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Abstract—TIn this paper, we analyse and optimize an intelligent
reflecting surface (IRS)-assisted ultra-reliable and low-latency
communications (uURLLC) system supported by wireless energy
transfer (WET) technology, in which short packets are used in
both the WET and wireless information transfer (WIT) phases.
We first present the statistical features of the signal-to-noise-ratio
(SNR) of the system. Then, we derive an approximate closed-
form expression of the average packet error probability (APEP).
Additionally, we optimize the channel uses in the WET and WIT
phases to maximize the effective throughput (ET) of the system.
Finally, the effectiveness of the proposed solution is verified by
Monte-Carlo simulation.

Index Terms—Average Packet Error Probability, Effective
Throughput, Short-Packet Communications, Wireless Energy
Transfer, uRLLC

I. INTRODUCTION

Internet of Things (IoT) has become a key enabler of 5G
networks to support large-scale connection among devices or
machines [1]]. However, most of the IoT applications require
ultra-reliable and low-latency communications (uURLLC). For
example, the maximum latency of factory automation varies
from 250 ps to 10 ms, and the maximum error probability is
10~Y. Therefore, the IoT network may require short packets
with finite blocklength coding (FBC) to reduce physical layer
transmission delay. On the other hand, IoT devices are usually
powered by batteries with limited energy supply. To this end,
wireless energy transfer (WET) is applied to provide energy
for low-power IoT devices through radio frequency [2]. Also,
the IoT network supported by WET technology will likely
make exclusive use of short packets due to the inherently
small data payload and low latency requirements [3]. In [4],
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the authors derived an approximate expression to describe the
performance of error probability and delay in the ultra-reliable
communication scenarios. Nevertheless, in the millimeter wave
(mmWave) or higher frequency band, the signal will be more
susceptible to blockage. Therefore, we need to overcome the
uncontrollable effects of wireless channel to ensure reliable
information or energy transfer.

Recently, intelligent reflecting surface (IRS) has attracted
much attention by controlling the wireless propagation envi-
ronment via adjusting phase and/or amplitude response of the
meta-surface, which can significantly improve the spectrum
and energy efficiency of the system [5]. In [6], the authors
investigated the coverage of RIS-aided large-scale mmWave
cellular network, in which base stations, RISs and users are
randomly distributed in a 2-dimensional space. The authors
in [[7] studied the weighted sum rate maximization problems
of all users in multicell by jointly optimizing the transmit
beamforming of base stations and the phase offset of IRS.
The authors in [8]] considered a prefabricated RIS-empowered
wall architecture to ensure reliable outdoor-to-indoor com-
munication in mmWave cellular networks. The superiority of
IRS in uRLLC or WET systems have been studied. In [9],
the authors investigated the performance of a reconfigurable
intelligent surface assisted uRLLC system by analysing the
average achievable rate and error probability. The authors in
[10] considered an IRS-aided multiple-input multiple-output
wireless powered communication networks in which the IRS
adjust their phase shifts to maximize the system throughput.
However, none of the above works considered the IRS-assisted
uRLLC system supported by WET technology. Nevertheless,
this is important for the future low-power IoT systems which
required low-latency and high-relatability communications.

Against the above background, this paper considers an IRS-
assisted uRLLC system supported by WET technology, in
which short packets are used in the wireless information trans-
fer (WIT) and WET phases. The system can be applied to IoT
scenarios with a large number of low-power devices such as
in automated factories, smart homes, intelligent transportation
and e-health scenarios. The key contributions of our work are
summarized as follows:

e We derive the closed-form expression of probability
density function (PDF) and cumulative distribution function
(CDF) of the instantaneous signal-to-noise ratio (SNR) at the
HAP.

e Next, we analyse the performance of the average packet
error probability (APEP) and derive an approximate expres-
sions via linear function approximation.



e Then, based on the derived APEP, we formulate the
effective throughput (ET) maximization problem and propose
a genetic algorithm (GA) based solution to find the best
channel uses in the WET and WIT phases.

II. SYSTEM MODEL AND STATISTICAL FEATURES

As depicted in Fig. [T} we consider an IRS-assisted uRLLC
scenario supported by WET technology, which consists a HAP,
a device node, and an IRS with N reflecting elements. The
“harvest-then-transmit” protocol is implemented, where in the
WET phase, the HAP charges the device during m channel
uses. Then, in the WIT phase, the device uses all the energy
obtained to transmit L information bits over v channel uses.
The duration of a channel use is represented by 7.
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Fig. 1. The IRS-assisted uRLLC system supported by WET technology, where
short packets are used in the WET and WIT phases.

It is assumed that the links between the HAP and device
can only be established through the IRS, while the direct
links is weak or blocked due to severe blockage. The HAP
and device are equipped with a single antenna and operate
in the half-duplex mode. We assume that all the channels
experience independent Rayleigh fading El The complex coef-
ficient vectors from the HAP to IRS, from the IRS to HAP,
from the IRS to device and from the device to IRS are
represented as hy = [hy 1, ..., ha N, hy = [ha1, ..., ha N],
g1 =1[911, 915" and g = [g2.1, ..., g2,n]", respectively.
We assume that the channel fading is independent and identi-
cally distributed (i.i.d.) and keep unchanged during the WET
or WIT phases. Then, we consider hy ,,, ho, ~ CN (0, ) and
91.n,92,n ~ CN (0, 3), where a and j3 are fading coefficients.

In the WET phase, the diagonal reflection-coefficient matrix
at the IRS is ®p = diag(e’?T | ..., 1%N), where ¢F € [0, 27)
is the phase shift of the n-th reflecting element. It is assumed
that the signal power reflected by the IRS more than once
can be ignored. Then, the amount of energy harvested by the
device during the WET phase is given as follows

Er = nmT,.P,||[h®pg |2, (1)

where 0 < 1 < 1 is the energy harvesting efficiency of the
device, P, is the transmit power at HAP, and mT, is the time
that the HAP charges the device by sending short packets.

'In this paper, we consider that the IRS is large enough. Therefore, the
channel correlation is ignored for analytical tractability [8], [11].

Then, in the WIT phase, the device uses all the energy
obtained to transmit L information bits over v channel uses.
The received signal at the HAP can be written as

Eg
yr =1/ TTcggqhhsz + wr

ancPt
vy,

where 7 is the information symbol with E[||x1|?] = 1, vT,
is the data transmission time by sending short packets, wy is
the additive white Gaussian noise (AWGN) at the HAP with
zero mean and variance of o7, and ®; = diag(ej¢11, . ej"ﬁ\f),
#L € [0,27).

Then, the instantaneous SNR at the HAP is given by
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where § = St
Furthermorel, we assume that the channel state information
(CSD) is known at the HAP. Channel estimation methods for
communication with IRS can be found in [13|]. Therefore, to
maximize the received SNR, the IRS should carefully adjust
the phase shift coefficients to satisfy ¢¥ = —arg(h1,) —
arg (gl,n)’ ¢£z = —arg (hZ,n) — arg (92,11)’ Vn € {17 7N}
As a result, v in @) can be rewritten as
2
) , @

o (Gmetna]) (5

III. AVERAGE PACKET ERROR PROBABILITY

In the FBC region, the APEP of quasi-static fading channel
can be approximated as [[14]]

c = / Qg

where g (7) = In2, /35 (10g2 (1+4+7v) -
the data rate, V (y) = - @ + )

Q) = \/%f;" 6*% dt is the Gaussian Q-function, and
f+(7) is the PDF of SNR.

In order to get the APEP & in (3), we need to identify
the PDF of the SNR v in (). Let o1, |h1nllg1.0]s
0= 25:1 01,n, and we first derive the distribution of g1 ;.
However, it is difficult to derive the exact PDF of o1,
To tackle this difficulty, we employ the moment matching
technique to approximate g;, by Gamma distribution. The
distribution of o , can be approximated as [15]

1
le,n (l‘) = T (/{) ek xk71 exp (_%> ) (6)

where k = 1" is the shape parameter, § = 15" > JaB is
the scale parameter and T (-) represents the Gamma function.

Since g is the sum of NN i.i.d. Gamma random variables
with the parameters k and 6, ¢ obeys the Gamma distri-
bution with parameters equal to Nk and 6. Next, define

fy () d, ()

Ry), Rs = L is

v

—— is the channel dispersion,




2
G = (Zgzl |h17n||gl,n|) , one have G = o?. Hence, by
some mathematical manipulations, one can obtain the PDF of
G as follows

]. Nk
fa (@) = WITA@XP <\§E> ) (7

In the section we assume that hy, and hg ., g1,, and
g2,» have the same fading coefficients o and 3, respectively.
2

Therefore, let Z = (25:1 |g27n||h27n|) , the PDF of Z can

be written as
1 Nk _q ﬁ
= —_— 2 R S 8
fZ(Z) 2F(Nk')QNkZ exp< 0 )7 ( )

Based on the above results, we continue to derive the PDF
and the cumulative distribution function (CDF) of ~ in ().
Lemma 1. The PDF of the instantaneous SNR v can be
fy ()=

given as
2 /x\i
TR (9 (5) > )

where K (-) denotes the 0-th order modified Bessel function
of the second kind.

Proof: We first define ( = G - Z. Since G and Z are
statistically independent of each other, then one can have

fe (V) as
fe(W) = /000 éfc (i)fz () da
@ OF /°° L exp <\/79 _ ﬁ)dx
0
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where (a) is obtained by using (6) and (8), (b) follows from
(16l Eq. (3.471.9)].
Finally, we can get the result of (9) by using some variable
transformation on (@) and (T0). [ |
Lemma 2. One can have the CDF of v as follows

—~
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Fy(r)=A 272 NE
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Where A = -1 B — %(%)Z’ Kl () iS the l-th

 T2(Nk)6 2 92Nk .
order modified Bessel function of the second kind, ,,F, denote
the generalized hypergeometric function [16].

Proof: By using (9), one can have

1 TNk 2 (y\1
B0 =5 (Nk)(stmeA vro (9 (5) )dy’
12)
It can be seen from that it is difficult to obtain
its closed-form expression directly due to the existence of
non-elementary functions. Therefore, similar to [4]], in order

to conduct the derilvation, we first give the derivation of
nyTk*lKo (% (%)Z) dy as follows

Ko (w)1F2 (l;Nk7Nk+1;w;)
2Nk

WKy (w) 1 Fy (1;Nk; +1,Nk+1; %2)
4 (Nk)®

13)
1

where (c) is obtained by substituting w = 2 (%) *, (d) follows

from [[17, Sec. 1.1.2] as well as the definition of ,Fj. Then,

we can obtain (II) by replacing the variable w to y and

substituting the transformed result into (I2). In particular, one
get (11) given that lim,, oy 2 1K, (% (%)i) =0, Nk > 3,
7 € {0,1}, which comes from its series expansion at y = 0
[4]]. Hence, Lemma 2 holds. ]

By inserting (9) into (3)), one sees that it is intractable to
obtain a closed-form solution of (3)) due to the existence of the
Q (-). Therefore, we approximate the ) function in formula
() as a linear function. Then, one have [14]

Q(ln? ‘/Ew(logz(1+7)—Rs))

1 9C<5U0—ﬂ15 (14)
RO g Hs(T—m0) To— g ST<aot g

0 x>xo+ﬁ

where s = and g = 2R, — 1.

v
27 (2285 —1)

Lemma 3. The APEP ¢ is derived in a closed-form as

_ 1 1
= (r0=ge )+ (5 40m)
1 1
(7 (ot ) = (- 32)
1 1
—us- (U —U (20— ,
e (0 (ot ) =0 (0= 52)

where F., () is given in Lemma 2, U (-) is given as follows

15)

2- Ko (B)1F» (1;Nk+2,Nk_|_3;BTz>

Nk+2

B- K, (B)F» (1;Nk +3, Nk +3; %)
(Nk +2)°

+

(16)
and A, B, Ky (), K1 (+) as well as 1 F; are defined in Lemma
1 and Lemma 2.



Proof: By plugging (I4) and (©) into (5), one can have

Er

SR

1 L0~ Zu,
Nk ) / $¥71K0 <
T2 (Nk) o2 o2k | Jo

1 x0+721@ '
+( = + pszo / T ¢
2 o1
2ps

S3
(17)

where S and S, can be obtained with the help of @I), S3 can

be converted to (I6) by some algebraic operations on (13).
Therefore, one can get (I5)) by inserting the obtained results

of S1, S3 and Sj into (T7). [ ]

Algorithm 1 GA for obtaining solution of the problem (I9)
Input: population size M = 200, selected rate r;, = 0.9,
crossover rate . = 0.4, mutation rate r,, = 0.2, iterations
Miters =40
Output: the optimal values of m, v and &
1: gen:=1
2: while gen < M5 do
3:  Calculate fitness by using (T3) and (I9).

4 Choose the M x rg individuals in ascending fitness
order as the best individuals.

5: Select the individuals by using the roulette wheel.

6: Perform the crossover operation by using one point
CrOSSOVer.

7: Perform the mutation operation by applying random
changes, mating generates new offspring.

8: The above 3 basic operation individuals plus the best

individuals carry out the next iteration together.
9: end while

IV. EFFECTIVE THROUGHPUT
By using (I5)), the ET of the system can be expressed as

Y=R,(1-2) (18)

Our goal is to jointly optimize the channel uses in the WET
and WIT phase to maximize the ET of the system. For a given
transmission power of the HAP, we establish the following ET
maximization problem under the latency constraint

max (19)
st.(m+v)T, <Ts (1)
m,v € Nt (M)

where N represents the positive integer set and T, is the
latency of a “harvest and then transmit” process. (I9k) is
the latency constraint and indicates that the number of
channel uses should be a positive integer.

Note that (T9) is an integer programming problem and it is
difficult to address it. One can use the exhaustive search to
get the optimal solution, but it is inefficient to do so. To this
end, we apply a GA [18]] based algorithm to deal with it. We
describe the GA in Algorithm 1.

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we verify the accuracy of our results in (T3]
through Monte-Carlo simulations. Unless otherwise specified,
the simulation parameters are set as follows: 7 0.3,
L = 500 bits, 0 = —94 dBm, T, = 3 us and T = 0.9
ms. Moreover, we consider a 3-dimensional (3D) Cartesian
coordinate in meters, where the HAP is located at (0,0,0),
the device is at (30,0,0) and the IRS is located at (30,4, 3).
Similar to [11], we model the fading coefficient [dB] as
follows: o = Gy + G, + 37.6logyo (dur) — 30 and 8 =
Gt + G, + 37.6logy( (dip) — 30, where G; = 3.2 dBi and
G, = 1.3 dBi are the antenna gain at the transmitter and
receiver, respectively; dyp is the distance between the HAP and
IRS, and dip is the distance between the IRS and device. The
curves labelled ‘Simulation’ are obtained by averaging over
10° random samples. The curves corresponding to ‘Numerical’
and ‘Approximation’ are given in (3) and (I3), respectively.
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Fig. 2. Performance analysis of APEP Fig. 3. APEP performance in terms of
versus SNR. changing the IRS location at (d,4,3).

Fig. 2] depicts the APEP versus SNR under different N. We
set m = 50 and v = 50. Note that in the case of N = 30,
with the increase of SNR, there is a small gap between the
‘Approximation’ and ‘Numerical’ curves. This is due to the
linear approximation of (I4). It is observed from Fig. [2] that
the APEP decrease with the increase of SNR, as expected. In
addition, for the same SNR, lager values of N also yield better
APEP performance.

In Fig. [3 the APEP results are illustrated for d € [0, 30],
where the IRS is located at (d, 4, 3) on the 3D space. We set
SNR = 10 dB, m = 50 and v = 50 in this figure. It can
be seen that the APEP behavior is symmetrical with respect
to the distance of the HAP or device. In addition, the APEP
increases as the IRS moves away from the HAP or device, and
the performance is worst when the distances from the IRS to
the HAP and the device are equal. This is because the path
loss is directly proportional to the product of the distances
from the IRS to the HAP and device.

In Fig. @ we analyze the impact of parameters m and v
on system performance with the SNR as 10 dB. In particular,
we fix v = 50 in Fig. [4fa) and Fig. fc), while m = 50
in Fig. [4(b) and Fig. {(d). As shown in Fig. #fa) and Fig.
b), APEP decreases with the increase of m or v, and a lager



Fig. 4. Performance analysis of parameters m and v with SNR as 10 dB.
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Fig. 5. Performance analysis of ET Fig. 6. Performance analysis of ET
versus blocklength. versus SNR.

N increases the interval between difference curves. As shown
in Fig. c), lager values of m or N significantly improve
the performance of ET. Note that with the increase of m, ET
eventually approaches R, which can be seen from the curve
of N = 30 in the Fig.[ff(c). In Fig.[4(d), it observed that there
exists a trade off between the parameter v and data rate Ry,
since with too small v result in higher APEP, while too large
v leads to small data rate. Especially, the curves in the Fig.
d) eventually coincide when the value of v is large. This is
because the APEP is at a very small level when v is large,
and the data rate R, dominates ET.

In Fig. [5] we plot the ET versus m and v with N = 20 and
SNR = 10 dB. The point indicated by “0” is obtained by the
GA in Algorithm 1. As a contrast, the point represented by “x”
is obtained by applying exhaustive search algorithm, which can
be regarded as the optimal solution. However, the exhaustive
search algorithm tries to search all feasible solutions, which
has the lowest efficiency. It can be seen from Fig. [5] that
the optimal values of ET obtained by the two algorithms are
consistent, i.e., m = 231 and v = 69.

In Fig. [6] we illustrate performance of ET versus SNR for
different V. Each value of ET in the graph is obtained by
solving problem (I9) with the GA proposed in Algorithm 1.
The curves corresponding to ‘Numerical’ and ‘Approximation’
are obtained by taking (5) and (I3) as fitness function of the
GA respectively. One can see that higher SNR yields better
ET. Also, one can see that for a given latency constrain and
transmission power at the HAP, the performance of ET can be
improved with the increase of the element of IRS.

VI. CONCLUSION

This paper has investigated the APEP and ET of the IRS-
aided uRLLC system supported by WET technology under
FBC regime to meet the latency and reliability requirements.

An approximate closed-form expression of the APEP is ob-
tained and the best values of channel uses in the WET and
WIT phases with the objective of maximizing the ET have
been obtained by applying the GA. The effectiveness of the
solution has been verified by the simulation. As a future
work, we can extend the IRS-assisted uRLLC supported by
WET technology to multi-user system, where all the users are
located at arbitrary locations in the system. In addition, all the
devices and the HAP can be equipped with multiple antennas.
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