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Performance Analysis of IRS-aided Short-Packet NOMA
Systems over Nakagami-m Fading Channels
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Abstract—This paper analyzes the performance of an intelligent
reflecting surface (IRS)-aided short-packet communication system over
Nakagami-m fading channels. In this system, the base station adopts
non-orthogonal multiple access (NOMA) to transmit to a near user and
a far user, and its transmission to the far user is aided by the IRS.
Both continuous phase shifts (CPSs) and discrete phase shifts (DPSs) are
considered for the IRS. By using order statistic and moment matching,
we approximate the end-to-end channel gain to follow the Gamma
distribution and then derive the approximate closed-form expressions
for the average block error rate (BLER) in the high signal-to-noise ratio
(SNR) regime and then conduct a refined analysis of the interplay among
the minimum common blocklength, optimal power allocation, and the
related parameters of IRS (e.g., the number of elements of the IRS) for
achieving target BLERs at two users. Finally, numerical and simulation
results demonstrate the accuracy of theoretical analysis. They also show
that the IRS-aided short-packet NOMA system outperforms the system
without IRS, and that DPSs with 3-bit quantization achieve a similar
performance as the optimal CPSs.

Index Terms—Non-orthogonal multiple access, intelligent reflecting
surface, short-packet communications, Nakagami-m fading.

I. INTRODUCTION

Intelligent reflecting surface (IRS), which consists of a large num-
ber of passive reflective elements, has recently been recognized as
one of the most promising techniques for the beyond fifth-generation
(B5G) wireless networks, due to its capability to dynamically alter
wireless channels and enhance the spectrum efficiency of wireless
systems [1]. A prototype of the IRS-aided communication system
consisting of 1100 controllable elements of the IRS was designed in
[2], where the field trials verified the great potential of the IRS for
the B5G wireless networks.

The performance of IRS-aided communications has been widely
analyzed over the past few years. For example, [3] derived the symbol
error probability and outage probability (OP) of the IRS-aided system
with the instantaneous channel state information (CSI) over Rician
fading. In [4], the authors analyzed the OP and ergodic capacity (EC)
of the IRS-aided system over Nakagami-m fading. Additionally, the
impact of phase errors at the IRS on the symbol error probability was
analyzed in [5]. Compared with the instantaneous CSI, the statistical
CSI is much easier to be obtained in practice. Motivated by this,
[6] analyzed the OP of an IRS-aided single-antenna system with the
statistical CSI over Rician fading.

Apart from IRS, non-orthogonal multiple access (NOMA) has also
been identified as a promising technology for the B5SG wireless
networks. Thus, it is natural to integrate IRS and NOMA into the
design of emerging wireless systems. Against this background, [7]
studied the impact of optimal continuous phase shifts (CPSs) and
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random discrete phase shifts (DPSs) on the OP performance in an
IRS-aided downlink two-user NOMA system. Moreover, [8] designed
an energy-efficient scheme for an IRS-aided multiple-input single-
output NOMA system. In addition, by utilizing the moment matching
method to approximate the received signal-to-noise ratios (SNRs), the
OP of an IRS-aided uplink two-user NOMA system over Nakagami-
m fading was derived in [9].

Short-packet communications (SPC) is a major feature of ultra-
reliable and low-latency communications (URLLC), which is a vital
scenario of the B5SG wireless networks. Thus, it is worthwhile to
explore the potential of using SPC, IRS and NOMA to accomplish
URLLC. For SPC, the maximal achievable rate (MAR) depends on
the blocklength and block error rate (BLER) [10]. It was further
pointed out in [11] that the performance metrics used in the infinite
blocklength regime, such as the OP and EC, cannot accurately predict
the performance of SPC, and the optimal design of SPC systems
relies on a refined analysis of the interplay among the BLER, MAR,
and blocklength. Following [11], [12] and [13] studied the interplay
among the average BLER, minimum blocklength, and optimal power
allocation of short-packet NOMA systems in the single-antenna
and multiple-antenna scenarios, respectively. Also, considering the
advantage of IRS, [14] and [15] analyzed the MAR and average
BLER of IRS-aided SPC systems over various fading. To the best
knowledge of the authors, the performance of IRS-aided short-packet
NOMA systems has not been investigated until very recently by [16],
where the authors considered random and optimal CPSs.

We note that there are three limitations in [16]. First, [16] only
considered Rayleigh fading, which is not a generalized fading model.
Second, [16] did not optimize the blocklength and power allocation
coefficients for the considered system. Third, [16] did not touch
DPSs at the IRS, which is a more feasible option than CPSs for
practical use. In order to overcome these limitations, we analyze the
BLERs of an IRS-aided short-packet NOMA system over generalized
Nakagami-m fading, which encompasses Rayleigh fading as a special
case. This analysis allows us to examine the impacts of both CPSs and
DPSs on the average BLERSs, optimal power allocation, and minimum
common blocklength in the considered system. Using numerical and
simulation results, we validate our theoretical analysis, demonstrate
the superiority of the IRS-aided short-packet NOMA system over the
system without IRS, and show the impact of quantization of DPSs
on the achieved performance, especially compared to CPSs.

Notations: |z| and arg(x) denote the modulus and angle of a
complex number z, respectively. fx(z), Fx(z) and X = E[X]
denote the probability density function (PDF), cumulative distribu-
tion function (CDF) and expectation ofza random variable (RV)
X, respectively. Q(z) = [ \/%e%dt is the Gaussian Q-
function. I'(m) is the Gamma function. ¢(a, b) denotes the uniform
distribution over the interval (a,b). Nakagami(m, Q) denotes the
Nakagami-m distribution with shape parameter m and average power
Q. Gamma(m, 2) denotes the Gamma distribution, whose PDF is
fx(x) = %::;_m CN(0,1) and N (0,1) denote circularly-
symmetric complex Gaussian and real Gaussian distributions with
zero mean and unit variance, respectively.
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Fig. 1: The illustration of the considered IRS-aided downlink NOMA
system.

II. SYSTEM MODEL

This work considers an IRS-aided downlink NOMA system, as
depicted in Fig. 1, where a single-antenna BS communicates with two
single-antenna users. UE-t and UE- f represent the near user and the
far user from the BS, respectively. Due to the long distance between
the BS and UE-f, a passive reflective IRS with NV elements is used
to improve the transmission quality between the BS and UE-f.

We assume that all links undergo independent and identically
distributed (i.i.d.) Nakagami-m small-scale fading and have the
same path-loss exponent 5. The channel coefficient between the nth
element of the IRS and the BS is denoted by g1, £ d; B2y, for all
n € {1,---, N}, where di denotes the distance between the BS and
the center of the IRS and |h1,| ~ Nakagami (mi, 1). Similarly, we
denote the channel coefficient between the nth element of the IRS and
UE-f by g2n 2 dy B/ 2h2n, where do denotes the distance between
the center of the IRS and UE-f and |h2y| ~ Nakagami (m2, 1). The
channel coefficient between the BS and UE-k, k € {¢, f}, is denoted
by gk 2 d,:,ﬁ / 2hk, where dj denotes the distance between the BS
and UE-k and |hy| ~ Nakagami (my, 1).

According to the principles of NOMA, the BS transmits s 2
(VaiPsxy + \/ayPszy) to two users, where Ps is the transmit
power at the BS, x;, denotes the normalized signal sent to UE-k, ay
denotes the power allocation coefficient for UE-k, and oy + o = 1.
Thus, the received signals at UE-t and UE-f are expressed as

Yt = gtS + Wy, (D

and
N .
yr = (Zn:1 Gingane® o™ + gf) s+ws=Ges+ws, ((2)

respectively, where G. 2 25:1 G1ng2n€©" + g5, ©, € [0,2m)
denotes the phase adjustment introduced by the nth element of the
IRS, and wj denotes the complex additive white Gaussian noise
which follows CN (0, o2).

1) Statistics of the end-to-end channel Between BS and UE-f: We
assume that the instantaneous CSI is available at the system. Thus,
coherent combination and the optimal CPSs at the IRS, given by
O, = arg (hf) — arg (hin) — arg (han), can be used to maximize
the received SNR at UE-f. which causes high implementation
complexity in practice. To reduce such complexity, [S] suggested
to use DPSs, although quantization errors are inevitable. With this
use, the optimal DPSs at the IRS are given by ©, = arg(hy) —
arg (hin) — arg (han)+ ¢n, where ¢, denotes the quantization error
which is modeled by uniform distribution. For ¢ quantization bits,
On ~U(—2797,2797) [5].

In order to determine the distribution of the received SNR at UE- f,
we need to derive the distribution of |G.|. To this end, we define
o2 2521 e?®" |h1,| |han| and present the distribution of H' in
the following lemma.

Lemma I: When N is large and under the assumptions that
E[|hinl*] = Ellhon[] = 1. a1 £ E[[han]) < L a> £ E[[han]] < 1,
hin, hon, and ¢, are mutually independent RVs, and ¢,, follows the
same distribution ¢ with zero-mean and p-order circular moments
©0p = E[e?P?], we can approximate H' = U + jV as a non-
circularly symmetric complex Gaussian RV, where U and V are
independent RVs, U ~ N (u, 0%), V ~ N(0,0%), p = Npiaiaz,
ot = X (1+ g2 — 2ptadad), and oF = (1 - o).

Proof: This lemma can be proved aided by [5, Appendix A]. W

According to [5], if the IRS adopts the optimal CPSs, both ¢1
and 2 equal 1. In this case, substituting ¢1 = @2 = 1 into Lemma
1, H' is actually approximated as a real Gaussian RV, ie., U ~
N(Najaz, N(1 — aia3)), and V is zero. Differently, if the IRS
ado(pzsqthe optimal 13}1315 with ¢ quantization bits, ¢1 and @2 equal
Sm;q:) SmQ(iq Hﬂﬂ , respectively. After obtaining H’, we can
use the moment matching method, which is shown in Lemma 2, to
derive the distribution of |G.|?.

Lemma 2: When X is a non-negative RV with the first moment

E[X] and the second moment E [X 2], we can approximate X as
E[X)?
E[X2]—(E[X])?
Moreover, Gamma RVs

Gamma(m,n), where the shape parameter is m =
E[X]
E[X2]—(E[X])2"

satisfy the scaling property, i.e., the RV ¢Y ~ Gamma (m, cn).

Proof: This lemma can be proved with the aid 02f [9]. |

Given |G.]> = ‘(d1d2)_6/2 U+j5V)+ |gf|’ , by using both
Lemma 1 and Lemma 2, we can derive and present the distribution
of |G.|? in the following theorem.

Theorem 1: For large N, the distribution of |G.|? is approximated
as the Gamma distribution, which is characterized by two parameters
E[|Ge 4] - (E[IG.12])* IE[|GC|4]—$E[\GC|2])2’
|GC|2 ~ Gamma(me,nc). E UGC|2] and E [\Gc| ] are given by
(A.1) and (A.2), respectively.

Proof: Please refer to Appendix A. |

2) Distributions of the received SINRs at UE-t and UE-f: At
each time slot, we define UE-1 as the user which possesses a
larger end-to-end channel gain, and define a1 as its power allocation
coefficient. According to the rules of NOMA, the BS allocates a
lower transmit power to UE-1, i.e., a1 < 0.5. For example, if UE-{
possesses a larger channel gain, then UE-t and «; are UE-1 and
a1, respectively. We further define Gi1 and z; as the end-to-end
channel coefficient and signal for UE-1, respectively. Then, we have
|G1? = max(|G¢|?, |g¢|?). Similarly, we define UE-2 as the user
with a smaller end-to-end channel gain, and define a2, G2, and z2
as the power allocation coefficient, end-to-end channel coefficient,
and signal for UE-2, respectively.

By using successive interference cancellation (SIC), UE-1 first
recovers x2 by treating x1 as interference. The instantaneous signal-
to-interference-plus-noise ratio (SINR) of decoding x> at UE-1 is
written as

and scale parameter is n =

e = ie.,

and . =

a2 ‘Gl ‘2
MN2=—F7 3 ©)]
a|Gif* + p
where p = Ps/ o2 is the transmit SNR. If z2 is successfully decoded
and removed, then the instantaneous SNR of decoding x1 at UE-1 is
written as

Y11 = aip|G1]®. 4)

At UE-2, x> is decoded directly where x; is treated as interference.
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Then the received SINR of decoding x> at UE-2 is given by
(6] ‘Gz ‘2

CV1\G2\2 + pfl.

Yo,2 = ©)

III. PERFORMANCE ANALYSIS

In this section, we analyze the average BLERSs in the considered
IRS-aided short-packet NOMA system and accordingly evaluate the
impacts of CPSs and DPSs on such BLERs, the optimal power alloca-
tion, and the minimum common blocklength. Given the blocklength
L, the BLER ¢, and the SNR +, the MAR R (L,~,¢) in bits per
channel use (bpcu) is written as [10]

log, L
RiLye =co) -/ Ve @0 (PRE). @
where C () = log, (1 + ) denotes the Shannon capacity, V () =
(1-(1+ 7)_2) (log,e)? is the channel dispersion, @~ (-) is the

. . . logo L . P
inverse of the Gaussian @)-function, and O (%) is the remaining

terms of order 1°g2L , which can be omitted when L > 100 [12].

In this work, we deﬁne T; and L; as the number of data bits
and blocklength for UE-i, respectively, ¢ € {1,2}. Then, the MAR
at UE-i is expressed as R; = T;/L;, and the instantaneous BLER
corresponding to the link with the instantaneous SNR -y; ;, denoted
by €5, j € {1,2}, , is approximated as

C(vi:)— R:
€ij ~Q (MJ> . @)
V (vi4) /L;

Furthermore, for wireless fading channels, the average BLER &; ;
can be written as

= (- :
ez,w/o Q(( — )fm( ), ®)

where f,, ; (x) denotes the PDF of v; ;.

It is noted that in URLLC the perfect SIC cannot be guaranteed
and ; ; is a very small value, e.g., 1073 to 107, the average BLER
of decoding x; at UE-1 is approximated as

g1=€i12+ (1 —E12)€1,1 = E1,2+E11. )

In order to ﬁnd a closed-form expression for g; ;, we approximate

Q ((€ () = Ry) NV (i) /5 ) as [12]
1, Vi,j S Vg,
Zij(vig) = 35— Ki(Vig —05), vy <ij <y, (10)

0, Vi 2= My,

:\/L7/ ZW(22RJ- 71)’0j =292 1, 1)]':0]'7%7

i. In this case, the average BLER €; ; can be
J

where K
and p; = oj +
approximated as

_ o (a) i (b)
€ij = Zi,j (x)f’yi,]( )dm = Ry F'Yi,j (m)dm ~ F'Yij (Oj) )
0 v

' (1n
where F,, ; (x) is the CDF of ~;;, step (a) is obtained by
using the partial integration method, and step (b) is obtained
by using the first-order Riemann integral approximation given by
[ f@)do & (b— a) f(“$2) [12].
A. Average BLERs

By applying the order statistics, the expressions for F,, . are

Ne®
v (mc, plaz—arz) )

F’Yzz (m):lf 1- F(m(-)
12)
7 (s )
x [ 1-— ,
I (mt)

7 (e st )7 (e i )
F = 13
Y12 (:C) F (mc)l—\ (mt) ) ( )
and
Y (mt’v Zcx)Y (mfv 2”)
Py, () = L £ (14)

I (me)T (my) ’

where 7; = my/ df and the power allocation coefficients need to
satisfy the condition a2 — a1z > 0. By using such expressions, the
approximate average BLER of decoding z2 at UE-2, denoted by €2,
is derived as

R 7 (M, Me02) 7 (M, ne02)
= ~l—-(1—- ———"—7-—= 1————F———=|, (5
1= (1= 20 ) (1) s
where g2 = m Moreover, the approximate average BLER
of decoding x1 at UE-1, denoted by &1, is derived as

€1 R E1,1 +E1,2

v (me, neo1) v (M, meo1) + v (M, neo2) v (M, Me02)
L'(me) T (me) ’

(16)

Q

o1
poy’

In the high SNR regime, by using “’<S @) 1 = for z — 0 [17] and
(11), the asymptotic expressions for the average BLER at both users
are derived. Specifically, the asymptotic average BLER of decoding
x2 at UE-2, denoted by £5°, is derived as

where g1 =

e

(nco2

T(me+1) m¢ > Me,
my
g5~ % me < me, an

m(ﬁlﬂt +nd"), me=me.
Moreover, the approximate average BLER of decoding z; at UE-1,
denoted by £7°, is derived as

- 7717”77;% ( mt+me + th+mc)

! L (mi+1)T (me+1)
Based on (17) and (18), the diversity order at UE-2 and UE-1 are
obtained as

(18)

P me, M < Me,
T —{ oS (19)
p—oo logp Me, My > Me,
and
l =00
— lim 5L =, 4, (20)
p—oo logp
respectively.
B. Power Allocation and Blocklength Optimization at High SNRs
We denote £¢" as the average BLER threshold at UE-i, and apply

them into (17) and (18) to obtain the minimum blocklength L; min
of UE-7 at high SNRs as

T

1te
log, (Hi% )

Ty

Ll,min ~ 1

metme\ merme '
log, (alp(wff’ih(f,) t ) ' +1>

2n

L2,min ~

and

(22)

r Hr 1
where 1) = 7(”273;;,) n“,',‘ff ) and

o T (g 4 1)) 7 me < me, (23a)

1
t
£= nﬁ(-thr(mc +1))me my > me, (23b)
p(Es"

1
D (me+1) /(0" +ncc)) ™, my = me. (23¢)
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Algorithm 1: Power Allocation Algorithm

Input: input parameters N, 11, T2, m¢, my, mi, ma, dy, dy,
di, dz2, B, q, p, éﬁh, s’éh, and tolerance .
Output: Optimal power allocation coefficient o .
e i R - it
Initialize:a~ < 0, a® « 0.5, and & + 2t

1

2 while |L2,min — Ll,min| > u do

3 if L2 min — L1,min < 0 then

4 ‘ Set a™ « &;

5 else

6 ‘ Set a™ + &;

7 end

8 | Setd <+ % and compute L2 min — L1,min based on
(21) and (22);

9 end

10 Set af « & ;
11 return oj.

By calculating the derivative of L2 min With respect to oy, we
obtain

8L2,min ~

80&1

T5¢
~ 2
1+¢
14 a1§) (log2 (m)) In2
which shows that Lo min is an increasing function of «;. Then by
calculating the derivative of L1 min With respect to o1, we obtain
aLl,min T119

- <0
Oa (19 + 1) (logy (a1® + 1))2 In2

>0, (24)

(25)

with L
9 =p(vet) e (26)
which shows that Li min is a decreasing function of «;. Therefore,
the minimum common blocklength L* is obtained by solving L* =
Ll,min = L2,min-
Based on [13], the optimal power allocation coefficient o, corre-
sponding to L*, can be obtained by using the bisection search shown
in Algorithm 1. After doing so, we substitute o into (21), L™ can

be expressed as
L* ~ T2

- 1t€
togs ( rit5e)

IV. NUMERICAL RESULTS

27

In this section, we provide numerical and simulation results to
validate our analysis in Section III, and offer some useful insights
into system design. The simulation parameters are set as follows:
B=4mi =ma =4 my =1, d =25 d = 10, dy = 30,
Ty =1T> =200, Ly = Lo = 300, and p = 1073, Other parameters
are specified in each figure.

To show the accuracy of our derived expressions for the average
BLER, Fig. 2 plots the average BLER versus p for the considered
IRS-aided short-packet NOMA system with the optimal CPSs, where
a; = 0.2, my = 3.5, dy = 15 and N = 32 or 96. We first observe
that, the analytical curves derived from (15) and (16) match perfectly
with simulation results over the entire transmit SNR range, and the
asymptotic curves derived from (17) and (18) accurately predict the
average BLERSs in the high transmit SNR regime. These observations
demonstrate the correctness of our analysis. Second, we observe from
this figure that, compared to the system without IRS, the IRS-aided
system achieves lower BLERs for both users at the same transmit
SNR. Third, we observe that when the number of elements of the IRS
increases, the performance improvement becomes more profound, at
the cost of increasing implementation complexity.

100.

102

UE-2, Without IRS
UE-1, Without IRS N
UE-2, N=32, Eq.(15)
10* 1 |- = —UE-2, N=32, Eq.(17)
UE-1, N=32, Eq.(16)
- = —UE-1,N=32, Eq.(18)
UE-2, N=96, Eq.(15;
— = —UE-2,N=96, Eq.(17
UE-1, N=96, Eq.(16;
- = —UE-1,N=96, Eq.(18
®  UE-1, Simulation
B UE-2, Simulation
108 T
45 50 55 60 65 70 75
Transimit SNR p (dB)

Average BLER

10'6 [

)
)
)
)

Fig. 2: Average BLER versus p for N = 32, N = 96, and the system
without the use of IRS.

In Fig. 3, we study the impact of DPSs on the average BLER. In
this figure, we use a1 = 0.2, my = 4, and d¢ = 10. Specifically, Fig.
3(a) plots the average BLER versus p for the optimal CPSs, the DPSs
with ¢ =1 or ¢ = 3, and N = 64. We observe from this subfigure
that, on the one hand, the analytical curves corresponding to the DPSs
are consistent with simulation results, which verifies our theoretical
analysis. On the other hand, the BLER performance of DPSs with
3-bit quantization approaches to that of the optimal CPSs, implying
that using the 3-bit quantizer is sufficient to achieve the near-optimal
performance in practice. Furthermore, we examine the impact of the
number of quantization bits on the required number of elements of
IRS for achieving a target BLER. Since the impact on two users
is similar, we only plot the average BLER versus the number of
elements of the IRS for UE-2 in Fig. 3(b). As shown in this subfigure,
to achieve the BLER of 10™° at UE-2, the required numbers of
elements of the IRS for DPSs with 1-bit, 2-bit, and 3-bit quantizers
are 169, 119, and 110, respectively. This observation demonstrates
that, compared to using the 1-bit quantizer, using the 3-bit quantizer
can save 59 elements of the IRS for achieving &2 = 107°, while
the tradeoff between the required number of quantization bits and
the required number of elements of the IRS depends on practical
implementation complexity.

Fig. 4 shows the impact of DPSs on L; min for different av; in the
high transmit SNR regime. The parameters are m; = 3.5, d¢ = 15,
gih = gth =107°, and ¢ = 1, 2, 3. In Fig. 4(a), we assume N = 128
and p = 67 dB. Using Theorem 1, we obtain m. = 4.3, 6.5, and
7.2 for ¢ = 1, 2, and 3, respectively. Since m; < m., according
to (21) and (23a), the curve corresponding to L2 min is unchanged
for different values of q. Moreover, we observe from this subfigure
that L™ decreases from 176 to 158 when ¢ increases from 1 to 3. In
Fig. 4(b), we assume N = 64 and p = 72 dB. Similarly, we obtain
me = 2.3, 3.1, and 3.3 for ¢ = 1, 2, and 3, respectively. Since
m¢ > Mme, according to (21), (22), and (23b), we find that the value
of g affects both L2 min and L1 min. Furthermore, we observe from
this subfigure that L™ decreases from 740 to 203 when ¢ increases
from 1 to 3. These observations show that quantization errors impose
a profound impact on achieving low-latency transmission for the case
of m¢ > me.

V. CONCLUSION

This paper analyzed the performance of IRS-aided short-packet
NOMA systems over Nakagami-m fading channels. We first analyzed
the statistical property of the end-to-end channel in the considered
IRS-aided system, based on which we derived the approximate
closed-form expressions for the average BLER at both users, as
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Fig. 3: Impact of DPSs on the average BLER. (a) Average BLER versus
p for N = 64. (b) Average BLER at UE-2 versus N for ¢ = 1,2, 3.
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Fig. 4: Minimum blocklength versus «; for (a) m¢ < m. and (b) ms >
Me.

well as the asymptotic expressions for the average BLER at high
transmit SNRs. Using the asymptotic expressions, we quantified
the relationship among the minimum common blocklength, optimal
power allocation, and the parameters of the IRS for achieving the
target BLERSs at two users. Finally, numerical and simulation results
validated our theoretical analysis, and demonstrated that (i) IRS-aided
short-packet NOMA systems outperform the systems without IRS in
terms of reliability and (ii) DPSs with 3-bit quantization are sufficient
to achieve the near-optimal performance. Considering that the statis-
tical CSI is much easily obtained at the BS and reduces feedback
latency, the design of IRS-aided short-packet NOMA systems with
statistical CSI will be investigated in the future work.

APPENDIX A
PROOF OF THEOREM 1
Let us define Uy = (did2)™?/2U and Vi = (did2)"?/?V,
and then rewrite |G.|? as |G.|* = (U1 + |gs|)* + V2. Using the
scaling property, we find that |g¢| ~ Nakagami(myg,d;”), Uy ~
N ((drd2) ™%, (did2)Po), and Vi ~ N(0,(did2) " Po?).
Thus, we obtain the expectation of |G|* and |G.|* as
E[|Ge?] =E [lgs|’] +E [U7] +2E[lg/ ] E[U1] + E [Vi] (A.D)
and
E[|Ge|'] =E [|gs|*] + E [Ui] + 6E [|g¢)*] E [U7]
+A4E [lg; "] E[U1] + 4E [l || E [U7]
+ 2B [V7]E [lg5 ] + 2E [Vi'] E [U7]
+4E [V E[lg/|E[h] +E[Vi'], (A2

respectively. According to [18], if a real Gaussian RV Z; follows
N(0,0%,), then the pth moment of Z; is

p! ("A)p
E[Z}] = ®/2'\ v2 )’

0, when p is odd.

when p is even, (A3)

Furthermore, if Zo = b+77, where b is a non-zero constant number
(i.e., Zo ~ N (b, 0%1)), then the pth moment of Z5 is

P
E[Z5) =E[(b+ Z1)") =Y CRb°E [Z{’*’“]. (A.4)
k=0

According to [9], if Z3 ~ Nakagami (m., (2.), then the pth moment
of Z3 is

r'(m,+ %
E[Z%] = ( ) 573 (A.5)
T (m.) (m. /)
. . sin(2_q+i_l7r)
By using ¢; =1 for the optimal CPSs, p; = — —g=—r—= for the

optimal DPSs, and Lemma 1, we obtain the parameters of U, and V
in different cases. Then, by substituting (A.3), (A.4), and (A.5) into
(A.1) and (A.2), we derive E[|G.|?] and E[|G.|*], respectively.
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