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Abstract—In high-mobility environments, reconfigurable in-
telligent surface (RIS)-assisted orthogonal time-frequency space
(OTFS) systems can significantly improve system performance in
terms of bit-error rate (BER), signal-to-noise ratio (SNR), and
capacity. These gains depend on the optimal configuration of
the RIS reflection coefficients, which must balance the trade-
off between reliability and spectral efficiency. In this work, we
formulate a bi-objective optimization problem that simultaneously
maximizes capacity and minimizes BER, and we solve it using the
non-dominated sorting genetic algorithm (NSGA-II). Simulation
results show that the proposed method efficiently captures the
trade-off between BER and capacity. For instance, at SNR = 5
dB and K = 8 RIS elements, the Pareto front demonstrates that
improving the achievable rate inevitably increases BER, while
minimizing BER reduces capacity, allowing flexible adaptation de-
pending on the target application (e.g., mission-critical reliability
vs. high data rate). Compared with state-of-the-art methods such
as the strongest delay-Doppler channel response and Frobenius
norm-based optimization, our approach achieves superior BER
and capacity performance. Furthermore, we propose a low-
complexity equalizer based on QR decomposition with Givens
rotations. Complexity analysis shows that, unlike conventional
equalizers, the proposed scheme maintains complexity indepen-
dent of the number of RIS elements K and achieves much better
performance when K > Kj;,,. Overall, the proposed framework
provides an effective solution for enabling reliable and efficient
OTFS-RIS systems in 6G high-mobility scenarios.

Index Terms—RIS, OTFS, low-complexity equalization, high-
mobility, bi-objective optimization.

I. INTRODUCTION

Recent studies have highlighted the reconfigurable intelli-
gent surface (RIS)-assisted orthogonal time frequency space
(OTFES) as a key technology for improving wireless system
performance in terms of signal-to-noise ratio (SNR), bit error
rate (BER) and capacity for high-mobility scenarios by opti-
mally configuring the RIS reflection coefficients [1]-[5].

In [1], an RIS phase optimization method was proposed,
where only the dominant delay-Doppler path was phase-
aligned, while non-dominant paths remained misaligned with
the direct path. In [2], the RIS phase shifts were designed to
maximize the received SNR in both single-input single-output
(SISO) and multiple-input multiple-output (MIMO) systems.
Furthermore, in [3], the authors optimize the phase vector at the
RIS by maximizing the Frobenius norm of the effective end-
to-end delay-Doppler channel matrix in the RIS-assisted OTFS
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system. In [4], the authors selected the phase through random
Monte Carlo sampling, aiming to maximize the Frobenius
norm of the superimposed channel matrix. It is crucial to
note that in the aforementioned studies [1]-[4], the authors did
not directly address optimization problems related to capacity
or BER. To bridge this gap, the authors in [5] designed the
RIS coefficients with the objective of minimizing the BER,
solving the optimization problem using a gradient descent-
based approach.

Considering that optimizing for a single objective may not
be effectively optimal for achieving others, this paper proposes
a joint optimization strategy for designing RIS coefficients.
Specifically, we optimize both capacity and BER by for-
mulating a bi-objective function in terms of the reflection
coefficients and the eigenvalues of the effective delay-Doppler
channel matrix. To solve this optimization problem, we employ
a non-dominated sorting genetic algorithm (NSGA)-II-based
approach. On the other hand, in RIS-based OTFS systems,
the high-dimensional nature of the delay-Doppler channel
matrix poses computational challenges for conventional linear
equalization techniques. To address them, we leverage the
block-circulant structure and sparsity of the channel matrix
and propose a low-complexity equalizer based on QR de-
composition using Givens rotations. Finally, through numerical
simulations, we demonstrate the effectiveness of the proposed
optimization framework in terms of capacity and BER perfor-
mance, comparing it with state-of-the-art techniques [1]-[5].
We also conduct computational evaluations of the proposed
low-complexity equalizer and compare them with a recent
linear equalization method [5].

II. OTFS-RIS SYSTEM MODEL

We consider an uplink OTFS-RIS system consisting of a
single user, a single base station (BS), and one RIS network.
The RIS is composed of K reflecting elements, whose re-
flection coefficients can be dynamically adjusted to enhance
performance at the receiver. Both the user and the BS are
assumed to be equipped with a single antenna. The user
constructs the delay-Doppler matrix X € CM*¥N by mapping
information symbols z[k, (] from a finite alphabet A (M-QAM
or M-PSK). Here, N and M denote the number of Doppler
and delay bins, respectively. The OTFS transmitter processes



X by applying an inverse symplectic finite Fourier transform
(ISFFT) followed by a Heisenberg transform leading to the
time-domain signal:

)

where F;, is the (n x n) discrete Fourier transform (DFT)
matrix and Gy, = diag{g:+(0),...,g1((M — 1)T/M)} €
CM*M where gy, is the pulse shaping waveform.

With a rectangular waveform as the pulse-shaping function
G, reduces to the identity matrix I; and the transmitted
time-domain signal in its vectorized form is given by

S = G . Fil(FyXFl = G, XFY,

s = (F]I\}I®I1\4)£L',

where s = vec(S) and x = vec(X).

A single cyclic prefix (CP) is appended to the signal s(t)
before transmission to mitigate inter-symbol interference be-
tween OTFS blocks.

The signal s is transmitted through a time-varying wireless
channel consisting of three links: the user-to-k-th RIS link,
the k-th RIS-to-BS link, and the direct user-to-BS link. The
delay-Doppler channel impulse responses for the three links
are given as follows [6]:

)

L
user-to-k-th RIS: h¥) (7, 1) = Z hl(-k)(S(T - Tl(i))é(u - uﬂ?),
i=1
(3)
k-th RIS-to-BS: g(* Zg(k)é Téf?)(S(V - l/éi»)),
4)
direct user-to-BS: h(¥ (7, ) Z WDs(r —7)6(v — 1),
)]
where L1, Lg, and Ld represent the number of paths and
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Doppler shifts, with the respective delay and Do(pg)ler indices,

assumed to be integers, given by (lgkz), k(k)), (I3 ,k:2 z) and

(i, k;). Furthermore, the parameters hz(- ), 92( ), and hz(d) ~
CN (0, 1) represent the channel coefficients for thelr respective
links.

The received signal at the BS through the k-th reflecting
surface can be expressed as
)s+n®),

M = ¢ HE (6)

where ¢ = ael% represents the reflection coefficient of the
k-th RIS element, with magnitude o, € [0, g max| and phase
O € [0,27]. H® = HF H® ¢ CMN*MN yhere HY =
Z;‘D:ll hl(k)l-[lglfg Akikf and HQ(k) _ Pz (k)Hl(k)Ak”“).
A — diag{ejQﬂ'(O)/MN7ej27'r(1)/MN . eJQTr(MN 1)/MN} c
CMNXMN and IT € CMNXMN with H ap=1ifb=a+1

and 0 otherwise. n(*) 1s the additive whlte Gaussian noise
(AWGN) vector where n ~ CN(0, 2 1)

Next, the received 51gnal at the BS through the user-to-BS
direct link is given by

‘= H's +n", (7N

where HY = S22 hdT1' A%, Now, the final expression for
the received signal at the BS is given by

K
r:rd—i—Zr(k):Hs—i—n, ®)

k=1
where H = HY + Zszl ¢ H*) is the channel matrix and n
is the AWGN vector with n; ~ CA(0,02).

The OTFS receiver processes r by applying Wigner trans-
form followed by a symplectic finite Fourier transform (SFFT),
leading to the delay-Doppler signal y € CMN*1  Assuming
the rectangular waveform as pulse-shaping waveform, y can
be expressed as

y = (Fn @ Iy)r. )
By substituting (2) into (8) and then (8) into (9), y takes
the following form:

= H.gx + w, (10)

where Heg = H, e(;? + Z,If:l orH é? is the effective channel
matrix with H'") = (Fy @I ) H®™ (FH o I), foru € {1:
k,d} and w = (Fn ® Ip)n. Since (Fy ® Ipg) is a unitary
matrix and the entries of n are i.i.d, w and n follow the same
distribution.

III. PROPOSED COEFFICIENTS OPTIMIZATION PROBLEM
A. Capacity maximization

As in an OTFS system, the capacity of an OTFS-RIS system
is given by [1]:

P.HILH g

€

¢= o2NM |’

MN

where P, is the transmit power.

To simplify Equation (11) we use the following eigen-
value-decomposition of Helcf H W) — yAWyH , where
vV = (FN ® Fy)H and AW = dlag{)\ (A Ay
with A" the i-th eigen-value of H'Y, (u € {1 K,d}).

Then from (11),

) vi

Substituting (12) in (11), the capacity expression can be
simplified as
v 2
Ai )7
Ll

logy |Ian + (11)

K
Hg=V <A<d> +) orA® (12)

k=1

MN

N Zlog2<

13)



where v = £4 is the SNR and \; = AD S oAl

To maximize the capacity with respect to the reflection
coefficients vector ¢ = [¢1, @2, ..., dx], we should solve the
following optimization problem:

MN ~y
1 (1 Y 2)
; ogy (1 + MN‘ |

K
A = )\Z(»d) + Zozkew’“)\z(-k),i =1:MN, (PD)
k=1
0 <o <apmax, VkE€ {17...,K},
0<0,<2m Vke{l,...,K}.
B. BER minimization

max
¢

S.t.

Given the received signal y, the LMMSE equalized symbols
are obtained as: Evuse = (HAEHeg + 02Iyy) *Hiy.
To minimize the BER, it is necessary to maximize the signal
to interference plus noise ratio (SINR), whose instantaneous
expression of the j-th equalized symbol is given by

YyMN
Vi T SMN P
>imy (o + )~
Following a similar approach to [5], the BER minimization
can be formulated as:

(14)

MN
PGP
i=1
K
A=A+ ape®AM =1 MN, (P2
k=1
0<oap < 0kmax, VEe{l,...,K},
0<0,<2m, Vke{l,...,K}.
C. Joint capacity and BER optimization

min

S.t.

The objective here is to determine the optimal RIS coeffi-
cients that maximize capacity while minimizing BER. From a
fundamental communication theory perspective, capacity and
BER inherently impose constraints on each other; enhancing
capacity may lead to an increase in BER, and vice versa.
Therefore, in this section, we aim to find a trade-off between
these two performance metrics. To achieve this, we formulate
the following bi-objective optimization problem obtained by
considering the optimization problems (P1) and (P2):

MN -
: 2
min - — ;10g2 (1 + UN [ )
MN
min 3 (% A
i=1 (P3)
K .
st A =AY+ are® AN i=1: MN,
k=1
Ogakgak’,maxy Vke{lw-'vK}a
0< 0, <2m, Vke{l,... K}

To solve the optimization problem (P3), we employed the
non-dominated sorting genetic algorithm II (NSGA-II) [7].
This multi-objective optimization algorithm enables the si-
multaneous optimization of capacity and BER while main-
taining a balance between these two criteria. By leveraging
its dominance-based sorting and diversity-preserving mech-
anisms, NSGA-II efficiently explores the solution space,
leading to optimal RIS coefficients that enhance the per-
formance of the OTFS-RIS system. Considering f; =
=5 togy (14 w7 IAI*) and £ = XM (02 + %),
the NSGA-II algorithm starts by generating an initial pop-
ulation and evaluating f; and fs. The solutions are then
ranked through non-dominated sorting, organizing them into
Pareto fronts, with the first front containing the most optimal
solutions. To ensure diversity, a crowding distance measure
is applied. Selection is carried out using a Pareto-based tour-
nament, favoring solutions that exhibit both dominance and
diversity. Genetic operators, such as crossover and mutation,
generate new candidate solutions, and the population is updated
by merging parents and offspring while keeping the best
individuals. This iterative process continues until the Pareto
front stabilizes between successive generations or a predefined
number of iterations V., is reached. The final set of Pareto-
optimal solutions represents the values of ® that achieve the
best trade-off between capacity and BER. The detailed steps
of the proposed optimization procedure are summarized in
Algorithm 1.

IV. PROPOSED LOW-COMPLEXITY EQUALIZER
In the OTFS-RIS system, the linear minimum mean square
error (LMMSE) equalized symbols can be computed from the
received signal y in (10) as & = Wvsgy, where

-1
Wanse = (HSHeg + 02Iyy)  H (15)

However, this equalization process requires the inversion
of an M N x M N matrix, resulting in a high computational
complexity of O((MN)3). Therefore, we propose a low-
complexity equalizer that leverage the sparsity and block-
circulant structure of H.g. The proposed equalizer is based
on QR decomposition using Givens rotations.

The matrix Heg is a block circulant matrix, composed of
two matrices: H ég), which has exactly L; non-zero elements
per row and column, and H}d = Zfil orH, é?, which
contains L1 + Ly — 1 non-zero elements per row and column.
Note that H g has L < Lq+ Ls+ Lj— 1 non-zero elements in
each row and column and less if common paths exist between
the direct and RIS-assisted links. Let L = L;+ L;,, where L; is
the number of non-zero elements below the diagonal, and L,
is the number of non-zero elements in the remaining positions
of H, eff-

Our objective is to determine the transmitted symbols vector
x in a computationally efficient manner while taking advantage
of the sparsity of H.g discussed in the previous paragraph.
Our approach involves using Givens rotations to eliminate the
non-zero elements below the diagonal, transforming H.g into



Algorithm 1 Proposed NSGA-II algorithm for solving (P3)

1: Input: Population size P, number of generations Ny,
RIS elements K

2: Output: Pareto-optimal reflection coefficients ®*

3: Initialize population Pop with P random RIS coefficient
vectors ¢ = [y, ..., ¢k],i=1:P

4: Set g+ 0

5: while Pareto front not stabilized and g < N, do

. Step 1: Objective evaluation
o Evaluate objectives f1(¢()) and fo(¢(")) for each

solution ¢(Y) € Pop
7:  Step 2: Non-dominated sorting

e Compare all solutions pairwise.

e Solution A dominates B if A is no worse than B in
all objectives and strictly better in at least one.

e Organize individuals into Pareto fronts: Front 1 =
non-dominated set, Front 2 = dominated only by Front
1, etc.

8:  Step 3: Diversity preservation (Crowding distance)

o  For each front, compute a crowding distance for every
solution.

o For each objective, sort individuals and assign large
distance to boundary solutions.

e For intermediate solutions, distance = normalized
difference of adjacent objective values.

o Ensures spread of solutions across the Pareto front.

9:  Step 4: Selection (Tournament)

o Randomly pick two candidates from the population.
e Choose the one with lower Pareto rank (better front).
o If both have the same rank, select the one with larger
crowding distance.
« Repeat until enough parents are chosen.
10:  Step 5: Variation (Crossover and Mutation)
e Apply simulated binary crossover (SBX) to generate
offspring from selected parents.
e Apply polynomial mutation (or Gaussian) to slightly
perturb RIS coefficients.
o  This introduces exploration while preserving feasibil-
ity of constraints.
11:  Step 6: Population update
e  Merge parents and offspring into a combined popu-
lation of size 2P.
e Sort the combined set using non-dominated sorting.
« Fill the next generation by selecting complete Pareto
fronts in order.
o If the last front exceeds the capacity, choose individ-
uals with the largest crowding distance.
o Keep exactly P solutions for the next generation.
12: end while
13: g<—g+1
14: Return ®*, the optimal trade-off between C' and BER.

an upper triangular matrix R, and then solving the resulting
system Rx = Qy, where Q is a unitary matrix and R is an
upper triangular matrix.

The Givens rotation technique eliminates a specific element
of a matrix at a time by applying a two-dimensional rotation
transformations. Consequently, the rotation matrix significantly
impacts the performance of QR decomposition. Consider a 4 x
4 complex-valued matrix

|h11|€?  hia hiz  hia

H— |ho1|e?%21 hay  haz  hos
h31 h3a  haz haa|’

ha1 has  haz  has

where |h;1| and 6;; (¢ = 1,2) denote, respectively, the
magnitude and the angle of the matrix entries.

The first Givens rotation matrix, G'1, is designed to eliminate
ho1 using hi; and can be represented as follows:

c s 0 O

—s* ¢ 0 0
Gi=109 0 10
0 0 0 1

The complex upper triangular matrix R and the complex
unitary matrix @) are determined as follows:

R = G¢G5G,G3G->GH,

Q = (GsG5G4G3G2G1) ",
where Ga, ..., Gg denote rotation matrices to zero hsi, hai,
hso, hyo and hysz, respectively.

The parameters ¢ and s can be determined using the two-
angle complex rotation (Two-ACR) technique, as follows:

(16)

c= —‘hlﬂ = cos(6,),
VI |? + b2 [? 7
‘h21|ej¢b (17
s=—— = sin(f,)e®),

VI |? + b |2

where 0, = 611 — 021 and 0, = arctan (‘hm'

|hasl )
Applying this procedure to system (10) and considering that
the matrix H.g has L; non-zero elements below the diagonal,

we obtain the following system:

Q"y = Rx + w, (18)

where w = Qfw, R = Gp, x ... x Gy, and Q = (Gp, x
o X Gl)H.

Then, to obtain x, we solve the system (18) using back-
substitution.

V. COMPLEXITY ANALYSIS

In this section, we analyze the complexity of the proposed
equalizer in terms of complex multiplications (CMs). The
proposed algorithm consists of two main steps. The first step
involves eliminating the elements below the diagonal of H.g
by computing the product Q¥ y, requiring O(L;MN) CMs.



TABLE I: Parameter of the delay-Doppler channel.

[ Number of channel tap [ 1 ] 2 [ 3 [ 4 [
Doppler shift (kHz) 0 0.47 0.94 1.41 1.88
delay shift (us) 0 2.08 4.164 6.246 8.328
Path power (dB) 1| —1.804 | —3.565 | —5.376 | —8.86

The second step recovers the data symbol vector x through
back-substitution by solving an upper triangular system. Due to
the cyclic nature of H.g, even after its transformation into an
upper triangular matrix, it retains L, — M N — .S zero elements,
reducing the back-substitution complexity to O(S + MN)
instead of O((M N)?), where S represents the number of non-
zero elements, with S << M. Thus, the complexity of
back-substitution becomes O(M N) for large values of M N.
Consequently, the total complexity of the proposed algorithm
is O((L; + 1)M N). It is worth noting that the complexity of
our proposed algorithm is independent of the number of RIS
elements K.

VI. SIMULATION RESULTS

In this section, we present the simulation results of our pro-
posed solution in terms of BER, capacity, and computational
complexity. We compare our approach with state-of-the-art
methods to highlight its advantages.

For our simulations, we consider an OTFS-RIS system
where each OTFS frame consists of M = 32 delay bins and
N = 32 Doppler bins, with a carrier frequency of f. =4 GHz
and a sub-carrier spacing of A f = 15 kHz. The delay-Doppler
symbols are modulated using QPSK constellation. As in [5],
the delay-Doppler channel parameters, summarized in Table I,
are assigned as follows: the first 3 taps correspond to the user-
to-RIS link, the first 4 taps to the RIS-to-BS link, and the 5
taps to the user-to-BS direct link.

Figure 1 illustrates the Pareto front obtained by solving
problem (P3) using the NSGA-II algorithm for K = 8§
RIS elements at an SNR of 5 dB. Each point on the curve
represents a trade-off solution between maximizing capacity
and minimizing BER. As expected, improving the capacity
comes at the expense of higher BER, while minimizing BER
reduces the achievable rate. This demonstrates the effectiveness
of the proposed NSGA-II approach in capturing the inherent
trade-off between reliability and spectral efficiency in RIS-
assisted OTFS systems. The choice of the operating point
along the Pareto front therefore depends on the requirements of
the target application, e.g., prioritizing reliability for mission-
critical communications or maximizing throughput for high-
data-rate services.

Figure 2 shows the BER and capacity performance as a
function of SNR for different RIS configurations. We solve the
optimization problems (P1), (P2), and (P3) using the suggested
NSGA-II algorithm with K € {4,8}. In Figure 2a, the BER
performance is evaluated using the proposed equalizer, while
in Figure 2b, the capacity is computed using equation (13).
We denote by ®p, and ® p, the optimal solutions to problems
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Fig. 1: Pareto front obtained by the proposed NSGA-II algo-
rithm for problem (P3) for K = 8 and SNR =5 dB.

(P1) and (P2), respectively. Additionally, <I>52 represents the
i-th optimal solution belonging to the Pareto front obtained by
solving Problem (P3). From Figure 2a, it is shown that ®p,
minimizes the BER; however, as observed in Figure 2b, it does
not maximize capacity. Similarly, while ® p; maximizes capac-
ity, it fails to minimize the BER. These figures further illustrate
that considering the proposed solution for the joint optimiza-
tion of BER and capacity (<I>5t2) enables an effective trade-off
between these two performance metrics. Moreover, the results
indicate that the proposed solution outperforms state-of-the-
art methods, namely strongest delay-Doppler channel response
(SDDCR) in [1], [2] and Frobenius norm approach (FN) in [3],
[4], in terms of jointly optimizing BER and capacity.

Figure 3 illustrates the computational complexity, in terms
of CMs, of the proposed equalizer as a function of the number
of subcarriers M for different values of the number of RIS
elements K € {24 25,26 27 28} We consider a maximum
velocity of 250 km/h. In low-latency communication systems,
the number of sub-carriers M is significantly larger than the
number of Doppler bins V. In this simulation, we set N = 32.
This figure also presents the computational complexity of the
equalizer from [5], given by O(MN(Lg + (1 + L1L2)K +
log, (M N)). From this figure, it can be observed that for small
values of K, the computational complexity of the proposed
equalizer is higher than that of the existing equalizer in [5].
For instance, when K = 16, the complexity of the proposed
algorithm is five times greater than that of the existing equalizer
for M = 5000. However, as K increases, the complexity of
the existing equalizer continues to grow until it reaches the
complexity of the proposed e%ualizer at a critical threshold
K = Kim = LZH_le;loLg; MN) Finally, we can notice
that the performance of the proposed equalizer is much better
than that of the existing one if the condition K > Ky, is
satisfied. This phenomenon is justified by the fact that the
complexity of the proposed equalizer remains independent of
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Fig. 2: BER and capacity performance of the proposed and
state-of-the-art optimization techniques for RIS coefficients.

K, whereas the complexity of the existing equalizer increases
with MNIL1 Lo K.

VII. CONCLUSION

In this paper, we proposed a joint optimization framework
for RIS-assisted OTFS systems that simultaneously maximizes
capacity and minimizes BER. By formulating a bi-objective
optimization problem and solving it using the NSGA-II algo-
rithm, we effectively captured the trade-off between spectral
efficiency and reliability. Additionally, we designed a low-
complexity equalizer based on QR decomposition with Givens
rotations to mitigate the computational challenges associated
with high-dimensional delay-Doppler matrices. Simulation re-
sults demonstrated the superiority of our approach over exist-
ing methods in terms of capacity, BER, and computational
efficiency. These findings highlight the potential of jointly

10'°
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L
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Number of sub-carriers (M) %104

Fig. 3: Computational complexity comparison of the proposed
and state-of-the-art equalizer.

optimizing RIS reflection coefficients and employing efficient
equalization techniques to enhance OTFS performance in high-
mobility environments. This work assumes perfect CSI, which
may limit applicability in more practical scenarios. Future work
will focus on extending the framework to imperfect CSI, and
large-scale MIMO implementations.
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