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Abstract

Terahertz (THz) communication systems are considered a
promising technology for achieving high data rates in next-
generation wireless networks. However, these systems face several
challenges, including severe signal attenuation and the beam split
effect in wideband scenarios, which is caused by frequency-
dependent phase variations. Reconfigurable Intelligent Surfaces
(RIS) have been introduced as an effective solution to enhance
signal quality by intelligently controlling wave reflections.
Nevertheless, conventional phase-only RIS designs still suffer
from performance degradation in wideband environments.
This paper aims to enhance the performance of RIS-assisted
communication systems by mitigating the beam-split effect and
improving beam alignment across different frequencies. Phase
Delay Phase (SPDP) architecture is employed to compensate for
frequency-dependent effects. In addition, a dual-RIS configuration
is proposed to exploit multiple propagation paths, improving the
received signal strength, communication reliability, and overall
system performance in terms of achievable rate, coverage
probability, outage probability, and energy efficiency. Simulation
results demonstrate that the proposed SPDP architecture
effectively mitigates the beam split effect and achieves accurate
beam alignment across all subcarriers, leading to a significant
improvement in the achievable rate. Moreover, the proposed
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parallel two-RIS configuration outperforms the conventional
single-RIS system by providing higher achievable rates, improved
coverage probability, lower outage probability, enhanced energy
efficiency, and extended communication coverage, making it a
promising solution for future wideband THz communication
systems.

Keywords: Terahertz (THz), Reconfigurable Intelligent Surfaces
(RIS), Beam Split Effect, Sub-Connected Phase—Delay—Phase
(SPDP), Wideband Precoding, Parallel RIS.
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1- Introduction

The rapid evolution of wireless communication systems and the
emergence of sixth generation (6G) networks have increased the
demand for high data rates and large bandwidths. Consequently,
millimeter-wave (mmWave) and terahertz (THz) frequency bands
have attracted significant attention due to their abundant spectrum
resources, however, communications at these frequencies suffer
from severe path loss, high attenuation, and blockage sensitivity,
which limit system reliability and coverage [1]. Reconfigurable
Intelligent Surfaces (RIS) is an effective solution to improve signal
propagation by intelligently controlling the phase of reflected
waves without increasing transmit power. Nevertheless, in
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wideband THz systems, conventional phase-only RIS
architectures suffer from the beam split effect caused by
frequency-dependent phase shifts, resulting in beam misalignment
across subcarriers and degraded system performance [2]. To
address this issue, true time delay (TTD)-based and SPDP (Phase—
Delay—Phase) architectures have been introduced, where time-
delay elements compensate for frequency-dependent effects and
significantly improve beam alignment and achievable rate [1].
However, most existing studies focus on single-RIS deployments,
while the combination of SPDP precoding with parallel multi-RIS
architectures has received limited attention. Its impact on
achievable rate, coverage probability, outage probability, and
energy efficiency has not been comprehensively investigated.
Motivated by this research gap, this paper proposes a parallel
Multi-RIS-SPDP  architecture that employs two RISs
simultaneously to exploit multiple reflected propagation paths,
providing additional spatial diversity and enhanced received signal
power. The proposed framework effectively mitigates the beam
split effect while improving beam alignment, achievable rate,
coverage probability, outage performance, and energy efficiency,
making it a promising solution for future wideband THz
communication systems. The performance of the proposed
framework was evaluated through MATLAB simulations under
various operating condition.

2- Literature Review

(THz) communication is considered one of the key technologies
for future 6G networks due to its ability to provide ultra-high data
rates. However, THz systems suffer from severe path loss,
molecular absorption, and high sensitivity to blockage, which
significantly degrade communication performance [2], [3].
Reconfigurable Intelligent Surfaces (RIS) have been introduced to
enhance signal propagation by intelligently controlling
electromagnetic wave reflections. Although conventional phase-
only RIS architectures improve coverage and signal quality, they
suffer from the beam split effect in wideband THz systems because
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the phase shifts are optimized only for the carrier
frequency [4], [5].

Several studies have proposed beam split mitigation techniques
based on TTD and SPDP architecture that demonstrated that the
SPDP architecture effectively compensates for frequency-
dependent phase variations while maintaining lower hardware
complexity than fully connected TTD-based designs.

Recently, multi-RIS systems have been investigated to improve
coverage, reliability, and received signal strength by exploiting
multiple propagation paths [6], [7]. However, most existing
studies focus on communication reliability and coverage
enhancement without jointly addressing the beam split effect in
wideband THz communications.

Therefore, this work combines the SPDP architecture with a
parallel two-RIS deployment to mitigate the beam split effect
while improving achievable rate, coverage probability, outage
probability, and energy efficiency in wideband THz
communication systems

3- System model and problem formulation

A wideband RIS assisted communication system is considered.
Since the system operates over a wide bandwidth, the transmitted
signal is divided into multiple subcarriers, each with a different
operating frequency [3].

The frequency of the m-th subcarrier is given by: [3]

B M-1
fn=fe+ 3 (m—1-27) ()
where:
fm 1s the frequency of the m-th subcarrier, measured in Hz, f_ is
the center or carrier frequency of the whole wideband system,

measured in Hz, B is the total transmission bandwidth, measured
in Hz, M is the total number of subcarriers, m is the subcarrier

) B ) )
index, wherem=1,2,..., M, - represents the subcarrier spacing.
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To ensure proper array sampling and to avoid spatial aliasing, the
antenna spacing is chosen as half the carrier wavelength, which is

expressed as:

d=— @)
2fc

where:

d is the spacing between adjacent antennas or reflecting elements,
c is the speed of light in free space, approximately 3 X 108m/s, f.
is the carrier frequency.

The received signal at the user is expressed as [3]:

Ym = hTmeGmxm + Ny 3
Where:
Ym is the received signal at the m**subcarrier, h,, is the RIS-to-
user channel vector at the m-th subcarrier, © is the RIS reflection
or phase-shift matrix © = diag(e/%,e/%, ...,e/%), G,, is the
Base Station-to-RIS channel matrix at the m-th subcarrier, x,, is
the transmitted signal vector at the m-th subcarrier, n,, is the
additive white Gaussian noise at the receiver.

3-1. Channel Model
The THz channel incorporates free-space path loss and molecular
absorption. [3],[4].

The BS to RIS channel matrix is modeled as: [3]

Gm = gl(fm: dl)e—ﬂﬂ'Hfma(fm,ﬁ{, {)bH(fm' (]5) (4)
Where g4 (fn, d1) is the path gain including molecular absorption,
7,1s the propagation delay, a(.) is the RIS steering vector (with
elevation 97 ,and azimuth {7 ), and b(.) is the BS steering vector
with angle of departure ¢. Similarly, the RIS to UE channel vector
is [2]:

R = g2 (fin, dy)e ™2™ 2Ima(f,, 95, 75) (5

2.1. The Beam Split Effect
In conventional RIS designs, the phase shift 8, for the k"element
is designed based solely on the center frequency f. [6]. The
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normalized RIS array gain for the m*"* subcarrier can be expressed
sin(Nx/2)
N sin(x/2) as:

Nris(fm) = |EN1((€m - D(a; + 052))51\/2((—1)(31 + ﬁz))l
(6)

Where: §,, = ];—m is the normalized frequency of the m-th

subcarrier, (&, — 1) represents the deviation of the subcarrier
frequency from the carrier frequency, &,,deviates significantly
from 1 for edge subcarriers, causing the beam to split and the array
gain to plummet.

using the Dirichlet sinc function Zy(x) =

3-2. Double Beam Split Effect
When the BS is equipped with a massive antenna array (N; >>1),
the beamforming vector w at the BS also suffers from frequency

dependent misalignment. The total array gain becomes a product
of both the RIS and BS gains: [3]

N(fm) = 191921 - Mris(fin) *Mps(fin) (7

Where g, is the BS-to-RIS path gain, g,is the RIS-to-user path
gain.

This double beam split effect severe spatial dispersion of the signal
energy, as the beam is misaligned twice: once during transmission
from the BS and again during reflection at the RIS.

Figure (1) illustrated Beam split and Double beam split effect at
the BS and the RIS.
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Figure (1): RIS-aided THz communications: (a) Beam split effect at the
RIS; (b) Double beam split effect at the BS and the RIS [3].

4- Proposed SPDP with Parallel RIS Architecture

Following the SPDP architecture proposed in [6], the RIS is

partitioned into Q1 X Q2 subarrays. Each subarray consists of

two-phase shifting layers sandwiching a central time delay (TD)

layer.

The proposed Parallel RIS architecture was implemented and

evaluated using MATLAB.

Figure 2 illustrates Parallel RIS system model with two RIS
surfaces

RIS1

@ hy
T
= RIS 2 >
BS ’ \‘@’h/

Figure 2 Parallel Tow- RIS system model
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-
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The TD module applies a frequency independent true time delay,
represented by the vector P,,—e ~/2™/m! where t contains the delay
values for each subarray. The signal processing occurs in three
stages:

a. First Phase Layer: Provides coarse spatial beam steering.
b. Time Delay Layer: Compensates for the frequency
dependent phase variations across the subarray.

c. Second Phase Layer: Refines the beam direction for
precise alignment.

The optimal time delay t, assigned to the q‘" subarray to perfectly

align the beam across all frequencies in analytically derived as: [3]
tg = Z_;C [(CI1K1

Where: K;andK, are the subarray dimensions.
By applying this optimal delay, the SPDP array gain becomes:

[3]

KiK. -
N frr) = LEL |54 (G — Dts)Ei, (n =
1)0(2)HK2((Em - 1)Bl)‘-‘K2((Em - 1)82)| )
This formulation proves that the beam split effect is confined

within the much smaller subarrays (dimensions Kj, K,) rather than
the entire RIS (Ny, N,), drastically reducing the energy dispersion.

) (e + @) + (2K = 27) By + B2 (®)

4-1.  Parallel Two-RIS system model

To further enhance reliability and overcome deep fades or
blockage, we extend the system to a parallel 2-RIS configuration.
The transmitted signal is reflected by two independent RIS panels.
The received signal at the UE is a superposition of both paths:[8]

m = h{mglGmem + hg,mGZGZ,mxm
+n,, (10)

The total equivalent cascaded channel is heg yy = heg1m + heg2m
Where heq,i,m:hz:m@i Gi,m
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By jointly optimizing the phase shifts of both RIS panels, the
signals combine constructively at the UE, maximizing the received
power.

4-2. Performance Metrics
a. Achievable rate: the average achievable rate across all
subcarriers is:

M
1
RSPDP - M Z logz. (1 + SNR
m=1 )
RS + 1) an

b. Coverage and outage probability:
Coverage probability P,,, = Pr(R = Ry,) and outage probability
P, = Pr(R < Ry,), where Ry,is the target rate threshold.

c. Energy Efficiency (EE): Defined as ng = PL, measuring
total

the bits transmitted per Joule of energy consumed.

5- Simulation Results and Discussion

This section presents numerical simulation results to evaluate a
wideband communication system, focusing on the effectiveness of
the SPDP architecture in mitigating the beam split effect and
enhancing system performance. The analysis includes both single-
RIS and parallel dual-RIS configurations to assess performance
improvements. Key metrics such as achievable rate, coverage
probability, outage probability, and energy efficiency are
examined under varying bandwidth, and distance conditions.

5-1. Simulation Setup

The system parameters used for the numerical evaluations are
summarized in Table 1. Most simulation parameters are adopted
from [3] to enable a fair comparison with the conventional SPDP
architecture.

Table (1) Simulation parameters used in result parameters
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Parameter Description Value
Total RIS elements Total number of RIS reflecting 4096
units
Number of RIS Number of SPDP subarrays 16
subarrays
Subarray Number of elements in each 16 x 16
dimensions subarray
Carrier frequency Center operating frequency 100 GHz
System bandwidth Total transmission bandwidth 10 GHz
Number of Number of OFDM subcarriers 128
subcarriers
BS-RIS distance Distance between BS and RIS 2m
RIS-UE distance Distance between RIS and UE 10 m
Transmit power Transmission power at BS 30 dBm
Noise power AWGN noise power at receiver -120
dBm
Signal-to-noise Ratio between signal power and Pt-o?
ratio noise power
Elevation angle Vertical angle 0—n/2
Azimuth angle Horizontal angle -T— T
Rician factor Channel fading parameter 3dB

5-2.  Beam Alignment Performance

Figure (3) illustrates the 3D and 2D beam patterns of the SPDP
architecture across different subcarriers (center and edge
frequencies). As reported in [3], unlike conventional RIS, where
edge subcarriers point in diverging directions, due to the beam split
effect, the SPDP architecture aligns all subcarriers toward the
desired spatial direction. Figure 3 presents this beam alignment
behavior as a baseline for comparison with the proposed parallel
RIS architecture.
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Figure (3) The generated beams based on the SPDP: (a) 3-dimensional
view; (b) Bird-eye’s view; (c¢) Side-view; (d) Front-view

5-3. Effect of Time-Delay Modules on Achievable Rate

Figure (4) shows that the parallel RIS configuration (2 RIS)
achieves higher performance compared to the single RIS case

(1 RIS) as the number of time-delay (TD) modules increases.
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Achievable rate per subcarrier (bit/s/Hz)

= = =Cplimal pracoding (1 RIS)| |
——SPDP (1RIS)

= & = Oplimal praceding (2 RIS)
- 8 -SPDP(2RIS) -
I I

| | |
10 20 30 40 50 60
Number of time-delay modules

Figure (4) achievable rate versus the number of time-delay modules for
1- RIS and 2 -RIS

By comparing the two configurations, it is clear that the 2 RIS
system achieves higher performance than the 1 RIS system across
all values of TD modules. The achievable rate of the 2 RIS
configuration remains consistently higher under the same
conditions. This improvement is mainly due to the presence of
multiple propagation paths, which enhances the received signal
strength and improves overall system reliability. In contrast, the
single RIS configuration relies on only one reflection path, which
limits its performance.

5-4. Effect of Bandwidth on Achievable Rate

Figure (5) shows that the parallel RIS configuration (2 RIS)
maintains higher performance compared to the single RIS case (1
RIS) as the bandwidth increases.

13 ISTJ — Volume 39-1 1 - 39 2aall - A8l 5 o slall 23] gal) Alaall


http://www.doi.org/10.62341/istj-vol39-1-hr11

International Science and ~ YOlume 39 axml) Ay p glall At 5301 gt

Imtrraational beimrs mad Taviasiags demraal

iy part1d ST._I%

Beam Split Mitigation in RIS-Aided Wideband THz Communications
using parallel SPDP architecture

http://www.doi.org/10.62341/istj-vol39-1-hr1 1

N
=2}

g -S=pfumogupog 00

| " e M o g | - e - - - - - -
K Y

N
=2}
T

N
-~
<

N

nN
o

-
=2}
T

= = = Optimal precoding of BS and RIS (1 RIS)
~%y— SPDP-based wideband precoding (1 RIS)
Double beam split without TD modules (1 RIS)
~ © = Optimal precoding of BS and RIS (2 RIS)
~8- SPDP-based wideband precoding (2 RIS)
Double beam split without TD modules (2 RIS)

Achievable rate per subcarrier (bit/s/Hz)
>

-h
F=N
T

2 4 6 8 10 12 14
Bandwidth (GHz)
Figure (5) achievable rate versus the bandwidth for 1 -RIS and 2 -RIS
with N; =256 and Q = 16.

5-5. Coverage and Outage Probability Analysis

Coverage probability and outage probability are important
performance metrics used to evaluate the reliability of wireless
communication systems. They reflect the ability of the system to
achieve the required data rate.

Coverage probability represents the success of the system in
providing reliable communication, while outage probability
indicates the failure to achieve the required performance. These
two metrics are inversely related, meaning that higher coverage
leads to lower outage, and vice versa.

These metrics are affected by several factors such as distance and
signal quality, and therefore they are widely used to assess system
performance under different conditions. [8],[9]

Figure (6) illustrates the outage probability versus distance for
both single RIS (1 RIS) and parallel RIS (2 RIS) configurations
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4 Outage Probability vs Distance
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Distance between UE and RIS (m)
Figure (6) outage probability versus distance for 1- RIS and 2 -RIS

Figure (7) illustrates the coverage probability versus distance for
both single RIS (1 RIS) and parallel RIS (2 RIS) configurations.
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Distance between UE and RIS (m)
Figure (7) coverage probability versus distance for 1- RIS and 2 -RIS
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The results show that the outage probability remains very low
at short distances, indicating strong received signal power and
reliable communication. As the distance increases, the outage
probability increases significantly due to higher path loss and
signal attenuation, which is expected in THz communication
systems.

On the other hand, the coverage probability is high at short
distances and gradually decreases as the distance increases. This
behavior reflects the degradation of signal quality and the
reduction in signal-to-noise ratio with increasing distance.

A comparison between the two configurations shows that the
parallel RIS system (2 RIS) outperforms the single RIS system (1
RIS).

Specifically, the 2-RIS configuration achieves lower outage
probability and higher coverage probability over a wider range of
distances.

This performance improvement is mainly due to the presence
of multiple reflection paths in the parallel RIS system, which
enhances the received signal power and improves system
reliability. In addition, the parallel RIS configuration provides
better signal diversity, which helps mitigate fading effects.

Furthermore, the use of two RISs extends the effective
communication range and delays performance degradation
compared to the single RIS system, making it a more robust
solution for wideband communication scenarios.

5-6. Energy Efficiency Analysis

Figure (8) illustrates energy efficiency versus the distance between
the user and the RIS for both single RIS (1 RIS) and parallel RIS
(2 RIS) configurations.
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Energy Efficiency vs Distance
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Figure (8) Energy efficiency versus the distance RIS for 1- RIS and 2 -
RIS

It can be observed that energy efficiency is high at short distances,
where the received signal is strong and less transmitted, power is
required to achieve reliable communication. As the distance
increases, energy efficiency gradually decreases due to increased
path loss, which reduces the received power and requires higher
transmit power to maintain the communication quality.

At larger distances, the energy efficiency drops significantly,
indicating that the system becomes less efficient in terms of energy
consumption.

Moreover, the parallel RIS configuration (2 RIS) consistently
achieves higher energy efficiency compared to the single RIS case
(1 RIS) across all distances. This improvement is attributed to the
availability of multiple reflection paths, which enhance the
received signal strength and reduce the need for excessive
transmitting power.

6- Conclusion

This paper addressed the critical challenge of the beam split effect
in wideband RIS-aided THz communication system. We analyzed
the mathematical foundation of the beam split and double beam
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split phenomena, demonstrating how frequency-dependent phase
shifts cause severe spatial dispersion of signal energy. To resolve
this we implemented the SPDP architecture, which integrates true
time delay modules with phase shifters. MATLAB simulations
were used to evaluate the performance of the proposed system.
Simulation results confirmed that SPDP effectively neutralizes the
beam split effect, achieving near optimal achievable rates
Furthermore, we proposed and evaluated a novel parallel 2-RIS
system model. By exploiting spatial diversity and multiple
propagation paths, the 2-RIS configuration significantly
outperformed the traditional single-RIS setup. It provided
substantial gains in achievable rate, extended the coverage range,
reduced outage probability, and improved overall energy
efficiency.

7- Future work

Extending the proposed system to multi-RIS configurations
involving more than two RIS surfaces to further enhance system
performance and coverage, developing advanced optimization
algorithms for the joint design of phase shifts and time-delay
parameters under dynamic channel conditions, investigating the
impact of user mobility and designing adaptive techniques to
maintain beam alignment in time-varying environments.
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