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ABSTRACT Intelligent reflecting surface (IRS) technology has become a crucial enabler for creating
cost-effective, innovative, and adaptable wireless communication environments. This study investigates an
IRS-assisted orthogonal time frequency space (OTFS) modulation that facilitates communication between
users and the base station (BS). The user’s attainable downlink rate can be boosted by collaboratively
improving the reflection coefficient (RC) matrix at the IRS and beamforming matrix at the BS. Then,
in the IRS-aided OTFS network, the problem of cooperative precoding at BS and IRS to improve the
network throughput is framed. The precoding design problem is non-convex and highly complicated;
an alternate optimization (AO) approach is proposed to solve this. Specifically, an approach based on
strongest tap maximization (STM) and fractional programming is proposed. It solves RC matrix (at IRS)
and beamforming matrix (at BS) alternatively. Moreover, an efficient signal detector for IRS-aided OTFS
communication systems using the alternating direction method of multipliers (ADMM) is proposed. Finally,
to estimate the cascaded MIMO channel, using a parallel factor tensor model that separates the IRS-User
and BS-IRS MIMO channels, respectively is suggested. Simulation results show that the proposed method
significantly enhances the system capacity and bit error rate (BER) performance compared to conventional
OTFS.

INDEX TERMS Orthogonal time frequency space (OTFS) modulation, intelligent reflecting surface (IRS),
wideband channel, collaborative precoding, alternating direction method of multiplier (ADMM), alternating

least square (ALS) algorithm.

I. INTRODUCTION

HE 5G and beyond wireless communication network

is anticipated to have 1000 times more capacity than
the 4G network [1]. To meet the demands for high-quality
customer service, several vital advancements have been
developed over the last decade. Recently, there have been
significant advancements in intelligent reflecting surfaces
(IRSs) and similar alternatives leveraging metamaterials.
These developments hold great promise in delivering sub-
stantial improvements akin to multiple input multiple output
(MIMO) systems, which were previously unimaginable. IRS
acts as a planar array that can be dynamically reconfigured,
comprising a multitude of passive reflecting elements. By

appropriately adjusting the attenuation and phase shifts of the
constituent elements within the IRS, the reflected signals can
be intelligently combined with other signal pathways at the
receiver. This combination can be constructive, enhancing
the received signal strength, or destructive, reducing co-
channel congestion. In both cases, the result is an improved
performance in wireless connections. These advantages make
the IRS highly suitable for future wireless communications,
offering affordability and sustainability.

Further, a recently developed 2D modulation method
called orthogonal time-frequency space (OTFS) can perform
better than the widely used orthogonal frequency division
multiplexing (OFDM) modulation in a variety of applications,
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including mmWave communications and vehicle to everything
(V2X) communications [2]. OTFS works in the delay-Doppler
(DD) domain, where data symbols are placed in a 2D
DD grid. By working in the DD domain, OTFS ensures
that all symbols within a frame experience approximately
similar channels. This approach transforms the time-varying
channel into an approximately time-invariant channel in the
DD domain, providing consistent performance even in high
Doppler conditions. Furthermore, OTFS achieves complete
channel diversity through 2D localization in the DD domain,
significantly enhancing overall performance. Therefore, the
combination of OTFS and IRS offers two key benefits:
improved received power gain and resistance against high
Doppler. To fully leverage the advantages of OTFS enhanced
by the IRS, optimizing both active (at BS) and passive (at IRS)
precoding techniques is crucial. This optimization enables the
extraction of the full benefits of OTFS in conjunction with
IRS. Thus, this work considers the IRS-aided OTFS system
by jointly optimizing beamforming and reflection coefficient
(RC) matrix.

The motivation of this work is to improve the performance
of IRS-assisted OTFS systems by addressing the significant
challenges associated with high dynamic channels, beam-
forming optimization and signal detection. OTFS modulation
effectively transforms highly variable channels into nearly
static environments within the delay-Doppler domain, mak-
ing it particularly suitable for applications in high-mobility
scenarios. However, its effectiveness can be hindered by
impairments such as multipath fading and Doppler shifts.
This research explores the integration of IRS with OTFS
to improve signal resilience, coverage, and reliability by
reconfiguring the wireless channel. Traditional beamforming
techniques developed for OFDM face unique challenges
within the OTFS framework due to its dual-domain oper-
ation. Consequently, this study proposes a novel adaptive
beamforming approach specifically designed for IRS-OTFS
systems. Additionally, recognizing the limited investigation
into IRS-assisted OTFS, a low-complexity alternating direc-
tion method of multipliers (ADMM) detector is introduced
to address existing gaps in beamforming and signal detection
methodologies. Given the potential of IRS and OTFS as
key components for future network standards, this research
contributes significantly to their practical development and
standardization.

A. RELATED PRIOR WORKS

This section briefly overviews the previous works relevant
to OTFS and IRS technologies. A thorough investigation
of various IRS-related topics was covered in the tutorial
article [3]. The paper [4] reviews recent advancements in
IRS for wireless systems and emphasizes the need for
efficient signal processing techniques, while highlighting
promising future research directions for 6G systems. The
effectiveness of IRS-aided systems using combined active
and passive beamforming was examined in [5]. Various
IRS-based scenarios have been explored in the literature
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to enhance the system’s capacity. In particular, the authors
in [6] investigated a situation where a single BS and a single
IRS together serve a user, with the objective of achieving
capacity expansion using a cost-effective and energy-efficient
IRS. The case of multiple IRS scenarios was examined
in [7]. Authors in [8] optimized IRS reflection coefficients
and MIMO transmit covariance (power distribution across
the transmitted antenna and correlation between transmitted
signal) to enhance the capacity of IRS-aided MIMO systems.
Here the focus is on optimizing IRS-assisted MIMO systems,
improving capacity through beamforming and phase-shift
optimization, iterative algorithms, and addressing complex
channel characteristics like frequency-selective fading and
ergodic variations. The optimal positioning of the IRS with
respect to the BS and user’s location and their ergodic
capacity has been investigated in [9]. Recent research on
active IRSs includes the study in [10], which investigates
the benefits of active IRSs in improving wireless systems,
and the work in [11], which examines the impact of IRS
placement and the limited number of IRS elements in
single-user single-input single-output (SU-SISO) systems.
The results in paper [12] show that active IRS outperforms
passive IRS when the power budget is moderate, and the
IRS element count is limited.

The design and analysis of IRS-assisted systems have
considered many existing technologies, such as OFDM.
In [13], a wireless system that uses OFDM and IRS was
explored for frequency-selective channels. The author in [14]
maximized the downlink attainable sum rate of the user in an
IRS-aided OFDM system by optimizing the transmit power
distribution at the BS and the RC phase shift at the IRS.
The works in [15] proposed an effective channel estimation
method for an IRS-aided OFDM system to reduce training
time. The use of IRS in multichannel OFDM networks
was studied in [16] to increase the sum rate. In [17], the
time-domain sparsity of the IRS-aided OFDM channel was
exploited for joint channel estimation and data detection.
The authors in [18] proposed a cascaded channel estimation
method that leverages sparsity and correlation, reducing pilot
overhead and enhancing accuracy.

Recently, IRS-aided OTFS has been investigated
in [19], [20]. An RC phase shift matrix optimization was
adopted where the most powerful DD link was co-phased
with the direct link. Moreover, in [19], a channel estimation
technique has been proposed for an IRS-aided OTFS network
with little guard-band overhead where pilots and data were
embedded in the same OTFS block. In [21], the authors
analyzed an IRS-aided MIMO OTFS communications system
and proposed a minimum mean square error (MMSE)
detection. For both SISO and MIMO scenarios, the IRS
phase shifts were designed to raise the SNR on the receiver
side.

B. CONTRIBUTIONS
This paper focuses on the joint optimization of active
beamforming (at BS) and RC (at IRS) for IRS-assisted OTFS
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systems. It ensures that the IRS contributes to increasing the
received power. The proposed precoding in the IRS-based
OTFS network involves the architecture of the beamforming
matrix at the BS and the RC phase adjustments at the
IRS elements. Additionally, we develop the signal detection
method for IRS-aided OTFS systems. The key contributions
in this paper are highlighted below.

1) System model and joint optimization: We develop and
extend the input-output relationships for both SISO
and MIMO IRS-assisted OTFS systems and establish
a joint optimization framework aimed at maximizing
the average sum rate (ASR).

2) Alternating optimization (AO) framework: We intro-
duce an AO framework that leverages the strongest tap
maximization (STM) for IRS phase-shift optimization
and integrates multidimensional complex quadratic
transformation (MCQT) and Lagrange dual reformu-
lation (LDR) methods for beamforming optimization
at the BS. This iterative approach leads to significant
improvements in the ASR performance.

3) Efficient  detection and  channel  estimation:
Recognizing the reduced sparsity in the cascaded
channels, we propose an ADMM-based detector that
outperforms conventional methods, such as the MPA
detector, along with a channel estimation technique
using parallel factor (PARAFAC) tensor decomposition
via the ALS algorithm.

C. ORGANIZATION OF THE PAPER

The paper is organized as follows: In Section II, we
analyze the mathematical model of the IRS-aided OTFS
and the essential preliminaries of fractional programming,
and the ADMM algorithm. Section III provides the problem
formulation of the ASR maximization. Joint active and
passive precoding architecture is suggested to solve the
formulated problem. Further, Sections IV and V cover the
ADMM-based detection approach and the channel estimation
algorithm for the IRS-OTFS system, respectively. Section VII
includes simulation results. Finally, Section VIII concludes
the paper.

Notations: Every lowercase letter x used in this paper
represents a scalar. A vector is represented by the bold
lowercase letter x, while a matrix of the given dimension
is represented by the bold uppercase letter X. X, X7, X¥
represents conjugate transpose, transpose, the pseudo-inverse
and the phase of any complex number a is shown by the
symbol Za. The N-point FFT matrix is represented by Fy.
The set of all real numbers and the set of all complex
numbers are denoted by R and C, respectively. Re(-) denotes
the real part. Iy represents the identity matrix of dimension
N x N. vec(-) represents the vectorization of the matrix. The
convolution operation and Kronecker product are denoted by
* and ®, respectively. Table 1 summarizes the key notations
used throughout the paper.
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TABLE 1. List of variables.

Notation Description
M x N DD grid dimension.
ADPD Transmitted signal in DD domain.

K Total number of IRS elements.

Breifk RC for k-th IRS element.
Lp Number of paths for direct link

i.e, BS-UE link.

Ly Number of paths for BS-IRS link.
Ly Number of paths for IRS-UE link.
h Channel response of a direct link.

(di)X_, |Channel response of BS-IRS link for k-th IRS element.
(9%)_, |Channel response of IRS-UE link for k-th IRS element.
Ik DD value for g-th path in BS-UE link.

12, k2 DD value for g-th path in BS-IRS link.
13, kd DD value for g-th path in IRS-UE link.
Ao Auxiliary variables.
0 Signal to noise ratio (SNR).

Penalty parameter.
Lagrangian multiplier.

Il. SYSTEM MODEL OF THE PROPOSED IRS-ASSISTED
OTFS SYSTEM

A. PRELIMINARIES

In OTFS, a 2D modulation method is employed, consisting
of a DD grid with dimensions M x N, where M and N
represent the number of delay and Doppler bins, respectively.
The overall bandwidth for an OTFS frame at a particular
sub-carrier frequency Af, with TAf = 1, is B = M Af, while
the total frame transmission duration is given by Ty = NT.
The parameters M and N are chosen to ensure sufficient
delay resolution T = Aif and Doppler resolution v = 1%

1) BASICS OF OTFS TRANSCEIVER

Information symbols (like quadrature amplitude modulation
(QAM) symbols) are placed over the DD domain in
the OTFS modulation. The transmitter uses the inverse
symplectic finite Fourier transform (ISFFT) to translate the
DD domain symbol APP[/, k] into the frequency-time (FT)
domain symbol AFT[m, n] and is given as AfT[m, n] =
A SR S AP, e
of Doppler and delay bins in the DD domain, respectively,
are N and M. AFT[m, n] is transformed using the Heisenberg
transform to produce a time-domain transmission signal s(7)
as  s(r) =Y N S M AFT [, ne2mm A =Dy (1 — nT),
where pi(f) denotes the transmit pulse shape. The received
signal r(f) in the time-domain is given by r(f) =
[ [ h(z, )&= s(t—1)drdv, where the channel impulse
response h(t, v) is defined by the Doppler frequency v and
delay 7 and h(z,v) = Yk me®§(t — 1)8(v — vy). Here,
8(-) stands for the delta function, L is the total number
of paths. Further, #;, 7;, and v; are the channel coefficient,
delay, and Doppler frequency respectively for the /-th path.
The Doppler bins and the delay are represented by the

nk
V). Here, the number
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integer indices k, and I; and the fractional Doppler is

represented by «,, such that 7; = A% and v; = l% The
receiver conducts matched filtering utilizing the pulse shape
filter py(f) to obtain B, ,(t,v) 2 [ e TPk (1 —
7)r(t)dt. Now the FT domain received signal is obtained as:
Y [, n] = Bp,, (T, V)|e=nT,v=mas. The receiver then uses
the symplectic finite Fourier transform (SFFT) to retrieve
the received symbols in the DD domain and_ is nkgiyni:n
by YPP[m, n] = —= 3050 Yty Y I, nle TR D,
The transmit and receive pulse shapes are rectangular. The
transmit pulse is defined by \/LT with t+ € [0,7T) and O

otherwise. The receive pulse is given by LT with 7 €

[—=Tcp, T) and O otherwise, where Tcp is the length of CP.
The transmitted signal s(f) can be modeled as a symbol-
by-symbol block S € CM*N by introducing the rectangular

transmit pulse form and is given by: S = \/LTFﬁAFT =

LTADDFZ, where AFT, APD e CM*N and it comprises
of AFT[m, n] and APP[/, k] respectively. Fy; and Fy are
the M-point and N-point discrete Fourier transform (DFT)
matrices respectively. Let Gep € CMFMc)xM pe the CP
matrix which is to be added to prevent interference within
the OFDM symbols, where Mcp is the CP length in terms
of sub-carriers. Lastly, in order to produce a transmit
signal containing CPs in the time domain, the transmitter
undergoes parallel to serial conversion and is given by: s =
vec(GcpS) = #vec(chADDFﬁ). Following the removal
of the CP, the n-th received OFDM symbol r, € CcM i
given by: r, = H,s, + z, where s, denotes transmit signal
in the time domain for n-th OFDM symbol of OTFS frame
and z, is the additive white Gaussian noise. H, € CM*M
is the n-th OFDM symbol’s channel matrix, and can be
written as

L
H, =Y hee% A r, (1)
q=1

where T € RM*M and Aﬁg’l‘fi € CM*M denotes the delay
as well as Doppler shift matrices for the g-th path [22].
To acquire the symbol vector in the frequency domain, the
receiver conducts M-point DFT in the time domain upon its
n- th OFDM symbol. Hence, y¥T = FyH,APPF* + Fyz,
where F* € CV is the n-th column vector of F,. Suppose

YT & T yET, o ¥R € MV s the FT domain two
dimensional received signal. After that, the SFFT operation
is applied on YFT. The symbol matrix in the DD domain can
be obtained as YPP = FZYFTFN. YPD can be written in
vectorised form as yPP = vec(YPP) = (Fy ®IM)HCH(F5 ®
I;))aPP + (Fy ® Iz, where aP® = vec(APP). Thus, the
input-output relation is expressed as [22]

y°P = HeraP? + (Fy @ Iyp)z, )

where Her = (Fy ® In)Herr(Fy ® Ty), and Her =
diag[Hl, H2, P HN].
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FIGURE 1. IRS-aided MIMO OTFS system.

B. MIMO IRS-AIDED OTFS SYSTEM

Figure 1 depicts an IRS-OTFS MIMO system, where the BS
involves N transmit antennas, and these signals are reflected
by K IRS elements before reaching N; receive antennas.

It is assumed that the channels between BS and IRS, IRS
and UE, and BS to UE exhibit time-varying characteristics.
Note that, typically, in the DD domain, the channel has a
sparse representation. The beamforming matrix for the j-th
subcarrier of the n-th OFDM block is denoted as v; € CN<1.
Consequently, we can express the beamforming matrix for
the n-th OFDM symbol of the OTFS block as follows [23]:

Yo

Wn — c CMNtXM' (3)
YM-1

The time-domain input-output relationship is expressed as
follows

£y = (B! + D,0,G, )Wy, + 7. @)

The structures of these matrices are explained below:

N, Ny
d __ d _ K,N
Hn - {Hn’nr’nl}nt=1 I’lr=1’ Gn - {Gn’k’nt}kzl»nlzl’
Np.K
D, = {Dn,nr,k}nr=1’k=1 5
Hz,m,nr’ Gukons Dunek € CM*M are the channels between

ny-th receive antenna and the n-th transmit antenna, between
the n¢-th transmit antenna and the k-th IRS element, and
between the k-th IRS element and the n,-th receive antenna,
respectively of n-th OFDM symbol of IRS-aided OTFS
signal. Initially, W, digitally precodes the vector s, in the
frequency domain before transmitting it and then we convert
the signal to the time domain as

f'n = (Hz + DnenGn)gn + zy, (6)

where S, = W,;s,,.
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In (6), ®, is a diagonal RC matrix of the n-th OFDM
symbol of OTFS frame comprising of K IRS elements, i.e.,

0, = diag(,Blei(’", Brd®, .., ﬁke/"’K) ®Ly. (7

HZ, G,, and D, are the channel matrices for BS to UE
also known as direct link (D-link), BS to IRS, and IRS to
UE channels, respectively for n-th OFDM symbol of IRS-
assisted OTFS system.

Now the cascaded channel matrix for the n-th OFDM
symbol following (4) can be written as

H, = H! + (D,0,G,) and H,, = H? 4 (D,0,G,)W,.

Here, H, is the cascaded channel matrix of the n-th OFDM
symbol along with the precoding matrix. Now the cascaded
channel matrix of IRS aided MIMO-OTFS system can be
written as

H, = diag(Hp,, Hp,, ..., ., Hpy). 8)

The objective is to optimize the capacity of the beamformed
IRS-aided MIMO OTFS system. The expression of the
capacity is given in Section III and to maximize the capacity,
the tools of fractional programming (FP) are used. The
next subsection provides the preliminaries of fractional
programming.

C. FRACTIONAL PROGRAMMING (FP)

FP is used to optimize the ratio of two functions subject to
certain constraints. One primary interest in communication
systems is to optimize the data rate, i.e., log(1+SNR), where
SNR denotes the signal-to-noise ratio. FP techniques involve
two key transformations, i.e., Lagrangian dual transformation
and quadratic transformation to simplify the problem. These
transformations are discussed below.

1) LAGRANGE’S DUAL TRANSFORMATION

The Lagrangian dual transform method is effective in moving
SNR outside of the logarithmic term log(1 4+ SNR). This
subsection provides a thorough explanation of the Lagrangian
dual transform method.

e Lemma I: Consider a  series of  complex,
multidimensional functions P(x) and Q(x). Suppose X
is a collection of nonempty constraints. Then consider a
multidimensional and complex logarithmic FP problem
given by

M
mfx Z Wi log(l + Pf;’()()Qr;1 (x)Pm(x))
m=1

s.t. xe X, )

where, w, is a non negative weight with m =
,2,...,., M.
The problem (9) is equivalent to

max R,(X,y) st xedX, (10)
X,y

1952

where y = [y1,..., ., )/M]T is a set of new auxiliary
variables that are added for every ratio term. The newly
introduced objective function R, is described by [24]:

M
R (X, y) =

m=

M
wi log(1 + ym) — Z Wi Vm +
1 m=1

M
>~ w1+ 7Pl 0 (P (0P (%)

m=1

+Qu (X)) ' Py (x). (11)

It is proved in [24] that the problems in (9) and (10) are
equivalent paving the way for a simplified procedure of
optimization.

2) QUADRATIC TRANSFORM

The quadratic transform converts the ratios into quadratic
form in an effort to simplify the optimization task. The
following Lemma shows the equivalence of the solutions
post quadratic transformation.

o Lemma 2: Consider a  series of  complex,
multidimensional functions P(x) and Q(x). Suppose X’
is a collection of nonempty constraints. Then consider a
multidimensional and complex logarithmic FP problem
as given by [24]

M
m;lx Z PZ(X)(Qm(x))_le(x) st.xe X.(12)

m=1

The above problem in (12) is equivalent to the following
problem [24]:

M
r;la&x Z ZR{aZPm(X)] — aZQm(X)am
’ m=1

st. xe X, 13)

where « refers to (ap, o2, ..., ., ay).

D. ADMM ALGORITHM

ADMM is an optimization algorithm that is often used to
solve convex optimization problems. ADMM is particularly
useful when dealing with problems that have certain struc-
tural properties, such as separable objective functions or
constraints. By segmenting the fundamental convex problem
into acceptable sub-problems, ADMM can solve it effi-
ciently. ADMM combines the dual ascent’s decomposability
with the method of multipliers’s improved convergence
characteristics. The algorithm addresses problems of the
following form

min f(x) +g(y)

st. AXx+By=z. (14)

where f(-) and g(-) are assumed to be convex. The augmented
Lagrangian is given by
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Lp(x,y,s) = f(X) + g(y) +s' (Ax + By — 2)
0
+(5)1ax+By 213, (15)
ADMM consists of the following steps
x T = argminLp (x, yi, si)
X
y ! = argminL,, (xiH, y, si)
y
st — g + p(Axi+1 4Byl — z)’ (16)

where i is the iteration index and p (p > 0) denotes the
penalty parameter. The approach is a combination of the
dual ascent technique and the multiplier method.

lll. BEAMFORMING FOR IRS-AIDED MIMO-OTFS SYSTEM
This section discusses active and passive beamforming
techniques for the IRS-aided MIMO-OTFS system. Unlike
OFDM’s frequency-domain optimization, OTFS operates in
the delay-Doppler domain, requiring IRS phase shifts to be
tuned over a two-dimensional grid. This adds complexity
due to the coupling of delay and Doppler components. We
tackle this with a joint optimization method using fractional
programming and STM, ensuring reliable performance in
high-mobility scenarios.

A. CAPACITY ANALYSIS

An OTFS symbol is transmitted using N successive trans-
missions of OFDM blocks. The transmission of N parallel
OFDM blocks can be treated equivalently to that of a single
OTFS block. We assume the channel to be ergodic and
independent for each subsequent OTFS block. The mutual
information between the transmit data vector aP® and the
IRS-aided OTFS received signal vector r is given by [25]

Z log,

Therefore, the capacity is given by

2MNr

’anHH ‘ +o

|02, |

N—-1

! Z log,

‘anH{;’ ‘ L g2
R = .
OTFES = M + Mcp part

o QMNr

. (17

B. PROBLEM FORMULATION

We alternately optimize the active beamforming matrix at
the BS and the passive RC matrix at the IRS to maximize the
attainable rate of the downlink IRS-enhanced MIMO-OTFS
system. Assume that the maximum power available to the
BS is Pmax. Hence, we have transmit power constraint as:

||W||2 < Pmax, where W = diag(Wo, W1, ..., Wy_1). The
achievable rate can be expressed as
S \an +o?™
R(W, @) = Z zMNr . (18)
=0

VOLUME 6, 2025

To make the subsequent optimization problem more concise,
we remove the constant term in (18), and the optimization
problem becomes

)an Hj ‘ o2

(PO) : %% Zlog2 2
N—1
st Y [Wall® < Pra
n=0
Ok € (=, 7]. 19)

The problem aims to optimize the beamforming matrices W
and the phase shifts ® in order to maximize the total capacity
of the MIMO system, while taking into account actual
constraints on power and phase shifts. The joint optimization
of the RC matrix ® and the beamforming matrix W is
difficult due to the non-convex objective function. Also, the
objective function involves a complex relationship with the
RC matrix and the beamforming matrix, making it even more
challenging to solve. Here, we develop a low-complexity
algorithm to solve the above objective function effectively.

C. ALGORITHM FOR JOINT BEAMFORMING
OPTIMIZATION

In this subsection, we elaborate the joint beamforming
optimization algorithm by splitting the main optimization
problem into a number of manageable sub-problems. The
algorithm is explained below.

1) PASSIVE PRECODING WITH FIXED ACTIVE
PRECODING

To improve the received SNR, we adopt the STM
method [26] in this section for determining a collection of
IRS phase shifts in the proposed OTFS system by con-
sidering a fixed W,, which is initially randomly generated.
This technique chooses the IRS reflection to align the
strongest cascaded link with the direct link. For analysis, we
assume unit transmit power. The problem formulation for
determining the IRS RC can be expressed as:

néaxll(D,,(-)nGn)WnHz/az st. O e (—m, ). (20)

For simplicity, we drop W,, as it has been made constant.
The above objective function can be enlarged as

) (P)
+lg k,nr

(p
o o La be ) (,,) I
¢ Z[J Zp 1 nlk k,ny e

(p) ® » 0P ’
kg +kgknr1 e

2

n

where (dp o gin )& ) and (k‘; o ik ,,) are the
channel coefflclent delay, and the Doppler Shlft respectively,
for the p-th path of BS to IRS and p-th path of IRS to UE.
Finally, the optimization problem can be written as [19]

k
max E:\d nokSkne
o =

(22)
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TABLE 2. Substitution of the terms of Lemma 1 and Lemma 2.

Transform P (x) Q. (x)

Lagrange Dual Trans- }Hnwn 4 o MN, | oM Ny

form (Lemma 1)

Quadratic Transform

(Lemma 2) (Ho Wy, 4 oM Ny | (H, W, WEHE
Jr2z72MN7 )

First, observe that for a given path set (p, p), the phase angle
to maximize the above equation is
0 (p.9) = —2dD,el). 23
Amongst LyL, candidate paths, we perform a straightforward
exhaustive search to determine the set ([7*, p*) as follows
([3*, p* ) = arg max (24)
PP

dn kSk,ng|*

The k-th IRS element’s phase angle will then be in the
opposite direction of the dominant or the strongest cascaded
path of the BS-IRS-UE link.

2) OPTIMIZATION OF AN ACTIVE PRECODING MATRIX
WITH GIVEN IRS PHASE SHIFTS

With the provided IRS RC matrix, we optimize the beam-
forming matrix W at the BS. The sub-problem in this
section can be formulated as

2MN;

|HnW,,WHH“| + 2™
P1) : max R(W 1()

N
2
s.t. annn < Prax.

n=1

where H,, is the cascaded channel matrix of the n-th OFDM
symbol of IRS-aided MIMO-OTFS without beamforming
matrix W. In particular, the sum-of-logarithms problem in
(P1) is quite challenging. First, we use the Lagrangian dual
transform to remove the ratio parts from the logarithm.
As given in (10), by adding auxiliary variables A =

(25)

[0, AL, ..., An—1]17, (P1) can be written as
(P2) : max R(k y)
N—1
st Y IWall* < Prax. (26)
n=0

In (26), y = [0, 1, ...,yN_l]T is the set of SNR values

as

[H,W,WHHH | 4 02"
Yn = , n=0,...,

o 2MNr

N—1.(Q7)

The objective function in (P2) can be expressed by fol-
lowing (11). We use |H,W, + olyy,| in place of P, (x)
and 2" in place of Q,,(x) in (11). Table 2 outlines the
substitution of the relevant terms of Lemma 1 and Lemma 2.
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The objective function in (P2) is given by

N—1 N—-1 N—1 (4 + )y,
ROLy) =) Wl +r) =Y dt Yy ——" |
1+ v
n=0 n=0 n=0
(28)
Note that (P1) and (P2) are equivalent under the same
constraints, i.e., they have the same optimal solution. We
maximize (28) iteratively. Here, the optimal value of A can
be obtained by
IR, ¥)
oAy

The above equation can be used to determine optimal A
(denoted by A*)

— 0, V. (29)

Ar =y, Vn. (30)

Only the final term of (28) is involved in the optimization

of beamforming matrix for a fixed A*. Consequently, the
optimization problem (P2) can be reformulated as

LRV R
= 202MNe |H, W, WHHH|
N—-1
s.t. Z”ernz < Prax,
n=0

(P3) : max
w

€29

where X, = 1 + Ay, In this respect, (P3) boils down to a
maximization problem of sum-of-multiple-ratio, which is still
challenging because of the fractional term’s complex form.
Consequently, in an effort to make the active beamforming
design more convenient, (P3) is redefined by making use of
the quadratic transform approach. By adding auxiliary vari-
able matrices & = {a, ..., ony_1} With o, € MM gpd

n=20,1,..., N—1, (P3) can be reformulated following (13)
as
(P4) : max k(k*,&, W)
a,W
N-1
st Y IWall® < Prax. (32)
n=0

The objective function in (P4) can be expressed by fol-
lowing (13). We use (HnW + oMNry in place of P, (x)
and (H,W,WHHH 1 252" in place of Q,,(x). Thus, the
objective functlon of (P4) is given by

- Ni 2\/5:R<anH(Han + aMN’))
n=0

N—1
N Z|an|2(H,,wanjH§' + 2a2MN’).
n=0

(33)

To maximize R(A*, &, W) iteratively over a and W, we set

M = 0, Vn. This step yields a closed-form updating

rule of o, with a fixed W as

Vi (H,W, + oMV
202" 4+ H, W, WHHH’

*
n=

(34)
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Algorithm 1 Optimization of the Beamforming Matrix

Input: Initialize W randomly s.t. WHW < Ppax
Repeat

1: update A* by (30)

2: update a* by (34)

3: update W by (37)

Until problem (P2) in (28) converges

With fixed a* = {o, ], ..., a}y_,} and neglecting the
constant term, we can further write (33) as

RV, 6" W) = —WPuW 4 Re(20W),  (35)
where
N-1 Y
"= Z Hg*a* ' H, and p=HIar. (36)
n=0

The beamforming matrix optimization problem is expressed
as the quadratically constrained convex quadratic program
form as shown below

(PS) : min g(W) = WHuW — 2R{pHW}

s.t. WHIW < P (37)

Now the above objective function can be solved using
numerous existing techniques. We use a convex optimization
tool to obtain the optimal result.

Algorithm 1 summarizes the main steps of the proposed
method.

IV. DETECTION USING ADMM

The traditional linear detectors are MMSE and zero-
forcing (ZF) and they have decent detection performance.
However, a primary challenge with these detectors lies in
the matrix inversion operation during the detection process.
To address this issue, several low-complexity methods have
been proposed. However, the reduction in computational
complexity of these techniques comes at the expense of
poorer detection performance. In contrast, the maximum
likelihood (ML) detector, which is a nonlinear detector, is
the most prominent [27]. It can achieve ideal detection
performance but suffers from exponentially increasing com-
putational complexity with a growing number of unknowns.
The effective channel matrix of the IRS-OTFES system is
obtained from the product of the sparse channel matrices
of the BS-IRS and IRS-UE links. This product destroys
the sparsity and makes the MP detector unsuitable for IRS-
OTEFS detection. Hence, we consider the ADMM detection
technique. The ADMM approach is suitable for convex and
non-convex problems owing to its ease of use, operator
splitting capabilities, and assured convergence under normal
conditions [28]. As shown in the results, the ADMM detector
outperforms traditional detectors in terms of bit error rate
(BER) performance. However, ADMM for data detection
is limited by penalty parameter sensitivity, suboptimality in
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non-convex problems, and high computational complexity in
large-scale systems due to matrix inversion.

A. ADMM DETECTION

For signal detection in downlink MIMO systems, where
the UE and the BS are equipped with N; and N; antennas
respectively, the received signal is written as

D

yPP = H,aP + 2, (38)

where H,, is the channel matrix of IRS-based MIMO OTFS
system. Note that Hy, is the effective channel matrix which
includes beamforming matrix as given in (8), aPP? e AMMN
is modulation symbol. A denotes the signal constellation
as A = {a = ag + jajlag, a; € {£1,£3,...,(F22 — H}}
and Q is a positive integer. The ideal ML detector for 42-
QAM signals can be expressed as the optimization problem
described below [29]

. 2
aDD?}lII}/tMN ” yDD — Ha™ ” 2

(39)

It is practically impossible to obtain its global solution
due to the exponentially increasing computing complexities
associated with the number of antennas on the BS and the
size of the set A [30]. Higher-order QAM symbols are
broken down into a collection of several binary variables,
allowing us to express aPP as

0
aDD — Z 2q7] a?D7 (40)
g=1

where a?D € Af,V‘MN and A, = {ag = agr + jagilagr, agr €
{+1, —1}}. Now, we can write (39) as

2
Q
. 1 DD —1_,DD
— - q
min> |y HbZZ ay (41)
q g=1 )
Instead of the binary constrained alphabet A, = {a;, =

agr+jagrlagr, ag € {+1, —1}}, we consider box-constrained
alphabet A, = {agr + jagilagr, agr € [1, —11}. Adding the
sum of the regularisation functions to (41), the detection
problem can be formulated as
2
2

0 Q o

g—1.DD N %|,.pD
> 2 e > 2 Haq Hz
g=1 5 g=1
s.t. a?D e Ag‘MN, g=1,.,0.

1
min — yDD —H,
alP 2

(42)

where o, > 0 is the penalty parameter.

B. DESCRIPTION OF THE DETECTION ALGORITHM

In this subsection, we provide a detailed explanation of the
ADMM-based detection process for IRS-OTFS. By adding
auxiliary variables ag, we convert (42) into the following [31]

0
. 1 pp 2 % |l ppl?
i, 19 —Haoly =5 5l

q=1

2
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0
s.t. ag = ZZq_lanD, and
q=1
ap® e AIMN g=1,....0. 43)

The augmented Lagrangian of the problem (43) in simplified
form has the following expression

LP({ DD}jzl’aO’e) _ %”yDD

[Y
+Re{eT (ao - ZZq_la?D) } + g
q=1

where p > 0 and € are the penalty parameter and Lagrangian
multiplier, respectively. The framework of the ADMM
algorithm using the augmented Lagrangian method is given

by
i+1
(%) =

4
2 o 2
—Hyao|; = Y- S|

q=1

[Y
ag — Z 2q_la];D

q=1

2

2
(44)

0] . .
argmin Lp({anD} . a, e'), (45)
q:

agDEANIMN
6“ = argminL,, ((anD)iH, ap, Gi), (46)
ag
i1 1 2 1(.op\ !
el =t plafft =3 201 (alP) |, @)

where i is the iteration index.

The main challenge lies in finding effective methods to
solve the optimization sub-problems (45) and (46). In these
sub-problems L, (aP”, af), €/) represents a convex quadratic
function with respect to anD. Now the gradient of the
augmented Lagrangian function with respect to aDD is
equated to zero, i.e.,

0
Va,‘?DLp<{anD}q aO* )—0

To simplify the analysis, we assume Q = 1. Solving (48)

for Q = 1, we obtain
(pa6 + ei)),

i1 1
@y = o (
L1\ p —«
where the operator 1'[ () projects each entry’s real and

(48)

(49)

imaginary components of the given input vector onto the
interval [ — 1, 1]. We set vay L, ((aDD)l‘H,aO, €’) to zero,
which leads to the optimal solution for the sub-problem (46).
Solving the associated linear equation, we obtain

alf! = (HHH;, n pl) (Hb y + p(@PPyi+! — ei>. (50)
Utilizing the penalty-sharing ADMM, we perform detection
in the IRS-aided OTFS system. Further, Algorithm 2 sum-
marizes the main steps of the proposed ADMM detector
along with the beamforming.
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Algorithm 2 ADMM Algorithm for the Detection in the
IRS-OTFS System

Inputs: H,,N.M, p, o

Output: af)

Detection:

Initialization

(alD)1 ao, € = 0 vector

Detection:

i=1

while Stopping criteria are not met
1: update (aPP)™! using (49)

2: Update a”rl using (50)

3: Update e"H using (47)

i=i+1

do

V. CHANNEL ESTIMATION OF IRS-OTFS USING TENSOR
MODELING

The reliability of the channel state information determines
the potential benefits of the IRS-OTFS system. In order to
solve the channel estimation problem, a tensor modelling
approach is used for tackling the receiver design of the IRS-
OTEFS system in this section. A channel estimate technique
based on a PARAFAC tensor analysis for the received signals
is provided, taking into account an organised time-domain
sequence of pilots and IRS phase changes.

A. ALS CHANNEL ESTIMATION

Following the effective channel explained in Section II and
considering only cascaded path, the cascaded channel matrix
of the OTFS frame can be written as: He,s = DOG. The
IRS is assumed to modify its phase-shifts in a time-slotted
transmission based on time t = 1, ..., T. The IRS-User and
BS-IRS channels are assumed to be continuous over 7T time
slots. The received signal can be written as

r(1) = D(diag(0(1) ® Inu)Gx(1) + z(1), (D)

where the vector x(f) € CNMMX1 ot time r contains
the pilot signals that were transmitted. In (51), 6(r) =
(B1.:€”, ..., Br.e®). O(f) refers to the IRS’s phase shift
at time . The channel coherence time T is divided into
L blocks, with T time slots in each block, resulting in

Ty = LT [32]. The signal received in the #-th time
frame of the [-th block is r[l,t] = r[({ — DT +1¢], t =
1,2,...,7T,1 = 1,2,...,L. The phase shift vectors and

pilot signal connected to the r-th time frame of the I-th
block are represented by the notations @[/, f] and X[/, ¢],
respectively. For all L blocks, 0[1, f] varies, but for T time
slots, it is constant. Over L blocks, X[/, ] is repeated [32].
Mathematically,

0[l,t]=0[/],fort=1,...,T, and

x[l, 1] = x[f], forl = 1,...,L (52)
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These presumptions allow the received signal (51) to be
expressed as:

r{l, 1] = D(diag(0[1]) ® Iyy)Gx[1] + z[1, 1].

The [-th block in R[/] gathers all the signals received within
the 7 time frame

(33)

R[] = [r[L, 1], ..., ¥[L, T]) € CNNMXT (54)
In matrix form, we get
R[/] = D(diag(®[/]) ® Inp)GX” + ZI[1]. (55)

For simplification, the noise term is removed and (55) can
be written as

R[/] = D(diag([1]) ® Inp)BT, B = XGT. (56)

One method to define the matrix R[/] is as the [-th
frontal matrix layer of a three-way tensor e CNeVMXTxL
that undergoes a PARAFAC decomposition and considering
Di(¢) = diag(6()). And ¢ = [[1],...,.,0[L]]". Di($)
represents a diagonal matrix with its main diagonal including
the /-th row of ¢. Following PARAFAC decomposition,
the received signal tensor r can be split into these three
matrices [32] as

R; =D[(¢ @ Iyy) ¢ Bl”, Ry =B[(¢ ® Iyy) e DI,
and Rz = (¢ @ Iyy)[B e D7, (57)

where e represents Khatri Rao product, i.e., matching column
wise kronecker product. From (57), an alternating least
squares approach can be used to obtain an iterative solution.
As ¢ is available at the receiver in our scenario and we
have initialized D and G with all zeros, the process includes
iteratively optimizing the subsequent two cost functions to
estimate the matrices D and G as shown below

~

T T
D = arg min|| R, — D((¢ ® Iny) » XG ) (58)
D

F

~

2
G =arg minHRz —XGT (¢ @ Inyy) » D)THF (59)
G
which are, in turn, solved by

D =R, [((cb ® Tyy) ® XGT>T] and

¥

G = X"Ro[ (¢ ® Tvar) o D)’ | (60)

where X' represents the pseudo-inverse of the matrix X.

VI. COMPLEXITY ANALYSIS

The computational complexity of signal detection using
the ADMM-based approach is summarized. The practi-
cal feasibility of the detection algorithm is based on
its computational complexity, particularly the number of
complex multiplications involved. The total computational
complexity of the ADMM detector algorithm is divided into
two parts: the iteration-independent part and the iteration-
dependent part. The iteration-independent part is executed
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TABLE 3. Complexity analysis of ADMM and MMSE algorithm.

‘ Algorithm‘ Computational complexity ‘
(Nt NM)3 4+ (N, NM)(N:NM)? + (N.NM)(N:NM)
+i(NeNM + (NeNM)2 + Ny NM)

(N:NM)3 + (N, NM)(N:NM)2 + (N.NM)(N:NM)

ADMM

MMSE

TABLE 4. Complexity analysis of AO algorithm and ALS channel estimation
algorithm.

Computational complexity ‘

O(KLyLy)

‘ Algorithm

Phase shift optimization using
STM
W  optimization using FP ap-

O(NMN2 + N?)

proach

O(I(KL4Lg+ NM3N32 + NP))
O(I(NZK3TL + NPK3TL))

AO algorithm framework

ALS channel estimation algo-

rithm

only once. Iteration-independent computation involves three
steps: H{;’Hb, (Hbe + /oI)_1 and ny. In these three
steps, the number of required complex multiplications
are (N.NM)(N:NM)%, (NNM)? and (N.NM)(N.NM). The
iteration-dependent section must be repeated for each
iteration and primarily consists of two steps. These steps
involve scalar multiplication of a (N{NM x 1) vector for
a; update in (49) and multiplication of a (N(NM x NNM)
matrix with a (NMNM x 1) vector and scalar multiplication
with another (N{NM x 1) vector in (50).

Additionally, we include the overall complexity of the
traditional linear MMSE [31] in Table 2.

In conclusion, the ADMM algorithm has a higher com-
putational complexity than linear algorithms but lower
computational complexity than non-linear methods but it
outperforms the linear ones as shown in the results.

Below is the complexity implications for the other
algorithms.

The overall complexity depends on the number of itera-
tions needed for convergence, denoted as 1.

VIl. SIMULATION RESULTS

This section presents the sum rate and BER analysis
of the proposed IRS-aided OTFS system with beam-
forming and low complexity ADMM-based detector.! The
transmitted symbols in the DD grid are QAM modu-
lated. The simulations are carried out for two propagation
models:

(1) Basic Propagation Model (BPM):- The simple prop-
agation environments of BPM are taken as the first
to understand the behavior of the IRS-OTFS system in
the context of beamforming and ADMM-based detection.
We take into account an IRS-aided OTFS network with

]Sample simulation codes for this work are available in
the  following  link:  https:/github.com/Sushmita898/IRS-Assisted-
OTFS-Beamforming-Design-and-Signal-Detection-Joint-Beamforming
https://github.com/Sushmita898/IRS-Assisted-OTFS-Beamforming-Design-
and-Signal-Detection.
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TABLE 5. BPM and EVA channel models’ simulation parameters.

Simulation Parameters for BPM ‘

Item Values
Subcarrier spacing, A f 15 KHz
Carrier frequency, fc 4 GHz
Total Doppler bins, N 32
Total delay bins, M 32
Number of IRS element, K 16

Number of paths for direct link, Ly, 4

Number of paths for BS-IRS link, Ly | 4

Number of paths for IRS-UE,L, 4
Randomly from {0, 1, ..,3}
Randomly from {0, 1, .., 3}

Delay tap
Doppler tap

’ Simulation Parameters for EVA Model ‘

’ Item Values ‘

Subcarrier spacing, A f 15 KHz

Carrier frequency, fc 4 GHz

Number of Doppler bins, N 16

Number of delay bins, M 512

Number of paths for direct link, | 9

Ly,

Number of paths for BS-IRS link, | 9

Lq

Number of paths for IRS-UE, L, 9

Speed 500 Km/hr
Ly = Ly = Ly = 4 and a DD grid size of N =
32, M = 32 for simulations. Table 5 summarizes the

DD-domain parameters and other simulation details for
BPM.

(2) Extended Vehicular A (EVA) Propagation Model:-
The EVA propagation model is more comprehensive and
practical for a high-mobility scenario [33]. To analyze the
performance of the IRS-OTFS system, the EVA propagation
environment is considered. We consider a scenario with
L, =Ly =Lys =9 and OTFS grid dimension of N = 16 and
M = 512. The subcarrier spacing is taken as 15 KHz. The
maximum integer delay spread is considered to be 20. The
typical EVA model is used to generate the delay taps of the
channel. The excess path delays are [0, 30, 150, 310, 370,
710, 1090, 1730, 2510] ns with a power delay profile of [0,
—-1.5, —1.4, -3.6, —0.6, —9.1, —7.0, —12, —16.9] dB [33].
A uniform distribution U/(0, vpax) is used to generate the
Doppler shifts where v,y is the most significant Doppler
shift determined by the speed of the vehicle. Table 5 shows
the simulation parameters for the EVA propagation model.

The amplitudes of the channel coefficients are assumed
to follow the Rayleigh distribution. For the multiple-input
single-output (MISO) and MIMO configurations, we take
Ny =2,N; =1 and Ny = 2, N; = 2, respectively. The sum
rate and the BER performance of the IRS-aided OTFS system
for both BPM and EVA propagation models are analyzed in
the following subsections.
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FIGURE 2. The simulation environment where BS assisted by IRS serve single
moving UE.
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FIGURE 3. Sum rate against SNR for MISO IRS OTFS system in BPM.

A. SUM RATE ANALYSIS

This subsection of the paper demonstrates the theoretical
foundation of the sum rate of the IRS-OTFS system. A 3D
scenario is considered for simulation, as shown in Figure 2.
In this setup, a single BS serves a single user, and the
network’s capacity is limited by scatterers’ interference. A
single IRS is deployed on a tall building surface to increase
the capacity. The location of the BS is considered as (0 m,
—30 m, 2 m), while the IRS is located at (30 m, 10 m, 4 m).
Initially, the MISO case is considered for simplicity, and
then we extend it to the MIMO case. The SNR is specified
as w, where onz represents the noise variance. Both

0,
the cascaded link and the direct link are taken into account
unless otherwise specified.

1) ACHIEVABLE SUM RATE OF IRS-OTFS SYSTEM FOR
BPM

In this subsection, we analyze the sum rate of an IRS-OTFS
system for BPM. We examine the ideal IRS scenario and
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FIGURE 4. Sum rate against SNR for MIMO IRS-OTFS system in BPM.

assume that the UE has a height of 1 m. The number
of IRS elements is K = 16. Following the simulation
parameters for BPM given in Table 5, we plot the sum rate
against the SNR in Figure 3 and Figure 4 for MISO and
MIMO cases, respectively. Using the fully known channel
state information (CSI) otherwise specified, we simulate the
ASR using the joint precoding framework. The beamforming
matrix W is optimized at the BS according to Algorithm 1.
The simulation results are illustrated through several cases.

1) Casel: The RC phase shift optimization at the IRS is
carried out according to the STM method as described
in Section III.

2) Case2: Here, the RC phase shifts considered at the
IRS are produced from random angles.

3) Case3: To compare the obtained results with the ideal
scenario, we simulate the achievable sum rate by
enforcing coherent phase shifts at the IRS.

4) Case4: The RC phase shift optimization at the IRS is
carried out according to the STM without considering
the presence of a D-link.

5) Case5: Now, we conduct simulations to determine the
sum rate for the scenario without an IRS.

6) Case6: In this case, simulations are carried out for
estimated cascaded CSI (imperfect CSI) using tensor
modelling approach as discussed in Section V. Here,
only cascaded links are taken for simulation and direct
link is not considered.

7) Case7: Simulations are carried out considering Case 1
with fractional Doppler.

Table 6 outlines the key features of various simulation cases.
For all cases, we consider the total number of IRS elements
as K = 16. In Figure 3 and Figure 4, we present the sum
rates for the IRS-OTFS system against SNR for both MISO
and MIMO configurations in the case of BPM. It is noticed
that the performance gain is significant for IRS-aided OTFS,
particularly when employing the aforementioned proposed
algorithm (Case 1). There is a slight decrease in the gain
when D-link is not taken into consideration (Case 4).
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TABLE 6. Vvarious cases for sum rate analysis.

Cases IRS RC D-link IRS CSI Doppler
Case 1 STM Present | Present Perfect Integer
Case 2 Random Present | Present Perfect Integer
Case 3 Coherent Present | Present Perfect Integer
Case 4 STM Absent | Present Perfect integer
Case 5 | Not applicable | Present | Absent Perfect Integer
Case 6 STM Absent | Present | Imperfect Integer
Case 7 STM Present | Present Perfect Fractional

However, the gain is not as prominent as when using random
angles (Case 2) due to the fact there is no optimization done
at the IRS in this case. Also, the performance of the proposed
algorithm (Case 1) approaches the gain of the ideal scenario,
i.e., coherent phase (Case 3). Further, the performance gain
is too low in the absence of IRS (Case 5). Later, the sum rate
for estimated cascaded CSI without D-link is simulated in
Case 6. We address estimated cascaded CSI as imperfect CSI.
It is found that the performance with imperfect CSI is poor as
compared with perfect CSI. In all of the above cases integer
Doppler is considered. Now in Case 7, fractional Doppler
is considered, i.e., Case 1 is incorporated with fractional
Doppler instead of integer Doppler. The performance gain
in the case of integer Doppler is significant compared to
fractional Doppler case. An algorithm proposed in [8] has
been incorporated as a benchmark scheme. This allows for a
more comprehensive comparison of the performance of our
proposed methods. The benchmark scheme achieves better
performance compared to the proposed method. However, it
introduces higher computational complexity and also does
not leverage the sparsity of the OTFS channel. Finally, the
sum rate for IRS-OFDM is simulated and it is found that
IRS-OTFS outperforms IRS-OFDM.

Figure 5 presents a comparison of the sum rate
performance for fractional DD and integer DD cases.
The results indicate that the integer DD case performs
significantly better than the fractional DD case in terms
of achievable sum rate. It is attributed to the reduced
inter-symbol interference and better alignment of signal
components in the integer DD domain.

2) ACHIEVABLE SUM RATE OF IRS-OTFS SYSTEM FOR
EVA PROPAGATION MODEL

Here, we analyze the achievable sum rate against SNR under
the EVA propagation model. The simulation parameters
related to the EVA propagation model are shown in Table 5.
For all cases, the total number of IRS elements is K = 16.
Figure 6 shows the achievable sum rate against SNR under
the EVA model with various cases presented in Table 6. For
the EVA model as well, similar observations are obtained.
Case 1, i.e., the proposed algorithm, outperforms Cases 2,
4, and 5 in terms of performance gain for the same
reasons specified in the BPM scenario. Case 3 has more
performance gain than Case 1, yet Case 1 approaches
the ideal scenario (Case 3). Similar to BPM, in Case 6,
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FIGURE 5. Effect of fractional DD on the sum rate of MISO IRS OTFS system.

imperfect cascaded CSI is considered and it is found from
simulation that performance gain degrades with imperfect
CSI as compared to that with perfect CSI. Later, fractional
Doppler is incorporated in Case 1 instead of integer Doppler
(Case 7). It is found that the performance gain with integer
Doppler is better as compared to the one with fractional
Doppler. Here, all the Cases are also compared with the
dominant tap, which has higher power. While keeping the
overall power fixed, more power is allocated to the dominant
tap compared to the other taps to analyze its significance. We
observe that the dominant tap with increased power achieves
performance close to that of the benchmark scheme [8]. At
last, the sum rate for IRS-OFDM is far greater than that of
IRS-OFDM. Figure 7 illustrates the sum rate performance
of a MISO IRS-OTFS system under the EVA channel model
for varying user speeds. Higher mobility is observed to lead
to a reduction in the sum rate, highlighting the challenges
posed by increased Doppler effects in high-speed scenarios.

Furthermore, it is worth discussing that when the transmit
power at the BS is too low, the performance gain becomes
insignificant. This observation aligns with intuition since,
with minimal BS transmit power, the signals reflected by
the IRS become weak, resulting in minimal impact from the
IRS on performance enhancement.

3) COMPARISON OF SUM RATE WITH VARYING NUMBER
OF IRS ELEMENTS

Figure 8 presents the sum rate of the MIMO IRS-OTFS
system for EVA with increasing number K of IRS ele-
ments. The performance gain is analyzed for two scenarios:
one when the RC matrix is optimized following STM
(Case 1) and another when the RC matrix is considered
to be random (Case 2). Beamforming matrix optimization
in both cases is done following Algorithm 1. It is evident
from the results that as the number of IRS elements
increases, the sum rate of the IRS-aided OTFS system also
increases.

1960

I
-@- Case 3
Case 1
—&— Case 4
—f— Case 2 [=:]
—A— Case 5 e o
—k— Case 6 59 ‘
Case 7 e
51 OFDM IRS e
—-.—.- Benchmark IRS OTFS|[8]
Dominant Tap (more power)

N =16 .
e

10

Sum rate (bit/s/Hz)
\

SNR (dB)
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4) COMPARISON OF SUM RATE W.R.T. DISTANCE

In Figure 9, the impact of the user’s distance from the IRS
on the system’s sum rate for EVA propagation model is
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analyzed. Provided that the deployment of the BS, IRS,
and user is as shown in Figure 2, we evaluate the system’s
performance with regard to the user’s position. The total
horizontal distance of the BS-IRS-UE link is fixed at
D = 60 m and the BS-UE distance is varied. The sum rate is
analyzed for various distances from 0 m to 60 m. The results
are presented for MISO and MIMO cases. From Figure 9,
we can clearly observe a peak at a distance of around 30 m
in both MISO as well as MIMO cases. Since the user can
obtain powerful signals reflected from the IRS, it suggests
that the sum rate increases when the users approach the IRS.
The sum rate for STM-optimized RC phase shift (Case 1) is
high for both the MISO and MIMO scenarios. Furthermore,
we observe that the “Random phase angle” (Case 2) yields
a very low gain. The reason is that with no RC phase shift
optimization, the signals arriving at IRS cannot be precisely
guided to the user.

B. BER PERFORMANCE ANALYSIS

The BER performances for ADMM and MMSE detectors
are compared in BPM and EVA propagation models. Various
cases are considered, as detailed in Table 7.

1) BER COMPARISON AGAINST SNR

The BER performances of the ADMM detector are com-
pared with those of the traditional MIMO detectors like
the MMSE detector under different propagation models.
Figure 10 shows the BER performance of IRS-OTFS with
all the cases under BPM. Case 1 is the one in which the
RC matrix is optimized via STM and ADMM is used for
signal detection, Case 1 is the proposed algorithm. At the
BER of 107>, the coding gain of Case 1 over all other cases
is observed. The coding gains of Case 1 over Cases 2, 3,
and 4 are around 1 dB, 5 dB, and 8 dB, respectively. Case 5
outperforms Case 1 since, in Case 5, D-link is considered.
The coding gain of Case 5 is approximately 2 dB over
Case 1.

VOLUME 6, 2025

TABLE 7. various cases for BER analysis.

Cases IRS RC | Detection technique | D-link CSI
Case 1 STM ADMM Absent Perfect
Case 2 | Random ADMM Absent Perfect
Case 3 STM MMSE Absent Perfect
Case 4 | Random MMSE Absent Perfect
Case 5 STM ADMM Present Perfect
Case 6 ST™M ADMM Absent | Imperfect
1071
-3
10 \
=4
= i
m 5 —&— Case 3
_5 | M=
10 Case 2 N =39 D
—&— Case 4 K =16
—— Case 5
_n —A— Case 6 D
107" | —e— oFDM RS i
T 1 1
0 5 10 15 20
SNR (dB)

FIGURE 10. BER of SISO OTFS-IRS with ADMM detector in BPM.
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FIGURE 11. BER of MIMO IRS OTFS-system in BPM.

Finally, BER is simulated for BPM considering imperfect
cascaded CSI and D-link is not taken into consid-
eration (Case 6). It is found that the coding gain
of Case 6 is poor as compared to Case 1 and
Case 2.

Figure 12 illustrate the BER performance of IRS assisted
MIMO OTES system in EVA model for varying speed. As
the speed rises (for instance, from 250 km/h to 1000 km/h),
the bit error rate (BER) performance declines at a con-
stant signal-to-noise ratio (SNR). This deterioration occurs
because increased speeds result in greater Doppler shifts,
complicating channel estimation and signal recovery in
OTES systems. At lower speeds, such as 250 km/h, the
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FIGURE 12. BER of MIMO IRS OTFS-system in EVA model for varying speed.

BER shows a significant reduction as the SNR increases,
indicating better performance.

2) BER COMPARISON AGAINST SNR ALONG WITH
BEAMFORMING

Figure 11 presents the BER performance for the ADMM
detector under BPM. The BER performance is compared
under two scenarios: with and without optimized beamform-
ing matrix W. The optimization of W is done using CVX
optimization tool as per Algorithm 1. The comparison of
BER performance of the IRS-OTFS system using optimized
W across different scenarios under the BPM channel is
shown in Figure 11. The coding gains of Case 1 over Case 2,
Case 3, and Case 4 are approximately 0.5 dB, 2 dB, and
4 dB, respectively at the BER of 1073.

The coding gain of beamformed IRS-OTFS over the IRS-
OTEFS without beamforming is observed at the BER of 1072,
It is found that Case 1 and Case 2 with optimized W have a
2 dB and 3.5 dB coding gain, respectively, over the case of
without optimized W. It’s evident that optimizing W leads
to a noteworthy enhancement in BER performance across
all cases.

3) BER COMPARISON AGAINST NUMBER OF ITERATION

We plot the BER as a function of the number of iterations
to show the convergence of the algorithm. To compare the
convergence of the proposed algorithm (Case 1), we add
curves for ‘Case 2°, ‘Case 3°, and ‘Case 4’. Figure 13
illustrates that when the convergence error is less than or
equal to one percent, the proposed algorithm is capable of
converging within 40 iterations.

C. MEAN SQUARE ERROR (MSE) ANALYSIS

The received signal tensor in the experiments is constructed
from the system’s real measurements, where the transmitted
pilot signals and the IRS’s phase shifts have an impact
on the received signals. The ALS algorithm is employed
to decompose the received signal tensor into three key
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components: D, G and 6. These components are extracted
iteratively. In the experimental setup, the IRS executes a
sequence of phase shifts while pilot signals are transmitted
from the BS over several time blocks. In the simulation, a
total of 16 blocks and 16 pilot signals are used.

The accuracy of the channel estimation is examined using
the mean square error (MSE), which is given as

L HGO)_(;U)‘

2
MSE((}) = ; a

where G is the estimated channel of BS-IRS for the
i-th iteration and I denotes the total number of iterations.
Following (61), the accuracy of the channel estimation for
IRS-UE channel ( D) can be examined. The average MSE
for the IRS-OTFS system after the ALS optimization is
given as

, (61)
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Figure 14 shows the MSE comparison of the cascaded
channel of IRS-OTFS for both the BPM as well as EVA
channel model. In the EVA model, both the integer as well
as fractional Doppler are considered and the integer Doppler
outperforms the fractional Doppler case. Figure 14 presents
a comparison of the mean squared error (MSE) for the
estimated cascaded channel using the same PARAFAC-based
ALS algorithm, applied to both IRS-OTFS and IRS-OFDM,
across different numbers of transmit and receive antennas.
It is found from simulation that IRS-OTFS outperforms
IRS-OFDM. The performance improves as the numbers of
transmit as well as receive antenna increases.

VIIl. CONCLUSION

This paper focused on three critical issues of an IRS-aided
OTFS system: (1) joint optimization of beamforming and
IRS phase shifts, (2) low-complexity signal detection and
(3) channel estimation of cascaded path. The beamforming
design problem in the proposed IRS-aided OTFS system,
focusing on maximizing the sum rate to improve capacity
under the constraints of transmitted power and IRS phase
shifts, is addressed. To tackle this challenge, an AO algorithm
is proposed. In addition, an efficient signal detector and chan-
nel estimation algorithm for IRS-aided OTFS systems using
the ADMM approach and ALS approach are developed.
Simulation results have demonstrated that the proposed
algorithm for joint beamforming matrix optimization (at
BS) and RC optimization (at IRS) and the proposed signal
detection method outperform the conventional algorithms of
the OTFS system in terms of sum rate and BER. The impact
of various system parameters, such as OTFS grid size, UE
location, and phase settings, is thoroughly analyzed for the
IRS-aided OTFS system to demonstrate the effectiveness of
the proposed beamforming and signal detection method. AO
and ADMM methods remain computationally intensive with
large IRS arrays and dynamic channels. Future work could
explore machine learning for efficient real-time beamforming
and extend the framework to multi-user and highly dynamic
scenarios.
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