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Abstract—This paper focuses on studying orthogonal and non-
orthogonal multiple access in intelligent reflecting surface (IRS)-
aided systems. Unlike most prior works assuming continuous
phase shifts, we employ the practical setup where only a finite
number of discrete phase shifts are available. To maximize the
sum rate, active beamforming and discrete reflection need to be
jointly optimized. We therefore propose an alternative optimiza-
tion method to get the optimal continuous phase shifts iteratively,
and then quantize each phase shift to its nearest discrete value.
The sum-rate maximization of different schemes is theoretically
analyzed and numerically evaluated with different numbers of
phase-control bits.

I. INTRODUCTION

Reconfigurable intelligent surface a.k.a intelligent reflecting
surface (IRS) has received considerable attention from the
research community [1]]. Particularly, IRS is a planar meta-
surface composed of massive reflection elements, each of which
can independently induce a phase shift to an impinging signal
[2]. These elements thereby collaboratively realize a smartly
reconfigurable radio environment for signal amplification or
interference suppression. IRS not only reflects signals in a full-
duplex and noise-free way [3|] but also lowers hardware and
energy costs substantially due to the use of passive components.
Consequently, it is recognized that IRS can be a key tech-
nological enabler for the upcoming sixth-generation (6G) [4],
[S] system to meet more stringent performance requirements
than its predecessor. To exploit the potential, a growing body
of literature have investigated different aspects for IRS-aided
wireless communications, i.e., reflection optimization design
[2]], channel estimation [6]], and the joint design of IRS with
other wireless technologies, e.g., orthogonal frequency-division
multiplexing (OFDM) [7]], multi-input multi-output (MIMO)
[8], hybrid beamforming [9]], millimeter-wave [[10]], and Ter-
ahertz communications [11].

Prior works on IRS mostly focus on point-to-point commu-
nications that considers a base station (BS), a surface, and a
single user. Nevertheless, a practical wireless system needs to
accommodate many users simultaneously, raising the problem
of multiple access. On the one hand, its disruptive capability
in smartly reconfiguring wireless environments enables new
paradigms to mitigate multi-user interference. On the other
hand, frequency-division approaches suffer from the lack of
frequency-selective reflection due to IRS hardware constraints.
Hence, it is worth clarifying which multiple access technique
is more favorable in IRS-aided systems. In [[12f], the authors

conducted performance comparison of non-orthogonal multiple
access (NOMA), frequency-division multiple access (FDMA),
and time-division multiple access (TDMA). But this work is
preliminary and needs to be deepened because it assumes that:
(1) the BS has only a single antenna, (2) the system merely
includes two users, and (3) the channel model is too simple.
Therefore, this paper focuses on studying different orthogo-
nal and non-orthogonal multiple access techniques in a more
general IRS-aided multi-user MIMO (MU-MIMO) system,
where a multi-antenna BS simultaneously serves K users.
Unlike most prior works employing continuous phase shifts,
we use a more practical setup where only a finite number
of discrete phase shifts are available [13]. To maximize the
sum rate of the multi-user IRS system, active beamforming
at the BS and discrete passive reflection at the IRS are re-
quired to be jointly optimized. Therefore, we propose a two-
step alternative optimization method, which gets the optimal
continuous phase shifts first, and then quantizes each phase
shift to its nearest discrete value. The sum-rate maximization
of different multiple-access schemes is theoretically analyzed
and comparatively evaluated through simulations with different
numbers of phase-control bits. In addition, a more practical
simulation setup consisting of a cell-edge area and a cell-center
area is deliberately designed, where the COST-Hata model is
applied for large-scale fading, and Rician fading is employed
to model the line-of-sight (LOS) path between the BS and IRS.
The remainder of this paper is organized as follows: Section
II introduces the model of an IRS-aided MU-MIMO system.
Section III analyzes three multiple access schemes. Simulation
setup and some examples of numerical results are demonstrated
in Section IV. Finally, the conclusions are drawn in Section V.

II. SYSTEM MODEL

As illustrated in Fig[l] this paper considers an IRS-assisted
MU-MIMO downlink communications system, where an intel-
ligent surface with N reflecting elements is deployed to assist
the transmission from an Nj-antenna BS to K single-antenna
user equipment (UE). Since the direct paths from either the BS
or the IRS to UEs may be blocked, the corresponding small-
scale fading follows Rayleigh distribution. Consequently, the
channel gain between antenna element n;, € {1,2,..., N} and
user k € K = {1,2,..., K} is a circularly symmetric complex
Gaussian random variable with zero mean and variance O']%, ie.,



Jreny ~ CN(0, 0]20). Thus, the channel vectors from the BS and
the IRS to the k" UE are denoted by

fr. = [fkhsz,-u’fk:Nb}T, (1)

and

T
8k = |:gk1agk27"'7gkN:| ) (2)

respectively, where gpn, ~ CN (0,0’3) is the channel gain
between IRS element n € N £ {1,2,..., N} and user k.
We write

hn = [hnla hn27 ey han}T (3)

to denote the channel vector between the BS and the n!”

reflecting element. So the channel matrix from the BS to the
IRS is expressed as H € CVN*No where the n'* row of H
equals to hZ. In contrast to randomly distributed and moving
UEs, a favourable location is deliberately selected for the IRS
to exploit a LOS path of the fixed BS without any blockage,
resulting in Rician fading, i.e.,

To? o2
H=,/—_H \| = -H 4
Tl Los + T 1 ANLOS, (€]

with the Rician factor I', the LOS component Hypg, the
multipath component H 1,05 consisting of independent entries
that follow CA/(0, 1), and the BS-IRS path loss o7.
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Fig. 1. Schematic diagram of an IRS-aided multi-user MIMO system, which
is comprised of a multi-antenna BS, K single-antenna UE, and an IRS with
N reflecting elements.

Since the IRS is a passive device, time-division duplexing
(TDD) operation is usually adopted to simplify channel estima-
tion. The users send pilot signals in the uplink training and the
BS estimates the uplink instantaneous channel state information
(CSI), which is used for optimizing downlink data transmission
due to channel reciprocity. To characterize the theoretical
performance, the analysis hereinafter is conducted under the
assumption that the CSI of all involved channels is perfectly
known at the BS, as most prior works [[1][-[3]], [6]-[11], [[14].
In addition, we assume narrowband communications, where

the channels follow frequency-flat block fading. A wideband
channel suffering from frequency selectivity can be transformed
into a set of narrowband channels through OFDM [15], making
the assumption of flat fading reasonable.

The reflecting surface is equipped with a smart controller,
which can adaptively adjust the phase shift of each IRS element
in terms of the CSI acquired through periodic channel estima-
tion [6]. Ideally, the coefficient of each reflection element can
be continuously adjusted. Denoting the reflection coefficient of
the n'* element by ¢, = B,e/%" yields a continuous phase
shift 6,, € [0,27) and amplitude attenuation 3, € [0,1]. As
revealed by [2]], the optimal value of attenuation is 3, = 1,
Vn to maximize the received power and simplify hardware im-
plementation, which will therefore not be discussed hereinafter.
Although continuous phase shifts are beneficial for optimizing
performance, it is practically difficult to implement. Positive-
intrinsic-negative (PIN) diodes have been widely adopted for
fabricating reflection elements due to fast response time, small
reflection loss, and relatively low hardware and energy costs.
By adding different biasing voltages, a PIN diode is switched
to either ON or OFF state, inducing a phase-shift difference of
«. Finer controlling is realized by integrating multiple diodes.
For example, implementing 8 discrete phase shifts needs at least
log, 8 = 3 PIN diodes [16]]. Higher resolution imposes not only
high hardware cost and design complexity but also the backhaul
burden of a wireless or wired link between the BS and the smart
controller. Since a surface usually contains a large number of
reflecting elements, it is practical to implement only a finite
number of discrete phase shifts denoted by ¢,, hereinafter. Let
b denote the number of bits for representing L = 2° different
levels, the set of discrete phase shifts can be expressed as

F={0,06,200,....(L- 110} )

with A¢ = 27 /L.

Because of severe path loss, the signals that are reflected by
the IRS twice or more are negligible. By ignoring impairments
such as channel aging [[17] and phase noise [18], the k" UE
observes the received signal

N

re =P (Z grne’ "] + f,3“> s+ ny, ©6)
n=1

where s denotes the vector of transmitted signals over the BS

antenna array, P; expresses the transmit power, ny is additive

white Gaussian noise (AWGN) with zero mean and variance

o2, namely ny ~ CN(0,02). Define

B = diag{ei%,ewa . ,eM’N}, én € F, 7
(6) can be rewritten in matrix form as
re = \/E(g{%HJrfkT)ernk. ®)
III. ORTHOGONAL AND NON-ORTHOGONAL MULTIPLE
ACCESS

This section analyzes sum spectral efficiencies of TDMA,
FDMA and power-domain NOMA in an IRS-aided MU-MIMO
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Fig. 2. The structure of a TDMA frame.

system and presents an alternating method to optimize active
beamforming at the BS and discrete passive reflection at the
IRS jointly.

A. Time-Division Multiple Access

This scheme orthogonally divides a radio frame into K
time slots. Each user transmits over the entire bandwidth but
cyclically accesses its assigned slot. At the header of each
frame, the BS processes the uplink training signals to get the
CSI, which keeps constant for the whole frame. At the k"
slot, the BS applies linear beamforming wj, € CNo*1 where
|lwe||? < 1, to send the information-bearing symbol s with
zero mean and unit variance, i.e., E [|sk|2} =1, intended for a
general user k. According to [[19], the switching frequency of
PIN diodes can reach 5 megahertz (MHz), corresponding to the
switching time of 0.2 ps, much smaller than the typical channel
coherence time on the order of millisecond (ms). It implies that
the set of phase shifts can be adjusted specifically for the active
user at each time slot. We write ¢, € F to denote the phase
shift of the nt* IRS element at slot k, and define

®, :diag{ej¢lk7€j¢2k’_..7€j¢Nk}, ke k. 9)
Substituting s = wys; and ®, = P4, into (§), we obtain
Ty =Py (ng@kH + fkT)WkSk + ng,

where P, stands for the power constraint of the BS, and P, =
P,; in TDMA. The instantaneous signal-to-noise ratio (SNR) of
user k, i.e.,

(10)

2
Po| (g ®4H + £ ) wi. -

Yk = o2
can be maximized by jointly optimizing wj and Py, resulting
in the following optimization formula

2

max
Py, Wi

‘ (g{@kH + fkT) Wi

12
st lwel? <1 (12)

O € F,Vne N, Vk € K,

which is non-convex because the objective function is not
jointly concave with respect to ®; and wy. To solve this prob-
lem, we propose a two-step alternative optimization method,
which first gets the optimal continuous phase shifts in an iter-
ative manner, and then quantizes each phase shift to its nearest
discrete value. Correspondingly, the constraint of discrete phase

shifts ¢, € F in (12) needs to be relaxed to continuous phase
shifts 6, € [0,27). Given an initialized transmit vector w,(co),
(T2) is rewritten as
2
max ‘ (g%@kH + fkT)w,gO)

(13)
st. Onr €0,27), Vn e N, Vk € K,

with @, = diag {ei%%, e% ... ik} The objective func-

tion is still non-convex but it enables a closed-form solution

through applying the well-known triangle inequality

(ng.@kH n fkT)w,(j’) < lgfo,mHw® | + 7w (14)
The equality achieves if and only if
arg (g ©Hw” ) = arg (£ w[”) 2 gor,  (15)

where arg(-) stands for the phase of a complex scalar.

Define qx = [qik, Gok, - - -, qnk]” With g = €% and
Xy = diag(gf)Hw,ﬁO) € CN*1, we have g{@kHw,(CO) =
al’x;, € C. Ignore the constant term |£'w'” |, ([3) is trans-
formed to

-
qk
st. |gnk| =1, Vn e N, Vk € K,

arg(ay x;) = Pok-

An IRS should be tuned such that the reflected signals and
the signals over the direct link are phase-aligned to achieve
coherent combining. As a result, the solution for (T6) is

(16)

qél) _ ej(gpok,—arg(xk)) — ej(@Ok—arg(diag(gg)HWg}))). (17)
Accordingly,
0\) = por, — arg (gar) — arg (hrTLW;(CO)) :

Once the set of phase shifts at the first iteration, i.e., @S) =
diag {ej o1k ,el 05, e o } are determined, the optimiza-
tion is alternated to update wy. The BS can apply maximal-
ratio transmission (MRT) to maximize the strength of a desired

signal, resulting in
( T(_)(l)H fT)H
8; O, H+1L

(1) _
o]

Wi

(18)

After the completion of the first iteration, the BS gets @;1)
,(Cl), which serve as the initial input for the second iteration
to derive ('-)ff) and w,(f). This process iterates until the con-
vergence is achieved with the optimal transmit vector w} and
continuous phase shifts ©} = diag {e/%ir, /%, ... e/%u},
Lastly, each phase shift is quantized into a finite number of
phase-control bits before sending to the smart controller through
a wireless or wired link, applying a mid-tread uniform quantizer

and w

*x G;k
Ori = Do {A(ﬁ + 0.5J , (19)



where the notation |-| denotes the floor function.

Substituting wj and ®; = diag {ejd’;k,ej@k, ey ej¢7Vk}
into (TI), we can derive the maximal spectral efficiency of user
k as

2
) Py (g] ®7H + £ )w;
Cp=—=log |1+
K o2

n

(20)

Thereby, the sum rate maximization of the TDMA-based IRS
system can be computed by Cigme = 25:1 Ch.

B. Frequency-Division Multiple Access

In FDMA, the system bandwidth is divided along the fre-
quency axis into K orthogonal subchannels. Each user occupies
a dedicated subchannel over the entire time. The BS employs
linear beamforming wy, to transmit s, over the £*" subchannel
with equally-allocated power P, = P,;/K. In contrast to
TDMA, where the IRS phase shifts can be dynamically adjusted
in different slots, the surface can be optimized only for a
particular user, whereas other users suffer from phase-unaligned
reflection. That is because the hardware limitation of IRS
passive elements, which can be fabricated in time-selective
rather than frequency-selective. Without losing generality, we
suppose the FDMA system optimizes the IRS to aid the signal
transmission of user k, the optimal parameters @z and wz can
be derived using the same alternating optimization as that of
TDMA. Thus, the achievable spectral efficiency of user k is

2
. Pd/K‘(ng‘ianLfg)wz
C}} = Elog 1+ J%/K 5

21

where the factor 1/K is due to the fact that each user occupies
only 1/K of the total bandwidth. Once the phase shifts of the
surface are completely adjusted for k, what the remaining K —1
users, denoted by i € K — I%}, can do is to only optimize their
respective active beamforming based on the fixed reflection ®;.

For user ¢, the MRT is given by

(giT@;H + fiT) "

(22)
giT<I>£H + £

Then, the sum-rate maximization of the FDMA IRS system is

2
) Py (g7 ®;H + 1w
Cfdma = ? log | 1+

2

On

Pa|(g7 @ + 17wy

2
n

1
+ Z wlog | 1+
iek—{k}

g

2
Pd‘(ngQEH +£7)w

1
=—1 1
K og + 72

1 2 P
> o (14 e e e,
iek—{k}

(23)

_|_

C. Non-Orthogonal Multiple Access

OMA can mitigate multi-user interference among orthogo-
nally multiplexed users to facilitate low-complexity receiver,
but it cannot achieve the sum-rate capacity of a multi-user
system. Using superposition coding and successive interference
cancellation (SIC), NOMA serves more than one user over each
orthogonal resource unit. The BS superimposes K symbols into
a composite signal

K
s = E VOEWSg,

k=1

(24)

where ay, represents the power allocation coefficient subjecting
to Zszl ar < 1. NOMA is a kind of power-domain multiple
access, where more power is allocated to the users with smaller
channel gain.

As FDMA, we suppose the system optimizes the IRS to aid
the signal transmission of user k. The optimal parameters ‘I)Z
and Wz can be derived using the alternating optimization as in
TDMA. Once the phase shifts of the surface are set to ®7, a

non-IRS-aided user i € K — k} can obtain its optimal active
beamforming wj as (22). Substitute into () to yield the
observation of a typical user k (including k and i # k) as

K
r, =/ Py (gg@zH + f,?) Z VO Wi S+ N

k'=1

=/ oLPy (gf@iH + fkT)WkSk (25)

Desired signal

K
Pd(ggQZH‘FfE) Z VO W S +N.
k' =1,k'#k

Multi-user interference

The optimal order of interference cancellation is detecting
the user with the weakest channel gain to the user with the
strongest channel gain. We write p, = (g} ®;H + ] )w}, Vk
to denote the effective gain of the combined channel for user



k. Without loss of generality, assume that user 1 has the largest
combined channel gain, and user K is the weakest, i.e.,

12 = llpall* = ... = llox .

With this order, each NOMA user decodes sy first, and then
subtracts its resultant component from the received signal. As
a result, a typical user k after the first SIC iteration gets

llo1 (26)

K-1
ik =1k — pev/ax Pask = pi Z VarPasi +ng,  (27)
k=1

assuming error-free detection and perfect channel knowledge.
In the second iteration, the user decodes sx_; using the
remaining signal 7;. The cancellation iterates until each user
gets the symbol intended for it. Consequently, the received SNR
for user k is

e = | o || ax Py
- — )
|2 Sy g Pa + o2

resulting in the achievable rate of R = log (1 + 7). The
maximized sum rate of IRS-aided NOMA transmission is

computed by
[l ]|* ek Pa

K
Cnoma = IOg 1+ — . (29
2 ( Ioel2 Sk e P + a%)

IV. SIMULATION RESULTS
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Fig. 3. Simulation scenario of a multi-user IRS system, where the cell coverage
is comprised of a cell-center area and a cell-edge area.

This section provides our simulation scenario and illus-
trates some representative numerical results to compare the
performance of different multiple-access techniques in terms of
achievable spectral efficiency. As shown in Fig[3] we consider
the cell coverage consisting of a cell-center area and a cell-edge
area. The BS equipped with N, = 16 antennas is located at the
original point (0,0) of the coordinate system, while a surface
containing N = 200 reflecting elements is installed at the center
of the cell-edge area, with the coordinate (375m, 375m). Half
of the users are far users that distribute randomly over the cell-
edge area, while the other half of users are near users that

distribute randomly over the cell-center area. The maximum
transmit power of BS is Py = 20W over a signal bandwidth of
B,, = 20MHz, conforming with the 3GPP LTE specification.
The variance of white noise is figured out by 02 = - By, Ty- Ny
with the Boltzmann constant x, temperature 7y = 290Kelvin,
and the noise figure Ny = 9dB. The variances ofc and 03 mean
distance-dependent large-scale fading, which is computed by
10755> with path loss P and shadowing fading S ~ N (0,02,),
which generally has a standard derivation o4 = 8dB. We use
the COST-Hata model, as depicted in [20], to calculate the path
loss with the break points dy = 10m and d; = 50m, carrier
frequency 1.9GHz, the height of BS or IRS 15m, and the height
of UE 1.65m. In contrast, the path loss for the LOS channel
between the BS and IRS can be computed by Lo/d~%, where
Ly = —30dB is the path loss at the reference distance of 1m,
d represents the propagation distance, & = 2 means the path
loss exponent, and the Rician factor K = 5.

Cumulative distribution functions (CDFs) of the sum spectral
efficiency in bits-per-second per hertz (bps/Hz) achieved by the
IRS-aided multi-user MIMO system is used as the performance
metric. Numerical results of FDMA, TDMA, and NOMA when
phase shifts are continuous, discrete with b = 1 and b = 2
phase-control bits, and random by setting 6,, € [0,27), Vn
randomly are provided for comparison. In our simulations, the
number of iterations for alternating optimization is set to three,
which is enough for the convergence of optimization. Fig[al
shows the CDF curves in the case of K = 2 users, consisting
of a cell-center user and a cell-edge user. Using random phase
shifts, the TDMA or FDMA scheme can achieve the 95%-
likely spectral efficiency, which is usually applied to measure
the performance of cell-edge users, of around 14 bps/Hz. As
we expected, NOMA is superior to OMA due to the use of
advanced signal processing (i.e., superposition coding and SIC).
To be specific, NOMA boosts the 95%-likely spectral efficiency
to 15.83 bps/Hz, amounting to a performance growth of over
10%.

It is observed that smartly phase control brings signifi-
cant performance improvement. The 95%-likely spectral effi-
ciencies of FDMA using discrete phase shifts of 1 bit and
2 bits, and continuous phase shifts grow to 18.19 bps/Hz,
18.71 bps/Hz, and 18.85 bps/Hz, respectively. Compared with
TDMA, which achieves 95%-likely spectral efficiency of ap-
proximately 20.6 bps/Hz, 21.6 bps/Hz, and 22.19 bps/Hz us-
ing 1 bit, 2 bits, and continuous phase shifts, there is a loss
of approximately 3 bps/Hz. That is because time-selective IRS
elements can aid both users optimally in TDMA-IRS by dy-
namically changing the phase shifts in different slots, whereas
the cell-center user in FDMA-IRS suffers from phase-unaligned
reflected signals due to the lack of frequency-selective IRS
reflection. As in the case of random phase shifts, NOMA still
outperforms the two OMA schemes, achieving the best per-
formance of 22.35bps/Hz, 23.29 bps/Hz, and 23.64 bps/Hz,
respectively, in 1 bit, 2 bits, and continuous phase shifts. In ad-
dition, we also illustrate the numerical results of these schemes
in the case of K = 12 users. As we can see in Figlfb] similar
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Fig. 4. Performance comparison of FDMA, TDMA, and NOMA in an IRS-aided MU-MIMO system using continuous, discrete, and random phase shifts: (a)
CDFs in terms of the sum rate with two users, and (b) CDFs in terms of the sum rate with twelve users.

conclusions can be drawn from their performance comparison.
For three multiple access schemes, only b = 2 phase-control
bits are enough for achieving near-optimal performance as that
of continuous phase shifts. It is a very encouraging result for
both the theoretical research and practical implementation of
IRS-aided wireless communications.

V. CONCLUSION

This paper studied the performance of different multiple
access techniques, including TDMA, FDMA, and NOMA, in
IRS-aided multi-user MIMO systems under a practical setup
where only a finite number of discrete phase shifts are available
at each reflecting element. To jointly optimize active beamform-
ing and discrete reflection, we propose a two-step alternative
optimization method, which gets the optimal continuous phase
shifts first, and then quantizes each phase shift to its nearest
discrete value. The sum-rate maximization of different multiple-
access schemes is theoretically analyzed and comparatively
evaluated through simulations with different numbers of phase-
control bits. The results revealed that using only 2 phase-control
bits are sufficient for achieving near-optimal performance as
continuous phase shifts. It is an inspiring result for the theoreti-
cal research and practical implementation of IRS-aided wireless
communications.
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