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Abstract—A novel optimization-based method tailored for the
evolution of communication networks is presented, aimed at
achieving a perfect power efficiency while accurately determining
the angle of arrival of user-generated waves. Our approach
involves optimizing aperiodic loaded structures, eliminating the
constraints of electromagnetic periodicity while maintaining
a fixed half-wavelength spacing. The proposed configuration
employs practical square patches, each loaded with passive
tunable elements. These load values can be dynamically adjusted,
enabling a continuous scanning capability to capture user signals
arriving from unknown angles.

I. INTRODUCTION

Controlling the electromagnetic (EM) propagation environ-
ment using reconfigurable intelligent surfaces (RISs) can sig-
nificantly impact the performance of communication networks
for 6G advancements. Furthermore, multiple functionalities
such as anomalous reflection and the angle-of-arrival (AoA)
sensing using a single adjustable planar surface enhances the
currently envisioned RISs [1], [2]. An intelligent EM surface
can estimate the AoA for incoming waves from users, even
when the directions are unknown. Recent research [3]–[5] has
leveraged optimization methods to achieve an optimal power
reflection efficiency even for redirecting the reflected wave at
extreme angles, which contrasts with the poor efficiency of
the conventional phase gradient approach.

In this work, we combine both functionalities to propose
an impedance-loaded linear patch antenna array that can si-
multaneously redirect the incoming wave to an arbitrary angle
(even extreme deflection) with a perfect power efficiency [5]
and sense the AoA by optimizing the spatial Fourier spectrum
of the surface current [6]. The key optimization parameters in
our approach are the load impedances of the patches, which
enable continuous tunability of the main scattering beam.

II. METHODOLOGY

Figure 1 illustrates a dual-functional RIS illuminated by
a transverse electric (TE) wave from an unknown direction.
Consider the case of a linear array of square patches on a
grounded dielectric substrate. Each patch is terminated in a
lumped load. In Fig. 1(a), the patch array is initially loaded
with a set of random-valued N tunable impedances, ZLn

(n = 1, . . . , N). This leads to random scattered fields, and the
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Fig. 1. Illustration of a dual-functional RIS comprising loaded patch elements.
The stages depict (a) pre-optimization, featuring specular reflection from an
unknown angle, and (b) post-optimization with perfect anomalous reflection
and AoA estimation.

associated nonuniform current distribution at the loads (IL) [5]
takes a vector form

IL = (ZA + ZL)
−1

Voc, (1)

where Voc is the N × 1 column vector representing voltages
with disconnected loads at the patch terminals of the receiving
(RX) antenna array. The load matrix ZL is diagonal with
reactive load values ZLn, and ZA is the N × N input
impedance matrix that includes both self-impedances (diago-
nal terms) and mutual impedances (symmetrical non-diagonal
terms). The parameters ZA and Voc are computed using
transmitting and RX full-wave EM simulations, respectively.
Since the currents flow in negligibly small loads, the current
distribution can be represented as a sum of spatial Dirac delta
functions, corresponding to the positions shown in Fig. 1,
i.e., IL(x) = I1δ(x) + I2δ(x − d) + ... + I20δ(x − 19d) for
a 20-element array. Using the spatial Fourier transform, the
spectrum of the load current distribution can be found by a
trivial calculation of the integral of delta functions as

ÎL(kx) =

20∑
n=1

ILne
−jkxxn . (2)

Here, Im is the amplitude of the currents in each load wire,
and xm = md are their x-coordinates.

In the next step, we aim to maximize the Fourier- trans-
formed distribution of the load currents, F {IL(x)} = ÎL(kx),



for a specific spatial harmonic that corresponds to the reflec-
tion angle as depicted in Fig. 1(b). The tangential wavevector
or spatial frequency is kx = k sin θ. Therefore, the objective
function of the global optimization is defined as

O = max
ZL

{|̂IL(k sin θr)|}. (3)

Such a current spatial frequency generates a reflected plane
wave at the desired angle. Importantly, in the optimized case,
the patch current spectrum ÎL(kx) will include one more
strong peak at the spatial frequency kx = k sin θi, generated
naturally and responsible for canceling out the structural
scattering. As a result, we can detect the AoA by plotting the
Fourier transform (FT) of the induced load current distribution.

III. THEORETICAL RESULTS OF OPTIMIZED PATCH
ARRAYS WITH A HALF-WAVLENGTH SPACING

As a simple example, we consider a linear array with an
overall dimension of 10λ×0.5λ (λ = free-space wavelength)
with a λ/2 element spacing containing 20 patch elements
parallel with the x-axis, allowing for scanning in the xz-plane.
Initially, a linearly polarized PEC square patch is tuned for
a 50-Ω impedance match at 28 GHz. We employ a lossless
Rogers RO4350B substrate (a relative permittivity of ϵr =
3.66 and a thickness of 0.338 mm). The optimized patch length
is 0.2385λ and the load position is (dx, dy) = (0, 0.0415λ).
We conduct full-wave EM simulations with CST MICROWAVE
STUDIO, obtaining the preliminary data of ZA and Voc in
preparation for global optimization [5].

Figure 2 shows the FT illustration of the spatial current
distribution across the patch loads. As mentioned earlier, the
optimization process results in the identification of two peaks
in the propagation range between two black vertical lines. The
primary peak is closely aligned with the green vertical line,
achieving our objective of maximizing the rerouted power in
that specific direction. The secondary peak, aligned with the
red vertical line, signifies the direction of the incoming wave,
emphasizing that an optimal solution incorporates a spatial
harmonic for effectively canceling out the specular reflection.
The peak outside the propagation range represents propagation
along the surface as an evanescence wave.

The far-zone E-field distribution is depicted in Fig. 3,
comparing cases of the optimized loads and the phase gradient
loads employed as initial loads for optimization. Since the
deflection angle is extremely wide compared with the incident
angle, the reflected power to the desired direction is quite low
for the initial loads. The optimized loads enhance the power
density in the desired anomalous direction.

IV. CONCLUSIONS

A dual-functional RIS for AoA sensing and anomalous
reflection has been presented. The main idea is to optimize the
FT of the spatial current distribution for one specific spatial
harmonic responsible for the reflection toward the desired
angle where the receiver is located. In our future research, we
aim to explore different objective functions to attain a super-
directive solution and investigate the optimized performance

Fig. 2. The spatial spectrum of the optimized current. The green and
red vertical lines correspond to the harmonics associated with the reflected
and incident wave directions, respectively. Two black lines delineate the
boundaries of the propagation range, where kx = ±k.

Fig. 3. Distribution of far-zone E-field before and after the optimization.

and the AoA sensing accuracy with respect to the element
spacing.
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