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Dynamic RF Beam Steering Using Photo-Induced
Fresnel Zone Plates on Solar Cells

Zahra Sepehri, Graduate Student Member, IEEE, Gianluca Fabi, Member, IEEE,
Marco Farina, Senior Member, IEEE, and Richard Al Hadi, Senior Member, IEEE

Abstract—Optically  reconfigurable beam steering at
millimeter-wave (mm-wave) frequencies requires engineered
semiconductor surfaces with high-power optical sources. This
paper presents the first demonstration of beam steering using a
commercially available monocrystalline silicon solar cell, directly
exploiting its intrinsic photovoltaic properties for electromagnetic
wave modulation. Dynamically reconfigurable Fresnel Zone
Plate (FZP) patterns are projected onto the solar cell with
low-power visible light (0.043 W/cm?), enabling reconfigurable
beam steering across the Ka-band (26.4-40 GHz). The solar
cell’s back-contact design preserves RF transparency while
providing polarization isolation up to -25 dB, and measurements
show 10 dB modulation depth under illumination. Simulations
and experiments confirm diffraction-based steering of a 30-GHz
source. Furthermore, a 5G New Radio (NR) data-link experiment
at 28.03 GHz using 256-QAM modulation demonstrates the
system’s capability to sustain high-rate communication links.
This fabrication-free and accessible approach establishes a
practical path toward reconfigurable mm-wave beam steering
and adaptive RF devices.

Index Terms—Millimeter-wave, dynamic beam-steering, Fres-
nel Zone Plates, FZP, semiconductor photo modulation, optoelec-
tronic, communication, 5G.

I. INTRODUCTION

ILLIMETER-WAVE frequencies play a crucial role in

5G networks by addressing spectrum congestion and
supporting the growing demand for high data rates [1], [2].
However, their short wavelengths result in propagation losses,
multi-path delay, and atmospheric attenuation [3]. To mitigate
these limitations, beam steering techniques are employed
to enhance the performance of communication channels by
directing radiated power toward intended receivers, thereby
extending coverage [4].

Traditional reconfigurable beam steering solutions, such as
phased array antennas [5], [6], reconfigurable transmitarray
[7], quasi-optical systems [8]-[11], leaky-wave antennas [12],
and metamaterials/metasurfaces [13], are often limited by
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high cost, power consumption, complex architectures, and
challenging implementation requirements [3], [14].
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Fig. 1. Working principle of the implemented design: the surface steers the
RF beam by photo-projection.

One promising yet simple and cost-effective approach for
beam steering is the use of reconfigurable FZPs. It enables
dynamic control of beam direction through spatial modulation
of electromagnetic waves. This is demonstrated through the
use of mechanically rotating metal shutters, which create
reconfigurable transparent and opaque zones to focus the
beam at a desired angle [15]. The use of FZPs for RF
diffraction has also been explored in previous works [16]-
[18]. RF spatial modulation can also be achieved by photo-
exciting a semiconductor to locally modulate charge carrier
density [19]-[24]. Whenever a semiconductor (like silicon or
germanium) is exposed to light with a photon energy above its
band gap, free carriers are generated. This variation in charge
carrier density alters the refractive index of the photo-excited
semiconductor, enabling controlled attenuation/reflection of
electromagnetic waves [25]. As a result, the generated FZPs
diffract the incident wave, producing a steerable beam [26],
[27]. However, achieving sufficient attenuation of mm-waves
by photo-exciting a semiconductor is challenging, as it requires
high optical illumination densities [19]. Early demonstra-
tions employed near infrared (NIR) radiation [26] or pulsed
lasers with power densities reaching up to 100 W/cm? [28]
to modulate the semiconductor surface. Previous approaches
have explored the use of prisms [21], plasmonic resonances
[29], meta-surfaces [30], and planar cavities [31] to enhance
light—semiconductor interactions. Other implementations have
used visible-light projectors with power densities in the or-
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TABLE I
COMPARISON OF PHOTO-EXCITING SEMICONDUCTORS USED FOR BEAM STEERING VIA SORET FZPs.

Publication Frequency Optical Irradiance Surface Area  Steering Efficiency Data link
(GHz) source (W/cm?2) material (cm?)  Angle (°) (%)

[26] 94 Near-infrared LED  0.4-8.17% Silicon wafer 177 +30 10t -
[28] 35 Pulsed laser 100 Silicon wafer 314 +20 6-14° -
[14], [19] 94 Visible light 0.07 Passivated Silicon  78.5 +45 4.8-6¢ -
[35] 740 Visible light 2 Passivated Silicon 3.2 +8 7.1¢ -

5G NR, 256-QAM

This work 30 Visible light 0.043 Solar cell 88.8 +27 4-554 0.4 GHz, 3.9 Gbps

EVM <4.5%

2 Estimated range based on available components. ® Theoretical efficiency limit. ¢ Excluding semiconductor-induced losses. 9 Measured efficiency including

semiconductor-induced losses.

der of 70 mW/cm? to generate these patterns, significantly
reducing both cost and system complexity [19]. However,
the improvement is made possible by specialized surface
engineering.

Bare semiconductors suffer from a high recombination rate
of photo-excited carriers at the surface, preventing the accu-
mulation of free carriers necessary for effective modulation.
To address this issue and enhance photo-modulation without
increasing the illumination intensity, surface passivation tech-
niques are needed [19], [22], [32]. These techniques reduce the
density of surface states and surface concentration of electrons
or holes. Surface passivation methods for crystalline silicon
include dielectric film deposition, chemical surface treatments,
and the formation of p-n junctions or heterojunctions using
materials like amorphous silicon [33]. More recently, the
deposition of Al;Os [34] or silicon-on-sapphire [22] has
been shown to passivate silicon wafers, enhancing mm-wave
modulation by significantly reducing carrier recombination.
This process reduces carrier recombination, resulting in longer
carrier lifetime and higher photoconductivity. Surface passi-
vation is a complex process that requires careful control of
material quality, surface preparation, and deposition techniques
[34].

In this paper, we demonstrate a novel approach for mm-
wave beam steering based on a commercially available mono-
crystalline silicon solar cell as illustrated in Fig. 1. To the best
of our knowledge, this is the first demonstration of directly ex-
ploiting a solar cell’s intrinsic photovoltaic properties to mod-
ulate electromagnetic waves. The main contributions of this
work are as follows. First, we show that photo-induced FZP
patterns projected onto the solar cell enable non-mechanical
beam steering at Ka-band, validated through both full-wave
simulations and experimental measurements. Second, the ap-
proach achieves effective modulation under low-power visible
illumination (0.043 W/cm?2), whereas prior demonstrations
relied on high-power optical sources or surface-passivated
wafers (Table I). Third, the method is fabrication-free and
based entirely on off-the-shelf components, establishing a
practical and reproducible platform for optically reconfig-
urable RF systems. These features distinguish the present
work from conventional optically controlled beam-steering
techniques.

o

:

= —— Si ---- Other Solar Cell

& 6 Ge —— This work

&)

N —81

n
e
-12

32 34 36 38

Frequency (GHz)

26 28 30 40

Fig. 2. Measured relative change in S21 of tested surfaces under optical
illumination, using the non-illuminated condition as the reference baseline.

II. PHOTO-EXCITED SURFACE FOR RF MODULATION

A key factor in efficient photo-induced beam steering is
the selection of a surface with strong mm-wave attenua-
tion (6-10 dB) under optical illumination. Strong attenua-
tion in photo-induced FZP Antennas is essential for induc-
ing metallic-like electromagnetic behavior within the illumi-
nated regions. Additionally, increasing the contrast between
transmissive and blocking zones enhances constructive and
destructive interference, resulting in more effective spatial
modulation, improved beam directivity, and overall system
performance [14]. The photo-induced attenuation exhibited by
the surface is primarily determined by the density of excess
free carriers generated under optical illumination. The carrier
density depends on several parameters, including the incident
optical power density, the illumination wavelength relative to
the material’s bandgap, the carrier lifetime, and the surface
recombination velocity. In addition to free-carrier effects, the
physical thickness of the substrate influences how the incident
electromagnetic wave interacts with the surface. In particular,
how it affects the relative proportions of the wave that are
transmitted and reflected [19].

While several semiconductor materials could, in principle,
support photo-induced mm-wave modulation, their practical
effectiveness depends on achieving significant attenuation
when illuminated by a low-power optical source. To identify
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Fig. 3. (a) Macro- and micro-scale view of the electrical side of the surface.
(b) Simplified 3D schematic representation of the solar cell. (¢) Macro- and
micro-scale view of the photo-sensitive side of the surface.

a suitable candidate, we compared high-resistivity silicon
(10k Ohm.cm), germanium, and available solar cells. The
results, shown in Fig. 2, indicate that untreated semiconductors
produce negligible modulation, with the forward transmission
coefficient (S21) changing by only 0.1 dB across 26-40 GHz.

In contrast to untreated semiconductors, the monocrystalline
silicon solar cell used in this study achieves approximately
10 dB of attenuation under optical illumination. Other tested
solar cells have front and back metalization layers that prevent
the RF wave from propagating through the surface. As a
result, they are reflective to electromagnetic waves under both
illuminated and non-illuminated conditions.

The solar cell used in this work, is a commercially available
monocrystalline silicon panel from SunPower’s Maxeon cells,
[36] featuring a fully exposed photo-sensitive side (Fig. 3(c))
and an electrical side patterned with a tin-coated copper metal
grid (Figures 3(a) and (b)). The underlying structure consists
of an N-type substrate with P-type doped regions, forming
multiple p-n junctions. When the solar cell is illuminated, pho-
tons with energies above the semiconductor band gap excite
electrons from the valence band to the conduction band, gener-
ating electron—hole pairs. The built-in electric field across the
p—n junction separates the carriers, driving electrons toward the
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Fig. 4. Measured effect of surface projection on transmission for E-

polarization and cross-polarization orientations (X pol.).

n-type region and holes toward the p-type region. This reduces
recombination, increases the free carrier density, and enhances
the local conductivity of the semiconductor [37]. In addition,
the cell’s passivation layer further reduces recombination at
surface defects, such as dangling bonds, increasing both the
carrier lifetime and the density of photo-generated carriers
under illumination. These intrinsic features make the solar cell
inherently capable of modulating electromagnetic waves. The
solar cell consists of a silicon layer with a relative permittivity
of €, = 11.7, consistent with standard values for undoped Si
at mm-wave frequencies. The substrate is significantly thinner
than the thickness required for Fabry-Pérot resonance, so no
substantial standing wave effects are expected within the slab.
The material is non-magnetic, with relative permeability as
ur =~ 1. The copper grid lines on the electrical side act
as a polarization-selective layer. Depending on its orientation
relative to the polarization of the incoming electromagnetic
wave, the parallel conductive lines either allow transmission
or, in the case of cross-polarization, provide isolation of up
to -25 dB. The effect of surface projection on transmission
for both E-polarization and cross-polarization orientations is
illustrated in Fig. 4. To optimize the solar cell as a photo-
induced surface, the only modification made is the removal
of grid-line interconnections. This adjustment confines free
carrier movement and prevents their distribution across the
surface via metallic grid lines while reducing the substrate
area to 70x125 mm?. These properties make the solar cell a
suitable surface for implementing reconfigurable FZPs.

The effect of illumination intensity on RF modulation is
shown in Fig. 5. The normalized transmission coefficient
(S21) at 30 GHz decreases with increasing optical power,
confirming that higher light intensity generates more photo-
induced carriers and enhances attenuation.

The FZP pattern used in this work consists of alternating
transparent and opaque stripes, categorized as a Soret Zone
Plate. While the Soret Zone Plate has the lowest efficiency
among FZP types, it offers advantages in simplicity and low
cost [19]. It is used to focus mm-waves by manipulating
wave propagation through these alternating regions, where the
opaque stripes ideally reflect the wave, while the transparent
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Fig. 5. Normalized measured S21 parameter at 30 GHz as a function of
power density of the projected light.
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Fig. 6. FZP patterns designed for a focal length of F' = 140 mm, aperture
size of D = 125mm, and an operating frequency of 30 GHz. The white
regions represent the illuminated areas.
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zones allow transmission. Opacity is achieved by exposing
the surface to light, whereas transparency results from the
absence of light. The positions of these zones are determined
based on the desired steering angle, operating frequency, and
the focal point of the antenna feed [15]. In this work, the
optical patterns projected onto the semiconductor surface are
computationally optimized using the Fresnel zone equations
to achieve optimal beam focusing and steering performance.
In this design, the feed antenna is located at the focal point of
the FZP (x = 0,z = —F'). Under these conditions, the phase
across the surface is given by ¥(z) = k (Va2 + F?2 — F),
where k = (2m)/\ and A is the wavelength. For a beam
steered with an angle 6y, the desired phase is gy = kx sin 6.
The FZP generates a phase difference of v, = ¥q — ¢ (z),
with the maximum phase position z, = F'tan 6. Contours of
constant phase are determined by

Y =g — 7,[}(I) = Ymax — N,

where Ymax = ¥ (2.). The center x., and half-length M,, of
the same zone can be calculated using the following equations:

n=0,12,... (1)

a,, sin 0y 2

Ten =
N cos? 6y’

TABLE II
VALUES OF Z¢p, AND M, AT 30 GHZ, F' = 140 MM.
ALL UNITS ARE IN MM.

6o 0° 9° 12° 15°

n Ten My, Ten M, Ten My, Ten My,

1 0 37.74 2297 38.46 30.84 39.02 38.89 39.77
2 0 53.85 23.77 54.87 31.93 55.68 40.28 56.76
3 0 66.52 24.57 67.78 33.01 68.80 41.67 70.13
4 0 77.45 25.38 78.94 34.10 80.12 43.06 81.69
5 0 87.32 26.18 89.00 35.19 90.34 44.44 92.11
6 0 96.43 26.98 98.30 36.27 99.79 45.83 101.75
7 0 105.00 27.78 107.04 37.36 108.67 47.22 110.82

Rear view of photo-
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Tx horn (Polarizer) i Rxhorn
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i L
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Fig. 7. (a) Measurement setup illustration, (b) photograph of the setup. The
FZP patterns are projected onto the photo-sensitive surface, and the receiver
mechanically scans the area. The E-plane of the antenna and the surface are
aligned parallel for consistent polarization orientation.

2 _ F2 1 g2 2
VaZ — F2? + 22, cos? 0,

M, =
cos by

; 3)

where [15]
’(/}max —nm
—

Using these equations, the positions of the zone centers
(z¢n) and their widths (2M},) are determined. Table II presents
these values for steering angles 0°, 9°, 12°, and 15°, (symmet-
rical to -9°, -12°, and -15° ) at the wavelength of 10 mm, with
a focal length F = 140 mm. Fig. 6 illustrates the corresponding
patterns based on the values presented in Table II, considering
the surface dimensions.

a, =F — 4)

III. RESULTS AND DISCUSSION

The beam-steering setup is illustrated in Fig. 7. A commer-
cial 3000-lumen projector illuminates the photo-sensitive side
of the solar cell with an optical power density of 43 mW/cm?.
Two 15 dBi horn antennas connected to a Vector Network
Analyzer (VNA) operating at the 26.4-40 GHz range. The
transmitter is positioned at the theoretical focal length of the
designed FZP patterns, while the receiving antenna is located
in the calculated far-field of the transmitter. The solar cell
surface is oriented with its polarizer lines perpendicular to
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Fig. 9. 2D plot of the received power with an input power of —=5 dBm, using
the FZP pattern designed for —12° beam steering. The peak is observed at
approximately —42.5 mm, consistent with the expected beam position.

the E-plane to maximize transmission. Beam-steering at -18°
is validated using two methods: mechanical rotation of the
receiver and optical scanning via sequential FZP projection.
Both methods yield closely matching radiation patterns at
30 GHz in Fig. 8, confirming that optical scanning reliably
characterizes the steered beam without mechanical motion. A
2D spatial scan at 30 GHz for the FZP steering to -12° shows
the main lobe aligned with the expected E-plane direction in
Fig. 9, demonstrating effective beam steering. Minor asym-
metry along the z-axis likely arises from illumination non-
uniformity or slight misalignments of the setup. Despite the
binary FZP design and low optical power, the measured main
lobe confirms that this approach provides a practical, low-
cost alternative to more complex metasurface or high-power
implementations.

To further validate the experimental results, full-wave sim-
ulations of the beam-steering system are performed. In the
model (Fig. 10), illuminated regions act as perfect conductors
and unilluminated regions act as unexcited silicon. This allows
the simulation to approximate how FZP patterns affect RF

Photo-sensitive

solar cell Electric Field

Transmitter Horn

Antenna 15

Fig. 10. Simulation model of the photo-sensitive side of the solar cell with
projected FZP patterns. White zones indicate illuminated regions, while black
zones correspond to non-illuminated areas.

TABLE III
MEASURED AND SIMULATED ANTENNA PERFORMANCE AT 30 GHz.

Steering angle  Gain (dBi)  Efficiency (%)
Meas Sim Meas Sim
+9° 11 12 55 6
+12° 11 11 4 6
+15° 10 11 4 5

propagation. As seen in Figs. 11(a)—(f), the simulated and
measured patterns at 30 GHz agree well for all steering angles,
confirming that the system reliably achieves the intended beam
directions.

IV. PERFORMANCE EVALUATION AND APPLICATION

Measured S11 and VSWR for three representative FZP
patterns (£9°, +12°, *+15°) across 26-40 GHz, shown in
Fig. 12, remain below —20 dB and 1.2, respectively, indicating
consistently low reflection across the steering range. Simulated
S11 values at 30 GHz closely match measurements (—17.4 dB
to —20.1 dB), validating the simulation model.

The focal length-to-aperture ratio (F/D = 1.12, with focal
length 140 mm and aperture diameter 125 mm) represents
a compromise between aperture efficiency and practical con-
straints. This yields a taper efficiency of 60% and full spillover
efficiency; however, the overall system efficiency remains
below 10% due to diffraction loss from the binary-blocking
FZP, a known limitation of Soret-type designs. Table III reports
the measured and simulated antenna efficiency at 30 GHz,
showing good agreement with the simulation. The measured
radiation patterns exhibit elevated sidelobes (typically in the
range of -2 to -4 dB) under beam-steering conditions. These
higher sidelobe levels are primarily attributed to the distortion
of the ideal Gaussian profile caused by the presence of the
surface, the F/D ratio of the proposed design [35], and the
inherent limitations of the binary-blocking FZP structure.
While this represents a known limitation of the current ap-
proach, future work will focus on optimizing key parameters
to enhance sidelobe suppression and improve overall beam
quality.

To validate data-link performance, we established a SG NR
FR2 (n261) communication channel at 28.03 GHz using a 256-
QAM modulation scheme and steered the beam direction with
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beam steering angles.

the computationally optimized visible-light mask to 0°, +18°,
and -18°. A standard NR waveform is generated at 28.03 GHz
with a vector signal generator; the received signal produces
constellation plots and RMS Error Vector Magnitude (EVM)
(3GPP-style [38]) at each steering angle. When the steering
angle and the receiver position are aligned, the 256-QAM con-
stellations remain tightly clustered with low EVM, indicating
that the surface introduces no format-specific distortion and
that link quality is dominated by SNR. As the receiver moves
off the steered look-angle, the constellations exhibit symbol
spreading and the EVM increases in accordance with the
expected pointing-loss penalty. Fig. 13 presents the measured
EVM values and corresponding constellation diagrams for
the evaluated steering scenarios. These results confirm the
proposed optically reconfigurable aperture reliably supports
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Fig. 13. Measured constellations and EVMs for different steering angles and
receiver positions using 256-QAM modulation scheme, 400 MHz bandwidth
and data rate of 3.932 Gbps.

NR-class data links within the Ka-band, maintaining EVM
below the 256-QAM (4.5% [39]) specification limit when the
steering direction and receiver are aligned.

V. CONCLUSION

This work presents a reconfigurable and low-cost mono-
crystalline silicon solar cell for scalable and dynamic mm-
wave beam steering. Low-power visible illumination induces
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modulation, while spatial FZP patterns control beam direc-
tion across the Ka-band. The experimental validation of 5G
NR data link using 256-QAM modulation confirms that the
proposed aperture sustains high-capacity communication with
EVM below standard limits. These results confirm that the
photo-excited solar cell enables optical beam control while
preserving signal integrity, establishing it as a previously
unexplored candidate for accessible reconfigurable RF systems
and for advancing light-controlled modulation research in
imaging, adaptive antennas, and other mm-wave and terahertz
applications.
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