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Abstract

Most prior works on intelligent reflecting surface (IRS) merely consider point-to-point communications, including a single user,

for ease of analysis. Nevertheless, a practical wireless system needs to accommodate multiple users simultaneously. Due to the lack

of frequency-selective reflection, namely the set of phase shifts cannot be different across frequency subchannels, the integration

of IRS imposes a fundamental challenge to frequency-multiplexing approaches such as frequency-division multiple access (FDMA)

and the widely adopted technique called orthogonal FDMA (OFDMA). It motivates us to study (O)FDMA-based multi-user IRS

communications to clarify which user scheduling and passive beamforming are favorable under this non-frequency-selective reflection

environment. Theoretical analysis and numerical evaluation reveal that (O)FDMA does not need user scheduling when there are a

few users. If the number of users becomes large, neither user scheduling nor IRS reflection optimization is necessary. These findings

help substantially simplify the design of (O)FDMA-based IRS communications.

I. INTRODUCTION

Motivated by the big commercial success of the fourth generation a.k.a 3GPP LTE-Adavnced [1]–[3] and the fifth generation

(5G) technology [4]–[14], both the academia and industry have already shifted their focus towards the sixth generation (6G) [15]–

[18] and enthusiastically initiated many pioneering research programs although 5G is still on its way to being deployed across the

world. To support disruptive use cases beyond 2030, such as holographic communications, extended reality, artificial intelligence

[19]–[28], Tactile Internet, Internet of Things [29]–[35], multi-sense experience, metaverse, digital twin, and block-chain [36],

6G needs to meet more stringent performance requirements than its predecessor, e.g., a peak data rate of 1 terabits-per-second

(Tbps), a missive connection density of 107 devices per km2, and high-accuracy positioning, sensing [37]–[39], identification

and tracking [40]–[42]. Traditionally, three major approaches, i.e., (1) Deploying Dense and Heterogeneous Networks, (2)

Installing Massive Antennas for Extreme Spectral Efficiency, and (3) Enlarging Bandwidth can effectively improve coverage

and capacity. Nevertheless, these approaches incur high capital and operational expenditures, unaffordable energy consumption,

and severe network interference. Given these limitations, further evolving along the old track is hard to fully achieve stringent

6G requirements. Therefore, it is highly desirable to develop a revolutionary technology to realize sustainable capacity and

performance growth with affordable cost, low complexity, and efficient energy consumption.

Along with other 6G-potential technologies, such as terahertz communications [43]–[45] and cell-free massive MIMO [46]–

[51], a disruptive technique referred to as intelligent reflecting surface (IRS), a.k.a. reconfigurable intelligent surface, has drawn

much attention from academia and industry because of its potential of reaping high performance in a green and cost-effective

way [52]–[57]. Particularly, IRS is a planar meta-surface consisting of a large number of passive, lightweight, and cheap

reflection elements. A smart controller dynamically adjusts the phase shift of each element, thereby collaboratively achieving
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smart propagation environment for signal amplification or interference suppression [58]. Conventional technologies, such as

dense and heterogeneous network deployment, massive antennas, and ultra-wide bandwidth, can improve coverage and capacity

effectively but incur high capital and operational expenditures, much energy consumption, and severe network interference.

In contrast, IRS not only reflects signals in a full-duplex and noise-free way [59] but also lowers hardware and energy costs

substantially thanks to the use of passive components. Consequently, it is widely recognized that IRS can serve as a key

technological enabler for the upcoming sixth-generation (6G) wireless system to meet more stringent performance requirements

than its predecessor [16].

Previous studies have investigated different aspects for IRS-aided wireless communications, e.g., passive beamforming [58],

reflected channel estimation [60], hardware constraints [61], and the interplay with other technologies, such as orthogonal

frequency-division multiplexing (OFDM) [62], multi-input multi-output (MIMO) [63], hybrid beamforming [64], and Terahertz

communications [45]. The majority of prior works focus on point-to-point IRS-aided communications, which merely considers

a single user for simplicity. Nevertheless, a practical system needs to accommodate many users simultaneously, especially in

scenarios such as massive connectivity, raising the problem of multiple access. Usually, the phase shift of an element is adaptively

tuned across different time instants (i.e., time-selective). Due to the hardware constraint, it is not frequency-selective, namely the

phase shift cannot be different across frequency subchannels. Hence, the integration of IRS imposes a fundamental challenge to

frequency-multiplexing approaches such as frequency-division multiple access (FDMA), including the widely adopted technique

called orthogonal FDMA (OFDMA) [65].

In [66], the authors revealed that non-orthogonal multiple access (NOMA) and time-division multiple access (TDMA) are

superior to FDMA in terms of spectral efficiency. However, NOMA needs complex signal processing for successive interference

cancellation (SIC) [67], while TDMA requires stringent time synchronization among users. It is envisioned that FDMA can

still play an important role in some particular 6G scenarios such as IRS-assisted Internet of Things [68] due to its simple

implementation. Meanwhile, intelligent surfaces can be transparently installed in legacy FDMA-based networks for performance

enhancement, especially for OFDMA-empowered 4G LTE and 5G NR. Hence, it is worth making clear the behaviours of

(O)FDMA-based multi-user IRS systems in the absence of frequency-selective reflection, which is not reported yet in the

literature to the best knowledge of the authors. For simplicity, we use FDMA hereinafter to represent both legacy FDMA and

OFDMA techniques.

Since the IRS in FDMA-based systems can only be optimized for a particular user/subchannel, it raises two fundamental

questions: i) which user should be selected for optimizing passive beamforming? and ii) how to optimize the passive beamforming?

In this paper, therefore, we investigate the effects of multi-user scheduling and reflection optimization in an IRS-aided FDMA

system (interchangeably using the term FDMA-IRS hereinafter). Spectral efficiency for different user-scheduling and passive-

beamforming strategies are analytically derived, while a simulation setup consisting of a cell-edge area and a cell-center area is

deliberately designed to compare their performance with TDMA and power-domain NOMA. Theoretical analysis and numerical

evaluation reveal a meaningful outcome. That is, FDMA-IRS does not need user scheduling when there are a few users. If the

number of users becomes large, neither user scheduling nor passive-beamforming optimization is necessary. This findings helps

substantially simplifying the design of FDMA-IRS, where at least the estimation of cascaded channels, the IRS tuning, the smart

controller, and its backhaul are not needed any more.

We organize the rest of this paper as follows: Section II gives the system model. Section III analyzes user scheduling and

reflection optimization for FDMA-based IRS communications. Simulation setup and some examples of numerical results are

demonstrated in Section IV. Finally, Section V summarizes this paper.
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II. SYSTEM MODEL

As illustrated in Fig.1, this paper focuses on the downlink of an IRS-assisted multi-user MIMO system, where an intelligent

surface with N reflecting elements is deployed to aid the transmission from an Nb-antenna BS to K single-antenna user equipment

(UE). We write

fk =
[
fk1, fk2, . . . , fkNb

]T
(1)

to denote the Nb × 1 channel vector between the BS and the kth UE, and

gk =
[
gk1, gk2, . . . , gkN

]T
(2)

to denote the N × 1 channel vector between the IRS and UE k. Denoting the channel vector from the BS to the nth reflecting

element by hn = [hn1, hn2, . . . , hnNb
]T , the channel matrix from the BS to the IRS is expressed as H ∈ CN×Nb , where

the nth row of H equals to hT
n . Since the line-of-sight (LOS) paths from either the BS or the IRS to UEs may be blocked,

the corresponding small-scale fading follows Rayleigh distribution. Consequently, f and g are circularly symmetric complex

Gaussian random variables denoted by f ∼ CN (0, σ2
f ) and g ∼ CN (0, σ2

g), respectively. In contrast, a favourable location is

deliberately selected for the IRS to exploit an LOS path to the fixed BS without any blockage, resulting in Rician fading, i.e.,

H =

√
Γσ2

h

Γ + 1
HLOS +

√
σ2
h

Γ + 1
HNLOS (3)

with the Rician factor Γ, the LOS component HLOS , the multipath component HNLOS consisting of independent entries that

follow CN (0, 1), and the BS-IRS path loss σ2
h.

Since the IRS is a passive device, time-division duplexing (TDD) operation is usually adopted to simplify channel estimation.

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 is conducted under the assumption that the BS perfectly knows the CSI of all involved channels, as most prior

works [52], [58], [59]. Moreover, we do not consider the impact of channel aging or outdated channel information in fast-

fading environments [69]–[77]. A wideband channel suffering from frequency selectivity can be transformed into a set of

narrowband channels through OFDM [65], [78]–[83], and therefore we can conduct the algorithm design over a frequency-flat

narrowband subcarrier. A smart controller adaptively adjusts the phase shift of each reflecting element based on the instantaneous

CSI acquired through periodic channel estimation [60]. The reflection of a typical element n is mathematically modeled by a

coefficient ϵn = ane
jϕn , where ϕn ∈ [0, 2π) denotes an induced phase shift, and an ∈ [0, 1] stands for amplitude attenuation. As

mentioned by [58], an = 1, ∀n is the optimal attenuation that maximizes the strength of the received signal and simplifies the

implementation complexity. Hence, the reflection optimization only focuses on the phase shifts ϕn, ∀n. By ignoring hardware

impairments such as quantified phase shifts [84] and phase noise [55], the kth UE observes the received signal

rk =
√
Pt

(
N∑

n=1

gkne
jϕnhT

n + fTk

)
s+ nk, (4)

where s denotes the vector of transmitted signals over the BS antenna array, Pt expresses the transmit power, nk is additive

white Gaussian noise (AWGN) with zero mean and variance σ2
n, namely nk ∼ CN (0, σ2

n). Define

Θ0 = diag
{
ejϕ1 , ejϕ2 , . . . , ejϕN

}
, (5)

(4) can be rewritten in matrix form as

rk =
√
Pt

(
gT
k Θ0H+ fTk

)
s+ nk. (6)
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Fig. 1. Schematic diagram of an IRS-aided multi-user MIMO system, consisting of a multi-antenna BS, K single-antenna UE, and a reflecting surface with

N IRS elements.

III. USER SCHEDULING AND OPTIMIZATION DESIGN

The fundamental of FDMA lies on the division of the whole system bandwidth into K orthogonal subchannels. Each user

occupies a dedicated subchannel over the entire time. At the kth subchannel, the BS can employ linear beamforming [85]–[91]

over the antenna array denoted by wk ∈ CNb×1, where ∥wk∥2 ⩽ 1, to send the information symbol sk intended for user k, which

satisfies E
[
|sk|2

]
= 1. For simplicity, the transmit power of the BS is equally allocated among subchannels, i.e., Pt = Pd/K,

where Pd expresses the power constraint of the BS.

Substituting s = wksk and Pt = Pd/K into (6), we obtain

rk =

√
Pd

K

(
gT
k Θ0H+ fTk

)
wksk + nk. (7)

Thus, the achievable spectral efficiency of user k is formulated as

Rk =
1

K
log

1 +

Pd

K

∣∣∣(gT
k Θ0H+ fTk

)
wk

∣∣∣2
σ2
n

K

 , (8)

where the factor 1/K is applied since the signal transmission of each user occupies only 1/K of the total bandwidth. As a

result, the sum rate of the IRS-aided FDMA system is

C =

K∑
k=1

1

K
log

1 +
Pd

∣∣∣(gT
k Θ0H+ fTk

)
wk

∣∣∣2
σ2
n

 . (9)

A. Multi-User Scheduling

Unlike an IRS-aided TDMA system, where the set of phase shifts at each slot can be dynamically adjusted for its assigned

user, the IRS in an FDMA system can be optimized only for a particular user k̂ by setting Θk̂. The remaining users k ̸= k̂
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over other subchannels have to utilize this common configuration with Θk̂ and suffer from phase-unaligned reflection. That is

because the hardware constraint of IRS elements, which can be tuned in time-selective but not frequency-selective. Hence, it

raises a particular issue of user scheduling in FDMA: which user should be selected for passive beamforming optimization? To

get a comprehensive view, we design the following strategies:

• Exhaustive Search: If the system applies the IRS to aid the signal transmission of a typical user k, the set of phase

shifts is adjusted according to the CSI of this user, i.e., Θ0 = f(fk,gk,H), where f(·) denotes a certain optimization

function. In this case, the achievable sum rate denoted by C(k) can be computed by (9). The best user selection, which

achieves the maximal sum rate, is determined by exhaustively setting each user as the IRS-aided user

k̂ = argmax
k∈K

C(k), (10)

where K = {1, 2, . . . ,K} represents the set of users.

• The Nearest User: The philosophy behind is that the system performance might be improved by applying the IRS to

aid the user that has the smallest distance (equivalent to the largest large-scale fading or average received power) to the

IRS. Without losing generality, the user is selected according to

k̂ = argmax
k∈K

E
[
∥gk∥2

]
, (11)

where ∥ · ∥ expresses the Frobenius norm, and E denotes the statistical expectation.

• The Farthest User: For comparison, we can also optimize the phase shifts for the user that has the largest distance to

the IRS, i.e.,

k̂ = argmin
k∈K

E
[
∥gk∥2

]
. (12)

• Random Selection where the IRS adjusts its phase shifts according to the CSI of a user that is randomly selected from

K. In other words, the IRS is optimized as Θ0 = f(fk,gk,H) given a random user k. Note that random user selection

differs from random IRS reflection, where the phase shifts are random without optimization, independent of the CSI of

any user.

B. Joint Reflection Optimization

When the best user k̂ is determined through user scheduling, the system needs the joint optimization of active beamforming

at the BS and passive reflection at the IRS to aid the signal transmission of k̂. Temporarily ignoring other users k ̸= k̂, the

closed-form solutions for optimal active beamforming and optimal reflection can be obtained through an alternating method as

presented below. To maximize the instantaneous signal-to-noise ratio (SNR) of user k̂, i.e.,

γk̂ =
Pd

∣∣∣(gT
k̂
Θ0H+ fT

k̂

)
wk̂

∣∣∣2
σ2
n

, (13)

we formulate the following optimization problem

max
Θ0, wk̂

∣∣∣∣(gT
k̂
Θ0H+ fT

k̂

)
wk̂

∣∣∣∣2
s.t. ∥wk̂∥

2 ⩽ 1

ϕn ∈ [0, 2π), ∀n = 1, 2, . . . , N,

(14)

which is non-convex because their objective function is not jointly concave with respect to Θ0 and wk̂. To solve this problem,

we can alternately optimize Θ0 and wk̂ in an iterative manner [58].
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Without loss of generality, the maximal-ratio transmission (MRT) for the direct link can be applied as the initial value of the

transmit vector, i.e., w(0)

k̂
= f∗

k̂
/∥fk̂∥. Thus, (14) is simplified to

max
Θ0

∣∣∣∣(gT
k̂
Θ0H+ fT

k̂

)
w

(0)

k̂

∣∣∣∣2
s.t. ϕn ∈ [0, 2π), ∀n = 1, 2, . . . , N.

(15)

The objective function is still non-convex but it enables a closed-form solution through applying the well-known triangle inequality∣∣∣∣(gT
k̂
Θ0H+ fT

k̂

)
w

(0)

k̂

∣∣∣∣ ⩽ ∣∣∣∣gT
k̂
Θ0Hw

(0)

k̂

∣∣∣∣+ ∣∣∣∣fTk̂ w
(0)

k̂

∣∣∣∣. (16)

The equality achieves if and only if

arg
(
gT
k̂
Θ0Hw

(0)

k̂

)
= arg

(
fT
k̂
w

(0)

k̂

)
≜ φ0, (17)

where arg(·) stands for the component-wise phase of a complex vector.

Define b0 = [b1, b2, . . . , bN ]
H with bn = ejϕn and χk̂ = diag(gT

k̂
)Hw

(0)

k̂
∈ CN×1, we have gT

k̂
Θ0Hw

(0)

k̂
= bH

0 χk̂ ∈ C.

Ignore the constant term
∣∣fT
k̂
w

(0)

k̂

∣∣, (15) is transformed to

max
b0

∣∣∣bH
0 χk̂

∣∣∣
s.t. |bn| = 1, ∀n = 1, 2, . . . , N,

arg(bH
0 χk̂) = φ0.

(18)

The solution for (18) can be derived as

b
(1)
0 = ej(φ0−arg(χk̂)) = e

j
(
φ0−arg

(
diag(gT

k̂
)Hw

(0)

k̂

))
. (19)

Equivalently,

ϕ(1)
n = φ0 − arg

(
gk̂nh

T
nw

(0)

k̂

)
= φ0 − arg

(
gk̂n
)
− arg

(
hT
nw

(0)

k̂

)
, (20)

where hT
nw

(0)

k̂
∈ C can be regarded as an effective SISO channel perceived by the nth reflecting element, combining the effects

of transmit beamforming w
(0)

k̂
and channel response hn. In this regard, (20) implies that an IRS reflector should be tuned such

that the residual phase of each reflected signal is aligned with the phase of the signal over the direct link for coherent combining

at the receiver.

Once the phase shifts at the first iteration, i.e., Θ(1)
0 = diag

{
ejϕ

(1)
1 , ejϕ

(1)
2 , . . . , ejϕ

(1)
N

}
are determined, the optimization is

alternated to update wk̂. The BS applies MRT a.k.a. matched filtering to maximize the strength of the desired signal, resulting

in

w
(1)

k̂
=

(
gT
k̂
Θ

(1)
0 H+ fT

k̂

)H∥∥∥gT
k̂
Θ

(1)
0 H+ fT

k̂

∥∥∥ . (21)

After the completion of the first iteration, the BS gets Θ
(1)
0 and w

(1)

k̂
, which serve as the initial input for the second iteration

to derive Θ
(2)
0 and w

(2)

k̂
. This process iterates until the convergence is achieved with the optimal beamformer w⋆

k̂
and optimal

reflection Θ⋆
0. Here, the convergence means the objective value of (14) is non-increasing over iterations, which can be implemented

flexibly.
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Applying w⋆
k̂

and Θ⋆
0 into (13), we derive the achievable spectral efficiency of user k̂ as

Rk̂ =
1

K
log

1 +
Pd

∣∣∣(gT
k̂
Θ⋆

0H+ fT
k̂

)
w⋆

k̂

∣∣∣2
σ2
n

 . (22)

Given the reflection Θ⋆
0, what the remaining K − 1 users can do is to achieve partial optimization (in contrast to the joint

optimization for user k̂) by updating their respective active beamforming. The MRT beamformer for user k ̸= k̂, ∀k = 1, 2, . . . ,K

is optimized as

w⋆
k =

(
gT
k Θ

⋆
0H+ fTk

)H∥∥∥gT
k Θ

⋆
0H+ fTk

∥∥∥ . (23)

Substituting the optimal parameters into (9), the sum rate of the FDMA IRS system is obtained as

C =
1

K
log

1 +
Pd

∣∣∣(gT
k̂
Θ⋆

0H+ fT
k̂

)
w⋆

k̂

∣∣∣2
σ2
n


︸ ︷︷ ︸

Joint-Optimized User

(24)

+

K∑
k=1,k ̸=k̂

1

K
log

1 +
Pd

∣∣∣(gT
k Θ

⋆
0H+ fTk

)
w⋆

k

∣∣∣2
σ2
n


︸ ︷︷ ︸

Partial-Optimized Users

=
1

K
log

(
1 +

∥∥∥gT
k̂
Θ⋆

0H+ fT
k̂

∥∥∥2Pd

σ2
n

)
+

K∑
k=1,k ̸=k̂

1

K
log

(
1 +

∥∥gT
k Θ

⋆
0H+ fTk

∥∥2Pd

σ2
z

)
.

C. Random Reflection

In addition to the joint optimization of passive reflection and active beamforming, we study the simplest solution as a baseline.

Randomly setting the phase shifts of IRS elements denoted by Θr, each entry of which takes value uniformly and randomly

from [0, 2π). Then, each subchannel just optimizes its transmit beamforming as

w⋆
k =

(
gT
k ΘrH+ fTk

)H∥∥∥gT
k ΘrH+ fTk

∥∥∥ . (25)

Since the phase shifts are random without the knowledge of CSI, the channel estimation of cascaded channels is avoided,

substantially simplifying the system complexity.

IV. PERFORMANCE EVALUATION

In this section, we illustrate some numerical results of achievable spectral efficiency to compare the performance of FDMA,

TDMA and NOMA. Different user scheduling and reflection optimization strategies for FDMA are evaluated. As shown in

Fig.2, we consider the cell coverage consisting of a cell-center area and a cell-edge area. The BS equipped with Nb = 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-edge area.

The maximum transmit power of BS is Pd = 20W over a signal bandwidth of Bw = 20MHz, referring to the practical 3GPP
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Fig. 2. Simulation scenario of a multi-user IRS system, where the cell coverage is comprised of a cell-center area and a cell-edge area.

LTE specification. We apply the formula σ2
n = κ · Bw · T0 ·Nf to compute the variance of AWGN, where κ is the Boltzmann

constant, the temperature T0 = 290Kelvin, and the noise figure Nf = 9dB.

The large-scale fading is computed by σ2 = 10
P+S
10 , where P is distance-dependent path loss, S stands for log-normal

shadowing denoted by S ∼ N (0, σ2
sd), and the standard derivation is generally set to σsd = 8dB. As [48], this paper employs

the COST-Hata model to calculate P , i.e.,

P =


−P0 − 35 lg(d), d > d1

−P0 − 15 lg(d1)− 20 lg(d), d0 < d ≤ d1

−P0 − 15 lg(d1)− 20 lg(d0), d ≤ d0

, (26)

where d represents the propagation distance, d0 and d1 are reference points, which take values d0 = 10m and d1 = 50m,

respectively. The first term is formulated as

P0 = 46.3+33.9 lg (f0)− 13.82 lg (hS) (27)

−
[
1.1 lg(f0)− 0.7

]
hT + 1.56 lg (f0)− 0.8,

which equals P0 = 140.72dB when the carrier frequency f0 = 1.9GHz, the antenna height of BS or IRS hS = 15m, and the UE

antenna height hT = 1.65m. In contrast, the path loss for the LOS channel between the BS and IRS can be computed through

L(d) =
L0

d−α
, (28)
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Fig. 3. Performance comparisons of TDMA, NOMA and FDMA with different user scheduling and reflection optimization schemes in an IRS-aided multi-user

MIMO systems: CDFs of the sum spectral efficiency with two users

where L0 = −30 dB is the path loss measured at the reference distance of 1m, α = 2 means the free-space path loss exponent,

and the Rician factor is set to K = 5.

For a comprehensive view, our evaluation compares different schemes and configurations as many as possible, including: 1)

TDMA without the aid of IRS, where a radio frame is orthogonally divided into K time slots. At the kth slot, the BS sends

the information symbol sk to user k. The MRT w⋆
k = f∗k/∥fk∥ is applied to achieve matched filtering in terms of the BS-UE

direct link. 2) NOMA: the transmitter superimposes all information symbols into a single waveform as s =
∑K

k=1

√
αkwksk,

where αk represents the power allocation coefficient subjecting to
∑K

k=1 αk ⩽ 1. The optimal order of successive interference

cancellation is detecting the user with the weakest channel gain first. Then, the corresponding component due to the weakest

user is subtracted from the received signal at each user. In the second iteration, each user decodes the second weakest user using

the residual signal. The cancellation iterates until each user gets its own symbol. 3) FDMA without the aid of IRS, where the BS

applies the MRT w⋆
k = f∗k/∥fk∥ to send the information symbol sk at the kth subchannel. 4) TDMA in the IRS-aided system

denoted by TDMA-IRS, where the IRS applies time-selective phase shifts at each slot. At the kth slot, alternating optimization

is applied to jointly optimize active beamforming and passive reflection. 5) FDMA-RP means randomly setting the phase shifts

of the surface in the IRS-aided FDMA system, and then each subchannel optimizes its own transmit vector wk given the random

but known reflection situation Θr. 6) FDMA-Near means using the CSI of the nearest user of the IRS to optimize the phase

shifts, and then each subchannel optimizes its own transmit vector wk in terms of the given reflection situation. 7) FDMA-Far
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Fig. 4. Performance comparisons of TDMA, NOMA and FDMA with different user scheduling and reflection optimization schemes in an IRS-aided multi-user

MIMO systems: CDFs of the sum spectral efficiency with twenty users

means using the CSI of the farthest IRS user to optimize the phase shifts, and then each subchannel optimizes its own transmit

vector in terms of the given reflection situation. 8) FDMA-EUS means exhaustive user selection to find the best user, which

is selected for the reflection optimization, and then each subchannel optimizes its own transmit vector in terms of the given

reflection situation. 9) FDMA-RU means randomly selecting a user for the reflection optimization, and then each subchannel

optimizes its own transmit vector. It is observed in the simulations that three iterations are sufficient for the convergence of

alternating optimization.

Fig.3 compares the cumulative distribution functions (CDFs) of the sum spectral efficiency in an IRS-aided multi-user MIMO

system with K = 2 users, consisting of a far user and a near user. The conventional FDMA achieves the 95%-likely spectral

efficiency (a common measure for cell-edge performance) of around 4.3 bps/Hz, and 50%-likely or median spectral efficiency

of 7.6 bps/Hz. As expected, TDMA has the exactly same performance as FDMA in the absence of IRS. NOMA is superior to

FDMA/TDMA due to the superposition of more users over the same time-frequency resource, where the 95%-likely and 50%-

likely rates are increased to approximately 5.3 bps/Hz and 9.7 bps/Hz, respectively. It is verified that the use of IRS brings

substantial performance improvement. Even though random phase shifts are applied, the 95%-likely and 50%-likely rates of

FDMA-RP grow to 15 bps/Hz and 18.6 bps/Hz, respectively, amounting to almost three-fold improvement compared to FDMA

without the aid of IRS. Due to exhaustive best-user searching and joint reflection optimization, FDMA-EUS further boosts the

performance, reaching 19 bps/Hz and 22.5 bps/Hz. Interestingly, selecting either a near or far user suffers from a slight rate
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loss. That is to say, user scheduling does not provide a meaningful gain in the FDMA-IRS system. Compared with TDMA-IRS,

achieving 95%-likely spectral efficiency of 22.18 bps/Hz and 50%-likely spectral efficiency of 25.81 bps/Hz, there is a loss of

approximately 3 bps/Hz. That is because the time-selective reflection optimally optimizes both users in TDMA-IRS, whereas

one FDMA user suffers from phase-unaligned reflection due to the lack of frequency-selective reflection.

In addition, we also illustrate the performance comparison of these schemes in the case of K = 20 users. We observe that

either random user scheduling or random phase reflection achieves the near-optimal performance, which has less than 1 bps/Hz

rate loss, in comparison with exhaustive user selection and optimal reflection optimization. That is because only one user gets

the perfect performance with the aid of the IRS, whereas most of the users (K − 1) suffer from un-aligned phase reflection.

With the increasing number of users, the preference is random user selection and random phase shifts, which lowers the system

complexity substantially but achieves the near-optimal performance.

V. CONCLUSIONS

This paper investigated multi-user scheduling and passive-beamforming optimization for (O)FDMA in a multi-user IRS

communications system. For a comprehensive view, different user-scheduling strategies including exhaustive search, random

search, farthest user, and nearest user, as well as different passive-beamforming methods, i.e., joint reflection optimization

and random reflection, were presented. Theoretical analysis and numerical evaluation revealed a meaningful outcome. That

is, FDMA-IRS does not need user scheduling when there are a few users. If the number of users becomes large, neither user

scheduling nor reflection optimization is needed. This findings helps substantially simplifying the design of IRS-aided (O)FDMA

communications systems (e.g., the estimation of cascaded channel is avoided) but achieve the near-optimal performance.
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