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Abstract—With the expected explosive growth of future wire-
less data traffic, spectrum scarcity has become a critical issue.
Spectrally efficient frequency division multiplexing (SEFDM)
improves spectral efficiency by reducing subcarrier spacing and
enabling spectral overlap. However, the loss of orthogonality
causes severe inter-carrier interference, degrading the achievable
rate. In this paper, we propose an SEFDM system assisted by
a stacked intelligent metasurface (SIM) and investigate a wave-
domain phase control method to maximize the achievable rate. In
the proposed system, the SIM is deployed at the base station, and
the phase shifts of the meta-atoms in each layer are configured
to improve the effective channel for SEFDM signals. Simulation
results demonstrate that the proposed multilayer SIM structure
improves the effective channel of SEFDM signals and achieves
a higher achievable rate than a conventional reconfigurable
intelligent surface-based system.

Index Terms—SEFDM, stacked intelligent metasurface (SIM),
achievable rate maximization, phase shift optimization, wave-
domain signal processing

I. Introduction
With the rapid proliferation of wireless communication

devices, global data traffic has been increasing exponentially.
To meet this growing demand for communication, wireless
communication systems have continually evolved, and fifth-
generation mobile communication systems are now being
deployed worldwide [1]. One major approach to increasing
communication capacity is to exploit higher-frequency bands,
such as millimeter-wave and terahertz bands [2], [3]. However,
these high-frequency bands suffer from severe propagation
loss, posing challenges for coverage extension and practical
deployment. In addition to exploiting higher-frequency bands,
improving spectral efficiency within the available bandwidth is
also important. In this context, spectrally efficient frequency
division multiplexing (SEFDM), a non-orthogonal multicarrier
transmission scheme, has attracted attention as a promising
non-orthogonal extension of orthogonal frequency division
multiplexing (OFDM) [4].

SEFDM intentionally relaxes the orthogonality among sub-
carriers by compressing the subcarrier spacing with a compres-
sion factor 𝛼𝛼. By allocating more subcarriers within the same
bandwidth, SEFDM can improve spectral efficiency. However,
the spectral overlap among non-orthogonal subcarriers causes
inter-carrier interference (ICI), which degrades detection perfor-
mance and increases receiver processing complexity. To address
ICI, extensive studies have been conducted on signal processing
techniques at the transmitter and receiver [5]–[9]. Isam et al.
[8] proposed a precoded SEFDM system based on the discrete

Fourier transform (DFT) and demonstrated the effectiveness
of precoding for SEFDM. Ozan et al. [11] introduced time-
domain precoding for non-OFDM (NOFDM) and showed that
ICI can be suppressed even in frequency-selective channels.
Osaki et al. [9] proposed a method to improve the achievable
rate of SEFDM compared with OFDM by using eigenvalue-
decomposition-based precoding and power allocation. Hama et
al. [13] analyzed the achievable spectral efficiency of NOFDM
and clarified that the structure of the equivalent signal matrix
has a significant impact on spectral efficiency in NOFDM
systems. However, such digital precoding approaches require
high-dimensional matrix operations, thereby increasing the
computational complexity of baseband processing and leading
to higher power consumption. Therefore, it is desirable to
realize SEFDM-oriented signal processing for ICI mitigation
while reducing both computational complexity and power
consumption.

To alleviate the interference caused by non-orthogonal signal-
ing without introducing additional RF chains or power-hungry
active circuits, reconfigurable intelligent surfaces (RISs) have
attracted considerable attention [14], [15]. Choi et al. [14]
showed that optimizing the RIS reflection phases improves the
effective channel condition and enhances the sum rate in faster-
than-Nyquist (FTN) signaling. In [15], Zhang et al. incorporated
RIS into OTFS-FTN transmission for high-mobility scenarios,
where RIS phase control was exploited to mitigate FTN-induced
interference and enhance spectral efficiency. However, conven-
tional single-layer RISs mainly perform passive beamforming
through element-wise reflection coefficient control, which limits
their degrees of freedom for wave-domain transformations [16].
To overcome this limitation, stacked intelligent metasurfaces
(SIMs), which consist of multiple programmable metasurface
layers and exploit inter-layer propagation for signal processing in
the electromagnetic (EM) wave domain, have recently attracted
attention [17]–[20]. Compared with single-layer RISs, SIMs
provide enhanced wave-domain processing capability through
cascaded inter-layer propagation and layer-wise phase control.
However, the application of SIMs to SEFDM systems remains
largely unexplored.

In this paper, we propose a SIM-assisted SEFDM system
and establish an achievable-rate maximization framework.
Specifically, we formulate the received signal model and derive
the achievable rate considering SEFDM-induced ICI and the
SIM wave-domain response. We then derive the gradient of
the achievable rate and apply a projected gradient ascent
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Fig. 1: Transmission model of the stacked intelligent metasur-
face (SIM).

(PGA) algorithm to address the resulting non-convex problem.
Simulation results demonstrate that the proposed SIM-assisted
SEFDM system achieves a higher achievable rate than an RIS-
based single-layer configuration.

II. System Model
A. SEFDM Signal Model

The SEFDM symbol carries 𝑁𝑁 data symbols over 𝑁𝑁 subcar-
riers. Let s = [𝑠𝑠0, . . . , 𝑠𝑠𝑁𝑁−1]𝑇𝑇 ∈ C𝑁𝑁×1 denote the data symbol
vector, whose entries are independent and identically distributed
(i.i.d.). For 𝑘𝑘 = 0, 1, . . . , 𝑁𝑁−1, the 𝑘𝑘-th sample of the transmitted
discrete-time SEFDM signal is given by [21]

𝑥𝑥 [𝑘𝑘] = 1
√
𝑁𝑁

𝑁𝑁−1∑
𝑛𝑛=0

𝑠𝑠𝑛𝑛 exp
(
𝑗𝑗2𝜋𝜋𝜋𝜋𝛼𝛼𝛼𝛼

𝑁𝑁

)
, (1)

where 𝑥𝑥 [𝑘𝑘] denotes the 𝑘𝑘-th time-domain sample of an SEFDM
symbol, and 𝑁𝑁 is the number of subcarriers. The data symbol
vector satisfies E[ss𝐻𝐻 ] = 𝑃𝑃/𝑁𝑁I𝑁𝑁 , where 𝑃𝑃 denotes the total
transmit power and I𝑁𝑁 denotes the identity matrix of size 𝑁𝑁 .
The bandwidth of the SEFDM signal is

𝐵𝐵SEFDM =
𝛼𝛼(𝑁𝑁 − 1) + 2

𝑇𝑇
, (2)

where 𝑇𝑇 denotes the symbol duration, and 𝛼𝛼 is the compression
factor satisfying 0 < 𝛼𝛼 ≤ 1. When 𝛼𝛼 = 1, the SEFDM signal
becomes equivalent to the OFDM signal. Equation (1) can be
written in matrix form as

x = 𝚿𝚿s, (3)

where 𝚿𝚿 ∈ C𝑁𝑁×𝑁𝑁 denotes the SEFDM modulation matrix with
entries

[𝚿𝚿]𝑘𝑘𝑘𝑘𝑘 =
1
√
𝑁𝑁

exp
(
𝑗𝑗2𝜋𝜋𝜋𝜋𝛼𝛼𝛼𝛼

𝑁𝑁

)
. (4)

B. SIM Model
As shown in Fig. 1, we consider a downlink communication

system in which an 𝐿𝐿-layer SIM is deployed at the base station
(BS). Each SIM layer consists of 𝑀𝑀 = 𝑥𝑥2 meta-atoms arranged
on a square grid, where 𝑥𝑥 denotes the number of meta-atoms
along each side. The EM wave radiated from the BS is incident
on the SIM and propagates through the stacked metasurface
layers. At the 𝑙𝑙-th layer, the phase shifts introduced by the 𝑀𝑀
meta-atoms are represented by the following diagonal matrix:

𝚽𝚽𝑙𝑙 = diag
(
𝑒𝑒 𝑗𝑗 𝑗𝑗𝑙𝑙𝑙1 , 𝑒𝑒 𝑗𝑗 𝑗𝑗𝑙𝑙𝑙2 , · · · , 𝑒𝑒 𝑗𝑗 𝑗𝑗𝑙𝑙𝑙𝑙𝑙

)
, (5)

where 𝜙𝜙𝑙𝑙𝑙𝑙𝑙 denotes the phase shift of the 𝑚𝑚-th meta-atom in the
𝑙𝑙-th layer.

Let W𝑙𝑙 ( 𝑓𝑓𝑖𝑖) ∈ C𝑀𝑀×𝑀𝑀 denote the propagation matrix from
the (𝑙𝑙 − 1)-th layer to the 𝑙𝑙-th layer at subcarrier frequency 𝑓𝑓𝑖𝑖 .
Based on the Rayleigh–Sommerfeld diffraction theory [19], the
(𝑚𝑚𝑚 𝑚𝑚′)-th entry of W𝑙𝑙 ( 𝑓𝑓𝑖𝑖) is modeled as

[
W𝑙𝑙 ( 𝑓𝑓𝑖𝑖)

]
𝑚𝑚𝑚𝑚𝑚′ =

𝑆𝑆 cos 𝜒𝜒𝑙𝑙𝑚𝑚𝑚𝑚𝑚′

𝑑𝑑𝑙𝑙𝑚𝑚𝑚𝑚𝑚′

(
1

2𝜋𝜋𝜋𝜋𝑙𝑙𝑚𝑚𝑚𝑚𝑚′
− 𝑗𝑗

𝑓𝑓𝑖𝑖
𝑐𝑐

)
𝑒𝑒
𝑗𝑗2𝜋𝜋𝜋𝜋𝑙𝑙

𝑚𝑚𝑚𝑚𝑚′ 𝑓𝑓𝑖𝑖/𝑐𝑐,

(6)
where 𝑆𝑆 is the area of each meta-atom, 𝜒𝜒𝑙𝑙

𝑚𝑚𝑚𝑚𝑚′ is the incidence
angle between the 𝑚𝑚-th meta-atom in the (𝑙𝑙 −1)-th layer and the
𝑚𝑚′-th meta-atom in the 𝑙𝑙-th layer, 𝑑𝑑𝑙𝑙𝑚𝑚𝑚𝑚𝑚′ is the corresponding
propagation distance, and 𝑐𝑐 is the speed of light. The overall
propagation response from the BS to the output of the SIM at
subcarrier frequency 𝑓𝑓𝑖𝑖 is then written as

T( 𝑓𝑓𝑖𝑖) = 𝚽𝚽𝐿𝐿W𝐿𝐿 ( 𝑓𝑓𝑖𝑖)𝚽𝚽𝐿𝐿−1 · · ·𝚽𝚽2W2 ( 𝑓𝑓𝑖𝑖)𝚽𝚽1W1 ( 𝑓𝑓𝑖𝑖), (7)

where W1 ( 𝑓𝑓𝑖𝑖) ∈ C𝑀𝑀×1 denotes the propagation vector from the
BS to the first SIM layer.

C. SIM-Assisted SEFDM Received Signal Model
We model the propagation channel from the SIM to the user

equipment (UE) as a quasi-static fading channel. Since spatial
correlation can arise among the meta-atoms in the last SIM
layer, the channel vector h ∈ C𝑀𝑀×1 is modeled as a correlated
Rayleigh fading channel given by [22]

h ∼ CN(0, 𝜇𝜇R), (8)

where 𝜇𝜇 denotes the path loss between the SIM and the UE,
and R is the normalized spatial correlation matrix among the
meta-atoms in the last SIM layer. Under an isotropic scattering
assumption, the spatial correlation matrix R is defined as

[R]𝑚𝑚𝑚𝑚𝑚′ = sinc
(
2𝑑𝑑𝑚𝑚𝑚𝑚𝑚′

𝜆𝜆𝑐𝑐

)
, (9)

where sinc(𝑥𝑥) = sin(𝜋𝜋𝜋𝜋)/(𝜋𝜋𝜋𝜋), 𝑑𝑑𝑚𝑚𝑚𝑚𝑚′ denotes the distance
between the 𝑚𝑚-th and 𝑚𝑚′-th meta-atoms in the same layer, and
𝜆𝜆𝑐𝑐 = 𝑐𝑐/ 𝑓𝑓𝑐𝑐 is the wavelength at the carrier frequency 𝑓𝑓𝑐𝑐.

Using (7) and (8), the SIM-assisted subcarrier response from
the BS to the UE at frequency 𝑓𝑓𝑖𝑖 is expressed as

𝐻𝐻SIM ( 𝑓𝑓𝑖𝑖) = h𝐻𝐻𝚽𝚽𝐿𝐿W𝐿𝐿 ( 𝑓𝑓𝑖𝑖) · · ·𝚽𝚽2W2 ( 𝑓𝑓𝑖𝑖)𝚽𝚽1W1 ( 𝑓𝑓𝑖𝑖). (10)

Let HSIM,𝐷𝐷 ≜ diag (𝐻𝐻SIM ( 𝑓𝑓0), 𝐻𝐻SIM ( 𝑓𝑓1), . . . , 𝐻𝐻SIM ( 𝑓𝑓𝑁𝑁−1)) ∈
C𝑁𝑁×𝑁𝑁 denote the SIM-assisted frequency-domain channel
matrix sampled on the DFT grid. Then, the received time-
domain signal y ∈ C𝑁𝑁×1 can be written as [23]

y = D𝐻𝐻HSIM,𝐷𝐷Dx + n, (11)

where D is the unitary DFT matrix, and n is additive white
Gaussian noise (AWGN) with zero mean and covariance
E[nn𝐻𝐻 ] = 𝜎𝜎2I𝑁𝑁 .

At the UE, the received SEFDM signal is demodulated by a
matched filter (MF). The MF output r ∈ C𝑁𝑁×1 is given by

r = 𝚿𝚿𝐻𝐻D𝐻𝐻HSIM,𝐷𝐷Dx + ñ = Gs + ñ, (12)

291



where ñ = 𝚿𝚿𝐻𝐻n is zero-mean noise with covariance E[ññ𝐻𝐻 ] =
𝜎𝜎2C, G = 𝚿𝚿𝐻𝐻D𝐻𝐻HSIM,𝐷𝐷D𝚿𝚿, and C = 𝚿𝚿𝐻𝐻𝚿𝚿 is the SEFDM
correlation matrix. The (𝑚𝑚𝑚 𝑚𝑚)-th element of C is given by

[C]𝑚𝑚𝑚𝑚𝑚 =




1, 𝑚𝑚 = 𝑛𝑛𝑛

1
𝑁𝑁

1 − exp ( 𝑗𝑗2𝜋𝜋𝜋𝜋(𝑚𝑚 − 𝑛𝑛))

1 − exp
(
𝑗𝑗
2𝜋𝜋𝜋𝜋(𝑚𝑚 − 𝑛𝑛)

𝑁𝑁

) , 𝑚𝑚 ≠ 𝑛𝑛𝑛 (13)

The diagonal elements of C are equal to one, whereas the
off-diagonal elements correspond to ICI components and are
generally nonzero when 𝛼𝛼 𝛼 1. After whitening, the MF output
becomes

r̄ = C− 1
2 Gs + n̄ = Ḡs + n̄, (14)

where n̄ is zero-mean white noise with covariance E[n̄n̄𝐻𝐻 ] =
𝜎𝜎2I𝑁𝑁 , and Ḡ = C− 1

2 G denotes the whitened effective channel.
From (14), the achievable rate of the SIM-assisted SEFDM
system is expressed as

𝑅𝑅 =
1
𝛼𝛼𝛼𝛼

log2 det
(
I𝑁𝑁 + 𝑃𝑃

𝜎𝜎2𝑁𝑁
ḠḠ𝐻𝐻

)
. (15)

Equation (15) shows that the achievable rate is characterized by
the effective channel Ḡ, which includes ICI components among
subcarriers. Therefore, in this paper, we control the SIM phase
shift matrices {𝚽𝚽𝑙𝑙}𝐿𝐿𝑙𝑙=1 to realize EM-domain analog precoding,
thereby shaping the effective channel and maximizing the
achievable rate of SEFDM signals.

III. Problem Formulation and Proposed Solution for
the SIM-Assisted SEFDM System

A. Problem Formulation

In this paper, we optimize the phase shifts of the SIM
deployed at the BS to maximize the achievable rate at the
UE. To focus on the phase optimization performance, perfect
channel state information (CSI) is assumed to be available. Let
ϕ𝑙𝑙 ≜ [𝜙𝜙𝑙𝑙𝑙1, 𝜙𝜙𝑙𝑙𝑙2, ...   , 𝜙𝜙𝑙𝑙𝑙𝑙𝑙 ]𝑇𝑇 ∈ R𝑀𝑀×1 denote the phase shift
vector of the 𝑙𝑙-th SIM layer, and let φ ≜ {ϕ1,ϕ2, ...   ,ϕ𝐿𝐿}
denote the collection of phase shift vectors across all SIM layers.
Then, the EM-domain phase optimization problem is formulated
as

(P) : max
φ

𝑅𝑅 =
1
𝛼𝛼𝛼𝛼

log2 det
(
I𝑁𝑁 + 𝑃𝑃

𝜎𝜎2𝑁𝑁
Ḡ(φ)Ḡ𝐻𝐻 (φ)

)
,

(16a)
s.t. 𝜙𝜙𝑙𝑙𝑙𝑙𝑙 ∈ [0, 2𝜋𝜋), (16b)

Problem (P) is generally non-convex because the achievable
rate is a nonlinear function of the SIM phase shifts. In the next
subsection, we develop an iterative phase optimization algorithm
based on projected gradient ascent (PGA) to obtain a suboptimal
solution for the SIM-assisted SEFDM system.

Algorithm 1 Projected Gradient Ascent Algorithm for SIM
Phase Optimization

1: Input: {W𝑙𝑙 ( 𝑓𝑓𝑖𝑖)}𝐿𝐿𝑙𝑙=1, h.
2: Initialize φ that satisfies 𝜙𝜙𝑙𝑙𝑙𝑙𝑙 ∈ [0, 2𝜋𝜋).
3: Compute the initial achievable rate 𝑅𝑅 in (15).
4: Repeat
5: Compute the gradient 𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕𝑙𝑙𝑙𝑙𝑙 by using (20).
6: Determine the step size 𝛽𝛽 by backtracking line search.
7: Update φ using (21).
8: Until The achievable rate 𝑅𝑅 in (15) converges.
9: Output: Optimized phase shifts φ and achievable rate 𝑅𝑅.

B. Projected Gradient Ascent Algorithm for SIM Phase Opti-
mization

For the constrained non-convex problem (P), we employ a
PGA algorithm that iteratively updates the SIM phase shifts. At
each iteration, the achievable-rate gradient with respect to all
phase shifts 𝜙𝜙𝑙𝑙𝑙𝑙𝑙 is evaluated, and all phases are simultaneously
updated by a projected ascent step. The procedure of the PGA
algorithm is summarized in Algorithm 1. Let φ(𝑡𝑡 ) denote the
phase variables at the 𝑡𝑡-th iteration. Given the current phase
shifts, the effective channel Ḡ(φ(𝑡𝑡 ) ) is first computed, and the
achievable rate 𝑅𝑅 (𝑡𝑡 ) is obtained from (15). Then, the gradient
of the achievable rate with respect to each phase shift 𝜙𝜙𝑙𝑙𝑙𝑙𝑙 is
evaluated.

For the gradient derivation, we decompose the cascaded SIM
response at the 𝑙𝑙-th layer. For subcarrier frequency 𝑓𝑓𝑖𝑖 , let u𝐻𝐻

𝑖𝑖𝑖𝑖𝑖
denote the cascaded response after the 𝑙𝑙-th phase shift matrix
toward the UE, and let v𝑖𝑖𝑖𝑖𝑖 denote the cascaded response before
the 𝑙𝑙-th phase shift matrix from the BS side. These vectors are
defined as

u𝐻𝐻
𝑖𝑖𝑖𝑖𝑖 ≜ h𝐻𝐻𝚽𝚽𝐿𝐿W𝐿𝐿 ( 𝑓𝑓𝑖𝑖) · · ·𝚽𝚽𝑙𝑙+1W𝑙𝑙+1 ( 𝑓𝑓𝑖𝑖) ∈ C1×𝑀𝑀 , (17)

v𝑖𝑖𝑖𝑖𝑖 ≜ W𝑙𝑙 ( 𝑓𝑓𝑖𝑖)𝚽𝚽𝑙𝑙−1W𝑙𝑙−1 ( 𝑓𝑓𝑖𝑖) · · ·𝚽𝚽1W1 ( 𝑓𝑓𝑖𝑖) ∈ C𝑀𝑀×1. (18)

For the boundary layers, we set u𝐻𝐻
𝑖𝑖𝑖𝑖𝑖 = h𝐻𝐻 and v𝑖𝑖𝑖1 = W1 ( 𝑓𝑓𝑖𝑖).

The components associated with the 𝑚𝑚th meta-atom in the 𝑙𝑙th
layer are denoted by 𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = [u𝐻𝐻

𝑖𝑖𝑖𝑖𝑖]𝑚𝑚 and 𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = [v𝑖𝑖𝑖𝑖𝑖]𝑚𝑚,
respectively.

The derivative of the SIM-assisted frequency-domain channel
matrix with respect to 𝜙𝜙𝑙𝑙𝑙𝑙𝑙 is given by

𝚲𝚲 =
𝜕𝜕HSIM,𝐷𝐷

𝜕𝜕𝜕𝜕𝑙𝑙𝑙𝑚𝑚

= diag
(
𝑗𝑗𝑗𝑗 𝑗𝑗 𝑗𝑗𝑙𝑙𝑙𝑙𝑙𝑢𝑢0,𝑙𝑙𝑙𝑙𝑙𝑣𝑣0,𝑙𝑙𝑙𝑙𝑙, ...   , 𝑗𝑗 𝑗𝑗

𝑗𝑗 𝑗𝑗𝑙𝑙𝑙𝑙𝑙𝑢𝑢𝑁𝑁−1,𝑙𝑙𝑙𝑙𝑙𝑣𝑣𝑁𝑁−1,𝑙𝑙𝑙𝑙𝑙
)
.

(19)
Using 𝚲𝚲, the gradient of the achievable rate with respect to 𝜙𝜙𝑙𝑙𝑙𝑙𝑙
is obtained as

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝑙𝑙𝑙𝑚𝑚
=

2𝜌𝜌
𝛼𝛼𝛼𝛼 ln 2

Re
{
tr
(
Ḡ𝐻𝐻A−1C− 1

2 𝚿𝚿𝐻𝐻D𝐻𝐻𝚲𝚲D𝚿𝚿
)}

, (20)

where 𝜌𝜌 = 𝑃𝑃
𝜎𝜎2𝑁𝑁

and A = I𝑁𝑁 + 𝜌𝜌ḠḠ𝐻𝐻 . After computing the
gradients for all meta-atoms using (20), the phase shifts are
updated simultaneously as

𝜙𝜙𝑙𝑙𝑙𝑙𝑙 ← PF

(
𝜙𝜙𝑙𝑙𝑙𝑙𝑙 + 𝛽𝛽

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝑙𝑙𝑙𝑚𝑚

)
, (21)
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(a) (b) (c)

Fig. 2: Achievable rate comparison between the proposed SIM and the RIS [25]: (a) Achievable rate versus the number of SIM
layers 𝐿𝐿 (𝑃𝑃𝑡𝑡 = 10 dBm), (b) Achievable rate versus the number of meta-atoms 𝑀𝑀 (𝑃𝑃𝑡𝑡 = 10 dBm), (c) Achievable rate versus the
transmit power 𝑃𝑃𝑡𝑡 (𝑀𝑀 = 100).

where 𝛽𝛽 𝛽 0 is the step size determined by Armijo backtracking
line search [24]. The operator PF(·) wraps the updated phase
into the feasible interval F = [0, 2𝜋𝜋). The above update is
repeated until the relative increase in the achievable rate falls
below a prescribed threshold.

IV. Simulation Results
In this section, we evaluate the achievable rate of the proposed

SIM phase optimization method by varying the number of
SIM layers 𝐿𝐿, the number of meta-atoms 𝑀𝑀 , the transmit
power 𝑃𝑃𝑡𝑡 , and the SEFDM bandwidth compression factor 𝛼𝛼.
For comparison, we consider an RIS-assisted configuration
represented by a single-layer phase control surface [25]. In this
paper, this benchmark is implemented as the 𝐿𝐿 = 1 case of the
considered SIM structure. This comparison is used to assess
the effect of multilayer wave-domain transformations on the
achievable rate.

In the simulations, the carrier frequency is set to 𝑓𝑓𝑐𝑐 = 28 GHz,
and the corresponding wavelength is 𝜆𝜆𝑐𝑐 = 𝑐𝑐/ 𝑓𝑓𝑐𝑐. The number
of SEFDM subcarriers is 𝑁𝑁 = 16, and the system bandwidth
is 𝐵𝐵 = 10 MHz. The bandwidth compression factor is varied
over 𝛼𝛼 ∈ {0.6, 0.8, 1.0}. The SIM has 𝐿𝐿 layers, each containing
𝑀𝑀 = 𝑥𝑥2 meta-atoms arranged on a square grid. The spacing
between adjacent meta-atoms is set to 𝜆𝜆𝑐𝑐/2, and the area of
each meta-atom is (𝜆𝜆𝑐𝑐/2)2. The total thickness of the SIM is
set to 𝐷𝐷SIM = 10𝜆𝜆𝑐𝑐, and the inter-layer spacing is given by
𝐷𝐷SIM/𝐿𝐿. The SIM–UE channel follows the correlated Rayleigh
fading model in (8). The noise power is 𝜎𝜎2 = −104 dBm, and
the BS transmit antenna gain is 5 dBi. The SIM phase shifts are
optimized using the PGA algorithm described in Section III.

A. Achievable Rate Performance versus the Number of SIM
Layers

Fig. 2(a) shows the achievable rate performance of the
multilayer SIM and RIS configurations versus the number of
SIM layers 𝐿𝐿. For the RIS configuration, the total number of
meta-atoms in the corresponding SIM, i.e., 𝑀𝑀𝑀𝑀, is placed on

a single metasurface layer. To maintain the same aperture size,
the meta-atom spacings of the RIS and SIM configurations are
set to 5𝜆𝜆𝑐𝑐/

√
𝑀𝑀𝑀𝑀 and 5𝜆𝜆𝑐𝑐/

√
𝑀𝑀 , respectively, where the number

of meta-atoms per SIM layer is fixed at 𝑀𝑀 = 100.
As shown in Fig. 2(a), increasing the total number of

meta-atoms in the RIS configuration provides only a limited
improvement in the achievable rate. This is mainly due to the
increased spatial correlation caused by the reduced meta-atom
spacing within the fixed aperture. In contrast, the multilayer
SIM configuration improves the achievable rate as 𝐿𝐿 increases.
In particular, when 𝐿𝐿 = 7, the multilayer SIM achieves
approximately twice the achievable rate of the corresponding
RIS configuration. The cascaded multilayer structure of the SIM
enables high-dimensional wave-domain transformations that are
difficult to realize with a single-layer phase control surface.

B. Achievable Rate Performance versus the Number of Meta-
atoms

Fig. 2(b) shows the achievable rate performance versus the
number of meta-atoms 𝑀𝑀 . In this evaluation, the spacing
between adjacent meta-atoms in each metasurface layer is fixed
at 𝑑𝑑 = 𝜆𝜆𝑐𝑐/2, while 𝑀𝑀 is varied.

For all configurations, the achievable rate increases with 𝑀𝑀 .
This trend indicates that increasing the number of meta-atoms
enhances the spatial degrees of freedom for phase control,
allowing the SIM to more flexibly manipulate the propagating
EM waves. The SIM configurations with 𝐿𝐿 = 5 and 𝐿𝐿 = 10
achieve higher achievable rates than the RIS configuration.
Even for the same 𝑀𝑀 , the multilayer SIM provides a larger
rate gain than the RIS, indicating that the layer-domain degrees
of freedom also contribute to improving the achievable rate.
However, the rate improvement gradually becomes smaller as
𝑀𝑀 increases. Furthermore, for all values of 𝑀𝑀 and 𝐿𝐿, a smaller
bandwidth compression factor 𝛼𝛼 results in a higher achievable
rate.
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C. Achievable Rate Performance versus Transmit Power
Fig. 2(c) shows the achievable rate performance versus the

transmit power 𝑃𝑃𝑡𝑡 . In this evaluation, the RIS configuration is
compared with the multilayer SIM configuration with 𝐿𝐿 = 10.
As in Fig. 2(a), the RIS configuration is implemented by placing
the same total number of meta-atoms as the multilayer SIM on
a single metasurface layer, with the meta-atom spacing adjusted
to maintain a comparable aperture size.

As shown in Fig. 2(c), the achievable rate monotonically
increases with 𝑃𝑃𝑡𝑡 for all configurations. This behavior follows
from (15), where increasing 𝑃𝑃/(𝜎𝜎2𝑁𝑁) improves the received
signal-to-noise ratio. Moreover, the multilayer SIM with 𝐿𝐿 = 10
achieves a higher achievable rate than the RIS configuration over
the entire transmit power range. This result is consistent with
Fig. 2(a), indicating that distributing meta-atoms across multiple
layers is more effective for SEFDM transmission than densely
placing the same total number of meta-atoms on a single layer.
A smaller bandwidth compression factor 𝛼𝛼 further improves the
achievable rate, and the multilayer SIM with 𝛼𝛼 = 0.6 achieves
the highest rate among the considered cases.

V. Conclusion
In this paper, we proposed an achievable rate maximization

method for SIM-assisted SEFDM systems. The received signal
model of SEFDM signals passing through the SIM was for-
mulated, and a projected gradient ascent-based algorithm was
developed to optimize the SIM phase shifts. Simulation results
showed that the proposed multilayer SIM structure achieves a
higher achievable rate than the RIS configuration. In particular,
the results indicated that distributing meta-atoms across multiple
layers can improve the achievable rate of SEFDM signals by
exploiting both inter-layer propagation and layer-wise phase
control. These results demonstrate that wave-domain signal
processing using multilayer SIMs is also effective for improving
the achievable rate of SEFDM systems.
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