2303.08825v1 [cs.IT] 15 Mar 2023

arxXiv

Orthogonal and Non-Orthogonal Multiple Access for
Intelligent Reflection Surface in 6G Systems

Wei Jiang*! and Hans D. Schotten’*
*Intelligent Networking Research Group, German Research Center for Artificial Intelligence (DFKI), Germany
TDepartment of Electrical and Computer Engineering, Technische Universitit (TU) Kaiserslautern, Germany

Abstract—Intelligent reflecting surface (IRS) is envisioned to
become a key technology for the upcoming six-generation (6G)
wireless system due to its potential of reaping high performance
in a power-efficient and cost-efficient way. With its disruptive
capability and hardware constraint, the integration of IRS imposes
some fundamental particularities on the coordination of multi-user
signal transmission. Consequently, the conventional orthogonal
and non-orthogonal multiple-access schemes are hard to directly
apply because of the joint optimization of active beamforming at
the base station and passive reflection at the IRS. Relying on an
alternating optimization method, we develop novel schemes for
efficient multiple access in IRS-aided multi-user multi-antenna
systems in this paper. Achievable performance in terms of the
sum spectral efficiency is theoretically analyzed. A comprehensive
comparison of different schemes and configurations is conducted
through Monte-Carlo simulations to clarify which scheme is
favorable for this emerging 6G paradigm.

I. INTRODUCTION

Although the fifth-generation (5G) technology is still on
its way to being deployed worldwide, both academia and
industry have already shifted their focus on the sixth-generation
(6G) technology and enthusiastically initiated many pioneering
research programs [1]. To support disruptive use cases beyond
2030 such as Metaverse, holographic telepresence, and digital
twin, 6G needs to meet more stringent performance require-
ments than its predecessor, e.g., a peak rate of terabits-per-
second, ultra-massive connectivity, and extreme reliability [2].
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 expendi-
tures, 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.

Recently, a disruptive technique referred to as intelligent
reflecting surface (IRS) has drawn much attention from both
academia and industry due to its potential to simultaneously
meet the aforementioned demands [3]. Particularly, IRS is a
planar meta-surface composed of a large number of reflection
elements, each of which can independently induce a phase
shift and amplitude attenuation (collectively termed as reflection

coefficient) to an impinging electromagnetic wave [4]. These
elements thereby collaboratively achieve a smart propagation
environment for signal amplification or interference suppression
[S]. Because the reflection elements are passive, cheap, and
lightweight, the IRS is a green and cost-efficient technol-
ogy. Therefore, it is recognized as a possible enabler for the
forthcoming 6G system [2]. It also exhibits great potential to
be transparently installed in legacy networks for performance
enhancement. A large and growing body of literature have
investigated different aspects for building an IRS-aided wireless
system, i.e., reflection optimization design [4], cascaded chan-
nel estimation [6]], practical constraints [7]], discrete phase shifts
[8], and the interplay of IRS with other wireless technologies,
e.g., orthogonal frequency-division multiplexing (OFDM) [9]],
multi-input multi-output (MIMO) [10], hybrid beamforming
[11]], and Terahertz communications [12].

The majority of prior works merely consider point-to-point
IRS communications, including a single user, for ease of
analysis. Nevertheless, a practical wireless system needs to
accommodate many users simultaneously, raising the prob-
lem of multiple access. Due to its disruptive capability in
smartly reconfiguring the wireless propagation environment,
as well as hardware constraints, the integration of IRS brings
some fundamental particularities on the coordination of multi-
user signal transmission. For instance, the lack of frequency-
selective reflection, namely the phase shift of each reflection
element cannot be different across frequency subchannels, leads
to the performance loss of frequency-division approaches. In
addition, active beamforming at the base station and passive
reflection at the IRS are coupled, and the joint optimization is
required. Consequently, the conventional orthogonal and non-
orthogonal multiple-access schemes are hard to directly apply.

Relying on alternating optimization, we develop novel
multiple-access methods by upgrading the conventional ones,
including time-division multiple access (TDMA), frequency-
division multiple access (FDMA), and non-orthogonal multiple
access (NOMA), to adapt to IRS-aided multi-user multi-antenna
systems. To differentiate with the originals, we hereinafter
name these schemes TDMA-IRS, FDMA-IRS, and NOMA-
IRS, respectively. Achievable performance in terms of the
sum spectral efficiency is theoretically analyzed. A compre-
hensive comparison of different schemes and configurations is
conducted through Monte-Carlo simulations to clarify which
scheme is favorable for this emerging 6G paradigm. The rest
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Fig. 1. Schematic diagram of an IRS-aided multi-user MIMO system, consist-
ing of a multi-antenna BS, K single-antenna UE, and a reflecting surface with
N IRS elements.

of this paper is organized as follows: Section II introduces the
system model. Section III develops and analyzes orthogonal
and non-orthogonal multiple access for IRS. Simulation setup
and 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 the downlink
of an IRS-assisted multi-user MIMO communications system,
where an intelligent surface with N reflecting elements is
deployed to assist the transmission from an [Nj-antenna base
station (BS) to K single-antenna user equipment (UE). The
IRS is a passive device, where time-division duplexing (TDD)
is usually adopted to simplify channel estimation. The users
send pilot signals in the uplink training so that the BS can
estimate the instantaneous channel state information (CSI),
which is used for optimizing the downlink data transmission
due to channel reciprocity. For ease of illustration, the analysis
hereinafter is conducted under the assumption that the BS
perfectly knows the CSI of all involved channels, as most
prior works [3[]-[5]]. Without losing generality, it assumes that
the system experiences flat-fading channels since a frequency-
selective channel can be treated as a set of flat-fading channels
through OFDM |[[13]]. Consequently, we write

fi, = [fm,fkm--wszvbr )

to denote the IV, x 1 channel vector between the BS and the
k'™ UE, and

T
gL = [Qkh k2, - - - ,gkN} 2

to denote the IV x 1 channel vector between the IRS and UE k.
Denoting the channel vector from the BS to the n*” reflecting
element by h,, = [h,1,hn2,--.,hnn,]T, the channel matrix
from the BS to the IRS is expressed as H € CNV*No| where
the n'" row of H equals to hZ.

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. In other words, f and g
are circularly symmetric complex Gaussian random variables,
denoted by f ~ CN'(0,0%) and g ~ CN(0,07), respectively.
The variances afv and 03 mean distance-dependent large-scale
fading. It can be computed by 10%, where P is distance-
dependent path loss, S stands for log-normal shadowing de-
noted by S ~ N(0,02,). As [14], this paper adopts the COST-
Hata model to calculate the path loss for the UEs, i.e.,

*'Po —35 loglo(x),

—Po — 151log,o(x1) — 201og; (),
—Po — 15log;o(21) — 20logo(z0),

T > X1
P = ro<x LT,
r < X

3)
where z is the link distance, xy and x; represent the break
points of the three-slope model, and P, is a constant. 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.,

To? o2
H=-—LH h 1 4
Tl ros + T 1 HNLOS 4

with the Rician factor T', the LOS component Hypg, the
multipath component H 1 0s consisting of independent entries
that follow CA/(0,1), and the BS-IRS path loss o7. Consider a
macro-cell scenario with far-field assumption, where there is no
reflector surrounding the BS and IRS, the signal transmission
more likes free-space propagation, which can be computed by

L 0

x—o’

(&)

where Ly stands for the path loss at the reference distance of
1m, and o means the path loss exponent.

A smart controller of the IRS is connected to the BS with a
wired or wireless link. It is responsible for adaptively adjusting
the phase shift of each reflecting element in terms of the ac-
quired CSI through periodic channel estimation [[6]. The signal
reflection of a typical element n for user £ is mathematically
modeled by a reflection coefficient €, = ayne/?*", where
¢rn € [0,27) denotes an induced phase shift, and ay, € [0, 1]
stands for amplitude attenuation. As mentioned by [4], ar, = 1,
Vn, k is the optimal attenuation that maximizes the strength of
the received signal and simplifies the implementation complex-
ity. Hence, the reflection optimization only focuses on the phase
shifts ¢gn, Vn, k. By ignoring hardware impairments such as
quantified phase shifts [8] and phase noise [15], the k" UE
observes the received signal

op =

N

r. =/ Py (ngnej‘#k"h,{—i—fg)s—i—nk, (6)
n=1

where s stands for the vector of transmitted symbols, Py

represents the BS power constraint, nj denotes additive white

Gaussian noise (AWGN) with zero mean and variance o2,

i.e., ng ~ CN(0,02). Define a diagonal phase-shift matrix as



O = diag{e’®1k ... e/?Nr} () can be rewritten in matrix
form as

— \/Pd(gEGkH+fkT>s+nk. 7
III. MULTIPLE ACCESS FOR IRS

In this section, we elaborate the fundamentals of TDMA-
IRS, FDMA-IRS, and NOMA-IRS, respectively, where an
alternating method is introduced to jointly optimize active
beamforming at the BS and passive reflection at the IRS.
Their closed-form expressions of the sum spectral efficiency
are derived.

A. TDMA-IRS

This scheme divides the signaling dimensions along the
time axis into orthogonal portions called time slots. Each user
transmits over the entire bandwidth but cyclically accesses its
assigned slot. It implies non-continuous transmission, which
simplifies the system design since some processing such as
channel estimation can be performed during the time slots
of other users. Another advantage is that TDMA is able to
assign multiple time slots for a single user, increasing system
flexibility. Mathematically, a radio frame is orthogonally di-
vided into K time slots, where the CSI keeps constant. Using
the round-robin scheduling, the BS applies linear beamforming
wy, € CNoX1 where ||wy||? < 1, to transmit the signal intended
for a general user k at the k' slot. The information-bearing
symbol s is zero mean and unit-variance, i.e., E [|sk|2] =1.
Substituting s = wysy, into (7), we obtain

TE = \/FTd(ng)kH + fg>wk8k + ng. (8)

By jointly optimizing active beamforming wy, and reflection
®,, the instantaneous SNR of user k, i.e.,

2
Pd‘ (gf@kH + fkT)wk‘

Ve = 2 €))
can be maximized, formulating the following optimization
2
max ’ (gg@kH + fg)wk
@1“ Wi
(10)

st w2 <1
dnr €[0,27), ¥n=1,...,N,Vk=1,..., K,

which is non-convex because the objective function is not
jointly concave with respect to ®; and wy. To solve this
problem, we can apply alternating optimization that alternately
optimizes ®;, and wy, in an iterative manner [4]. 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, w'” = £7/||fx]|. Thus, (T0) is simplified to

2
max ‘ (gf@kH + f,?)w,io)
k

(11)
st. ¢nk €10,27),Vn=1,...,NVk=1,... K.

The objective function is still non-convex but it enables a
closed-form solution through applying the well-known triangle
inequality

‘(g,{@kH + fkT)wff) < lgfoHw | + [fFw?|. (12)
The equality achieves if and only if
arg (gl OxHw" ) = arg (E/w(”) £ oo, (13)

where arg(-) denotes the angle of a complex vector or scalar.
Define qr = [qik, qor, - - ank]” With gox = €7 and
X, = diag(gl)Hw\” € CN*1, ©)

we have gl ©,Hw, =
alx,, € C. Ignore the constant term |f,? w,(co) , (L1) is trans-
formed to

max ‘quxk‘
qk
st |gnk|=1,Yn=1,... NVk=1,... K,
arg(ax x) = @or-
The solution for (T4) can be derived as

(14)

V) = eileo—ars0)) — i (vor—ars(dine(&DFW,”)) )
Accordingly,
L) = woi, — arg <9nkh£W;(€O))
(0)

= ok — arg (gnk) — arg (hz:wk ) , (16)

where hrTLw,(CO) € C can be regarded as an effective SISO
channel perceived by the nt" reflecting element, combining the
effects of transmit beamforming W,io) and channel response h,,.
In this regard, (T6) implies that an IRS reflector should be tuned
such that the phase of the reflected signal through the cascaded
link is compensated, and the residual phase is aligned with that
of the signal over the direct link, to achieve coherent combining
at the receiver. Once the reflecting phases at the first iteration,
ie., ®Y = diag IO IO eI
s k ’ ’ ’
the optimization is alternated to update wy. The BS can apply
MRT to maximize the strength of a desired signal, resulting in

} are determined,

( T@(l)H fT)H
g, 0, H+1

Hg{@;”H T fkTH '

wih)

a7

After the completion of the first iteration, the BS gets ('-),(;)
and W}(€1)’ which serve as the initial input for the second
iteration to derive (")1(3) and w,(f). This process iterates until
the convergence is achieved with the optimal beamformer wj;
and optimal reflection ®}. Substituting w} and ©;, into (9), we
can derive the achievable spectral efficiency of user k. Thereby,
the sum rate of the TDMA-IRS system can be computed by

2

K Pu|(eTOH + £T)w

1 d‘(gk k kE )Wk

Ctdma = ZEIOg 1+
k=1

. (18)

2
On



B. FDMA-IRS

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 k' subchannel
with equally-allocated transmit power P;/K. Thus, the achiev-
able spectral efficiency of user k is

T T 2
Ry = %log <1+ Pa/ K | (gl O4H + £ ) wi ) . (19)

o2 /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-IRS sys-
tem optimizes the IRS to aid the signal transmission of user k,
the optimal parameters @z and Wi can be derived using the
same alternating optimization as that of TDMA-IRS. Once the
phase shifts of the surface are completely adjusted for k, what
the remaining K — 1 users, denoted by {i|i =1,2,..., K, i #
/%}, can do is to realize partial optimization (instead of joint
optimization) by updating their respective active beamforming
based on the combined channel gain g7 ©;H +f]. For user i,
the beamformer can be optimized as

H
(sr@;H+1£])

Then, the sum rate of the FDMA-IRS system is calculated by

(20)

g/ ©7H 4 f]

2
Py (g7 ©FH + £ w?

1
Cfdma = 7> IOg 1+

% > 21

2
Py (7 O3 H + £7)w}
1 d T K3 1
+ E }log 1+ kar%

C. NOMA-IRS

Although the inter-user interference among orthogonally
multiplexed users is mitigated to facilitate low-complexity
multi-user detection at the receiver, it is widely recognized that
orthogonal multiple access (OMA) cannot achieve the sum-rate
capacity of a multi-user wireless system. Superposition coding
and successive interference cancellation (SIC) make it possible
to reuse each orthogonal resource unit by more than one user.
At the transmitter, all information symbols are superimposed
into a single waveform, while the SIC at the receiver decodes
the signals iteratively until it gets the desired signal.

Mathematically, the BS superimposes K information-bearing
symbols into a composite waveform

K
s= Y \arWksk, (22)
k=1

IRS
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Fig. 2. Illustration of a NOMA-IRS system consisting of a BS, a surface, a
far user, and a near user.

where oy, represents the power allocation coefficient subjecting
to Zszl ay < 1. The challenge is to decide how to allocate
the power among the users, which is critical for interference
cancellation at the receiver. That is why NOMA is regarded as
a kind of power-domain multiple access. Generally, more power
is allocated to the users with smaller channel gain, e.g., located
farther from the BS, to improve the received SNR, so that high
detection reliability can be guaranteed. Despite of less power
assigned to a user with a stronger channel gain, e.g., close to the
BS, it is capable of detecting its signal correctly with reasonable
SNR. As an example, the illustration of a NOMA-IRS system
consisting of a BS, a surface, and K = 2 users are given in
FigP]

Substitute (22) into ({7) to yield the observation of user k as

K
T = \/ Pd(g{(")kH+fg> Z O W Sk —+ N

k'=1

— JarP, (gf@kH n fkT)wksk. 23)

Desired signal

K
+ JE(g{@kH + fkT) Z VO W S 41,

k'=1,k'k

Multi-user interference

Due to the hardware limit, the IRS can only assist one user
while other users have to share the common phase shifts that
are not favorable for them. As FDMA-IRS, we suppose the
system optimizes the IRS to aid the signal transmission of user
k. The optimal parameters @z and wf can be derived using the
alternating optimization. Once the phase shifts of the surface
are completely adjusted for k, a user k #* k can partially
optimize its transmission by deriving its active beamforming
given the combined channel gain gf@iH + ff. Similar to



(20), the beamformer for user k is figured out as
H
(sroH+ )

Hgg@gHHkTH

Wy = (24)

The same signal x that contains all information symbols is
delivered to all users. The optimal order of interference cancel-
lation is detecting the user with the most power allocation (the
weakest channel gain) to the user with the least power allocation
(the strongest channel gain). We write py, = (gg('-)zH+fkT YW,
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.,

loll? = llp2ll® = ... = okl (25)

With this order, each NOMA-IRS 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

K-1

T =Tk — PV Ok Pask = pr Z Vo Pysk +ngk,  (26)
k=1

assuming error-free detection and perfect channel knowledge.
In the second iteration, the user decodes sk _; using the
remaining signal 7. The cancellation iterates until each user
gets the symbol intended for it. Particularly, the weakest user
decodes its own signal directly without successive interference
cancellation since it is allocated the most power. Treating the
multi-user interference as noise, the SNR for user K can be
written as

e = x| * e P
loscll? i enPa+ o
In general, user k successfully cancels the signals from user

k + 1 to K but suffering from the interference from user 1 to
k — 1. Consequently, the received SNR for user & is

27

e = | or||? ok Py
- — 5
ll o ZZ/:ll ap Pg+ 02

resulting in the achievable rate of Ry = log (1 + 7). The sum
rate of NOMA-IRS is computed by

(28)

| i ||? o Py

K
=) log| 1+ = . (29
;;1 ( lprll2 S5y o Pa + a,%)

IV. SIMULATION RESULTS

Cnoma

This section explains our simulation scenario and illustrates
some representative numerical results to compare the per-
formance 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. To facilitate the simulation setup, the cell-center area is a
square with the side length of 300 m. The cell-edge area starts
from (250m, 250m) and terminates at (500m, 500m). The BS
is located at the original point (0,0) of the coordinate system,
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Cell center
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BS 250m 300m

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.

while a reflecting surface is installed at the center of the cell-
edge area, with the coordinate (375m, 375m). Half of the users
distribute randomly over the cell-edge area while the other half
of users distribute randomly over the cell-edge area. The break
points of the three-slope model in take values zp = 10m
and z; = 50m. The quantity Py = 140.72dB with the carrier
frequency of 1.9GHz, the BS antenna height of 15m, and the
UE antenna height of 1.65m, while the standard derivation for
shadowing is gsq = 8dB. The maximum transmit power of
BS is P; = 20W over a signal bandwidth of B,, = 20MHz,
conforming with the practical 3GPP LTE specification. The
variance of white noise is figured out by 02 = - By, - Tp - Ny
with the Boltzmann constant x, temperature Ty = 290Kelvin,
and the noise figure Ny = 9dB. Other simulation parameters
are as follows: N = 200, N, = 16, Lo = —30dB, I' = 5, and
a=2.

In Figlal we compare the cumulative distribution functions
(CDFs) of the sum spectral efficiency achieved by the IRS-
aided multi-user MIMO system with K = 2 users, consisting
of a cell-center user and a cell-edge user. Different schemes
for comparison include: 1) TDMA without the aid of IRS,
where the BS applies the MRT w} = f;/||fx|| to achieve
matched filtering in terms of the BS-UE direct link. Note that
FDMA without the aid of IRS achieves the same performance,
which is omitted in the figures for simplicity; 2) NOMA
without the aid of IRS; 3) FDMA-IRS; 4) TDMA-IRS; and
5) NOMA-IRS. In our simulations, the number of iterations
for alternating optimization is set to three, which is sufficient
for the convergence of optimization.

The TDMA or FDMA scheme achieves the 95%-likely
spectral efficiency, which is usually applied to measure the
performance of cell-edge users, of 4.26 bps/Hz, and the
50%-likely or median spectral efficiency of 7.57 bps/Hz. As
we expected, NOMA is superior to OMA due to the full
use of the time-frequency resource. To be specific, NOMA
boosts the 95%-likely and 50%-likely rates to 5.28 bps/Hz
and 9.74 bps/Hz, amounting to the rate growth of 24% and
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Fig. 4. Numerical results of different OMA and NOMA schemes in an IRS-aided multi-user MIMO system: (a) CDFs in terms of the sum spectral efficiency
with two users, and (b) CDFs in terms of the sum spectral efficiency with sixteen users.

29%, respectively. It is observed that the application of IRS
brings substantial performance improvement. The 95%-likely
and 50%-likely rates of FDMA-IRS grow to 18.83bps/Hz
and 22.38 bps/Hz, respectively, amounting to four-fold and
three-fold spectral efficiencies compared to FDMA. Compared
with TDMA-IRS, which achieves 95%-likely spectral effi-
ciency of 22.18 bps/Hz and 50%-likely spectral efficiency of
25.82bps/Hz, there is a loss of approximately 3.5bps/Hz.
That is because time-selective IRS elements can aid both users
optimally in TDMA-IRS by dynamically 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 conven-
tional systems, NOMA in an IRS-aided system still outperforms
the two OMA schemes, achieving the best performance of
23.67bps/Hz and 28.92 bps/Hz, respectively. In addition, we
also illustrate the numerical results of these schemes in the case
of K = 16 users. As we can see in Fig[db] similar conclusions
can be drawn from their performance comparison.

V. CONCLUSIONS

This paper developed and analyzed novel multiple-access
schemes coined TDMA-IRS, FDMA-IRS, and NOMA-IRS
for IRS-aided multi-user MIMO systems. Their design was
based on an alternating method to jointly optimize active
beamforming at the BS and passive reflection at the IRS.
Theoretical analysis and numerical evaluation revealed that
FDMA is inferior to TDMA in an IRS-aided system due to the
lack of frequency-selective IRS elements. Meanwhile, NOMA
still outperforms OMA as in a conventional system, with the
price of complex signal processing for superposition coding
and SIC. This paper will help to clarify which multiple-access
technique is more favorable, and inspire the design of more
efficient schemes for this emerging 6G paradigm.
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