e"151’"’/1> . (18)

Ax)= 1_W

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

B(x) = Pr[(@ < \/XgSP,,,/‘//) N (gsp,, > ‘///)()}
— | Fo(Variw) xSy, )

wix

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

P2

mzv\/ﬁJ(A(x) +

P1

B(x))dx

(20)

P2 P2

=/ JA(x)dxwLJB(x)dx
P1 ; P1 .

Substituting A(x) in (18) into the integral
J1 in (20), we obtain

M}
Y (1- e*ﬂsw/%)de

 Tu+1]

P2 r u—|—1,

P2

1
—p————|T
P2—P1 r[u+1]J u

P1

_ (1 _ efﬂspw/z)M

In terms of the variable y=+/x, (21) is
rewritten as

=
M
I = (1 - ef'{sw//l) Pr=P1— F[u 1] J { +1, %)?} dy
vPL

— (=) (gl ) - () ).

(22)
where the function A (x) is clearly defined as
=/ (vvz)
N L T RV
~(u+2)(x/ (2)) B (x/ (v/7))
(23)

In (23), E ( ) is the exponential integral
function E,(x) = [{ (e /¢#)dt (Equation (1)
in Alkheir and Ibnkahla [33]).

Substituting (22) into (20), €IRS is clarified
as follows:

mzv\/ﬁ((l —e"lSP"’/*)M
(= ()~ (V) ) +3:).

(24)
To express J, in (24), we substitute B(x)
given by (19) into the integral J, in (20):
P2 ©
5= | [ Fo(Vorliw) s, 0)avds
Prwlx
© /rs (25)
= J JF@(\/xy/v/)dx X fog (V)AY.
w/x \P1

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

o= lor o0 (1 (1w

[Se]

_ _ M-1
J (Az(pz,)’)*Az(PpJ"))e lSPy(lfe ﬂspy) dy,

wix

Msp
Iu+1]

(26)

where the function A,(x,y) is presented in
closed form as follows:
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Proof. Substituting (13b) into (25) gives the
following results:

o | r r u+1,ﬂ

v
J2= J J I*W dx ngspm(Y)dy

wix |~

® P2 o /!2F|:M+I,L/W
v
= J '[fgwm (y)dxdy — J JW

w/xP1 wix| M

dx | fg, O)dy

=(p—p1) (1 _ngp,,, (W/Z))

—ﬁ [ ([F(lﬁ—l, —'x‘i}/yl>dx) ngspm (v)dy

wix \P1

=(p—p1) (1 Fog ( w/x) Fu+1]

VPY/v

v

Velw zy/

Vpwlv
v

r

“|
2y
w/x v r
y

u+1, pr—Tu+1, 2

u+3, -I'lu+3,

NN 1
U

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

Lemma 4. The integral J, over N — +oo can
be presented as an infinite sum:

M N )z+n+l (p;'—’;“ _p;*;“)
““ Z<M>n =5 (i2spyv?) T nl(utn+1)(u+n+3)

1 1
(1 u+n+3 oT u+n+3’1/15py/ u+n-+ r u+n+ ‘
2 2 x 2 2

(29)

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

expression y [u +1,4/ XJ’/V//V} =Y (-1)"

0
y (F{u+n+3} +F{u+n+3 l/lspl//:| (u+n+1>r{u+n+l}).

feg, @)Y

+
(\/xy/v//V)
teyn and others [32] (eq. 8.354), where
N — 400, we get

/n'u+n+1) in Gradsh-

s N1, i1
B(x):r[uﬂ]; v )Y

N 1 n u+tn+1 © )
Z_: (-1) (\/x/'//> I y(u+n+1)/zefllspydy

(u+n+1) v ]
wix
i M= l+"+1< VX/w /V) o (utn+1)/2
F[u—s—l]Z( )nz: nl(u+n+1) (i2se) " )

2 2 2

P2
(30)

Having obtained B(x), the integral J,
in (20) is solved as

5 1 i i i (71)H~VH~1(l-/lSP)f(lkH’H»l)/Z
2= utntl
i = nl(u+n+1)(yr?) 3

F{u+n+3}+r[u+n+3 l.ﬂspl//:|

) P2
« 2 2 X J Swnt1)/2 4,

(u+n+1) {qunJrl}
— xI' 1
2 2

(31)

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
(eRS) 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 (¢/fS), 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
w — +oo. The presentation is given as
Remark 2.
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Remark 2. As y — +o0, the average BLER
of the SPC-UCR network with the proposed
IRS protocol asymptotically

(32a) 1
SRV P2 P T )

(32b)

(=) (= py e (0 (V) - 84 (V) ) + WH)Z DY

3.2 | The benchmark protocols

The CDF Fpr (x) of the SPC-UCR network with the DF
protocol is expressed as

| (=) (7)) + Mise [ (8a(py) = Aalproye (=) ey

wix
u+n+3

utnts
(- 1)‘*"“(& )

=0 (iAspy1?) uz nl(u+n+1)(u+n+3)

="v /1
o1 u+n+3 o u+n+3’i/15py/ _ u+n+1 r u+n+1
2 2 X 2 2
(32)
becomes Fpr(x) =Pr [rp" <x] = Pr[min (ysg, 7rp) <]
Ps|hsg|* Prmax |hrp|?
—Pr min S| SR| , max‘ RD| <x
No No

P2

elRS, L om v\/ﬁJPr (0% <x]dx

P1
P2

ZV\/ﬁJF®(\/x/_)()dx

4

(33)
P ' u+ 1, %/)(]
= 1
Vi Tlu+1]
P
_ Ai(vP2) — Mi(vr)
—V\/7_]<,02_,01_ F[u—i—l] :

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

mex - map 34
5 - T, ( )

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

in (Pmax, 1 N s eens
:Pr[min (mln( max>1/8sp,»I/8sp,
Ny

= Pr[min (ygsg, W8sr /8spm>X&rp) <X]»

TEATS
(35)

where the exponentially distributed RVs are denoted
as gep 2 |hsr|* and gy 2 |hrp |, respectively, and the PDF
and CDF of g  are given by f, (x)= e * and
Fg (x)=1—e ™, respectively, € {SR,RD}, Asg = sr,
ARD = A1D.

Equation (35) can be rearranged as

FygF (x) =1 — Pr[min (ygsg, W&sr/&spm>XErp) = X]
=1—Pr[(ygsr 2 %) N (Wgsr/8spm =X) N (¥&rp = X)]
=1—Prlygrp > x| X Pr[(¥gsg =) N (Wgsr /Espm = X)]

()l
:1_<1 FgRDC>> Jfg (¥) x gspm(y;y)dy

x/x

=1—-Pr

8rD

=1-— e*iRDX/X X J fg (y) X F Zsom (V;Y) dy
x/x
(36)
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Remark 3. From (35) and (36), the asymp-
totic CDF Fpr (x) as y — oo is approximated

as
P2 ; i
eTsz\/r‘;J 1_ASRxexusmkn)/xi;(]\;)(_l)%
P
M (i — i JspoxeXUseti) x
il B v |
)
M [ i #(eﬁ)]u
_ i _ia SR RD
B (el A

X

FygF (x) ~ Prmin (ygsg, ¥&rp) < X|
=1—Pr((xgsg 2 X) N (¥8rp 2 X)]

orf )
(e ()

=1— e_x(;LSR“'/IRD)/){_

X Pr

X
&rp 2=~
RD =

)

1-F

8sr

1-F,

&rD

Substituting (10b) and f, (y) = Jspe sy
into (36), we obtain

F}/BF (x)

o0

J

x/x

M
=1—- jSRe*ﬂRDX/Z Z (
i=0

=1— ¢ XX %

Mo/
Asre SV 5y~ ( l ) (—1) e Hsvy/xdy
i=0 M

)(—l)i J efy(ﬂswilspl///X)dy

x/x

)

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.

i
M
i

M

e~ iAsew/x
=1— jSRxe—x(ﬂSR+ﬂRn)/X Z

M
T
i=0 AsrX + iAspy

(38)
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Remark 4. As y — +o0, the average BLER
of the SPC-UCR network with the DF proto-
col is asymptotically obtained as follows:

)dx

iAgpyreist¥ (4sr+1rp)/ (xAsr)

))

(39)

sR+ARD) /¥ __ e P2 (ﬂSRvLiRD)/)()

otz ob(

Asr

-

iAspy
Asr

iAspy
Asr

Asr + ArD
X

DF
81//—>+oo

P2

~ v\/ﬁj (]_ _ e_xuSR""ARD)/Z) dx

P1
e—P2(Asr+4rp) /¥ _ e*/’1(isn+ﬂRD>/X)

Asr +ArD

=v/n pp—p1+ )

(40)

In the SPC-UCR network with the AF pro-
tocol, the CDF Fr (x) is similarly obtained as

<]

<X

YSRYRD
Yse t¥rp +1
Ps|hsg|* Prax |hxp |
Ny Ny
Ps|hsg |’ +Pmax |hgp|®
Ny Ny
X8rp MiN (Y85, WEsr /&spm)
Lx8rp + MiN (y&sg> WEsR /Espm)

For(x)= Prlyp’ <x] = Pr[

=Pr

+1

=Pr

]
(41)

Remark 5. To the authors knowledge, the
CDF F,ar(x) 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
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YSRYRD
Yse +7rp +1

AF _

D — < min (ygg, 7rp) = }’BF- (42)

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

Remark 6. Equations (33) and (40) show
that ¢® and ¢PF at high y values
(as w — +o0) are independent of y, 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

DGR — _ lim log e
y—teo log oy

TRS
_ 10g 108y~ 100

y—teo  logyop

(43)

s

DGPF = — ljm 1280
y—teo loggy
log 1031/]3£+oo .

loggp

y—+00

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 (0,0), (1,0), and (xx,yx), respec-
tively, and the cluster with M primary receivers PR; was
located at (xpg,ypr)- Here, X € {IRS, DF, AF},0<xx <1,
and i={1,2,..,M}. The normalized distances were
determined as dsx = /X% +¥%, dxp = /(1 —xx)* +)% and
dsp = \/X}g +Yig- The path-loss exponent was fixed at
B = 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 ¢ in (34) versus number of summed terms (N).
The parameters were fixed at w =5 (dB), y =—5 (dB),
M=3,0=256 (bits), n=>512 (bits),  xpr =0,
Ypr = 0.5, X1gs = 0.5, yigs = —0.5, and L= € {2, 3,4, 5}. As

2.0

1.5

0.5F

FIGURE 2

Error metric £ versus number of terms in the
infinite sum (N): w =5 (dB), y = —5 (dB), M = 3, 6 = 256 (bits),
n =512 (bits), xpr =0, ypgr = 0.5, X1rs =0.5, y;rg = —0.5, and

Le{2,3,4,5)

Average BLER

Inf-sum theory
—-—-- Exact theory

— — - Asym. theory

-10 -5 0 5 10 15 20

FIGURE 3 Average block error rate (BLER) versus y (dB) for
x=—5(dB), 6 =256 (bits), n = 512 (bits), xpr =0, ypr =0.5, Xirs
=0.5, YIRS =—-0.5,M =3, and L e {2, 3, 4}

the number of reconfigurable reflectors L decreased,
fewer terms in the infinity sum (N) (32b) were required
to achieve a good approximation. Regardless of L, the
error metric £ quickly converged to a very small value
(e.g. £<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.
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TABLE 2 N versus L and y (dB)

Ly -10 -8 —6 —4 —2 0 2

2 54 40 30 23 18 14 11
3 60 45 34 26 20 16 13
4 67 50 38 29 23 18 14

10° ,<>}-_-;<!1>j_ﬁ;'_ﬂ;‘;ﬁ‘.;ﬂ_-ﬂ':_‘ﬂ',;ﬂ,‘_ﬂ:;ﬁ.,ﬂt;ﬂt; .

Average BLER

Inf-sum theory

—-—-- Exact theory
1 04 L L L I T

0 5 10 15 20 25
M

FIGURE 4 Average block error rate (BLER) versus M for
yw =5 (dB), y =0 (dB), 6 = 256 (bits), 7 = 512 (bits),
xpr =0, Ypg =0.5,xx =0.5,yx = —0.5,and L € {2, 3,4}

Figure 3 plots the average BLERs of the proposed IRS
protocol and the benchmark protocols (DF and AF
protocols) versus y (dB). The parameters were fixed to
7y=-5 (dB), o6=256 (bits), n=512 (bits),
Xpr =0, Ypr = 0.5, X1gs = 0.5, yjrg = —0.5, and M =3. The
number of reconfigurable reflectors (L) was varied as
Le{2,3,4}. 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° meaning that [eRS(N)—eRS(N+1)|<107°.
Table 2 lists the y 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
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4 6 8 10 12 14 16 18 20
9 7 6 5 3 1 1 1 1
10 8 6 5 3 1 1 1 1
11 9 7 5 3 1 1 1 1
]
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v IRS, L=2
O IRS, L=3
O IRS, L=4
» DF
- AF
10—3 Inf-sum theory |
—-—-- Exact theory
! ‘ 090 S
=20 -15 -10 -5 0 5 10 15 20
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FIGURE 5 Average block error rate (BLER) versus y (dB) for

w =5 (dB), o =256 (bits), n = 512 (bits), xpr = 0, ypg =0.5, xx =0.5,
yx=-05M=3and L€ {2,3,4}

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 y
(defined as I/N,) 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 BLERSs of the IRS,
DF and AF protocols moved toward the error floor as y
increased, that is, at y > 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 y — +o0. These
discoveries can be explained as follows. As y 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
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large y values, so the secondary source can transmit only
at the constant maximum power P,y 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

Average BLER

AwoOod
=
w2
™~
I

Inf-sum theory

&4 —-—--Exact theory
1 1 L L ! .

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Ty

FIGURE 6 Average block error rate (BLER) versus xx for
yw =5 (dB), y = —5 (dB), o = 256 (bits), n = 512 (bits), M = 3,
Le{2,3,4} andyy ={xx—1, 0<xx<0.5—xx, 0.5<xx <1

Ty
~Jos

_\ x
S D
G
0 | 1.0
|
|
|
|
|
[ B
-0.5 !
|
_____ :
X,X e {IRS,DF, AF}
-1.0y4 C

FIGURE 7 The location of the nodes in Figure 6

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 y (dB). The
parameters were set to y =5 (dB), o =256 (bits), =512
(bits), xpr =0,Ypg =0.5,xx =0.5,yx =—0.5,M =3, and
Le{2,3,4}. The BLERs in all protocols decreased
with increasing y. Under the proposed protocol,
y saturated at around — 6 dB. When y is large, the trans-
mitted power of the secondary source P is affected only
by the fixed interference constraint (y =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 y. 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
w=15 (dB), y=-5 (dB), 6 =256 (bits), n =512 (bits),
M =3 and L €{2,3,4}. 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 =xx—1 if
0<xx<0.5 and yy=—xx if 0.5<xx<1. As shown in
Figure 6, all protocols achieved their best performances

10"

*
*
v
jﬁ;
¥
VA
vA

T A g T T T
$+,,+iiir<1 4G
1 RO ol o S S
BL 4
10 L=23,4
5 v
2 ok |
m 10
[
o0
g
=
107 F ° 1
v IRS,L=2
o IRS,L=3
O IRS, L=4 ©
» DF 9]
104 - AF o o) i
Inf-sum theory
————— Exact theory

200 300 400 500 600 700 800 900 1000 1100

n

FIGURE 8 Average block error rate (BLER) versus # for y =5
(dB), y = —5 (dB), o = 256 (bits), Xpr =0, ypg =0.5, xx =0.5,
yx=—-05M=3,and Le {2,3,4}
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Average BLER

Inf-sum theory
—-—--Exact theory

Lo d— : . ‘ s
200 400 600 800 1000 1200

a

FIGURE 9 Average block error rate (BLER) versus o for w =5
(dB), y = —5 (dB), =512 (bits), xpr =0, ypg = 0.5, xx = 0.5, yx =
—0.5,M=3and L€ {2,3,4}

IRS, L =3
Inf-sum theory

> > ~
> DF e N
Exact theory S
">>>“>’~~~
1.0 ’>>>>>~>~>>>’“
» N » ~
S5 22 = T OGN NGS - ~,
0.8 Psrr>>>>,’,>>>:>>
I L
,}“7"">>>>>>’P)
w >
0.6 | s P>y >

Average BLER

FIGURE 10 Average block error rate (BLER) versus 5 and ¢
for w =5 (dB), y = —5 (dB), xpr =0, ypg =0.5, xx =0.5, yx = —0.5,
andL=M=3

at xx =0.5 (and by inference, at yy = —0.5), correspond-
ing to identical distances from the reconfigurable reflec-
tors (cooperative relay) to the secondary source and
destination (i.e., dst = dp).

Next, the average BLERs of the IRS, DF and AF
protocols were evaluated as functions of blocklength #.
Figures 8 and 9 plot the results for different numbers of
information bits (¢ =256 and 512 bits, respectively). The
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remaining parameters were set as w=5 (dB), y=-5
(dB), xpr=0,ypg =0.5,xx=0.5,yx=—0.5,M =3, and
Le{2,3,4}. 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, 7
and o, in three-dimensional coordinates. The other
parameter values were set to w=5 (dB), y=—5 (dB),
Xpr =0,Ypr =0.5,xx=0.5,yx= —0.5, and L=M=3
while 5 and ¢ 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 # and the largest ¢ (Figure 10), that is,
n =100 bits and ¢=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.
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