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Abstract: For wireless networks beyond 5G, directivity and reconfigurability of antennas are
highly relevant. Therefore, we propose a linear antenna array based on photodiodes operating at
300 GHz, and an optical phased array based on polymer waveguides to orchestrate the antennas.
Due to its low thermal conductivity and high thermo-optical coefficient, the polymer chip
enables highly efficient and crosstalk-free phase shifting. With these, we demonstrate purely
photonic-controlled beam steering across 20°. Compared to a single emitter, the 3-dB beam
width is reduced by 8.5° to 22.5° and the output power is >10 dB higher. Employing Snell’s law
for coupling into air, we can precisely predict the radiation patterns.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Continuous-wave terahertz technology based on optoelectronic conversion is well-established as
a spectroscopic tool due to its large bandwidth ranging from below 100 GHz up to 4.5 THz and a
resolution below 7 MHz [1–3]. This approach also enables measurement rates up to 200 spectra
per second [4]. Beyond science labs, these systems are also suitable for sensing applications in
industrial environments, such as non-destructive testing [4,5]. Due to the increasing demand
for higher data rates and bandwidth in wireless communications, carrier frequencies in the
(sub-)terahertz range are already standardized for 5G and beyond 5G (B5G) [6]. Because
of atmospheric absorption, many research activities aim for wireless links around 300 GHz
[7–10]. At such high carrier frequencies, channel bandwidths above 50 GHz are feasible for
radio communications [6,9,11]. Photonic generation of terahertz waves is directly compatible
with optical fiber communication technology allowing to create such high-bandwidth channels.
In addition, the photonic approach benefits from mature devices developed for optical fiber
communications: high-speed photodiodes to convert an optical beat signal into an electrical
signal in the terahertz range, lasers generating the optical beat signal, and modulators to imprint
the data onto the signal in the optical domain. Using photonic technology, high-capacity wireless
links have already been demonstrated [12–22].

In previous studies, we investigated the radiation pattern of antenna-integrated PIN photodiode
modules, and their capability as transmitters in 300 GHz links [16,18,23,24]. However, single
element photonic emitters suffer from two fundamental limitations: the emitted power is limited
due to saturation of the photodiode, and the antenna directivity is limited due to the finite
effective aperture of the planar antenna. For communication applications, this results in limited
signal-to-noise ratio at the receiver, i.e., limited data rate and limited link distance. Antenna arrays
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are an established approach to overcome these limitations. In addition, antenna arrays enable
beam steering, i.e., changing the beam angle without mechanical movement of the transmitter,
only by setting the phase of the single antenna elements [25,26]. In order to achieve all these
improvements compared to a single element antenna, the distance between the antennas of
the array needs to be less than the radiated wavelength λ. Thus, photonic integration is the
key enabler for such phased arrays at terahertz frequencies. Photodiode-based antenna arrays
have been demonstrated to be suitable for terahertz beam steering [27,28]. To avoid free-space
optical delay lines, integrated optical phased arrays (OPAs) based on silica waveguides have been
demonstrated to control such an antenna array [29].

In this work, we present a phased antenna array with broadband bowtie antennas, which
are suitable to cover multiple frequency bands from millimeter waves to terahertz frequencies.
We employ photonic integration techniques to combine four PIN photodiodes with integrated
antennas on a single indium phosphide (InP) chip. On-chip optical amplifiers are integrated to
reduce the required optical input power. In addition, we developed an optical phased array based
on HHI’s polymer-based hybrid integration platform PolyBoard. This is the first demonstration
of a polymer-based OPA. The polymer material offers a high thermo-optical coefficient and low
thermal conductivity, which allows crosstalk-free phase control. Optical interfaces are designed
for coupling to InP waveguides and optical fibers, which enables pigtailed or hybrid integrated
devices. Employing the OPA in combination with the antenna array as a 300 GHz emitter,
the 3-dB beam width is reduced by 27% from 31° to 22.5° and we demonstrate 1-dimensional
beam steering across 20°. In contrast to previous published work, waveguide technology of
the InP and polymer platform are compatible [27–29]. Thus, the OPA array and antenna array
can potentially be assembled into a hybrid photonic integrated circuit for broadband terahertz
generation including beam steering [30,31].

2. Design of a phased terahertz antenna

In order to direct the radiated signal of the emitter to the receiver in the application scenario for
communication or sensing, the beam angle of the terahertz transmitter needs to be adjustable. In
the case of coherent radiation through an antenna array, this can be achieved by a phase difference
of the individual antennas, i.e., a phased array.

For a phased antenna array, the beam angle θ° is defined as the angle between the center of
the main lobe and the axis of the array elements [25,32]. For the theoretical prediction of the
beam angle θ°, the following parameters of the phased array need to be specified: the spacing
of the individual antenna elements d, the phase difference of the individual antennas β and the
wavelength λ of the carrier frequency. The relationship between steering angle and properties of
the array is then given by [25]

cos(θ0) = −
λ

2π
·
β

d
. (1)

2.1. Array factor

The array factor (AF) is the radiation pattern of an antenna array (AA) under the assumption that
each single antenna element (AE) of the array radiates isotropically with the same power [25,32].
With the given properties of the antenna array, i.e., number of antenna elements N, their distance
d, and the wavelength λ, it is possible to predict analytically the angular radiation for a certain
phase shift β between the single antenna elements. Therefore, the normalized array factor can be
calculated as [25]
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Hence, the AF is a function of the radiation angle θ indicating the normalized intensity at a
certain angle considering the array’s properties except for the actually radiation of the single AE.
Since anisotropic antennas are used for our antenna array, the individual radiation of the AEs are
not isotropic. In this case, the normalized radiation from the antenna array can be predicted by
multiplication of the radiation pattern of a single antenna element with the array factor:

AA(β, θ) = AF(β, θ) · AE(θ). (3)

AA, AF, and AE describe the angular distribution of the radiation as a function of θ. In case
of a single antenna element AE, the angular distribution is independent of the phase β.

2.2. Impact of antenna and lens

Planar antennas are widely used for terahertz emitters and receivers due to their possibility for
monolithic integration. Therefore, the metallic antenna structure is processed next to the photonic
or electronic mixer on top of the respective semiconductor substrate [2,23,33–37]. A common
way to couple the radiation from the substrate into free-space is attaching plano-convex lenses
with a refractive index close to the substrate [38–41]. In addition to the enhanced coupling into
free-space, this method also contributes to the beam shaping, e.g. to increase antenna gain, due to
the lens properties. However, for an antenna array, the beam shaping feature is counter-productive.
Thus, we used a hyper-hemicylindrical silicon lens for the 1-dimensional antenna array, which
appears flat in the H-plane of the array, i.e., the beam steering plane, but provides lens properties
in the orthogonal plane, i.e., the E-plane.

Figure 1(a) illustrates the radiation into a half space of substrate from the phased array of
four equidistant AE with a constant phase difference (n − 1)β, i.e., an infinitely large silicon
lens. Here the beam angle θ° is given by Eq. (1) with the wavelength inside the silicon λ = λSi.
For proper beam steering, the distance d between the single AEs is chosen to be 250 µm, which
fulfills the criterion of d < 0.9λSi at our target frequency of 300 GHz. The resulting AF inside
the half space of silicon is shown for a phase difference of β = 0◦, β = −45◦, and β = +45◦ in
Fig. 1(b). With this values, a scan sector, i.e., the total beam steering angle, of ∆θ = 16.8◦ can
be achieved inside the silicon [32]. The 3-dB width of the resulting main lobe is 15.5°. Further,
side lobes arise for β = ±45◦, which reach their −3 dB intensity approx. 70° off the main lobe.

In addition to the general considerations regarding beam steering with phased arrays (s.f.
2.1), the refraction of the terahertz wave at the surface between silicon lens and air contributes
to the radiation pattern. As illustrated in Fig. 1(c), the terahertz waves refract towards the
lens surface according to Snell’s law when they transit from silicon (nSi = 3.41) to free-space
(nair = 1). Figure 1(d) shows the theoretical derived array factor of the afore-mentioned antenna
array considering Snell’s law. The positive effect of this additional refraction is an increased scan
sector of ∆θ = 60◦ for a phase shift of β = ±45◦. On the other hand, the refraction results
in a broadening of the lobes, i.e., the 3-dB width of main lobe is 54° without phase shift and
increases to 70° for a phase shift of 45°. Thus, the directivity of the antenna array suffers due to
the transition from silicon to air, whereas the beam steering capability is increased. Note that
the effect of total internal reflection inside the silicon limits the steering angle to ±17.01◦ inside
silicon, which corresponds to a phase shift β = ±90.06◦. Due to this total reflection, the side
lobes of the AF insides silicon (Fig. 1(b)) are not transferred to the radiation inside free-space.
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Fig. 1. Theoretical radiation from an array of four isotropic antennas with pitch d = 250 µm
at a frequency f = 300 GHz and incremental phase shift β: comparison of radiation assuming
an half space of substrate ((a), (b)) and radiation assuming a finite substrate with transition
into air ((c), (d)). In (a) the radiation superposes to a common wave front with the beam
angle θ°. This array results in an array factor (b), i.e., radiation pattern in the half space,
where the beam angle θ° depends on β of the single antennas. With a finite thickness of
the substrate (c), i.e., a hyper-hemicylindrical lens, the common wave front experiences a
refraction at the transition from substrate to air, which results in an increased beam angle θ°.
Taking Snell’s law into account for the refraction at the surface, the array factor of this array
(d) shows increased beam angles a broadened main lobe.

3. Fabricated devices

3.1. Antenna array

Bowtie antennas are well established and characterized in combination with PIN photodiodes for
broadband terahertz radiation due to their frequency-independent impedance [2,23,33,41–43].
For this reason, a bowtie structure is also used to realize the antenna array. Contrary to a typical
broadband bowtie antenna, this antenna array is matched to the 300 GHz target frequency due
to its purpose-matched design: the bowtie has an additional resonance whose frequency is
determined by the length of the edge. Compared to conventional dipole antennas, the important
advantage of the bowtie antenna is that the angle between the antenna wings can be used to match
the feeding point impedance to the source impedance of the diode [44]. An aperture angle of
110° and 190 µm edge length were chosen for matching to the diode at 300 GHz. However, the
dimensions of the bowtie limit the minimum distance between individual antennas. In order to
reduce the pitch of the antennas, the array is oriented along the H-plane of the bowties.

For our photonic antenna array, we use the generic InP foundry platform at Fraunhofer HHI
[45,46]. Figure 2(a) shows the fabricated InP chip with spot size converters (SSC) at the left
edge to individually feed the optical signals into the on-chip waveguides. Semiconductor optical
amplifiers (SOAs) boost the beat signals before they reach the photodiodes (PDs). The PDs are
located in the center of the metallic bowtie wings, which appear grey-violet in the micrograph
due to an insulating layer on top. SOAs and PDs are biased via gold-plated lines, which allow
for contacting from the edge of the chip. Note that there is an unfortunate mismatch between
our first SOA layout and the epitaxial stack of the SOA, which leads to less optical gain than
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Fig. 2. (a) The fabricated InP chip is 2 mm x 3 mm in size. At the left edge, spot-size
converters (SSCs) ensure that the mode-field diameter of the optical waveguides on the
chip is matched to the optical fiber. Four semiconductor optical amplifier (SOAs) boost the
optical signal before the photodiodes (PDs), which feed the antennas with RF current. The
contacts for applying the SOA current and biasing the diodes are placed on the top edge of
the chip for a compact electrical interface. (b) The CAD model illustrates the packaging
of the antenna array: the silicon lens is fixated in the metallic frame to carry the InP chip
and the fiber array, which is actively aligned with the SSCs. (c) The final emitter module
is a closed package to ensure robustness during field tests. A multi-pin connector enables
electrical driving of the SOAs and PDs.

expected. For future SOA-integrated antenna chips, the layout can be easily adapted to ensure a
SOA gain between 10 dB and 13 dB, what will be sufficient to compensate the insertion loss of
the OPA and provide appropriate optical power the PDs. However, thanks to the possibility of
fiber-coupling of our photonic chips, additional optical amplifiers can be added to demonstrate
beam steering with the fabricated antenna array. The SOAs with limited gain are used to fine-tune
the photocurrent of the PDs.

In order to ensure directivity and avoid side lobes, the distance between the individual antennas
of the arrays should be below the target wavelength λ. Due to the use of a silicon lens underneath
the antenna chip, we chose an antenna spacing of 250 µm, which corresponds to 0.86 · λSi at 300
GHz. The fabricated bowtie array is mounted on the hyper-hemicylindrical silicon lens with the
axis of the cylinder parallel to the antenna array. Since the bowtie antennas are lined up along the
H-plane, the lens only shapes the radiation in the E-plane.

Figure 2(b) shows the 3D model of the emitter module including the InP chip, silicon lens, and
optical fiber array. The latter allows to feed the four optical input signals from the OPA parallel
into spot size converters on the InP chip, which are only separated by 250 µm and, thus, cannot
be coupled by individual fibers. The fiber array is aligned actively, i.e., while monitoring the
photocurrent of the PDs, in front of the antenna chip and then fixated to the metal carrier, which
later is the front plate of the housing. Figure 2(c) shows a picture of the packaged module. In
order to assure stable and robust electronic connection during the operation in the beam steering
testbed, bias voltage for the photodiodes (PDs) and supply current for the amplifiers (SOAs)
can be applied via a multi-pin connector at the housing. Metallic housing serves as mechanic
protection for the photonic interior, and also eases the handling in the radiation pattern testbed.
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3.2. Optical phased array

The terahertz wave ETHz generated by photomixing can be expressed as the envelope of the
superposition of the two optical laser signals E1 and E2. Each laser signal has the amplitude Ai,
an angular frequency ωi = 2πf , and a phase φi:

Ei = Ai cos(ωit + φi). (4)

Since the terahertz signal ETHz is proportional to the intensity of the optical beat signal, it is [2]

ETHz ∝ E2
beat = |E1 + E2 |

2 = |A1 cos(ω1t + φ1) + A2 cos(ω2t + φ2)|
2. (5)

Assuming the same amplitude for the signals of the two lasers A1 = A2 = 1, it is

E2
beat

= |cos (ω1t + φ1) + cos (ω2t + φ2)|
2

= 1 + 1
2 cos (2ω1t + 2φ1) +

1
2 cos (2ω2t + 2φ2)

+ cos ((ω1 + ω2) t + (φ1 + φ2)) + cos ((ω1 − ω2) t + (φ1 − φ2)) .

(6)

A constant offset and terms with frequency twice or the sum of the optical frequencies do not
contribute to the terahertz signal. Hence, we can restrict to the difference frequency Ω = ω1 −ω2
to describe the optical beat signal, i.e., terahertz generation:

ETHz ∝ cos(Ωt + Φ). (7)

The frequency of the terahertz signal is given by fTHz = Ω/2π. The phase of the optical beat
signal, i.e., the terahertz signal, is determined by the phase difference of the two optical signals
Φ = φ1 − φ2.

In order to set the phase difference β = Φl − Φl+1 of neighboring optoelectronic antennas l
(s.f. Figure 1), the phase of the optical signals must be manipulated individually. This can be
realized by optical delay lines in free-space, a true time delay via an integrated Blass-matrix, or
as an optical phased array using phase shifters [27,29,47–50]. Since our approach is an OPA
based on phase shifters, the beam squint effect needs to be considered.

The beam squint effect describes the frequency-dependent beam angle of broadband signals.
In a wireless communication scenario, the different frequency components of the data signal
would be radiated toward different directions. In order to investigate the beam squint, i.e., the
variation of the beam angle ∆θ0, we take Eq. (1) and add a variation to the wavelength λ and
phase difference β:

cos(θ0 + ∆θ0) = −
λ + ∆λ

2π
·
β + ∆β

d
. (8)

Hence, two causes for beam squint arise: i) the variation of the phase difference between
neighboring antennas ∆β, and ii) the variation of the radiated wavelength ∆λ.

Based on the above mentioned equation, the phase difference can be expressed as

∆β = ∆Φl − ∆Φl+1 = (∆φ1,l − ∆φ2,l) − (∆φ1,l+1 − ∆φ2,l+1). (9)

If we assume a fixed wavelength from the second optical laser signal, i.e., a fix phase
contribution ∆φ2 = 0, Eq. (9) can be reduced to ∆β ∝ ∆φ1,l − ∆φ1,l+1. The optical phase at the
end of the OPA is given by

φ1,l = 2π ·
n · Ll

λ1
= Ll · ω1 ·

n
c0

. (10)

In this equation, c0 is the speed of light and n is the constant refractive index. The path length
Ll of the individual OPA channels are equal by design. Hence, the phase variation at the end of
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each OPA channel depends only on the frequency variation, i.e., signal bandwidth: ∆φ1,l ∝ ∆ω1
for all values of l. Considering equal phase variation at neighboring channels ∆φ1,l = ∆φ1,l+1 for
Eq. (9), the phase variation does not affect the phase of the beat signal, i.e., the terahertz signal:
∆β = 0 and β = const.

The second potential cause for beam squint is the variation of the resulting radiated wavelength
∆λ. To investigate the impact, the array factor is calculated as described in section 2.2 for the
target wavelength λ and the wavelength variation λ ± ∆λ. In our case, the target frequency is 300
GHz and we assume up to 50 GHz signal bandwidth. For a phase shift of β = 45◦, the beam
angle of the center frequency is θ0 = 60◦, whereas the frequency shifted signals are radiated at
θ0+ = 64.5◦ and θ0− = 53.5◦, respectively. However, from the receiving perspective, the power
penalty at the intended beam angle is the crucial figure of merit. At θ = 60◦, the power penalty for
signals at 300 GHz± 50 GHz is less than 0.1 dB. This power variation can be easily compensated
by pre-distortion at the transmitter. Thus, the beam squint effect can be neglected for this specific
antenna array even for signal bandwidth as high as 50 GHz.

Note that the beam squint effect get more relevant for higher antenna gain, i.e., larger antenna
array. If the power penalty increases, the OPA approach needs to be replaced by a Blass-matrix
for example, what is still possible with our platform solution.

The OPA comprises a waveguide network which assures the correct phase difference and
superposition of the optical signals for the respective photodiodes. In this waveguide network,
multi-mode interferometers (MMIs) split and combine the optical signals. The required phase
offset for each path is set statically through thermo-optical phase shifters (TOPSs) and is only
changed when the beam angle is varied.

In this paper, we present an OPA based on the PolyBoard platform, which give some advantages
compared to other material: Polymer materials show a fairly high thermo-optical coefficient
of around −1.1 × 10−4 K−1, which is of the same order of magnitude than InP (2 × 10−4 K−1)
and Si (1.86 × 10−4 K−1), and one order of magnitude larger than that of SiN (2.51 × 10−5 K−1)
[51–54]. Further, the thermal conductivity of polymer materials (0.29 W · m−1 K−1) is two
orders of magnitude lower than that of InP (68 W · m−1 · K−1) and SiN (30 W · m−1 · K−1), and
three orders of magnitude lower than that of Si (156 W · m−1 · K−1) [53,55–57]. This makes
polymers ideal candidates for highly efficient (i.e., low-power) thermo-optical phase shifters
with low crosstalk due to the high heat confinements achievable. In addition, due to the low
propagation loss of 0.8 dB/cm, the polymer waveguides are suitable for achieving the same
optical path length for 4 channels with reasonable losses. On a more practical note, HHI’s
PolyBoard platform allows for passive fiber-to-chip coupling by means of U-grooves, which eases
the miniaturization and packaging of such photonic phased array elements [58,59]. Furthermore,
the PolyBoard platform can potentially enable the hybrid integration of phased arrays with
other photonic functionalities such as tunable lasers and high-speed modulators, paving the way
towards fully-photonic millimeter wave and terahertz emitters with high gain and beam steering
capability [31].

The layout of the OPA is shown in Fig. 3(a). The two inputs consist of a U-groove for
alignment-free coupling using fibers. Each input is connected to a 1× 4 MMI for power splitting,
followed by an equidistant waveguide network to minimize the phase difference between different
paths. Additionally, phase shifters are inserted in the waveguide network of the lower input to
set the desired phase before superposition with the optical signal from the upper input. At the
end of the network, the signals coming from the respective inputs, i.e., the different wavelength,
are combined by means of 1× 2 MMIs. A 1× 4 fiber array is then followed and coupled to the
output. In addition, the upper output channel includes a 10 dB tap coupler that directs a small
portion of the beat signal to a 45° mirror at the upper edge of the chip. This allows the coupling
of a fiber from the top to monitor the signal.
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Fig. 3. (a) Layout of the OPA chip with two U-grooves for the fiber input and four cleaved
facets at the output. Multi-mode interferometers (MMI) are used to split and combine the
optical signals, respectively. Thermo-optical phase shifters (TOPS) allow to set the phase of
the optical beat signal with current injection via the contact pads. For monitoring purposes,
a 10 dB tap is included. The insertion loss between the respective input port and the four
output ports is shown for the whole C-band in (b) and (c).

The devices were pre-characterized before performing the fiber assembly. Figure 3(a) shows
the ports definition for inputs and outputs of the chip. Typical measured insertion losses for
both inputs are shown in Fig. 3(b) and (c). As can be seen, the losses show a fairly wavelength-
independent behavior within the optical C-band. Theoretically, due to the 1× 4 and 1× 2 MMI in
the waveguide network 9 dB losses are introduced into each path. From the 6 dB of excess loss,
1.1 dB can be attributed to propagation in the waveguide considering 0.8 dB/cm propagation
loss, 1.2 dB to the coupling losses of the cleaved fibers inserted in the U-groove, and 1.0 dB to
suboptimal coupling of the fibers coupled at the output ports. The remaining 2.8 dB losses may
be attributed to non-ideal behavior of the other photonic building blocks implemented on the
PolyBoard OPA. The different losses at the respective output ports are mainly attributed to not
completely balanced MMIs.

Figure 4(a) shows the photonic assembly of the OPA including the polymer chip, optical fibers
at input and output, and an electronic plug to drive the phase shifters. The optical input signals
are fed into the polymer chip by two individual optical fibers from the left side, which are aligned
to the polymer waveguides using U-grooves in the polymer. The four output channels are coupled
to an array of four optical fibers with a pitch of 250 µm. The array is aligned actively in front
of the polymer waveguides and then fixed with optical epoxy. Spot size converters in polymer
assure the matching of the mode field diameter between fiber and chip. In order to drive the
phase shifting network in the beam steering testbed, the OPA is connected by wire bonding with
a multi-pin socket. The micrograph of the polymer chip in Fig. 4(b) reveals the U-grooves at the
left edge of the chip and the TOPSs with gold plated bias lines. The optical waveguides including
the MMIs appear as bright lines.
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Fig. 4. (a) Photograph of the assembled OPA chip with two individual optical fibers on the
left side plugged into U-grooves of the polymer chip. The 4 output channels are coupled to a
fiber array with 250 µm pitch. Wire bonding to a multi-pin plug allows stable connection
and driving of the OPA in the beam steering testbed. The augmented micrograph (b) shows
the polymer-based OPA chip with 4 thermo-optical phase shifters (TOPS) to set the phased
of the beat signal at the respective output port.

4. Characterization and beam steering

4.1. Characterization of the optical phased array

In order to control the beam steering of the emitter array, the thermo-optical phase shifters of
the OPA need to be characterized. To measure the phase shift of an optical signal introduced
by a TOPS, a fiber-based Mach-Zehnder interferometer (MZI) is arranged. Figure 5(a) shows
the schematic experimental setup. A single mode laser (APEX AP3350A) with emission in the
C-band is connected to the fiber of input #2 of the packaged OPA. The 1× 4 MMI splits the input
signal to the four channels of the OPA, which pass the TOPSs. Hence, the particular phase of the
optical signals at the four output fibers depends on the applied current of the respective TOPS.
Two of the output fibers are combined with a 3-dB fiber coupler and then fed to a power meter
(Thorlabs PM100D). The measured power will be maximized when the two OPA output signals
interfere with same phase and minimized when the phase is shifted by π. A multi-channel current
controller (Thorlabs Pro8000) injects the required current to the phase shifters. Both devices are
connected to a computer (PC) that runs automated measurements of power meter as a function
of the current at each phase shifter. Note that the MZI consists of two arms with approx. 2 m
optical fiber length each, which makes it very sensitive to movement of the fibers or temperature
change that translates to changes of the path length. Thus, automated, i.e., fast, measurements are
required to acquire reliable data. Therefore, the current controller addresses 60 values between
0 mA and 20 mA in less than 1 minute. Within this duration, we could observe a stable MZI
behavior.

The following relationship between the normalized optical power Pn and heating power of a
phase shifter PPS is derived:

Pn = cos
(︃
PPS

Pπ
π +

PMZI

Pπ
π

)︃
. (11)

Here Pn denotes the electrical heating power required for a phase shift of β = π, and PMZI is a
static offset for the respective channel of the MZI, which is caused by path length differences.
Assuming a constant electrical resistance of the phase shifter RPS, the above equation can be
rewritten as follows:

Pn = cos

(︄
I2
PS RPS

I2
π RPS

π +
I2
MZI RPS

I2
π RPS

π

)︄
= cos

(︄
I2
PS + I2

MZI

I2
π

π

)︄
, (12)
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Fig. 5. (a) Arrangement for a fiber-based Mach-Zehnder interferometer (MZI) to characterize
the thermo-optical phase shifter (TOPS) of the OPA. A single mode laser is connected to
the input port #2 that passes the light to the four TOPSs. A 3-dB fiber coupler combines
two of the OPA channels and feeds the optical power meter. A current controller drives the
individual TOPSs. A computer (PC) controls current controller and acquires data. (b) –
(e) show the measured signal of the power meter as a function of the applied current at the
TOPS (IPS) (black crosses). The correlation between applied current and resulting phase
shift is extracted by a fitting function (green line). Based on the fitting results, the upper
x-scale indicates the introduced phase shift β.

where
√︂

I2
PS + I2

MZI is the current applied at the heating element of the phase shifter. Iπ is the
current that is required for a phase shift of β = π. IMZI is an offset current, which only applies
due to path length differences in the fiber-based MZI. This offset is only relevant to model the
MZI measurements. Thus, the actual phase shift is given by:

β =
I2
PS

I2
π

π. (13)

Figure 5(b) to (e) show the results of the OPA characterization of the individual channels. The
black crosses denote the measured optical signal as a function of the current of the respective
phase shifter. The green lines are the phase shift modeled with the above formulas and fitted to
the measured data. Based on these fits, we determine the required current for a phase shift of
β = π of the four OPA channels to be: Iπ = 10.6 mA for channel#1, Iπ = 10.4 mA for channel#2,
Iπ = 9.95 mA for channel#3, and Iπ = 10.2 mA for channel#4. As the resistance of the phase
shifters is RPS = 15.2 Ω, the average required power for a π phase shift is as low as Pπ = 1.6 mW.
Note that the thermo-optic phase shifters operate in a linear regime for IPS>10 mA only. Thus,
this offset will be applied to each TOPS for the following measurements.
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We investigated the thermal crosstalk behavior between channels measuring the optical signal
while tuning neighboring phase shifters. Due to the low thermal conductivity of the polymer
material (0.29 W ·m−1 ·K−1), we did not observe a notable change of the optical signal. Therefore,
thermal crosstalk can be neglected for operation of the OPA.

4.2. Radiation pattern and beam steering

After characterizing the OPA, beam steering can be demonstrated using the 1× 4 emitter array.
The experimental setup is schematically shown in Fig. 6(a). Two single mode lasers (APEX
AP3350A) are connected to the fiber-coupled OPA module. The lasers operate in the optical
C-band, whereas the frequency spacing of them is 300 GHz, i.e., the target frequency for our
beam steering scenario. Thanks to the waveguide network of the OPA chip, each of the output
fibers provides a 300 GHz optical beat signal. The phase of each beat signal is manipulated by
the current IPS at the respective phase shifter, which is set using a current controller (Thorlabs
Pro8000). Erbium-doped fiber amplifiers (EDFAs, Thorlabs EDFA100P) compensate the losses
of the OPA module (s.f.3.2) before the optical signal is fed into the fiber-pigtailed emitter module
(Tx). The SOA currents are set in a way that the resulting photocurrent of each PD of the array is
1 mA. The bias voltage of the PDs is applied by a waveform generator (Keithley 3390) as a 20
kHz square wave from −1 V to 0 V. The antenna array is mounted on an automated rotation stage
in order to change the angle toward the detector (Rx). The detector, i.e., a Schottky barrier diode
(SBD) with silicon lens (ACST A1), is placed 20 cm in front of the emitter. Due to the square
wave biasing, i.e., on-off-modulation of the terahertz signal, the detector output signal can be
acquired by a lock-in amplifier (LIA, Signal Recovery 7265), which is synchronized with the
bias source. A computer (PC) orchestrates current controller, rotation stage, and LIA in order to
acquire the radiation pattern of the antenna array from 0° to 180° as a function of the phase shift
β. The photograph on the right in Fig. 6(a) shows the emitter on the rotation stage (left) and the
receiver on the right.

Figure 6(b) shows the measured H-plane (black) and E-plane (blue) of a single antenna element
(AE). The lens shaped surface of the hyper-hemicylindrical silicon lens results in a pencil beam
in the E-plane with a 3-dB width of less than 5°. Since beam steering only takes place in the
H-plane, a highly directional E-plane is desirable in order to target the detector. The H-plane of
an AE features a broader radiation pattern. The 3-dB width measures approx. 31°, which allows
an interplay of the four AE for beam steering in the H-plane. Figure 6(c) shows the AF (red
dashed line) of the array of four antennas in case all antennas are driven with the same phase,
i.e., β = 0◦. For this setting, the beam angle of the AF is θ0AF = 90◦ and, thus, coincides with
the main lobe of a single bowtie antenna. However, the AF increases the directivity of the array
emitter compared to a single AE. The resulting radiation pattern of the array can be predicted by
multiplication of measured AE and calculated AF (green line). In case of a phase difference at
the antenna elements of β = 35◦ (Fig. 6(d)), the AF predicts a beam angle of θ0AF = 113◦. Due to
the anisotropic H-plane of the AE, the actual maximum of the predicted radiation pattern (green
line) is not at 113°. Thus, in order to rate the actual radiation pattern, we introduce the effective
beam angle θ0e , which is defined as the center between the angles at which the power of the main
lobe dropped by 3 dB, i.e., the center of the 3-dB lobe. In case of β = 35◦ the predicted effective
beam angle (green dashed arrow) of our array is θ0e = 99◦. Note that all radiation patterns of
Fig. 6 are normalized in order to illustrate the differences between AE and the predicted pattern
due to the AF. However, due to the superposition of the electric field of the four antennas, actually
12 dB higher power can be expected from the array compared to the single AE.

According to these theoretical considerations based on AF and AE, the measured radiation
patterns of the emitter array can be analyzed. The radiation patterns for six different phase
settings between −60° and +60° are depicted in Fig. 7. The calculated radiation patterns (black
dashed lines) agree very well with the measured patterns (green solid lines). Note that the
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Fig. 6. (a) Setup for measurements of the radiation pattern: Two lasers are connected to the
OPA’s input ports. EDFAs between OPA and emitter (Tx) compensate the coupling losses.
The antenna array converts the optical signal into a terahertz signal. The bias of the PDs is
applied as a square wave voltage. A commercial Schottky barrier diode is used as receiver
(Rx) in 20 cm distance. The rotation stage, which mounts the Tx, allows to vary the angle
between Tx and Rx. A lock-in amplifier (LIA) recovers the detector signal. A computer (PC)
controls the beam steering and acquires the detected signal as a function of the angle. The
photograph shows the Tx module on the rotation stage (left) and the Rx (right). (b) shows
the measured radiation pattern in the E-plane (blue) and H-plane (black) for a single antenna.
(c) The expected H-plane radiation of the 1× 4 array (green line) without phase shifting
(β = 0◦) is the product of the measured single antenna element AE (black line) and the
array factor (AF) (dashed red line). (d) For a phase shift of β = 35◦, the AF predicts a beam
angle of θ0AF = 113◦. The product of AF and AE indicates an effective beam angle of
θ0e = 99◦ (green arrow).

agreement between measurement and calculation also confirms that there is no thermal crosstalk
between the phase shifters. The effective beam angle θ0e is indicated by the dashed green arrow
as in Fig. 6(d). For comparison, the beam profile of the single emitter is included as a gray line
in each partial figure.

For the phase shift of β = ±20◦ in Fig. 7(a) and (d), the AF suggest a scan sector of ∆θ0AF = 26◦,
i.e., from θ0AF = 77◦ to θ0AF = 103◦ beam angle. Due to the anisotropic radiation of the single
antenna element, however, the effective beam angle is only θ0e = 88◦ and θ0e = 96◦. Consequently
the effective scan sector is ∆θ0e = 8◦. For a phase shift of β = ±40◦ (Fig. 7(b) and (e)), the AF
features a scan sector of ∆θ0AF = 52◦. Here the effective beam steering range is ∆θ0e = 14◦. An
effective scan sector of ∆θ0e = 20◦ are measured for a phase shift of β = ±60◦ (Fig. 7(c) and (f)),
whereas the AF would allow for ∆θ0AF = 84◦.

The intensity of the main lobe decreases for increasing beam angles, just as the intensity of the
radiation of a anisotropic single emitter decreases. Nevertheless, the power level of the tilted
beam (s.f. (c) and (f)) is still more than 6 dB higher than the power of the single emitter. Note
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Fig. 7. Measured radiation for different phase differences β and the corresponding modeled
radiation resulting from the array factor and the radiation of the single emitter. Radiation
from a single emitter is shown for reference. The superposition of the E-fields in the 1× 4
array results in a 12 dB difference between the single emitter and the array of 4.

that the side lobe of the initial radiation pattern is fed when the steering angle is beyond the lobe.
However, in our measurements, most of the power is still contained in the main lobe for all beam
angles.

5. Conclusion

In this paper, we investigated the beam steering capability of a phased array of optoelectronic
antennas at 300 GHz. The linear emitter array consists of four indium phosphide (InP) based
photodiodes (PDs) with bowtie antennas, which were mounted on a hyper-hemicylindrical silicon
lens. The antenna array was fabricated using the generic InP foundry platform at Fraunhofer
HHI. The fiber-pigtailed emitter array was orchestrated by an optical phased array (OPA) based
on polymer waveguides, which was realized using the PolyBoard platform at Fraunhofer HHI. In
order to set the phase of the individual antennas, thermo-optic phase shifters are integrated on the
polymer waveguides. Thus, the optical feed signal for the PDs was controlled while the radiation
pattern of the emitter was measured for various phase setting. For straight radiation, we observed
10.6 dB higher power from the 1× 4 array than from the single emitter, which is close to the
theoretical 12 dB gain of an array of four elements. The 3-dB width of a single emitter is 31°,
whereas the array reduces the 3-dB width to 22.5°. Thus, two objectives of antenna arrays are
successfully achieved: increased output power and higher directivity. In addition, a continuous
beam steering across 20° was demonstrated when the phase difference of neighboring antennas
was swept between −60° to 60°. Modeled and measured radiation pattern agree very well for all
phase settings, which confirms the proper design of the antenna array. Moreover, we predicted
and confirmed the impact of the silicon lens to the beam angle and width of the beam lobe
according to Snell’s law. Thus, we experimentally demonstrated that (i) waveguide-integrated
phase shifters in the optical domain can be used for a phased array, and (ii) in combination with
a 1× 4 photonic emitter array continuous steering of a terahertz beam at 300 GHz is enabled.
This is the first demonstration of a phased array antenna in the terahertz frequency band using a
polymer-based OPA and an InP-based emitter array.

A high directivity and the ability to dynamically point towards different receiver locations
is especially important for point-to-point and point-to-multipoint communication within B5G
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scenarios. In this regard, the present work is an important step towards photonic-enabled wireless
communication in the terahertz band. Based on the presented results, three major challenges
need to be addressed for future photonic communication systems: First, the realization of a
2-dimensional array in order to enable beam steering in two dimensions. Second, a higher level
of photonic integration, including lasers and modulators, for compact and robust transceiver
units. Third, overcoming the low coupling efficiency from substrate to air. Regarding the first
and second challenge, waveguide-integrated photonic platforms are a key-enabler to feed PDs in
a 2-dimensional arrangement with sufficient optical power. Regarding the third objective, we
successfully used a hyper-hemicylindrical substrate lens for the 1-dimensional array. However,
this approach is not suitable for 2-dimensional arrays. In addition, a substrate lens limits the
directivity and steering capability due to internal reflection. Therefore, other concepts for
coupling from substrate into air, or directly from the antennas into air need to be explored in
future work.

In general, we did not identify any fundamental limitation for the photonic approach and the
mentioned objectives are addressed in our ongoing project. Therefore, we conclude that photonic
integrated antenna arrays promise to be a scalable and flexible solution for future wireless
communications. In addition, hybrid integration offers great potential for future applications
by facilitating the combination of different waveguide-coupled photonic platforms. This will
allow to exploit the individual functional components for complex millimeter wave and terahertz
transceivers, in the future.
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