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ABSTRACT This paper analyzes the performance of millimeter-wave (mmWave) non-orthogonal multiple
access (NOMA) system with the aid of an intelligent reflecting surface (IRS). We derive the outage
probability (OP) expressions at two users D; and D, of the IRS aided mmWave-NOMA system
(the IRS-mmWave-NOMA system in the following). We validate the derived expressions via computer
simulations. By considering the Nakagami-m fading channels and the path loss model proposed for
5G standard in the IRS-mmWave-NOMA system, our results are more suitable in practical scenarios.
Specifically, numerical results observe that even the carrier frequency is extremely high (f, = 90 GHz)
and the transmitter-receiver distances are further than 50 m, the OPs at D; and D, can achieve 10~ when
the transmit power of base station (BS) is 30 dBm (dB in the following). Moreover, the OPs at D; and D,
with IRS are greatly lower than OPs without IRS. This result demonstrates the huge benefits of utilizing IRS
in mmWave-NOMA system. In addition, we can use an IRS with larger number of reflecting elements to
maintain the OP performance at D; and D> when the distances are increased and f; is higher. On the other
hand, we should choose a suitable value of power allocation coefficients to obtain the same performance at
D1 and Dz.

INDEX TERMS Non-orthogonal multiple access, millimeter-wave, intelligent reflecting surface, moment

function, outage probability.

I. INTRODUCTION

Under the fast developments of wireless networks, especially
in the beyond 5G (B5G) of mobile communications, the
available frequency bands may not satisfy the high capac-
ity demand in practice. In this circumstance, millimeter-
wave (mmWave) communications become a key technology
[1], [2]. It is because mmWave communication systems use
frequency from 30 GHz to 300 GHz. Thus, they can support
ultra-high transmission rate and massive connectivity [3], [4].
Consequently, the propagation characteristics as well as the
applied scenarios of the mmWave communications have been
intensively determined [5], [6].

Besides mmWave communications, non-orthogonal mul-
tiple access (NOMA) is a new technology that enables
to aid multi-user in the same code, frequency, and time
resources [7]. Specifically, the transmitter uses superposition
coding in the power domain for transmitting multi-message
to multi-user. At the user, successive interference cancella-
tion (SIC) is used to distinguish and subtract messages of
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other users [3]. As the results, the capacity and the number of
users of NOMA systems are significantly higher than those
of classical orthogonal multiple access (OMA) systems [8],
[9]. Therefore, applying NOMA scheme in B5SG systems has
attracted attention in both industry and academy [7], [9], [10].

Recentlyy, mmWave communications and NOMA
technology are combined in wireless systems. [3]-[6],
[11]-[13]. Specifically, the energy efficiency, outage prob-
ability (OP), and sum rate were derived in mmWave-NOMA
system with multiple base stations [4]. Compared with tra-
ditional NOMA systems, mmWave-NOMA communications
lead to a significant increase in computational complexity.
It is because the OP expression of mmWave-NOMA com-
munications is very complex [4]. Moreover, the performance
of mmWave-NOMA and mmWave-OMA systems were
compared [13]. It was demonstrated that mmWave-NOMA
not only outperforms mmWave-OMA but also has good
flexibility.

On the other hand, intelligent reflecting surface (IRS)
has recently become a key solution in BSG networks due
to its advantages. Specifically, IRS significantly enhances
the performance of wireless systems without power supply,
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signal processing, and converters [14]-[19]. Moreover, the
IRS can work at any frequency. Thus, it can help to
significantly reduce the effects of unfavorable parameters
induced by high frequencies and far distances between
transmitter and receiver in the mmWave communications [6],
[14], [20]. In particular, the OP with IRS is greatly lower than
OP with classical relay when they are deployed in wireless
systems [16], [21]. Additionally, the energy efficiency is
significantly improved by utilizing IRS instead of relay.
Furthermore, the performance of the IRS aided wireless
systems over Nakagami-m fading channels was also studied
such as in [22] and [23]. However, the works in [22]
and [23] considered only one user and without mmWave
communications. Thus, the advantages of NOMA technology
and mmWave communications were not exploited. Due to
the huge benefits of the IRS, it is recently combined with
NOMA technology for dramatically improving the capacity
and quality of service of wireless systems [20], [24]-[37].
However, the specific carrier frequencies used for system
operations were ignored in these reports. Nowadays, the
IRS is combined with mmWave-NOMA communications for
greatly improving the system performance [6]. Particularly,
power allocation problem and hybrid beamforming were
formulated for maximizing the sum rate of the system.
However, the mathematical expressions such as OP were
not obtained in [6] to gain useful insights in the system
behaviors.

As the aforementioned, the mmWave, NOMA, and IRS
technologies have many benefits and they can be combined
and deployed in B5G of wireless systems. However, the
research on the combining of mmWave, NOMA, and IRS
is still lack of, especially in terms of mathematical analysis.
Specifically, the mmWave-NOMA communications suffer
the path loss and signal blockage [6]. In this circumstance,
utilizing IRS can solve these issues. On the other hand,
the effects of system parameters such as frequency and
distances on the performance of IRS aided mmWave-NOMA
systems were not well studied. In particular, most of previous
works normalized the channel gains between base station
and NOMA users [32], [35], [37], [38]. In other words, the
effects of carrier frequency, distances, and antenna gains
were neglected when analyzing the performance of the
IRS aided NOMA systems. Thus, their results were not
suitable in practical scenarios due to the great impacts of
those parameters. Importantly, the 5G and B5G networks
use mmWave communications. Therefore, it is important to
use the channel model proposed for 5G and B5G standard.
These problems motivate us to investigate an IRS aided
mmWave-NOMA system (the IRS-mmWave-NOMA system
in the following). In particular, besides exploiting IRS for
aiding NOMA users, the direct base station-user links are also
exploited in the IRS-mmWave-NOMA system. So far, this
is the first work exploiting mmWave communications in the
IRS aided NOMA system in terms of mathematical analysis.
Therefore, our results can be applied for mmWave-NOMA
systems with IRS and without direct links, without IRS and
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with direct links. The main contributions of this paper can be
summarized as follows:

o We determine an IRS-mmWave-NOMA system where
base station (BS) transmits signal to two NOMA users
using frequency of mmWave communications. Both
far and near users combine signals via direct and
reflected paths for enhancement of received signal
power. We consider the channel model proposed for 5G
standard, thus, the considered IRS-mmWave-NOMA
system is more suitable in practice.

o« We derive the expressions of OP at two users
D; and D; of the IRS-mmWave-NOMA system over
Nakagami-m fading channels. We observe that the
combination of direct and reflected paths leads to
a significant increase in mathematical computations.
However, by exploiting them, the performance at D1 and
D; is considerably improved. We validate the derived
expressions via Monte-Carlo simulations by using PC
running MATLAB.

o We investigate the OP at D; and D; in practical
scenarios. Numerical results clarify that the usage of IRS
considerably enhances the OP performance at D; and
D;. Specifically, the effects of scientific parameters
such as the carrier frequency, distances, and antenna
gains on the OP at Dy and D; in the IRS-mmWave-
NOMA system are deeply determined. In particular,
the OPs at D; and D, with IRS can achieve 10~
when the transmit power of BS is 30 dBm even the
carrier frequency is extremely high (f. = 90 GHz) and
the BS-user distances is further than 50 m. Moreover,
increasing distances or f,. significantly reduces the
performance at both users due to the properties of
mmWave communications. Additionally, depending on
the number of reflecting elements on the IRS and the
distances between BS-users, we can choose a specific
value of power allocation coefficient of NOMA scheme
to obtain the same performance at D1 and D».

The rest of this paper is organized as follows. Section II
presents the system and signal models, where D; and
D; receive signals transmitted from BS via direct paths and
reflect paths from IRS. Section III focuses on mathematical
analysis, where OP expressions at D and D, are detailedly
derived. Section IV provides numerical results to obtain
the behaviors of IRS-mmWave-NOMA system. Finally,
Section V concludes our works.

Il. SYSTEM MODEL

Fig. 1 depicts the block diagram of the IRS-mmWave-NOMA
system, where base station (BS) transmits signals to two
NOMA users (D and D) using bandwidth of mmWave.
An IRS (I) is used to support the communications from
S to Dy and D,. Dy/D; receive signals transmitted from
BS via both direct BS-D;/BS-D, channels and reflected
BS-1-D{/BS-I-D; channels. D is the far user while D, is the
near user. All transceivers are quipped with single antenna
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FIGURE 1. Block diagram of the IRS-mmWave-NOMA system.

while I is equipped with L reflecting elements. In practice,
a controller is often used in the IRS to adjust its phases [39].

Thanks to the NOMA principles, BS transmits signal
combining two separate messages for users D; and D, based
on the power domain, e.g., xgs = AJa1Pgsx1 + /arPsxy,
where a; and a, are, respectively, the power allocation
coefficients of D; and D, with a; > ap and a1 + a; = 1;
Pps denotes the average transmit power of BS.

The received signal at user D; (i € {1, 2}) is expressed as

L 2
yp; = (Zhlglie/w + hBSD,-) mek +zp;, (D)
=1 k=1

where hy, g, and hgsp; are, respectively, the BS-I, I-D;, and
BS-D; channels; ¢y is the phase of the /th reflecting element;
zp; ~ CN(0, ol.z) is the Gaussian noise at D;.

Using magnitudes and phases of complex numbers,
we have hy = |hle?™, gi = l|gule V", hpsp, =
|hBSD, |e_J¢BSDi, where ||, |gii], and |hpsp, | are, respectively,
the magnitudes of A4;, g, and hpsp;; 6;, ¢Bsp;, and ¥y
are, respectively, the phases of h;, gj;, and hgsp,. Then, the
received signal at user D; is rewritten as

L
vy = (D Vnllgulel” %0 4 gy =40 )
=1

2
X Z v aiPpsxi + zp;
k=1

L
— e—¢BSD,~(Z |hl||gli|ef(fﬂl+¢BSDi—91—‘/fli) + |hBSD,-|)
=1

2
x Y\ axPgsxi + 7. 2
k=1

Let ¢; = ¢ + ¢Bsp; — 01 — Vi, (2) becomes

L
vy = ¢~ (3 llgule™ + g,
=1

2
X Z v axPsxi + Zp;- 3)
k=1
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Since the IRS is controlled by a controller that can
adjust the IRS phases for maximizing the received signal
power [16], [39]-[41]. Specifically, the phase of the IRS (¢;)
is picked up from a discrete phase set to obtain ¥; = 0
[40], [41]. As a result, we have ¢; + ¢psp, — 6 — Y = 0.
In other words, the phase of the IRS is expressed as

@1 = —¢Bsp; + 0 + V. 4

It is worth noticing that (4) is widely applied not
only an IRS but also multi-IRS aided wireless networks [16],
[38]-[41]. On the other hand, (4) is taken for the ith user,
thus, its received signal power can be maximized. However,
the received signal power at the kth user (i, k € {1, 2} and
i # k) may not be maximized [27]. In other words, the IRS
is configured to maximize the received signal power at either
Dj or D; in the IRS-mmWave-NOMA system.

Using (4), (3) now is

L
yo, = 01 (3 nllgil + Vimso, )
=1

2
X Z v axPsxik + Zp;- (5)
k=1

Based on NOMA principle, the far user D; detects
its message by considering the near user’s message as
interference. Meanwhile, the near user D, has to detect D;’s
message firstly. Then, it subtracts x; using SIC [38]. After
that, it detects its message x,. Consequently, the SINRs at
D, for detect x; (denoted by pp,), D> for SIC x; (denoted
by pp,) and detect xo (denoted by ppy,) are, respectively,
computed as

2
(Zszl |hllgin] + |hBsD, I) a1 Pgs
D, = 5 3 , (6)
(Zz=1 |hillgi| + 1hBsD, I) aPps + o2

2
» (ZZL=1 [hyllgrz] + |hBSD2|) a1 Pps
Pp, = I 2 (D
(21:1 |hllgizl + |hBSD2|) aPgs + o2

2

(hi Iillgial + s ) azPas
o2 ’

It would be better to note that (6), (7), and (8) can be
considered as the maximal SINRs at D and D». It is because
the IRS can adjust its phase to maximize the SINR at either
D; or Ds. In particular, when the IRS is configured for D,
the SINR at Dy is given in (6) while the SINRs at D, may be
lower than those given in (7) and (8). Similarly, when the IRS
is configured for D;, the SINRs at D, are given in (7) and (8)
while the SINR at D; may be lower than that given in (6).
However, in order to achieve the fairness of both NOMA
users, we use the maximal SINRs at these two users for our

analysis. This assumption was widely used in the literature
such as in [27], [38], and [42]. Hence, the OP calculated from

(®)

X2 _
Pp, =
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the maximal SINRs can be considered as the lower bound of
the IRS aided NOMA systems.

In this paper, we use the Nakagami-m fading channels
and mmWave bands in the IRS-mmWave-NOMA system,
the CDF, PDF, and spread parameter of channel magnitude
A, where A € {|lyl, |gul, |hesp;|} are, respectively, given
as [40], [43]

Fax) = ! V(mA, m—sz)
['(ma) QA
! F(mA, %x2>, x>0, 9)
L'(ma) Qa
_ szA 2ma—1 ma »
Fa(x) = SNk exp(— o ) x>0, (10)
Qa = —32.4 — 31.710g(da) — 20102(f.) + Gex + Gux,

(11)

where ma and QA are, respectively, the shape and spread
parameters; dp is the distance between the transmitter and
receiver; fc > 30 GHz is the carrier frequency; G/Grx are
the transmitter/receiver antenna gains.'

IIl. PERFORMANCE ANALYSIS

In this section, we firstly calculate the mathematical expres-
sions of the OPs at two NOMA users. Then the asymptotic
expressions are derived to gain more insights in the behaviors
of the IRS-mmWave-NOMA system.

A. OUTAGE PROBABILITY ANALYSIS
The OPs at D and D> are, respectively, expressed as

Pp, = Pr{pp, < v}, (12)
Pp, = Pr imin{pé‘z, ,0]);22} < )/th] , (13)

where pp,, pgz, and p]gzz are, respectively, given in (6), (7),
and (8); i is the SINR threshold.

Replacing (6) into (12), (7) and (8) into (13), the OPs at
D; and D, are, respectively, calculated as (14) and (15), as
shown at the bottom of the next page. From these expressions,
we obtain the OPs at D; and D; of the IRS-mmWave-NOMA
system in the following Theorem.

Theorem: The OPs at D; and D, of the IRS-mmWave-
NOMA system are, respectively, derived in (16) and (17), as
shown at the bottom of the next page, where Oy (p) is the pth
moment of X, e.g.,

0(,(1) = Op,(1) + Ojnggp, (1), (18)
074,(2) = O5,(2) + Oy, |(2) + 205,(1)O g, (1),
(19)

It is worth noticing that 25 given in (11) clarifies the effects of the
distances, carrier frequency, and antenna gains on the performance of the
IRS-mmWave-NOMA system. In contrast to this work, previous works often
normalized QA by setting QA = 1 in their analysis [32], [35], [37],
[38]. Consequently, their results have not fully characterized the system
behaviors of the 5G and B5G networks. Moreover, (11) clearly indicates
that higher carrier frequency in mmWave communications leads to smaller
spread parameter. Therefore, it is very important to investigate the mmWave
communications in the IRS aided NOMA systems.
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®\th1>,-|(1)’ ®|hBSDi|(2)’ Op,(1), and ©5,(2) (i € {1,2}) are,
respectively, given as (21), (22), (29), and (30).2

Proof: Based on the CDF and PDF given in (9) and (10),
the pth moments of |hgsp,| and |hpsp,| are, respectively,
presented as

®|hBSDi|(p) = E{|hBsp, 1}
U(mynggp. | +P/2) Mihgsp, | \—p/2
_ lhBsD; | ( |BSD,\) p . 0)
L mnggp, )

Q lhBsD; |

From (20), the pth moments (p € {1,2}) of |hgsp,| are
obtained as

o " L (myngsp,| + 1/2) Qynpsp, | 21)
hBsD:; = ’
I7sp; | F(m\hBSD,.D Mhggp,|

L (mingsp,| + 1) Qjngsp,|
Olhpsp;|(2) = —
(m\hBSDiI)

= Nélhpsp; >
Mhgsp, |

(22)

On the other hand, the PDF of |hy||gil, i € {1,2} is
computed as

Simligan ) = —Fieul (-)fvm(z) dz. (23)
0 Z Z
Replacing the PDF given in (10) into (23), we have
4 My | \MhL (1 i) \ g
Finten0) = ()™ (Sl
ulled T (myny DT (g ) N Q) Qgul

]
x y? Mgl ! / 22| =2 Mg =1
0

2 2
mip |z Y Mg
xexp| — —— — — )dz. 24)
( Q| 9|g1,-|12)
From [44, Eq. (3.478.4)], (24) is solved as
kg | g5

Mpy | Mgy 2
4<Q\h1\QIgli\)
L (mypy )T (m)g51)

X Koy =mygyy (2y

Now, we calculate the pth moment of |/;]|g;;| as

Mpy | gy —1

Simlgal ) =

My Mg, ) 25)
C21y1$2) g5l

®\hl||g,,-|(1?)éE{(Ihzllgul)”}=f0 YA 1gul ).

(26)
From [44, Eq. (6.561.16)], (26) becomes
-P
Mgy Mgl \ 2
Ouligyl@) = | =—=—
fulle <Q|hz\QIghl>
r Hr . 2
8 (mypy) + p/2)T (myg) + p/2) 27

L (myp, DT (mygyy1)

2Although the OP expressions at D and D, given in (16) and (17) look
like simple in overall, however, they include many complex terms. Therefore,
the mathematical challenges in this paper are significant in comparison with
previous works such as [37], [38].
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Let B; = Zlel |hy||giil, the pth moment of 15; is expressed
as

Op (p) IPE{BP}
PL-2
E5E (0060
p1=0p>=0  pr_1=0 ! 2 L=l
X Oy 1gil (P — PO 1gi| (1 — P2) - - - Oy 1gs (PL—1)s
(28)

where () = 4 “Lk,
From (27) and (28) the moments of 5; are computed

as [45]

L
Op,(1) = Z®|h1\\gli|(1)’ (29)

l 1

Z Olny)1i(2) + 2 Z Z CTMPRICH

I=11'=l+1

Op(2) =

(30
Let H; = B; + |hgsp, |, its pth moment is
O, (p) = E{(Bi + |hpsp, )}

t
> (;)BflhBSD,»Itp
p=0
e
= (p) OB, (PO jhgp, |t —p)- (3D)
p=0

From (31), the pth moments of H; are given in (18)
and (19).

Based on the pth moments of #;, we can derive the CDF
of H; as [40]

1
Fyy.(x) =
! (D
(%,-(2) (O (1)]2>
( (O3, (D)2 O, (1x >
01,(2)—[02,(D]?" O3,(2)—[O4,(D]?> )
(32)

We should note that the approximation given in (32)
has been widely used in the literature such as [37], [39],
[40]. It was proved that the approximate and exact results
perfectly match in low transmit power regime. However, there
is a small difference between them in high transmit power
regime.

Since I'(n, @) + y(n, a) =

1

F( [024,(DP )
©1,2)—[O34,(DP

I'(n), (32) becomes

Fp,(x) ~ 1 —

. ( [O,(D]? Oy, (1)x )
O, (2)—[Ox, (D2 O3, (2)—[O,(D]?
(33)
Now, we reorganize (14) and (15) as
Po, = Pr{HiPast@ — yna2) < yno?| . (34)

2
(Zszl |r11gi1| + 1hBSD, |> a1 Pgs L 2 ,
Pp, = Pr 3 <Y =Pr (Z |hl1g11] + [hBsp, I) Pps(ai — yma2) < ymo” .
(hi Vullgn | + thssp, 1) azPas + o2 =
(14)
2 2
| (ki gl + esny 1) aPes (SEy Illgia] + Vhssp,l) axPes
Pp, = Pr{ min 3 5 5 — < %
<21:1 |y llga] + |hBSD2|) aPgs + o
L L
. 2 2 2
= Pr { min (Z |llgi2| + |hBSD2|) Pgs(ar — yman), (Z [rllgi2| + |hBSD2|> aZPBS} < Yiho } . (15)
1=1 =1
_ 1 (O3, (D) O3, (D) [ ymo? a
! 1"( (O34, (V17 )F(®H1(2)*[@H1(1)]2’ O3, 2—10%, (D PBS(al—Vmaz))’ Vih < 2,
Pp, ~ 024,102, (D12 (16)
L, Yth = %,

(O3, (D)

O3, D102, (D)2
(O34, (D]

_ 1
! ( O3, P ) (@)’HQQ)—[@HQ(UP’®H2(2)—[@H2(1)]2 Ppsay/”
]

O3, (D) o? a
2 Yih ) Yih < o 1,

Pp, ~ 1— 1 . (
( 034, (D] )
O34, @)-103, (D12
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O3, (D) \/T ar _ a a7)
5016508 8,000,007 Posta ) @ <Y< G

a
Yth = o
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Pp, = Pr {min [H%PBS(UI — Yha2), ’HgazPBs} < Vthaz} .
(35)

1) When a1 — ymaz < 0or yw, > aj/az, (34) and (35) are
always true. It is because the left hand is < 0 while the right
hand is > 0. Consequently, Pp, = Pp, = 1 for yin > ai/ax.

ii) When a; — ymaz > 0 or ym < aj/az, we calculate Pp,
from (34) as

VthO )

Poy = Py (12T
! Hi\Pps(ar — ymaz)

VthU2
=F — . 36
h (V Pgs(a; — J/thaz)> (30)

Based on (33), we derive the second line of (16) from (36).
Combining of two cases, i.e., yin < a1/az and y > ay/as,
we obtain (16).

Meanwhile, to obtain Pp,, we must investigate two sub-
cases, e.g., d] — Va2 > az and a; — yhar < as.

If a1 — yma2 = a or ya =< aifaa — 1,
we have min{H2?Pps(a1 — yna2), Ha’a2Pes} = Ha’azPes.
Therefore, (35) becomes

2

Po, =Pr {’szangs < ythaz}

2
= () = (Vi)
Based on (33), we derive the first line of (17) from (37).
If ay — ymaz < az or yo > ai/ap — 1, we have

min{H>?Pps(ai —yma2), Ho’a>Pps} = Ho?Prs(ai —yina2).
Therefore, (35) becomes

Pp, = Pr {HZZPBS(al — aym) < 02%}1}

UZVth
el )
2\Ps(ai — az¥m)

Uzyth )
Hz(\' Pgs(ar — azywm) (38)

Based on (33), we derive the second line of (17) from (38).
Combination of three above cases, e.g., yn < aj/az — 1,

ai/ar — 1 < yw < ai/az, and yn > ay/az, we obtain (17).
The proof is thus complete.

B. ASYMPTOTIC ANALYSIS

To obtain insights from the derived expressions, we provide
the asymptotic expressions of the OPs at D; and D of
the IRS-mmWave-NOMA system. Specifically, by using
[(a,x) = T(a)exp(—x) Y ,_ (1)):” [44], the OPs at Dy and
D, given in (16) and (17) can be, respectively, expressed
as (39) and (40), as shown at the bottom of the next page.
From [46, Eq. (20)], (39) and (40) can be, respectively,
approximated as (41) and (42), as shown at the bottom of the
next page. Then, we can derive the asymptotic expressions
of OPs from (41) and (42) as (43) and (44), as shown at the
bottom of the next page, respectively. From (43) and (44),
we can easily derive the diversity order of the IRS-mmWave-
NOMA system. Particularly, the diversity orders at D; and
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D, (denoted by Do and D3, respectively) are, respectively,
computed as Dp; = — lim [log(PD1 /log(Pps)] and
BS

Doy = -— hm [log(PD2 / log(PBs)] Based on (43)

and (44), we obtaln the Doy and Doy as Do =
(O3, (D1 (O34, (D]
and D02 =

2(03, @103, (D) 2(@;{2(2)7[@%2(1)12) '

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, the OPs at far and near users of the
IRS-mmWave-NOMA system are determined via derived
expressions. Monte-Carlo simulations are provided to val-
idate analytical theory by using MATLAB software and
107 channel realizations. Moreover, we also provide the
OPs at D; and D, in the case without IRS, e.g., only
BS-D;/D; direct links. Unless stated otherwise, the parame-
ters used to obtain the numerical results are set as y = 1,
= Mipggp,| = M = 3,and G = Gx =
5 dB. The positions of BS, I, Dy, and D, are expressed via
coordinations (x, y), where the positions of BS and I are fixed,
e.g., (xgs,yBs) = (0,0) and (x1, y1) = (40, 20). The noise
power is expressed as [16], [40] 62 =10 log(Bw) 4+ Ng+ Ny,
where By, Ng, and N are, respectively, the bandwidth, noise
figure, and thermal noise power density. Similar to [16], [40],
[43], we set By = 1 MHz, Np = 10 dBm, and Ny =
—174 dBm/Hz. Other parameters are varied to determine
their effects on the OPs at D and D5.

Fig. 2 illustrates the OPs at D; and D, versus Pgs (in
dBm, dB in the following) for a; = 0.6,a, = 04, L =
100, (xp,.yp,) = (70,0), (xp,.yp,) = (50,0), and f; =
30 GHz. In other words, the distances from BS to far and near
users are, respectively, 70 and 50 m. The analytical curves
(denoted by “Ana”’) of the OPs at Dy and D, with IRS are
obtained by using (16) and (17), respectively. In addition,
the asymptotic curves (denoted by ‘“Asy’’) are obtained by
using (43) and (44), respectively. It is obvious from Fig. 2 that
utilizing IRS greatly reduces the OPs of the IRS-mmWave-
NOMA system. Specifically, at Pgs = 15 dB, the OPs at
D, with and without IRS are 1073 and 4 x 1072, respectively.
In other words, the OP at D, with IRS is 40 times lower
than that without IRS when Pgs = 15 dB. Similar to D,,
at Pgs = 20 dB, the OPs at D; with and without IRS
are 1.6 x 1073 and 3 x 1072, respectively. Additionally,
if the OP target at D; and D; is 1074, BS only uses 17 and
22.5 dB with IRS while it has to use 24 and 28 dB without
IRS. Therefore, the utilizing IRS greatly reduces the power
consumption of the transmitter. On the other hand, with the
investigated parameters, the OPs at D, is significantly lower
than that at D;. Thus, we should reallocate a; and a; to
obtain the same performance of both users. Furthermore, the
diversity orders at D1 and D, observed from Fig. 2 coincide
with the analysis in previous subsection.

Fig. 3 determines the effects of L on the OPs at D; and
D, for three cases, e.g., L = 100, 150, and 200 reflecting
elements. In Fig. 3, the power allocation coefficients are
reallocated, e.g.,a; = 0.8 and a; = 0.2. With these aj and ay,

M| = Mg
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the OPs at D; and D, are nearly similar, especially in the
case without IRS. When L increases, the OP performance
at Dy and Dj significantly improves. More specifically,

at Ppg
1.7 x 107" and 1.5 x 107" to 3.4 x 1072 and 1.5 x
1072, respectively, when L increases from 100 to 150. When

10 dB, the OPs at D; and D; reduces from

(O34, (112
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FIGURE 2. The OPs at D, and D, fora; = 0.6,a, = 0.4, L = 100,
(xDI s yD]) = (70, 0), (xp2 , }’Dz) = (50, 0), and f¢ = 30 GHz.
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FIGURE 3. The effects of L on the OPs at D, and D, fora; =0.8,a, = 0.2,
(xp,»¥p,) = (70,0), (xp, . ¥p,) = (50, 0), and fc =30 GHz.

L = 200, the OPs at D and D, are, respectively, 8 x 1073 and
10~* at Pgs = 10 dB. An other observation is that when L
increases, the differences between the OPs at D; and D, with
IRS increase. Therefore, depending on L and the distances
from BS to D; and D» in practice, we can choose appropriate
values of a; and a; to obtain the required performance at two
users. Notice that since Gamma approximations are used to
obtain the OPs at D; and D; of the IRS-mmWave-NOMA
system, the simulated and analytical results perfectly match
in low transmit power regime. However, they are different in
high transmit power regime. These results are reasonable and
agreed with previous works [37], [39], [40].

In Fig. 4, the positions of D; and D, are varied in

four cases, e.g., (xp,,yD,)
(50, 0) (Case 1)9 (-XD| ’ }’D1)
(60, 0) (Case 2)9 (xDl ’ yDl )

= (55,0) and (XD2,yD2) =
= (65,0) and (xp,,yp,) =
= (75,0) and (xDz,yDz) =

(70, 0) (case 3), and (xp,, yp,) = (85,0) and (xp,, yp,) =
(80, 0) (case 4). In other words, the distances from BS to
D; and D, are different in the four investigated cases. Since
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FIGURE 4. The OPs at D, and D, for a; = 0.6, a, = 0.4, L = 100, and
fc =30 GHz.
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FIGURE 5. The impacts of fc on the OPs at D; and D, for a; = 0.6,
a, =0.4,L =100, (xp, ,¥p,) = (55, 0), and (xp,, yp,) = (50, 0).

mmWave is used for the signal transmissions, increasing
the BS-user distances significantly increases the OPs at
D; and D». In particular, at Pgs = 16 dB, the OPs at D; and
Dyare3 x 1073 and 6 x 1074,3.6 x 1072 and 1.2 x 1072,
1.6 x 107" and 8 x 1072, and 4 x 107! and 2.7 x 107!
corresponding to the cases 1, 2, 3, and 4. In other words, when
the BS-user distances increases 10 m, the OPs nearly increase
10 times.

Fig. 5 evaluates the impacts of f. on the OPs at D; and
D; for f, = 30, 50, 70, and 90 GHz. Similar to the distances,
when f. increases, the OPs at Dy and D, greatly increase.
In particular, at f, = 30 GHz, the BS uses 18.2 and 17.6 dB to
achieve OP = 10~ at D; and Ds, respectively. Meanwhile,
for this OP target at D and D», the BS has to use 24.1 and
23.2, 28 and 26.3, and 31 and 29 dB corresponding to
f: = 50,70, and 90 GHz. In other words, when f; increases
from 30 to 50 GHz, the transmit power of BS has to increase
5.9 and 5.6 dB corresponding to users D; and D, dB to
maintain OP = 10~*. Moreover, the differences between
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OPs with f, = 30 and 50 GHz are higher than those with
fe =50 and 70 GHz, and f. = 70 and 90 GHz.

Fig. 6 investigates the OPs at D; and D» versus a; for both
with and without IRS. Notice that we have a, = 1 — aj.
We observe that with the considered parameters, the OPs at
D, with and without IRS are minimum when a; = 0.67 and
ar = 0.33. Meanwhile, the OPs at D; with and without IRS
are minimum when a; = 0.9 and a; = 0.1. Moreover, the
OPs at D; and D, with IRS are similar when a; = 0.81 and
ap = 0.19. Meanwhile, in the case without IRS, the OPs at
D; and D; are similar when a; = 0.8 and a» = 0.2. As the
results, we can choose a suitable value of a1 and ay to satisfy
the OP requirements at D and D, in practice.

V. CONCLUSION

In this paper, the performance of the IRS-mmWave-NOMA
system was analyzed. We successfully derived the OP
expressions at two users D; and D, under the impacts
of practical conditions over Nakagami-m fading channels.
Numerical results observed that the utilizing IRS significantly
enhances the performance of the IRS-mmWave-NOMA
system. In particular, for an OP target, the transmit power
of BS with IRS is greatly lower than that without IRS.
Moreover, for a specific transmit power, the OPs with IRS
is considerably lower than those without IRS. Since the
mmWave is used, increasing BS-user distances or carrier
frequency leads to a significant decrease in the performance
of the IRS-mmWave-NOMA system. Therefore, when the
distances are far and the carrier frequency is extremely high,
we can use an IRS with larger number of reflecting elements
to maintain the performance of the IRS-mmWave-NOMA
system. Moreover, we can reallocate the power coefficients of
NOMA scheme to obtain the same performance at D1 and D;.
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