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Abstract
The ability to obtain dynamic control over an antenna radiation pattern is one of the main
functions, desired in a vast range of applications, including wireless communications, radars,
and many others. Widely used approaches include mechanical scanning with antenna apertures
and phase switching in arrays. Both of those realizations have severe limitations, related to
scanning speeds and implementation costs. Here we demonstrate a solution, where the antenna
pattern is switched with optical signals. The system encompasses an active element, surrounded
by a set of cylindrically arranged passive dipolar directors, functionalized with tunable
impedances. The control circuit is realized as a bipolar transistor, driven by a photodiode. Light
illumination in this case serves as a trigger, capable of either closing or opening the transistor,
switching the impedance between two values. Following this approach, a compact
half-a-wavelength footprint antenna, capable of switching between 6 dBi directional patterns
within a few milliseconds’ latency was demonstrated. The developed light activation approach
allows constructing devices with multiple almost non-interacting degrees of freedom, as a
branched feeding network is not required. The capability of flexible switching between multiple
electromagnetic degrees of freedom opens pathways to new wireless applications, where fast
beam steering and beamforming performances are required.

Keywords: steerable antenna, bipolar transistor switches, bundle conductors,
optoelectronic devices, antenna radiation patterns
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1. Introduction

The ability to control the radiation pattern with high
accuracy allows for establishing efficient point-to-point
communication, where one or more participants can change
their locations during the process. A radar, tracking a moving
target in both azimuth and elevation, is one notable example.
Recently, the automotive industry raised a demand for high-
resolution short-range radar-based imaging systems, where
high-quality fast scanning small aperture antennas are essen-
tial components [1–3]. While LIDARs can be considered a
competitive technology [4, 5], they have a range of disadvant-
ages (e.g. susceptible to weather conditions), and thus cannot
serve as an ultimate replacement. Another realm is 5G commu-
nications, where beamforming with millisecond-scale latency
is the enabling technology to support fast-speed broadband
wireless communication [6, 7]. In all the beforehand men-
tioned applications, antenna devices are subject to engineering
tradeoffs where high scanning speed and low cost are contra-
dictory requirements. There are several traditional approaches
to beam steering [8]. The first one is a mechanical scan, where
a motor controls the angular position of a highly directive
antenna. This technique is frequently used for implementing
marine and airport tracking radars, where scanning speeds are
not the main factor to consider [9, 10]. Another approach to
beam steering is based on antenna-phased arrays. Here mul-
tiple elements are phased-locked and radiate simultaneously.
While this architecture allows achieving fast all-electronic
scanning, the realization of high-quality and directive beams
requires employing tens or even hundreds of phase-shifting
elements. This approach is used e.g. in airborne applications,
where the speed and scan quality requirements predomin-
ate over-involved costs of realizations [11]. Recently, several
approaches, complementary to traditional phased arrays have
been proposed and demonstrated. The ability to tailor and con-
trol the laws of refraction with the help of artificially structured
media (metamaterials [12–15]) opened a range of new capabil-
ities in beam shaping and control. Carefully designed surfaces
(metasurfaces) can provide capabilities to tailor properties
of transmitted and reflected waves [12, 16–20]. While many
metasurface studies concentrate on static configurations (e.g.
[21–23]), introducing fast real-time tunability is the deman-
ded feature. Several realizations of dynamically reconfigur-
able metasurfaces and metasurface-based antennas have been
demonstrated (e.g. [17, 24–28]). The key underlining concept
is typically based on controlling individual resonant elements
within an array with electronics. For example, tunable capa-
citance allows shifting resonant responses of individual ele-
ments, and as a result, either amplitude or phase switchable
screens are achieved [17, 29, 30] (in those realizations, obtain-
ing scanning rates above KHz is barely possible. Also, those
numbers are rarely discussed). While this type of realization
does not rely on expensive phase shifters, it still requires using
numerous (yet simple and cheap) electronic elements, and,
even more critically, a branched set of wires to drive them.
While reflect array configurations allow hiding wires behind
a ground plane [31, 32], electric circuitry can significantly

affect electromagnetic performances in other realizations. For
example, amesh of thinwireswith subwavelength spacingwill
have a predominating undesired electromagnetic response.
A probable solution to this problem has been demonstrated
in the case of volumetric metamaterial-based scatterers [33].
It relies on driving individual meta-atoms with light. Light
and light guiding materials do not interact with cm and mm
waves, which enables the uncoupling of these two phenom-
ena in the design. The interaction happens directly within an
individual antenna element, where optical energy is rectified
within a photoelement to drive electronics. Here we develop
the concept of electro-optically driven beamforming, which
allows fast manipulation over radiation patterns by arranging
arrays of auxiliary optically switchable reflectors and directors
around a radiating element. The optical link allows for obtain-
ing both high switching speeds and modularity, i.e., almost
any radiating element can be granted with scanning capabilit-
ies, as the constraints related to a wired feeding network are
relaxed.

The manuscript is organized as follows—a single optically
switchable dipolar element is introduced first and then it is
integrated into an antenna device. The antenna characterist-
ics are assessed with an emphasis on beam steering proper-
ties. The capability to grant steering capabilities for several
commercial and custom-made antennas with optically switch-
able elements is discussed before the conclusion. A patent,
encompassing the basic concept of this report was filed by us in
2020 [34].

2. Electro-optically driven element

Quite a few designs of directive antennas are based on inter-
ference phenomena between several elements [35, 36]. A rep-
resentative example here is the Yagi-Uda antenna, where a set
of passive elements—reflectors and directors, are responsible
for a narrow beam formation. Each of them introduces a dif-
ferent phase lag, which is tuned by controlling the lengths of
elements within the architecture. While the physical size of a
resonant element cannot be controlled dynamically on a reas-
onably fast timescale, electric length can be governed by intro-
ducing a tunable lumped element. As the first step, we will
demonstrate a design of a wirelessly tunable single element,
which will be subsequently integrated within a beam steering
array. Two states—‘on’ and ‘off’ correspond to either pres-
ence or absence of the illumination. Our basic component is a
half-wavelength element (λ/2), formed by a pair of λ/4-length
wires with a gap in between (figure 1(a)). The driving circuit
consists of two photodiodes (BPW34) and a bipolar transistor
(BFU730F115 NPN-type BJT) as in figure 1(b). Two pho-
toelements are used to elevate the voltage drop to open the
transistor. If the illumination power on the circuit is insuffi-
cient, the element acts as a cut. After passing a threshold, the
diode becomes a short circuit.

Figure 1(c) demonstrates the forward scattering spectra
of the system at its two states. Wire dimensions are length
l = 72 mm and radius r = 0.5 mm. The gap in the middle
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Figure 1. Optically-switchable passive element—photograph
(a) and the schematics (b) of the photo-activated driving circuit
(BJT—bipolar junction transistor, C—collector, B—base, and
E—emitter). (c) Numerical analysis and experimental forward
scattering spectra of the device at light ‘on’ and ‘off’ states. Color
lines—responses of individual elements. Inset—current
distributions along the elements (numerical results).

is 1 mm. Those parameters were tuned to make the device
comply with IEEE 802.11 communication standards (in terms
of radiation bands). It is worth mentioning that the tran-
sistor impedance is also considered for both open and short
operation states. Figure 1(c) demonstrates the capability to
tune the scattering peak from 2.2 GHz to 1.9 and vice versa
upon light illumination. Full-wave numerical analysis, includ-
ing an introduction of lumped elements, was done with CST
Microwave Studio. The surface current distribution on the ele-
ment strongly depends on the light state (insets to figure 1(c)),
demonstrating the switching between dipolar and quadrupolar
operation modes. 0.5 pF of the lumped element C was found
to provide a reliable model for switching for the state ‘off’ and
a solid λ/2 wire—for the state ‘on’. Slight differences between
numerical and experimental data come from nonvanishing

form factors of active elements, which were not considered
in simulations.

A choice of elements for implementing the driving cir-
cuit is worth a discussion. Among possible architectures (i)
varactor + photodiode; (ii) PIN-photodiode and (iii) photo-
transistor or transistor+ photodiode can be considered. While
varactors are commonly used in related designs [16, 17], those
are not the best candidates for the current implementation as
they demand quite high voltage to provide a pF-scale capacit-
ance tunability. 0.7 V for Si and 0.35 V for Ge implement-
ations are required. Phototransistors are typically designed
for low-frequency applications, e.g., fire protection or motion
detection. Therefore, we will investigate a combination of
a low-cost high-frequency BFU730F115 npn-type BJT and
BPW34 photodiodes. The photodiode’s anode is connected to
the transistor’s base and the cathode to the emitter (figure 1(b)).
The collector and emitter of the transistor are the outputs of
the driving circuit and are soldered to the λ/4 wires. This
arrangement allows shifting the scattering resonance to higher
frequencies.

3. Optically steerable antenna

After designing single elements, those will be assembled to
form a larger-scale system, which aims to provide beam steer-
ing capabilities. Six passive director elements were chosen
to form the geometry. This number, being found beneficial
to optimize wire bundle scatterers [36–40], was chosen as a
tradeoff between design simplicity and functionality. While
this configuration fits the demands of a six-sector 4G wireless
network, it can be further tuned per application, i.e. the number
of scanning lobes can be increased, and various 5G commu-
nication protocols can be implemented.

The antenna consists of seven elements overall: one active
(marked with ‘#’) placed exactly at the center and six passives
(1–6) are equidistantly distributed on an imaginary cylindrical
surface (figure 2). A broadband monopole antenna (W1096),
covering the investigated frequency range and providing rather
flat frequency response, was chosen as a feed [41]. This com-
mercial element can be replaced by a custom-made mono-
pole, tuned per frequency. Before assembling the structure,
each of the six passive elements was calibrated to provide an
identical response (as in figure 1(c)). Here both scattering para-
meters and optical activation power are adjusted. Each indi-
vidual element was checked separately by performing a for-
ward scattering experiment. As the element acts as a dipole,
this parameter almost completely characterizes its response.
The manual adjustment was done by cutting the wire’s length.
It is also worth noting that nominals of lumped elements
can vary from item to item. Hence, individual calibration is
required. Figure 1(c) demonstrates the calibration curves, the
average parameters of which were used in antenna modeling.

Without light activation, all six passive elements are
identical and, as a result, the radiation pattern has no directivity
in-plane (end-fire). To break the symmetry, several elements
can be triggered with light. For an initial approximate analysis,
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Figure 2. (a) Schematic layout and (b) photograph of the optically
steerable antenna. On the insets (c) photograph of the top view.
(d) S11 parameters of antennas—standalone monopole, steering
antenna with light ‘on and ‘off’, as in the legends.

the elements can be considered as present for a 2.2 GHz wave
if the light is ‘on’ and absent if there is no direct illumina-
tion on them. For 1.8 GHz the scenario is reversed. As a res-
ult, several elements form a directive pattern. A more accur-
ate analysis suggests considering the impact of non-resonant
inactivated elements. This was done numerically, and the sys-
tem parameters were additionally optimized. The optimiza-
tion is applied to maximize the directivity and gain of the
antenna, constraining its overall size [42]. While directiv-
ity in a Yagi-Uda antenna relies on interference phenomena
between several directors and reflectors, the proposed realiz-
ation involves multipolar interaction and near-field coupling
between elements [37–39]. The radius of the imaginary cyl-
indrical surface (considering the cylinder radius R = 20 mm),
containing optically switchable passive elements, was chosen
to be 41 mm≈ 0.26λ. The 1.8 and 2.2 GHz were chosen quite
arbitrarily within the wireless band and can be tuned per a spe-
cific application.

Figure 3 summarizes the patterns, obtained both numeric-
ally and experimentally at an anechoic chamber. ‘1’ and ‘0’ in
the figure captions indicate whether the element was illumin-
ated or not, respectively. Antenna matching conditions (S11
parameters) appear in figure 2(d). While the initial design was
made for a single-element activation (figures 3(a)–(d)), dif-
ferent combinations can be considered as well. Theoretically,
the system has 2N independent degrees of freedom, where
N is the number of elements. Potentially, 2N antenna pat-
terns can be achieved, nevertheless, not all of them can be
considered practically relevant. Several reports have demon-
strated N patterns with N tunable elements [32, 43, 44]. While
our structure was not designed to maximize the number of
patterns, we found that activating pairs of adjacent elements
leads to the formation of directional beams, shifted by 30◦

with respect to the single-element case (figures 3(e)–(h)). As
a result, we have demonstrated 12 directional beams, i.e. 2N
useful patterns. Furthermore, the device shows a dual-band

Figure 3. Radiation patterns—numerical and experimental results.
Single (a)–(d) and double-element (e)–(h) illumination at the
frequencies 1.8 (director case) and 2.2 GHz (reflector case).
Antenna 3D radiation patterns (numerical results) are in left insets.

performance—both 1.8 and 2.2 GHz with a 10% fractional
bandwidth. Activating other combinations of elements did not
lead to the formation of patterns with reasonable directivity.

The directivity (D) and gain (G) of the antenna will be char-
acterized next. As the pattern is formed primarily in-plane,
the following relation will be used to process the experimental
data [35]:

D(φ,θ = const) =
Pmax

1
2π

´ 2π
0 P(φ)dφ

, (1)

where Pmax is the maximal radiated power of the antenna. The
assessment is made for a constant elevation angle (θ= 90◦, the
z-axis is along the wires) and for the entire 2π of the azimuth
φ. The realized gain GTx is extracted by comparing the device
with an etalon antenna (IDPH-2018S/N-0807202 horn) with a
known gain GRx. Equation (2) is used for the analysis [35]:
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Table 1. The directivity D and differential gain Gdiff.

f, GHz

Numerical Experimental

2D 3D 2D

Single-element
illumination

D, dBi 1.8 2.68 5.21 3.31
2.2 2.48 5.17 4.11

Gdiff, dBi 1.8 2.06 2.65
2.2 5.68 5.56

Two-element
illumination

D, dBi 1.8 3.36 6.01 3.37
2.2 6.17 9.27 3.85

Gdiff, dBi 1.8 2.49 2.2
2.2 7.25 4.62

GTx =

(
4πa
λ

)2PRx
PTx

1
GRx

, (2)

where ‘a’ is the distance between the apertures of the transmit
Tx and the receiveRx antennas,λ is the operational wavelength
and PRx/PTx = |S21|2 is the power transmission coefficient.

To assess the switching parameter, we calculated the differ-
ential gain values between the ‘on’ and ‘off’ states (Gon and
Goff), as follows:

Gdiff = Gon −Goff. (3)

The results are summarized in table 1. The numerical res-
ults on directivity are presented for the 2D (φ,θ = 90◦) and
3D (φ,θ) cases, while the experiments are shown only for
the 2D case. One can see the difference between the dir-
ectivity of numerical and experimental values, especially at
2.2 GHz. The results can be assessed by comparing patterns
in figure 3. The most pronounced difference was found for
the data on panels (c) and (d). A significant back lobe, being
predicted numerically (imperfect optimization), was not found
in the measurements. The opposite behavior was found for
the two-element illumination at 2.2 GHz—here back lobes
were found in the experiment, while the numerical predic-
tion suggests rather minor back radiation. The reason for
this can be several-fold: (i) imperfection in elements, affect-
ing the interference phenomena, and (ii) a parasitic illu-
mination due to the ambient illumination and the pollution
from nearby light sources—the driving LED (as will be dis-
cussed hereinafter). Nevertheless, the back lobe suppression
effect is not dramatic. (iii) Nevertheless, the feeding mono-
pole connector has an orientation, perpendicular to the antenna
axis, it breaks the symmetry between different radiation pat-
terns (e.g. yellow, and purple lines in figure 3). Also, note,
that the differential gain can be larger than the directiv-
ity, as it considers the difference between two states of the
system.

It is worth mentioning that the system cannot perform
an independent simultaneous beam steering at two dif-
ferent frequency bands, as the same photodiodes are in
use.

Free-space illumination of photodiodes requires extra con-
sideration. The first factor is ambient radiation, which can

Figure 4. (a) Schematics of the setup for measuring the switching
rate. (b) Zoomed IF signal on the scope. (c) Post-processed
signal—period T = 1 ms (50% duty cycle for τ = 0.5 ms), rise tr,
and fall tf time.

accidentally bring the system to a threshold. For an assess-
ment, we compared chamber conditions with an office space
and outdoors (direct summer sunlight). In the last two cases,
a light concealment arrangement is required to maintain the
correct operation of the device. The second factor is undesired
light from a nearby illuminated element. The distance between
the LED and the photodiode is 1 cm (inset to figure 4(a)), thus
the light leakage was found to play no role—table 2 summar-
izes the claim. In both cases, the voltage on the diode was
measured and compared with the 0.7 V threshold. It is worth
noting that introducing integrated optics arrangements (e.g.
waveguiding devices or lasers) can solve issues of undesired
overexposure to light.

One of the main advantages of the proposed design is its
potentially fast switching rates. The 5G standards demand
latencies as small as a millisecond. It implies having capab-
ilities of kHz beam steering rates. To assess this parameter,
the following setup has been constructed—a signal from a
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Table 2. Voltage drop on illuminated diodes.

Distance (cm)
Voltage on

illuminated diode (V)
Voltage on

adjusting diode (V)

1 0.82 0.58
1.5 0.8 0.59
2 0.775 0.59
2.5 0.72 0.58
3 0.7 0.575
3.5 0.68 0.57
4 0.66 0.56

high-frequency generator (N5173B EXGX-SeriesMicrowave
Analog Signal Generator) is split via ZX10-2-852-S+ Splitter
into two channels: the first feeds the active element of
the antenna and the second provides the synchronization
signal and feeds the local oscillator (LO) input of a mixer
ZX05-C24-S+ at the receiver (figure 4(a)). The LF pulse
sequences generator (81 160A Pulse Function Arbitrary Noise
Generator) feeds a LED SMD5630, which is located close to
the antenna photodiodes and performs the on/off-switching
with a period T = 1 ms. 50% duty cycle (τ ) was chosen.
The receiver includes an Rx antenna, feeding the RF input of
the mixer. The output, after a low-pass filter BLP-100-75+,
is displaced on a scope. The digitalized scope’s output allows
investigation switching properties of the device (antenna under
test—AUT). The results show that f 0 = 1/T at 1 kHz can be
obtained (figure 4(b)). To determine rise (tr) and fall (tf) times,
the received signal was smoothed and fitted with a sine series
(figure 4(c)). The extracted rise and fall times for the system
are ∼0.1 ms.

4. Beam steering with other antennas

To demonstrate the flexibility of the proposed method, three
different antennas have been considered, namely the com-
mercial monopole from the previous studies, a symmetric
dipole antenna, and a monopole above a ground plane (pan-
els (a), (c), and (e) in figure 5, respectively). Each of those
has an omnidirectional pattern in-plane. Two switching ele-
ments have been used to demonstrate the concept. As the struc-
tures have reflection symmetry, only one directional pattern
per frequency was demonstrated. Yellow and green lines cor-
respond to 2.2 and 1.8 GHz, respectively. Illuminating one side
of the structure leads to the creation of directional patterns,
which are oppositely oriented for both of those frequencies.
Switching between the illumination sides will cause a flip in
the patterns. The commercial monopole antenna has slightly
better performance. The dipole demonstrates a less directive
pattern at 1.8 GHz owing to the frequency-dependent balun.
This aspect does not affect the monopole configuration, which
also demonstrates good switching capabilities. It is also worth
briefly noting that the operational bandwidth of the demon-
strated elements is ∼200 MHz, which is 10% of the carrier
frequency, complying with the wireless communication
needs.

Figure 5. The concept of granting a radiating element with beam
steering capabilities. (a), (c), and (e)—Photographs of antenna
devices. (b), (d), and (f)—Experimentally obtained (in-plane)
radiation patterns. Switching between 2 sectors has been considered.

5. Conclusion

A scanning antenna with optical control is demonstrated
experimentally. The device consists of six passive resonat-
ors, arranged around the feed. Electromagnetic properties of
passive elements, serving as either directors or reflectors, are
tuned with light. The driving circuit, containing photodiodes
and a bipolar transistor, is activated remotely with light. This
approach allows tuning electromagnetic properties of the sys-
tem without a need for a branched network of metal wires.
The demonstrated design provides steering capabilities of dir-
ectional beams with∼5–6 dBi (3D simulations) and∼3–4 dBi
(2D experiment) of the directivity and ∼2–7 dBi (3D simula-
tions) and ∼2–5 dBi (2D experiment) of the differential gain
with a switching rate around at kHz rate. The demonstrated
antenna belongs to the class of compact (2 r/λ ≈ 0.5–0.6,
where r is the radius of an imaginary sphere that surrounds
the whole antenna [42, 45]) low-cost devices (the active ele-
ment + six passive elements with driving circuits as well as
LED and pulse signal circuit cost around 22$). Furthermore, it
was shown to provide dual-band operation at frequencies, rel-
evant to wireless communications. Further optimization of the
electromagnetic design and introduction of fast elements (tran-
sistors and fast photodiodes) can elevate the switching rates
towards MHz and higher opening pathways to new applica-
tions, where fast beam steering and beamforming perform-
ances are required (e.g. radars and 5G). Frequency bands in
5G protocols are quite broad and utilized per application,
though the capability of fast beam control remains essential.
It is worth noting that a volumetric arrangement of switch-
able elements can allow for scanning in elevation on pathways
for obtaining capabilities of scanning the entire 4π sphere.
Considering radar applications, where degree level and lower
angular resolutions are required, will demand using a larger
number of elements (e.g. arrays, encompassing 10 s and hun-
dreds of elements). In this case, reducing the number of con-
trol wires, and replacing them with an optical link, can be
beneficial.
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The light activation approach allows constructing devices
with multiple almost non-interacting degrees of freedom, as
a branched feeding network is not required and, in principle,
almost any radiating element can be granted with beam steer-
ing capabilities. This approach is rather generic and can be
replicated to NIR, THz, or any spectral range, constrained by
technological availability.
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