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Abstract— Intelligent reflecting surface (IRS) with wireless
channel reconfiguration capability has been proposed as a
promising technology to improve the performance of future
wireless networks. IRS is able to achieve massive connectivity, as
well as high energy and spectral efficiency with the aid of non-
orthogonal multiple access (NOMA) technique. However, IRS in
practical systems faces serious challenges such as discrete phase
shift configuration, the dependence of reflection amplitude on
phase shift, as well as dependence on incident and reflection
angles. Hence, we consider a downlink NOMA system assisted by
an IRS under practical reflection models and maximize the sum
rate by optimizing the IRS phase shift configuration. Since the
corresponding optimization problem is non-convex, two
exhaustive search and genetic algorithm methods are used to solve
the problem. Simulation results show that increasing the number
of IRS elements improves the sum rate, and on the contrary,
significantly increases the problem-solving time in the exhaustive
search method and makes it inefficient. In comparison the genetic
algorithm is able to effectively solve the problem in less time than
the exhaustive search method. Moreover, a simple but efficient
phase aligning algorithm is also proposed in single-user case as a
suboptimal solution of problem.

Keywords—Intelligent reflecting surface; non-orthogonal
multiple access; practical reflection models; genetic algorithm;
phase aligning algorithm.

I. INTRODUCTION

The destructive effects of natural wireless propagation,
including attenuation and scattering, as well as the
ineffectiveness of uncontrollable channel models to meet the
requirements of future wireless networks, have led researchers
to create a programmable and intelligent wireless environment
[1, 2]. A leading technology to achieve a reconfigurable wireless
channel is intelligent reflecting surface (IRS) [2, 3]. IRS is a
planar antenna array, which contains many passive reflecting
elements with ability to control the phase, amplitude, frequency,
and even polarization of the input wave [2]. In previous works,
ideal reflection models for IRS are mainly considered, in which
a continuous phase shift configuration, constant reflection
amplitude, and no dependence on incident and reflection angles
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are assumed. However, a practical IRS might not satisfy any of
these conditions. In [4], a practical phase shift model is
presented, where the reflection amplitude is nonlinearly
dependent on its phase shift, and the transmit power of a
multiple-input single-output (MI1SO) system with an IRS based
on this model is minimized by jointly designing the transmit and
reflect beamforming. The aim of [5] is to achieve the desired
quality-of-service (QoS) of users with minimum transmit power
in an IRS-aided downlink system, where the unit cell radiation
pattern depends on the incident, and reflection angle.
Furthermore, in [6], a practical model is adopted for IRS
considering the dependence of the reflection amplitude on the
input angle.

With the aim of improving the spectral efficiency (SE) and
connectivity of users in IRS-assisted wireless networks, the non-
orthogonal multiple access (NOMA) technique is utilized [7].
The main idea of NOMA is to allocate one resource block, e.g.
subcarrier, time slot, and code, to multiple users. Therefore, the
number of users supported by NOMA is greater than the number
of resource blocks. hence, the use of NOMA increases SE and
supports massive connectivity [8]. In [9], the throughput
maximization of an IRS-aided downlink NOMA system by
jointly optimizing the resource allocation, decoding order, and
IRS reflection coefficients is investigated. In [10], the transmit
power of a NOMA network enhanced by IRS is minimized
under the unit reflection amplitude, and discrete phase shifting
constraint for IRS elements. In [11], a MISO IRS-assisted
NOMA system is considered, and the transmit and reflect
beamforming are jointly optimized in terms of the sum rate over
the users. In [12], the performance of the IRS-NOMA system is
studied in two simple but efficient phase shifting designs; In the
first design, the phase shift of each element is adjusted so that
the phase of the cascaded channel via that element is zero, and
in the second design the phase shifts are discrete and randomly
chosen. In [13], a multi-cluster NOMA network is designed,
where an IRS is deployed in each cluster due to the non-line-of-
sight (NLoS) propagation feature of communication from the
base station (BS) to cell edge user, and the power allocation,
beamforming vector and IRS phase shifting matrix of each
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cluster are jointly optimized so that the total transmit power is
minimized.

In this paper, a single-input single-output (SISO) NOMA
system is considered, where an IRS under practical reflection
models is exploited to enhance the downlink communication
from the BS to the users. We maximize the sum rate of all users
by formulating an optimization problem to configure IRS. The
corresponding optimization problem is non-convex and is
solved in two specific single-user and two-user cases. the simple
single-user case provides a useful perspective for solving the
problem. Furthermore, the general multi-user case can be
achieved by using the two-user case, and the user pairing
concept [10].

Il. SYSTEM MODEL

In this paper, an IRS-assisted downlink NOMA system is
considered, where a single-antenna BS is assisted by an IRS with
Q reflecting elements to serve K single-antenna users (see Fig.
1). The direct path between the BS and each user is blocked by
existing obstacles and has NLoS propagation feature. Therefore,
an IRS is deployed to aid communication, which has the line-of-
sight (LoS) links with the BS and users.

As shown in Fig. 1, the IRS is located in xy plane and
contains Q, elements along the x-axis (columns) and @,
elements along the y-axis (rows). In addition, the first element
is located at the coordinate origin, and elements are indexed row-
by-row by g € [1, Q] [14]. Therefore, the location of the g-th
element is expressed as

I, = [i(g)d, j(q)d, 01", )

where d denotes the element spacing and i(q) = mod(q —
1,Q,) and j(q) =1[(q —1)/Q,] show the horizontal and
vertical indices of the g-th element, respectively. The mod(.,.)
operator calculates the remainder of dividing the first argument
by the second argument, and [.] is the integer component of the
input [14]. If a plane wave impinges on the IRS from the (¢, 8)
direction, the array response vector that determines the phase
shift of the IRS elements relative to the first element is

a($,0) = JG(,0) [/H@O"s, @ lo] @)

where ¢ and 6 represent the azimuth and elevation angles,
respectively. G (¢, 8) denotes the directivity pattern of the BS
antenna in (¢,0) direction, and k(p,0) =
k[sin(8) cos(¢), sin(8) sin(¢) , cos(8)] is the wave vector,
where k represents the wave number [14]. Moreover, it is
assumed that the IRS has digital coding with two voltage levels.
Therefore, the total number of possible configurations for the
IRS is 2¢. But if the BS and users are considered in the xz plane,
the array response vector can be simplified by dropping the
dependence on ¢ as

e

@)

Fig. 1. :IRS-assisted NOMA system.

a(f) = ,/G(g)[efxd sin(@)i(D) | pjxd sin((-))i(Q)]T’ (3)

where the phase shifts only depend on the horizontal indices
i(q), which means that the received signals of all elements of an
IRS column are the same. Therefore, the phase shifts applied by
the elements of a column are the same and the total number of
configurations is reduced to 2%,

Letx = YK, \/p_ksk be the transmit signal of the BS, where
px represents the power allocated to the k-th user and s;, denotes
the symbol transmitted to the k-th user. In addition, the
equivalent channels of the BS to IRS, IRS to user k, and BS to
user k are indicated by h, € C?**, hf, € C*¢, and h,; € C,
respectively. Therefore, the signal received at the k-th user is

Yk = (hd,k + hﬁkﬂht)x + Zk,k = 1, ...,K, (4)

where z,~CN (0,52) represents the complex additive white
Gaussian noise (AWGN) at the k-th user's receiver. Moreover,
Q is the IRS phase shift matrix, which is defined as

Q(¥, ¥, ,,v) 2 g(¥, ¥, )diag(v), ®)

where v = [vl,...,vQ]T with v, = t,e/Pa is the reflection
coefficient vector of IRS; B, and 7, denote phase shift and
reflection amplitude of the g-th element, respectively.
Exploiting the physics-based model proposed in [5], @ depends
on the incident and reflection angles, as well as the polarization
of impinging wave. This dependence is represented in (5) by the
function g(¥,, ¥, ), which is



jamlL?
g (lpt' lIlr,k) = /1—2 g(lpt' lIlr,k)

X sinc (—KLAy(qzlt’ 'Pr‘k))

Where L and A denote the length of IRS elements, and
wavelength, respectively. ¥, = (6, ¢;, ¢;) is the angle-of-
arrival (AoA), where ¢, denotes the polarization of the incident
wave. Also, W, = (6,1, ¢, ) indicates the angle-of-departure
(AoD) for the k-th wuser. A;(W, W) =A4;,(¥)+
A(Wop)si€f{x,y}  with  A.(¥) =sin(8) cos(¢) and
A, (W) = sin(6) sin(¢). Furthermore, §(¥,, ¥, ) is given in
(), where c(¥) = A,(P) /A%, (P) + AZ(P),
Ayy (W) = cos(@,) Ax (W) + sin(e,) A, (P,) and
A,(P,) = cos(6y) [5].

Based on the practical phase shift model presented in [4], the

reflection amplitude is a nonlinear function of the phase shift and
is expressed as

Tq (Bq) = (1 - Tmin) (M) + Tmin (8)

where t,,;, = 0 is the minimum amplitude, { = 0 represents the
difference between —m/2 and the phase where t,,,;,, occurs, and
a = 0 is a parameter to control the slope of the function curve

[4]

I11. PROBLEM FORMULATION

The goal of this paper is to find the IRS phase shift
configuration with the maximum sum rate assuming the total
transmit power, Pr. = Y X_, p,, is fixed. This can be realized by
formulating and solving an optimization problem in two specific
single-user and two-user cases.

A. Single-user case
According to Shannon's formula, the achievable rate in this

case is expressed as

R(v) = Wlog,(1 +y(v)) 9)
where W is the bandwidth and y(v) denotes the signal-to-noise
ratio (SNR) for the reflection coefficient vector v, which is

|hd + h‘rI-‘IQ(lPtl ‘P‘r"v)htlsz
0—2

y(v) = (10)

Therefore, the optimization problem is formulated as

g(']’t, l‘ur,k) = C([I’t) X

[cos((pt) cos(6, ) sin(¢,.,.) — sin(g,) cos(6,x) cos(¢,x)
sin(ge) sin(r.) + cos(py) cos(br)

e (an
sit. vy =14(B.)e’P1,q=1,..,Q (12)
Bq = Ba+o, = = Bas(oy-1)05 4 = 1 Qx (13)
B,€Bq=1,..,0Q, (14)

where B represents the set of possible phase shifts and constraint
(13) indicates that the phase shifts of the elements in a column
are the same. The above problem is a non-convex problem and
also, for large IRSs, solving it by exhaustive search method is
very time-consuming. Therefore, in this subsection, two genetic
and phase aligning algorithms have been used to achieve the
optimal IRS configuration.

The optimization variable in the above problem is the IRS
phase shift configuration. But assuming that the phase shifts of
the elements of a column are the same, the dimensions of the
problem are reduced to one row. On the other hand, due to the
presence of two voltage levels, only one bit is needed to specify
the phase shift of each element. Therefore, in the genetic
algorithm, the variable is defined as a bit string of length Q,.
Furthermore, the fitness function maps each IRS phase shift
configuration to the corresponding achievable rate at the
receiver.

Based on the phase aligning algorithm in [15], the phase shift
applied by each element of the IRS is adjusted so that the
received signal of the user by that element is in phase with the
received signal by the direct path. However, in this paper, the
phase shift values for IRS elements are limited, and also the
phase shifts of all elements in a column are considered the same.
Therefore, in this paper, the phase aligning algorithm is defined
in such a way that the phase shift for the elements of each
column of the IRS is chosen to minimize the phase difference
between the received signal of the user by this column and the
received signal by the direct path.

B. Two-user case

In this subsection, a simple case with K =2 users is
considered. According to the NOMA protocol, less power is
allocated to the user with stronger channel. Therefore, the
successive interference cancellation (SIC) technique is
performed in the receiver of the user who has a stronger channel
to remove the interference of the user with the weaker channel.
The user with stronger channel first decodes the user’s signal
who has a weaker channel and removes it from its observation
signal to decode its own signal. While, the user with the weaker
channel to decode its own signal treats the signal of the user with
the stronger channel as interference. In IRS-NOMA systems,
due to the dependence of the channel power gainson the IRS

(7
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phase shift configuration, the user in which the SIC technique
is performed changes depending on the IRS configuration and
is obtained as

k(v) = arg kré}.’il’)z(}|hd’k 2 1)
+h, Q(P, W, ., v)h,|".

In order to guarantee the successful implementation of SIC
in user k, the achievable rate in user k to decode the signal of
another user (k € {1,2},k # k), Ryxz_k, Must not be less
than the achievable rate at user k to decode its own signal,
Ryxkok=k [9, 11]-

Rysioke 2= Rizieok=ko (16)

where Rj.z-% and Ry .r_x=k are expressed as

Ryzk-k (V)
2 17)
tlhai + hezes (
- W log, (1 n pk¢k| dk ezze,k| )

Pr|hak + Rezer|” + 02
Rysrokzk (V)

Pisi|hajesr + heze k==E|2 (18)
=Wlog,| 1+ . =

PE|hd,k==fc + he2e,k==fc| + 0%

where hgpep = b, Q(W,, ¥, ,,v)h, represents the end-to-
end channel via IRS for the k-th user. Thus, the sum rate of
two users can be expressed as

2
Raum®) = Y R (W), (19)
; k—k

Since the user k to decode its own signal, first decodes the
signal of the other user and removes it from its observation
signal, Ry_ is expressed as

pr|haz + heZeE|2
Rioz(v) =Wlog, | 1+ . = : . (20)
In addition, fractional transmit power allocation (FTPA) is
used as the power allocation technique. Based on the FTPA
scheme, the allocated power to each user depends on the
channel gains of all users and is given as

(Ihel?/0)7°

(il fo?)”

where h,, denotes the channel gain of the k-th user and o the
noise power at the receiver of the k-th user. Moreover, 0 <
6 <1 is the decay coefficient, which the case of § =0
indicates equal power allocation to all users, and as &
increases, more power is allocated to the weaker user (in terms
of channel conditions) [16]. In this paper, § = 1 is considered
and also due to the creation of an additional path by the IRS,
the channel gain of each user is defined as the sum of the gains

Px = Pr

k=1,..,K 1)

of the direct channel and IRS cascaded channel. On the other
hand, since the noise power of the receiver is the same for all
users and is equal to o2, the power allocated to the k-th user
is expressed as

|hd,k + Rezek |_2

T o
Z?:l'hd,j + heZe,j| ’

Therefore, the corresponding optimization problem is
formulated as

Pr = (22)

max Rgym(V)

(Bady_y 23)
S.t.  Ryzkok = Rizkokzk (24)
v, =14(B)e’P1,q=1,..,Q (25)
Bq = Ba+or = = Ba+(oy-1)0r 4= L+, Ox (26)
B €EBg=1,..,0Q, 27)

which is a non-convex problem. Therefore, the genetic
algorithm is used for suboptimal solving the problem.
Furthermore, in order to evaluate the performance of the
genetic algorithm, the problem is solved by exhaustive search
method as well. The optimization variable and the fitness
function in the genetic algorithm are defined similarly to the
single-user case.

IV. SIMULATION RESULTS

Downlink communication from a BS composed of a
directional antenna to K single-antenna users is considered,
which is improved by a practical IRS. It is assumed that the
BS antenna is directed towards the IRS and the users' antenna
is omnidirectional. Moreover, the NOMA scheme is adopted
as a multiple access technique. The channel gain for each

effective path as h; = /Eiﬁiﬁi,i € {t,r,d} depends on the

path loss related to the distance h;, large-scale shadowing A;,
and the small-scale fading A;, where the BS-IRS, IRS-user,
and BS-user paths are represented by t, r, and d subscripts,
respectively. The propagation environment is considered as

TABLE I. VALUES OF SYSTEM PARAMETERS.
paramet | . | paramet | paramet value
er er er
1z 30GHz w 20 MHz 4 0.43m
—-174 ~ o~ o~ (=80,0,0)

dx A2 No dBm/Hz (ha e b)) 4
1.5

d, A/2 Nr 6 dB P < 10°2
0.5,0.8

Lyc 0.8d, Py 5W or E( 1033 )

Q, 12 Tonin 0.2 6, /6

B {0, 7} a 1.6 6, (/4,m/3)




free space, and as a result, the path loss is modeled as h; =
2
(ﬁ) , Where p; denotes the distance. The direct link
between BS and users is heavily (strongly) shadowed, while
links from BS to IRS and IRS to users are LoS. In addition,
Rayleigh fading is considered for all channels, i.e.,
hi~CN (0, 1). The noise power at the receivers is modeled as
a2 = WN,Ng, where N and N, denote the noise figure and
the power spectral density of the noise, respectively [5]. The
values used for system parameters are presented in TABLE I.

A. Single-user case

In this case, it is assumed that the user is at a distance of
0.5 x 10004 from the IRS and at an elevation angle of 6, =
/4. By varying the number of IRS columns, Q,, the
maximum achievable rate is obtained by the three proposed
methods. In Fig. 2, the maximum achievable rate for different
values of Q, is shown for each of the proposed methods.

From Fig. 2, it is observed that as the number of IRS
columns increases, the achievable rate increases. Moreover,
the curves of the proposed methods almost match each other,
while for large IRSs, the time to solve the problem using the
genetic algorithm is almost half the time required in the
exhaustive search method, and the phase aligning algorithm
achieves the solution 10 thousand times faster than the genetic
algorithm.

B. Two-user case

Similar to the single-user case, Fig. 3 shows the maximum
sum rate of users for different Q, using both exhaustive search
and genetic algorithm methods. User 1 and 2 are placed at a
distance of 0.5x1000A and 0.8x1000A from the IRS and angles
of m/4 and n/3, respectively.

Fig. 3 shows the improvement of the sum rate of users with
the increase of Q... On the contrary, by increasing the number
of IRS columns, the problem-solving time increases and the
exhaustive search method becomes inefficient. But the genetic

5
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Fig. 2. Maximum achievable rate versus the number of IRS columns (Q, =
0 shows the case without IRS).
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Fig. 3. Maximum sum rate versus the number of IRS columns (Q, =
0 shows the case without IRS).

algorithm can solve the problem in about half the required
time in the exhaustive search method, while, the curves of
these two methods have a slight difference with each other.
Thus, the genetic algorithm is an efficient method to solve the
problem for large IRSs.

V. CONCLUSION

In this paper, an IRS-assisted downlink NOMA system
was considered, where a practical IRS was deployed to assist
communication from a single-antenna BS to multiple single-
antenna users. The aim of this paper is to optimize the IRS
phase shift configuration in terms of the sum rate. The
corresponding optimization problem was non-convex and to
solve it, two exhaustive search and genetic algorithm methods
have been presented. Moreover, the phase aligning algorithm
was also proposed in single-user case for suboptimal solving
the problem. The simulation results showed the time-
consuming and ineffectiveness of the exhaustive search
method for large IRSs, while the proposed suboptimal
algorithms are able to provide similar performance in less
time. In the future works, the performance of the system for
the larger IRSs and more number of phase shift levels can be
investigated.
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