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Abstract — Reconfigurable intelligent surfaces
(RISs) have emerged as a promising technology for
improving the performance of wireless communication
systems. Although single-feed RIS has shown great
potential in coverage extension, its beamforming capa-
bility is often limited. In this paper, we investigate the
potential of quad-feed transmitting RIS (T-RIS) to
enhance beam widening in wireless communication
systems using genetic algorithms. Using multiple feed
points, the proposed 4-feed T-RIS architecture signifi-
cantly enhances the beamwidth and coverage. Simulation
results show that the 4-feed T-RIS significantly improves
half-power beamwidth while maintaining a low side-
lobe level. The proposed method presents a promising
solution for improving wireless coverage in challeng-
ing environments.

1. Introduction

Reconfigurable intelligent surfaces (RIS) have
demonstrated their potential to enhance spectral efficiency
and reduce energy consumption in wireless networks by
actively controlling the propagation environment. These
surfaces are considered essential for improving signal cov-
erage in millimeter-wave (mmWave) multiple-input multi-
ple-output (MIMO) communication systems [1]. Integrating
an RIS into a MIMO system imposes several challenges.
The potential gain of the RIS relies heavily on the design
of the beams, which, in turn, depends on the availability
of accurate channel state information. Knowledge of the
user’s location is required to perform beamforming for a
specific user, which can be obtained using a dedicated
channel estimation technique. In [2], the authors pro-
posed a two-stage iterative re-weighted approach for esti-
mating the channel in a downlink RIS-aided mmWave
MIMO system. Furthermore, in [3], the authors investi-
gated channel estimation for RIS-aided mmWave MIMO
systems, using atomic norm minimization to estimate the
channel parameters.

Optimizing the beams improves channel estima-
tion accuracy by minimizing the estimation error and
enhances system performance by maximizing the achiev-
able data rate.

According to our previous research on single-feed
T-RIS scenarios [4], the genetic algorithm (GA)-based
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mask shape optimization method performs well.
However, we found that when the target half-power
beamwidth (HPBW) is large, performance metrics
such as side-lobe level (SLL) cannot meet the
requirements of realistic scenes. Therefore, this paper
builds on the foundation of previous research to
expand the approach from the direction of 4-feed
T-RIS, which is dedicated to obtaining wider HPBW
while keeping low SLL using a GA-based optimiza-
tion method. In addition to wider HPBW, multi-feed
T-RIS paves the way for multi-user systems, enabling
simultaneous communication with multiple users.
However, for practical applications, a moderate num-
ber of feeds should be considered, as many feeds
would result in more complex systems [5]. The paper
is organized as follows: Section II introduces the sys-
tem model and basic concepts, Section III explains
the formulation of the optimization problem, Section
IV gives the simulation results, and Section V con-
cludes the paper.

2. System Model

This paper presents a generic RIS-assisted multi-
input-single-output (MISO) wireless communication sys-
tem operating in transmitting array mode with 4-feerders
elements. The system architecture is illustrated in Figure 1.
First, we consider an M X N square RIS configuration.
The RIS is positioned in the x-y plane of the Cartesian
coordinate system, with its geometric center coinciding
with the coordinate origin.

Each unit cell (UC) has dimensions d, along the
x-axis and d, along the y-axis, where dy=d,=\/2
with A denoting the operating wavelength. The physical
area of each UC is given by Ay =d, X d,. The maxi-
mum aperture size of the RIS is characterized by parame-
ter D, which is expressed as D =max(M X dy,N X d,).
The proposed T-RIS configuration employs 4-feed horn
antennas, partitioning the RIS into four equal subarrays.
Each feeder is positioned at the centroid of its correspond-
ing subarray in the x-y plane, positioned along the nega-
tive Z-axis at a focal distance £

The power radiation pattern of the p™ feeder is given
by F*?(6,7) =2(4 + 1)cos*(6,7). Each UC incorpo-
rates phase shifts connected to the Tx radiating elements,
modeled as uniform apertures with transmission power
radiation patterns expressed as F'? (0" ) = mcos(6'” ) for

m,n m,n

the pM feeder. Here, 6,0, denotes the elevation angle

between the (m,n)™ UC and the p™ feeder. As shown in
Figure 1, 6 is equivalent to 92"{1’ in this system model.
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Figure 1. T-RIS system model with 4 feeds.

2.1 Electric Field

This paper exclusively considers the far-field
transmission scenario, where the receiver’s distance
from the RIS center exceeds the Rayleigh distance
defined as L =2D?/), marking the boundary between
far-field and near-field regions. We adopt the fol-
lowing key assumptions: (1) The peak radiation
direction of the Rx antenna is aligned with the RIS
center, while each Tx antenna beam is directed
toward its respective subarray center; (2) All unit
cells share uniform amplitude transmission coeffi-
cients with distinct phase shifts ¢,,,. To enhance
computational efficiency, we employ a two-dimen-
sional inverse fast Fourier transform implementa-
tion that simultaneously maps spatial directions
(0,,¢,) to angular coordinates. The resultant elec-
tric field expression for the 4-feed transmitting
array configuration in the far-field (u,v) coordinate
system is formulated as:

\/thp (O70) X Fr (617 )

E(u,v) CZIFFT e
||rmn - fH
(M
X I Oma=IklIT =T
where the normalization factor C= (1 — u? — v?)"/*MN,
with spatial frequency coordinates defined as
u = sin(6,)cos(¢,) = w7 p and v=sin(6,)sin(¢,) =
o .. o NFFT _ g NFFT _ |
NFFtar d- The indices span p: — s,

NFFT 1 NFFT _
—5— ..., —~5— Here, 7/ denotes the

position vector from the p™ transmltter to its associ-
ated subarray center, 72 , represents the vector from

and g= —

subarray center to the (m,n)™ UC, and e/%n governs
the phase control of the (m,n)™ UC. The directivity
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formulation in (u,v) coordinates follows the estab-
lished relationship [8]:

I

3. Optimization Problems

47|E(u,, v,) ?
ORI

\/l—uz—v2

(2)
dudy

Consistent with our prior investigations [4], this
work maintains the genetic algorithm GA-based meth-
odology from [6] for optimizing UC phase matrices to
achieve radiation patterns with SLL under enhanced
HPBW constraints. This phase matrix computation is
formulated as an optimization problem to minimize
the discrepancy between computed and ideal radiation
patterns. Focusing on SLL and HPBW metrics, the GA
objective function follows [6]:

~ 2
E(u7 V) - ML(ua V)
(u,v)eSL |SL |

2
— My (u,v)
3
*Z< 5] ) ®

where  S; = {(u,v) | E(u,v) < My(u,v)} and Sy=
{(u,v) | E(u,v) > My(u,v)}. Here, E denotes the nor-
malized radiation pattern, while M; and My represent
lower/upper masks containing HPBW and SLL specifica-
tions, respectively. The former governs HPBW control
while the latter suppresses SLL, with || indicating set
cardinality.

Our previous analysis [4] demonstrated compara-
ble performance between circular and elliptical masks.
However, elliptical masks exhibited superior HPBW
regulation, SLL reduction, and directivity mainte-
nance, particularly at large beam steering angles.
Consequently, we exclusively employ elliptical masks
for beam widening in 4-feed T-RIS configurations.
The elliptical mask formulations from [4] are as
follows:

My ) = {min(ﬁ(u,v))

for £, (u,v; Oy,) > 1

-3 for E1(u,v; Opp) =1
“)
t  for Ey(u,v;Op) > 1
My (u,v)= {O for Ey(u,v;05) = 1 Q)
where g(u Vi @) ((u— un)cosatg)v vo)sina)’ + ((u— un)smtzyo (v—vp)cosa)’

sin“3 sin“Zcos? 20,
with @ = ¢, +I. Main beam direction (0,,¢,) in spheri-
cal coordinates (Flgure 1) corresponds to angular coordi-
nates (uo, vo), while © specifies target SLL. Parameters
®;, and Oy control HPBW and first-null beamwidth,
respectively.
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Table 1. Beamwidths, SLLs, and directivity generated with differ-
ent steering angles before and after optimization

Before optimization (4 feed) O =20° (1 feed)

6, ©():(0,¢) SLL(dB) D(dBi) O("):(6,¢) SLL(dB) D(dBi)
0°  (1113,11.13)  —1437 2138 (2232,22.65) 411 1555
20° (11.51,1125) —1098  21.14 (25.73,19.88) —259 1421
40° (1423,1125) —11.83 2017 / / /

60° (20.13,11.13)  —9.55  18.54 / / /

O =20° (4 feed) O =257 (4 feed)

0° (19.95,2022) —1193 1736 (24.95,2481) —819 1629
200 (20.85,20.04) —1094  17.07 (24.93,2490) —10.02 1599
40° (20.33,2047) —10.58 1682 (25.12,2535) —748  15.60
60° (20.45,19.93) —6.85 1585 (25.68,2543) —504 1444

4. Simulation Results

This subsection demonstrates key simulation
results for the 4-feed T-RIS configuration. The GA
parameters align with our previous 1-feed scenario
studies [4]. Our simulations employ a square
M X N =20 X 20 RIS operating at f. =26 GHz with
wavelength A = c¢/f, = 11.53 X 1073 m. Following [7], we

Phase matrices (1-bit)

(1-b, 1-feed, after optimization)
6, = ¢, =0, 8 =20

(1-a, 1-feed, before optimization)
©r=¢-=0)

= o

(2-a, 4-feed, before optimization)
©,= ¢,=0)

(2-b, 4-feed, after optimization)
©,= .= 0, &=20°)

(3-a, 4-feed, before optimization)
(6, =10°, ¢, =0)

(3-b, 4-feed, after optimization)
(6, = 40°, @, =0, 6 =20°)

Figure 2.
more details).

set the optimal F/D ratio to 0.26 for this array configura-
tion. The optimization framework, implemented in Python
using pymoo library, minimizes the cost function (3) with a
fixed random seed of 1.

The UNSGA3 algorithm configuration includes
the following: population size W =1000, evolving
through 400 generations with Latin Hypercube Sampling
initialization. Genetic operators employ binomial cross-
over (P, = 0.9) and Gaussian mutation (P,, =0.1), com-
plemented by duplicate elimination and elitism (value =
6). Phase matrix optimization begins with ' = 1000 can-
didates of 20 X 20 float matrices (¢ € [0, 7]), using ref-
erence directions (“energy”, 1, 1000).

Table 1 shows the 1-bit quantized beamwidths,
SLLs, and directivities for different steering angles in the
4-feed T-RIS configuration before and after optimization,
comparing the two following cases: ®' =0, =20°&
©4 =25° and O'=0,,=25°& @4 =31°. Optimized
results for the 1-feed configuration with ® = 20° are also
included. The 1-feed configuration demonstrates limited
effectiveness for large steering angles (6, =40°,60°)

_.Normalized radiation patterns(1-bit)

P

(1-d, 1-feed, after optimization)
6, = ¢, =0, 6 =20°

(1-c, 1-feed, befolre optimization)
©,=¢,=0)

(2-d, 4-feed, after optimization)
@, = ¢, =0, 8 =20°)

-125
-150
-175

-200

(3-d, 4-feed, after optimization)
6, = 40°, ¢, = 0, 6" =20°)

(3-c, 4-feed, before optimization)
6, =140°, ¢, =0)

Some results of 1-bit phase matrices and normalized radiation patterns for 1 feed and 4 feed (see the subheadings in the figure for



under ®' = 20° conditions, with unsatisfactory SLLs and
directivities even at 6, = 0°,20°. For all optimized 4-feed
cases, the obtained HPBW O : (6, ¢) successfully meet
the preset targets (©' =20° and 25° respectively). With
increasing steering angle 6,, the SLL shows an ascending
trend under both ®' =20° and 25° conditions. Addition-
ally, beam directivity exhibits consistent reduction as
HPBW widens across all steering angles.

Figure 2 presents comparative analyses of 1-bit
phase matrices and normalized radiation patterns under
different configurations. The first subplot displays (1-a)
and (1-c) preoptimization results for 1-feed configuration
with 6,=0°, ¢,=0° (1-b) and (1-d) GA-optimized
results using @' =20° and T = — 20 dB. The second sub-
plot (2-a)-(2-d) shows 4-feed configuration results with
t= — 18dB. The final subplot (3-a)-(3-d) demonstrates
4-feed performance under 6, =40°, ¢, =0°, @' =20°,
andt= — 15dB.

The visual comparisons reveal the following three
key observations: First, optimized cases exhibit signifi-
cantly expanded HPBW at the cost of elevated sidelobe
levels. Second, comparative analysis between (1-d) and
(2-d) confirms the 4-feed configuration’s superior sidelobe
suppression capability—achieving lower SLL (t= — 18 dB
vs. —20 dB) while maintaining identical @ =20° HPBW
targets. Third, the 4-feed system demonstrates fundamentally
improved sidelobe characteristics throughout the radiation
pattern.

Extended analysis of 4-feed results demonstrates
two angular dependencies. As 6, increases from 0° to
40°, we observe progressive SLL degradation (from
—18dB to —15dB) accompanied by directivity reduc-
tion—consistent with Table 1 findings. Simultaneously,
the main beam undergoes shape transformation from cir-
cular to elliptical in the (u, v) plane. This geometric distor-
tion stems from diverging HPBW values in elevation versus
azimuthal planes at large steering angles [4], fundamentally
justifying our elliptical mask optimization approach. Cru-
cially, the 4-feed architecture demonstrates effective SLL
containment (15 dB degradation vs. 1-feed’s 20 dB) while
maintaining prescribed HPBW expansion.

5. Conclusion

Building upon our prior investigations of 1-feed
T-RIS configurations [4], this work generalizes the meth-
odology to multifeed MISO scenarios through 4-feed
T-RIS beamwidth enhancement. The GA-driven elliptical
mask optimization technique demonstrates comparable
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effectiveness in 4-feed configurations, maintaining its
core operational principles from previous implementa-
tions. Numerical simulations confirm the capability of
the 4-feed T-RIS to achieve enhanced HPBW while con-
taining SLL degradation. Future research directions will
investigate channel state information estimation strate-
gies for the developed beam patterns in multi-user MISO
environments.
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