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Abstract

Advanced two-dimensional (2D) beam steering is essential for unlocking the full potential of terahertz
(THz) systems in future 6G communications and high-resolution imaging. However, achieving wide-
angle, high-speed, and high-precision 2D beam control within a compact THz platform remains a
significant challenge. In this work, we experimentally demonstrate an optoelectronic 2× 2 THz antenna
array that enables flexible 2D beam steering, beam hopping, and beam scanning around the 300 GHz
band. This work employs a 2× 2 microstrip patch antenna (MPA) array directly driven by InGaAs/InP
UTC-PDs on a silicon carbide (SiC) substrate. The relative phases of the four radiating elements are
precisely programmed using an optical phased array (OPA), which provides fully decoupled and
low-latency phase control in the optical domain. Experimentally, we demonstrate 2D beam steering
and 2D beam hopping among three representative directions at a polar angle of 25◦ and azimuth
angles of 60◦, 180◦, and 300◦. Furthermore, continuous 2D beam scanning at a fixed polar angle of 25◦

is achieved, enabling a full 360◦ azimuth sweep within 0.43 s while maintaining high beam quality.
These results confirm that the proposed UTC-PD based 2 × 2 MPA array provides a practical and
robust approach for 2D THz beam manipulation, and offers strong potential for future 6G wireless
links and THz imaging applications.

Keywords: terahertz; 2D beam steering; antenna array; phased array; 6G communications

1. Introduction
Terahertz (THz) waves in the 0.1–10 THz band have emerged as key enablers for beyond-5G/6G

wireless systems thanks to their extremely wide available bandwidth and the possibility of realiz-
ing highly directive yet compact antennas [1,2]. Extensive reviews have surveyed the progress and
challenges of THz wireless communications, channel characteristics, and enabling device technolo-
gies [3–5]. In parallel, a variety of high-speed THz wireless links, including optoelectronic systems,
have been experimentally demonstrated with data rates from several gigabits per second up to beyond
100 Gbit/s [6–8]. Around 300 GHz in particular, the wavelength is on the order of 1 mm, which enables
electrically small transmitters while still supporting multi-gigabit to terabit-per-second links over short
distances. At the same time, THz technology has matured to the point where it now underpins not only
high-throughput communications but also spectroscopic imaging, non-destructive evaluation, and
high-resolution radars [9]. Propagation in this band, however, is strongly impacted by atmospheric
gaseous absorption and requires high-gain links with dynamically steerable beams [10–12].

Recent tutorials and reviews classify THz beam-steering techniques into several main categories,
including phased arrays, quasi-optical/lens-based architectures, and frequency-dispersive leaky-wave
and metasurface approaches [11–14]. Among these, phased-array antennas (PAAs) offer the most
flexible control of beam direction and shape. In principle, arbitrary two-dimensional (2D) beam
steering can be achieved by independently programming the phase of each element, and array theory
developed at microwave frequencies is directly applicable once suitable THz hardware is available [15].
At THz frequencies, both fully electronic and hybrid electronic–photonic implementations have been
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demonstrated, including an integrated transmitter that combine on-chip antennas, phase-control net-
works, and frequency-generation circuitry [13]. In the photonic domain, microwave photonics provides
ultra-wide instantaneous bandwidths, low RF loss, and the ability to shift beamforming/phase control
to the optical layer [16]. For example, Che et al. demonstrated optoelectronic-phased-array-driven
THz power combination and beam steering at 300 GHz [17] and 450 GHz [18]; Li et al. reported
photonic-assisted, frequency-independent beam steering suitable for wideband THz links [19], and
real-time optoelectronic THz beam tracking via phase optimization [20]. These works collectively
highlight the promise of photonic-assisted PAAs for agile THz communications and sensing.

Leaky-wave antennas (LWAs) and related frequency-scanning structures represent another pow-
erful class of THz beam-steering devices, where a traveling wave with controlled phase velocity
leaks radiation continuously along the structure and the main beam angle follows the dispersion
relation [11,12]. Representative demonstrations include a low-profile THz radar with broadband
leaky-wave steering [21], a planar 2D frequency-scanning array with improved efficiency [22], and
wide-angle beam coverage around 300 GHz has also been demonstrated using trajectory-deflection
methods, including dielectric-free Luneburg lenses and leaky-mode structures [23,24]. However,
because the steering mechanism is inherently tied to frequency, wideband communication signals
inevitably suffer beam-squint unless compensated [25], and very wide frequency sweeps may be
incompatible with regulatory or system constraints.

Quasi-optical beamforming based on dielectric or gradient-index lenses provides an alternative
route to high-gain steering with low loss and broad bandwidth, and naturally offers frequency-
independent focusing with a fixed feed [23]. 2D steering with lenses, however, typically requires
two-axis translation/rotation or cascaded elements, increasing mechanical complexity, footprint, and
cost, while lacking the fine, high-speed electronic control available in PAAs.

These challenges motivate a compact, optoelectronic 2D phased-array transmitter that avoid
frequency scanning and bulky mechanics, and leverage low-loss optical distribution with phase
programmability.

In this work, we propose and experimentally demonstrate such an optoelectronic 2D beam-
steering approach based on an integrated 2×2 THz antenna array with UTC-PDs operating in the
300-GHz band. The THz transmitter comprises a 2 × 2 microstrip patch antenna (MPA) array directly
fed by InGaAs/InP uni-traveling-carrier photodiodes (UTC-PDs) integrated on a silicon carbide (SiC)
substrate, a mature platform for THz generation [26–29]. An optical phased array (OPA) controls the
excitation phase of each MPA element using thermo-optic phase shifters on a low-loss optical chip
to set each phase independently and continuously [30,31]. Using this 2 × 2 array, we experimentally
demonstrate flexible 2D beam manipulation towards target directions defined by the polar angle θs and
azimuthal angle ϕs. Specifically, we achieved 2D beam hopping among three representative directions
at a fixed polar angle of θs = 25◦ (with azimuthal angles ϕs = 60◦, 180◦, 300◦) and realized continuous
2D beam scanning along a constant-polar circle. By dynamically updating the OPA phases, a full 360◦

azimuth sweep at θs = 25◦ was completed within 0.43 s while maintaining high beam quality. These
results confirm that a compact UTC-PD-based 2 × 2 array with OPA-driven phase control provides
a practical solution for flexible 2D THz beam steering, hopping, and scanning around 300 GHz, and
offers a promising pathway toward 6G-class wireless links, imaging, and sensing.

2. Principle and System Design
2.1. Concept

We consider a uniform 2×2 MPA array located in the x–y plane at z = 0, as illustrated in Figure 1.
The four radiating MPAs are indexed by (m, n), where m, n ∈ {0, 1}. They are arranged in a uniform
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rectangular grid with inter-MPA spacings dx and dy along the x and y directions, respectively. The
position vector of the (m, n)-th MPA is

rm,n =

mdx

ndy

0

. (1)

For a far-field observation direction specified by polar θ (from the z-axis) and azimuth ϕ (from the
x-axis in the x–y plane), the corresponding wave vector is

k(θ, ϕ) = k

sin θ cos ϕ

sin θ sin ϕ

cos θ

, k =
2π

λ
. (2)

Let the complex excitation of the (m, n)-th MPA be

Im,n = I0ejψm,n , (3)

where I0 denotes the uniform excitation amplitude across all MPA elements, and ψm,n is the controllable
phase provided by the OPA through the corresponding UTC-PD. The array factor (AF) of the 2×2
array is then written as

AF(θ, ϕ) =
1

∑
m=0

1

∑
n=0

ejψm,n · ejk(θ,ϕ)·rm,n

=
1

∑
m=0

1

∑
n=0

exp
{

j
[
ψm,n + kdxm sin θ cos ϕ + kdyn sin θ sin ϕ

]}
.

(4)

To realize uniform 2D beam steering, we impose linear phase progressions along x and y,

ψm,n = m ψx + n ψy + ψ0, (5)

where ψx and ψy are the phase steps between adjacent MPAs along the x and y axes, and ψ0 is a
common phase term. Substituting this into Equation (4) yields

AF(θ, ϕ) = ejψ0
1

∑
m=0

1

∑
n=0

exp
{

j
[
m
(
ψx + kdx sin θ cos ϕ

)
+ n

(
ψy + kdy sin θ sin ϕ

)]}
. (6)

The main beam is steered towards a target direction (θs, ϕs) when the progressive phases cancel the
phase terms associated with that direction, i.e.,

ψx = −kdx sin θs cos ϕs, ψy = −kdy sin θs sin ϕs. (7)

Under this condition, the phase of every term in the summation of Equation (6) become in-phase at
(θ, ϕ) = (θs, ϕs), so that |AF(θs, ϕs)| is maximized and the main lobe points to the desired 2D angle.
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Figure 1. Concept of the proposed optoelectronic 2×2 MPA array enabling 2D beam steering in polar θ and
azimuth ϕ.

2.2. THz Antenna Array Integrated with UTC-PDs

Figure 2 presents a monolithically integrated THz emitter operating in the 300 GHz band, com-
posed of a 2×2 MPA array directly fed by four InGaAs/InP UTC-PDs on a SiC substrate. As shown in
Figure 2(a), each MPA employs an inset-fed rectangular geometry optimized for impedance matching
of microstrip line (MSL) at 300 GHz. The individual patch dimensions are 146 µm in length and
213 µm in width, while the horizontal and vertical spacings between array elements are 500 µm and
400 µm, respectively. These parameters are optimized to achieve high radiation efficiency and low
side-lobe levels within the 300 GHz band. Each MPA is directly connected to a UTC-PD via a 50 Ω
feeding MSL, enabling efficient optical-to-THz signal conversion and radiation. Figure 2(b) presents
the cross-sectional configuration of the integrated UTC-PDs. The SiC substrate has a thickness of
32 µm, and a 40 µm-diameter aperture is opened in the ground plane to enable backside optical
coupling into the UTC-PD absorption region. The spacing between adjacent UTC-PDs is 500 µm,
optimized for micro-lens array (MLA) coupling to achieve precise optical alignment and focusing.
In addition, integrated low-pass filters (LPFs) based on MSL are included to provide reverse DC
bias to the UTC-PDs while effectively suppressing RF leakage toward the bias circuitry. Owing to
the constraint of backside optical coupling with a MLA, the four UTC-PDs are arranged in a linear
array along one side of the 2×2 MPA aperture rather than in a symmetric 2×2 configuration. As a
result, each UTC-PD is connected to its corresponding MPA through a microstrip feed line of different
electrical length.

In a purely electronic phased array, such asymmetric feeds would introduce fixed phase errors
that must be equalized at the RF layout level. In the proposed optoelectronic architecture, these
deterministic phase offsets are instead treated as part of the steering law and are compensated in
the optical domain by appropriate OPA phase settings, thereby relaxing the requirement for strictly
identical RF feed lines on the THz chip.

The operating principle of the UTC-PD is based on optical heterodyne mixing. When two
coherent optical tones with a frequency difference ∆ f are simultaneously incident on the photodiode,
the resulting optical intensity includes a beat component at ∆ f , generating an AC photocurrent at the
corresponding THz frequency. Unlike conventional p-i-n photodiodes, the UTC-PD employs a carrier
transport mechanism dominated solely by electrons. Photogenerated holes are quickly relaxed in the
thin absorption layer, while only electrons travel through the high-field collector region toward the
cathode. This uni-traveling-carrier transport greatly reduces transit time and parasitic capacitance,
achieving bandwidths exceeding 300 GHz. In this work, the epitaxy layers of the InGaAs/InP UTC-PD
are grown on a native InP wafer, which is then bonded to a SiC substrate through a flip wafer bonding
process [32,33]. The adoption of SiC is primarily motivated by its high thermal conductivity (350
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W/m·K) [34], which greatly enhances heat dissipation and improves both the saturation photocurrent
and output power. Compared to conventional InP-substrate UTC-PDs, the SiC-bonded configuration
demonstrated a significant increase in maximum photocurrent. This monolithic SiC-substrate-based
UTC-PD architecture achieves high thermal robustness and enhanced radiated THz power.

Figure 2. (a) Top view and (b) cross-sectional view along A–A′ of the developed THz chip, where a 2 × 2 MPA
array is directly fed by four UTC-PDs on a SiC substrate.

2.3. Optical Phased Array

As derived in Equation (7), 2D beam steering of the 2×2 array requires a pair of progressive
phases (ψx, ψy) across the MPAs. In the proposed transmitter these phases are generated in the optical
domain by an OPA, as schematically shown in Figure 3. The OPA is implemented as a silica-based
planar lightwave circuit comprising a 1×4 splitter, optical phase shifters (OPSs), and couplers. Two
continuous-wave optical carriers at wavelength λc are distributed to the four branches; in each branch,
only one of the carriers passes through an OPS, whereas the other is left non-shifted. Because the
THz wave is generated by optical heterodyning in each UTC-PD, the RF phase of the generated THz
signal directly follows the phase of the OPS-controlled lightwave. Each OPS operates based on the
thermo-optic effect. The phase shift induced by an OPS driven with a heater can be expressed as

∆ϕOPS =
2π

λc
L∆n =

2π

λc
L
(

dn
dT

)
∆T, (8)

where L is the optical path length in the heated section, n is the refractive index of silica, dn/dT
is its thermo-optic coefficient, and ∆T is the temperature increase caused by the heater. The heater
power is given by P = V2/R, where V and R denote the driving voltage and resistance of the heater,
respectively. The temperature rise is approximately proportional to the power, i.e.,

∆T ∝
V2

R
. (9)

Substituting this relation into Equation (8) yields

∆ϕOPS ∝
2π

λc
L
(

dn
dT

)
V2

R
, (10)

showing that the optical phase shift of each OPS can be continuously tuned by the applied voltage V.
For the (m, n)-th OPA branch, the total optical phase ϕm,n is the sum of the intrinsic phase ϕinit (at

V = 0) and the thermo-optic phase shift ∆ϕOPS,m,n:

ϕm,n = ϕinit + ∆ϕOPS,m,n. (11)
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Consequently, the generated THz excitation phase ψm,n at the MPA is expressed as

ψm,n = ψoffset + ∆ϕOPS,m,n, (12)

where ψoffset represents the common phase offset determined by the path lengths and the initial phases
of the two input optical carriers.

By adjusting the heater voltages such that

∆ϕOPS,m,n = m ψx + n ψy, (13)

where ψx and ψy follow the definition in Equation (7), the OPA realizes the linear phase profile required
for 2D beam steering, hopping, and scanning at 300 GHz.

Figure 3. (a) Schematic and (b) photograph of the silica-based OPA with thermo-optic phase shifters.

3. Experimental Setup
The experimental setup used to verify 2D beam steering of the proposed 2×2 array is illustrated in

Figure 4. Two laser diodes (LD1 and LD2) are tuned to optical frequencies of 193.1 THz and 193.4 THz,
respectively, providing a 300 GHz heterodyne beat. The lightwave from LD1 is intensity-modulated at
1 MHz by an electro–optic modulator (EOM), and both optical carriers are amplified by erbium-doped
fiber amplifiers (EDFAs) before being injected into a silica-based OPA. In the OPA, each carrier is split
into four branches; in every branch, the LD1 path passes through a thermo-optic phase shifter driven
by a heater voltage V1–V4, whereas the LD2 path remains unmodulated in phase. After recombination,
four two-tone optical signals are emitted from a MLA and focused onto four InGaAs/InP UTC-PDs
monolithically integrated with the 2×2 MPA array, generating 300 GHz currents that are radiated as
THz waves. The radiated field is received by a Fermi-level managed barrier diode (FMBD) [35–37]
mounted on a rotation stage equipped with an angle sensor. For experiments requiring 2D pattern
measurements, the receiver was moved in discrete steps. Specifically, to map the azimuthal field, the
receiver was placed at 30-degree intervals from 0◦ to 330◦. The FMBD converts the incident THz power
into a voltage, and a lock-in amplifier (LIA) extracts the 1 MHz component corresponding to the EOM-
tagged THz amplitude. The resulting received signal strength (RSS) is recorded by a microcontroller
unit (MCU), which also provides phase control by updating the heater voltages V1–V4 according to the
phase relations derived in Section 2.3. This configuration enables fully computer-controlled 2D beam
steering, beam hopping, and scanning with the proposed optoelectronic 2×2 MPA array.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 November 2025 doi:10.20944/preprints202511.1818.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.1818.v1
http://creativecommons.org/licenses/by/4.0/


7 of 12

Figure 4. Experimental setup for demonstrating 2D THz beam steering with the proposed optoelectronic 2×2
MPA array.

4. Results and Discussion
4.1. 2D Beam Steering

Figure 5 shows the measured 2D radiation intensity distributions of the four MPAs in the proposed
2×2 array. In each measurement, only one MPA is driven while the other three are kept off, and the
radiated field is recorded over θ = 0◦–40◦. The azimuthal field (ϕ) was sampled at 30◦ intervals from
0◦ to 360◦. All four MPAs exhibit broad radiation patterns that cover the entire measurement range.
Despite minor variations in their shapes, their intensities and overall distributions are comparable. This
confirms that the array provides relatively uniform radiation and can be regarded as an approximately
uniform 2D aperture within the intended field of view.

Figure 5. Measured normalized 2D radiation patterns of the four THz MPAs: (a)–(d) correspond to MPA {0,0}–{1,1}.

Figure 6 shows the measured 2D beam patterns of the proposed 2×2 array when the excitation
phases are programmed for different steering angles. The three panels correspond to target beam
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directions of (θs, ϕs) = (25◦, 60◦), (25◦, 180◦), and (25◦, 300◦), respectively. Quantitative analysis of the
measured results shows that the THz gains at these specific target locations are 10.8 dB, 10.0 dB, and
11.8 dB. In each panel, the color map represents the calculated THz gains normalized to MPA pattern,
while the white contour indicates the measured RSS at a fixed level. The good agreement between the
main-lobe positions of the calculated and measured patterns confirms that the OPA-controlled phases
successfully steer the THz beam to the desired 2D directions.

Figure 6. Measured 2D beam patterns of the proposed 2×2 THz array for different steering angles. (a)–(c)
correspond to target beam directions of (θs, ϕs) = (25◦, 60◦), (25◦, 180◦), and (25◦, 300◦), respectively.

4.2. 2D Beam Hopping

Figure 7 shows the time-domain THz gains in dB during beam hopping among three 2D directions
(θ, ϕ) = (25◦, 180◦), (25◦, 300◦), and (25◦, 60◦). The horizontal dashed line indicates a THz gain level
of 9 dB, which is used as a reference for the on-state of each beam. When a given direction is selected
by the OPA, the corresponding THz gain trace stays consistently above 9 dB over the entire dwell
interval, whereas the THz gains at the other two directions drop to lower values. From the statistical
analysis, the mean on-state THz gains at (25◦, 180◦), (25◦, 300◦), and (25◦, 60◦) are 10.02 dB, 11.14 dB,
and 10.55 dB, respectively, with standard deviations of 0.03 dB, 0.25 dB, and 0.14 dB, demonstrating
highly stable beam amplitudes with negligible fluctuation. The total acquisition window of 1.9 s
contains three complete hopping cycles, corresponding to a cycle frequency of approximately 1.6 Hz,
and the observed transitions between adjacent beams are completed within less than one sampling
interval (about 10 ms), indicating that the effective beam-switching time is below 10 ms.

Figure 7. Measured THz gain as a function of time during beam hopping among three 2D target directions (θs, ϕs).
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4.3. 2D Beam Scanning

Figure 8 illustrates the dynamic 2D beam scanning capability of the proposed 2×2 array. In this
experiment, the OPA phases are continuously updated to steer the main beam along a constant-polar
circle at a commanded polar angle of θs = 25◦, while the azimuth angle ϕs is swept over 0◦–360◦ within
approximately 0.43 s. To quantify the beam stability during scanning, we evaluated the THz gain at
the receiver position at θ = 25◦, and at the azimuth index closest to the commanded beam direction
at each time step. Over one full 360◦ rotation (corresponding to an average scan rate of 2.32 Hz), the
THz gain at the commanded direction has an average value of 9.67 dB with a standard deviation of
1.93 dB and varies between 5.24 dB and 12.22 dB. The fraction of samples with THz gain ≥ 9 dB is
66.7%, indicating that the beam intensity in the commanded direction is maintained above 9 dB for
most of the scan. These results demonstrate that the proposed system can perform fast scanning at
around 2.3 Hz while preserving a well-defined main lobe and reasonably stable gain over the full 360◦

field of view.

Figure 8. Time-resolved 2D beam patterns during scanning with the proposed optoelectronic 2×2 MPA array.
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5. Conclusion
In this paper, we have proposed and experimentally demonstrated an optoelectronic 2D THz

phased-array transmitter. The transmitter is composed of four InGaAs/InP UTC-PDs that directly feed
a 2 × 2 MPA array on a low-loss SiC substrate, while the excitation phases of all MPAs are generated
and controlled in the optical domain by a silica-based OPA. We established the relationship between the
OPA-controlled phase steps and the desired 2D steering angles, providing a clear design framework for
phase programming in polar and azimuth. Measurements of each single MPA confirmed that all four
MPAs share similar 2D radiation patterns, allowing the array to act as a nearly uniform aperture. By
programming the OPA phases, we demonstrated 2D beam steering and 2D beam hopping among three
representative directions at a polar angle of 25◦ with azimuth angles of 60◦, 180◦, and 300◦, in good
agreement with the calculated array factors. Furthermore, 2D beam scanning along a constant-polar
circle at θs = 25◦ was realized, achieving a full 360◦ azimuth sweep within 0.43 s while maintaining a
well-defined main lobe and stable peak gain.

These results validate that the proposed 2×2 MPA array provides a compact and flexible platform
for 2D THz beam manipulation at 300 GHz. The combination of direct UTC-PD feeding, SiC-based
patch antennas, and OPA-enabled phase generation offers a scalable route toward larger arrays, wider
steering ranges, and faster beam reconfiguration. Future work will focus on increasing the number
of MPAs, integrating higher-speed phase shifters, and demonstrating high-capacity THz wireless
links and imaging systems that leverage the demonstrated 2D beam steering, hopping, and scanning
capabilities.
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