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Abstract—For mobile THz applications, integrated beam steer-
ing THz transmitters are essential. Beam steering approaches using
leaky-wave antennas (LWAs) are attractive in that regard since they
do not require complex feeding control circuits and beam steering
is simply accomplished by sweeping the operating frequency. To
date, only a few THz LWAs have been reported. These LWAs are
based on polymer or graphene substrates and thus, it is quite
impossible to monolithically integrate these antennas with state-
of-the-art indium phosphide (InP)-based photonic or electronic
THz sources and receivers. Therefore, in this article, we report
on an InP-based THz LWA for the first time. The developed and
fabricated THz LWA consists of a periodic leaking microstrip line
integrated with a grounded coplanar waveguide to microstrip line
(GCPW-MSL) transition for future integration with InP-based
photodiodes. For fabrication, a substrate-transfer process using
silicon as carrier substrate for a 50-,:m thin InP THz antenna chip
has been established. By changing the operating frequency from
230 to 330 GHz, the fabricated antenna allows to sweep the beam
direction quasi-linearly from —46° to 42°, i.e., the total scanning
angle is 88°. The measured average realized gain and 3-dB beam
width of a 1.5-mm wide InP LWA are ~11 dBi and 10°. This
article furthermore discusses the use of the fabricated LWA for
THz interconnects.

Index Terms—Beam steering, indium phosphide (InP), leaky-
wave antenna (LWA), monolithic integrated -circuits, wafer
bonding.

I. INTRODUCTION

ERAHERTZ (THz) waves feature distinct advantages
compared to its neighboring spectra, making this frequency
spectrum (0.1-10 THz) very attractive for several applications.
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THz waves are far less energetic than X-rays, i.e., they are
nonionizing for biological tissues and, consequently, are promis-
ing for several medical applications [1]-[4]. Benefiting from
the shorter wavelength in contrast to microwaves, THz waves
offer a much higher spatial resolution, which makes them quite
intriguing for high-resolution imaging applications [5], [6]. Be-
yond the high spatial resolution, most dry dielectric materials
are transparent for THz waves, whereas materials with high
electrical conductivity or with large static dipoles (i.e., metals
and water) are strong reflectors or absorbers for THz waves.
This leads to high image contrasts [7], [8]. In addition, THz
spectroscopy systems have received much attention, benefiting
from the unique fingerprint spectra of various chemical com-
pounds [9], [10]. Not the least, in comparison to the scarce
available spectrum in the microwave region, THz waves offer a
much wider available bandwidth which is crucial for future high
data-rate wireless communications [11]-[13] and short-range
THz interconnects [14]. Reconfigurable short-range high data
rate THz interconnects would be very beneficial, e.g., for data
centers and even for intramachine communications.

The above-mentioned applications have stimulated techno-
logical advances mainly focusing on the development of THz
sources and THz receivers with higher transmit power levels
and better sensitivities [15]-[17]. However, despite the fact that
there have been great achievements in that regard, high-gain THz
antennas and THz beam steering technologies are still essential
for many applications, such as THz interconnects, to overcome
the comparably high THz free-space path loss (FSPL). This is
on the one hand to relax requirements of the employed THz
transmitter and THz receiver but moreover to enable mobility
and spatial multiplexing.

In the recent past, different THz beam steering approaches
have been investigated, including, for instance, microelectrome-
chanical systems (MEMS) enhancing the scanning-speed and
precision compared to classical mechanical approaches [18].
Also, several electronic approaches such as phased-array trans-
mitter [19], electronically controlled metasurfaces based on
VO3 [20], or graphene reflect arrays [21] have been studied.
Also, photonic beam steering approaches have attracted much
attention. This is because photonics offers some key generic
advantages with respect to beam steering, which include a
wide operational bandwidth, the availability of low phase noise
sources, and a compact chip size [22], [23]. Furthermore, it
is possible to transfer phase shifts and even true time delays
performed in the infrared domain to the THz regime for beam
steering. By means of an 1 x4 photomixer array and fiber-optic
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delay lines, 1-D beam steering within an angle of 35° at 600
GHz has been realized [24]. In [25], the THz beam has been
steered with a maximum angle of 29° by using an array of
photoconductive antennas (PCAs) and a free-space optical phase
shifter approach. However, the complex optical phase shifters
required in both cases prevent monolithic photonic integration.

Leaky-wave antennas (LWAs) do not require such complex
phase shifter or true time delay feeders since here, beam steering
is achieved by tuning the carrier frequency [26]. Thus, THz
LWAs are envisaged to be an attractive solution for applications
such as THz interconnects which necessitate robust and highly
integrated THz beam steering antennas. This in turn requires that
the THz LWA can be integrated with state-of-the-art photonic
or electronic sources and receivers.

In previous works, some first THz LWAs have already been
realized. In [27], a THz LWA based upon a metamaterial wave-
guide with a quantum cascade laser (QCL) is reported. A mi-
crostrip periodic LWA based on polymer substrate fed by a vector
network analyzer (VNA) is shown in [28]. The disadvantage of
these approaches is that the developed LWAs could not be mono-
lithically integrated with state-of-the-art chip-sized photonic or
electronic THz sources and receivers, which are typically based
upon indium phosphide (InP) substrate. For photonics, this is to
enable the use of mature 1.55 pum IR laser diodes, modulators,
and amplifiers and for electronics, this is because InP transistors
offer the highest maximum oscillation frequencies and transit
frequencies [29], [30]. For 26 GHz 5G band and E band, several
LWAs based upon low-permittivity substrates have been hybrid
integrated with InP photodiodes using wire bonding [31]-[33].
However, at THz frequencies, wire bonding will lead to high
losses [34], [35]. Therefore, we here propose the use of THz
LWAs based upon InP substrate for future monolithic and low-
loss integration with THz photodiodes.

In this work, we report on an InP-based THz beam steering
LWA. The design of the fabricated InP THz LWA studied in
this work is motivated by future integration with InP THz
photodiodes to realize monolithically integrated robust beam
steering THz transmitter chips. To our knowledge, this is the
first InP-based THz beam steering LWA. The target applications
we focus at are short-range THz communications, i.e., THz in-
terconnects and THz image scanner. For THz interconnects, the
targets are to achieve an antenna realized gain and a coherence
bandwidth of at least 10 dBi and 10 GHz, respectively. Given
the output power of THz photodiodes which is about —20 dBm
at 300 GHz and considering further the free-space pace loss,
atmospheric attenuation, THz envelope receiver sensitivity, and
required SNR, such antennas are expected to support data rates
of at least 10 Gb/s over 30 cm using QPSK modulation [13].
The maximum beam steering angle is mainly defined by the
permittivity of the antenna’s substrate [36]. For InP, a scanning
angle around 90° for a full-band WR3 band THz LWA antenna
is expected. This will be further discussed in Section III.

In detail, we report on a microstrip-type InP LWA for the
0.3-THz WR3 waveguide band. The THz LWA is designed
using CST Studio Suite. To enable future integration with
triple-transit-region photodiodes (TTR-PDs), the LWA features
a grounded coplanar waveguide to microstrip line (GCPW-MSL)
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THz transition whose design is also novel to our knowledge. To
reduce the number of surface wave modes and thus, increase the
radiation efficiency of the THz LWA, a silicon (Si) substrate-
transfer process has been developed to enable fabrication of the
THz LWA on a 50-pm thin grounded InP substrate. We also
created an on-wafer antenna measurement system for character-
izing the radiated THz beam in the far-field.

The manuscript is organized as follows. In Section II, the mo-
tivation for developing integrated InP-based photonic THz beam
steering transmitter chips is discussed. Section III reports on the
designs of the InP THz LWA and the InP GCPW-MSL THz
transition. The developed substrate-transfer fabrication process
isdescribed in Section IV. Section V presents the experimentally
determined THz scattering parameters, the measured THz beam
profiles, and the THz scanning angles. The experimental findings
are also compared with the simulated performances. Finally, in
Section VI, we discuss the potential of using the developed LWA
for THz interconnects.

II. CONCEPT OF A PHOTONIC INTEGRATED THZ TRANSMITTER

As mentioned above, first THz LWAs were demonstrated
in [27] and [28]. However, these approaches required liquid-
nitrogen cooling or used bulky VNAs with THz extenders
as signal sources. An InP-based THz LWA is quite attractive
because it would enable monolithic integration with InP-based
THz photodiodes and room temperature operation. Today, THz
photodiodes offer reasonably high output power, typically reach-
ing several 10 uW @ 0.3 THz [37], [38]. This opens the potential
for a photonic integrated circuit (PIC) consisting of an InP-based
photodiode monolithically integrated with a THz LWA to create
a THz beam steering transmitter chip. Even monolithic integra-
tion of 1.55 pum laser diodes can be envisaged.

The high permittivity and low loss tangent of InP contribute
to reducing the overall antenna dimensions and losses in the InP
substrate [39], [40]. In addition, the higher permittivity of InP
as compared to low-permittivity substrates such as polymers,
leads to a smaller period of LWA unit cells, which results in an
increase of the beam-scanning angle [36].

When using InP as substrate material for the antenna, the
substrate thickness becomes one of the most crucial design
parameters as it defines the number of surface wave modes in the
substrate which have a strong impact on the LWA performance
[41]. A thick substrate would lead to more bounded surface wave
modes which cannot be radiated along the LWA and thus, cause
a degradation of the radiation efficiency [42]. Here, a 50-pum
thin InP substrate is used for antenna fabrication. This in turn
necessitates the use of a mechanical carrier substrate.

A schematic view of the proposed photonic THz beam steer-
ing transmitter chip based upon the above considerations is
illustrated in Fig. 1. A Si substrate is used as the carrier for the
InP-based THz photodiode and LWA. An Au layer is utilized
as bonding layer and functions as ground plane for the THz
LWA. For fabrication, the InP substrate is bonded on the Si
substrate using thermocompression bonding (TCB). Epitaxial
layers of photodiodes will be grown on the grinded and polished
InP substrate. After that, photodiodes and antennas will be
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Fig. 1. Conceptual image of a THz microstrip periodic LWA with an on-chip
integrated TTR-PD on an InP-to-Si bonded wafer.

fabricated using standard lithography technology. For connect-
ing the photodiode with the LWA, a GCPW-MSL transition is
required and BCB is used as a passivation layer to avoid short
circuits between the p- and n-contacts of the PD (see also Fig. 1).
BCB also functions as a planarization layer, helping to avoid
breakage of the metallic signal and ground transmission lines.

III. THz LWA AND GCPW-MSL TRANSITION DESIGN
A. LWA Design

For the microwave frequency region, different LWA topolo-
gies have been studied, including rectangular waveguides [43],
[44], substrate integrated waveguides (SIWs) [26], [45]-[47], or
coplanar waveguides (CPWs) [48], [49]. However, for the THz
frequency region, open guided-wave structures are preferred
because of the lower transmission loss [50]. Microstrip LWAs
featuring open guided-wave structures have been intensively in-
vestigated due to the simple fabrication process, lightweight, and
better integration with active sources [28], [51], [52]. Therefore,
we develop a THz LWA based on microstrip line in this work.
To facilitate the integration with THz photodiodes that usually
feature a GCPW output, an additional GCPW-MSL transition is
needed. The resulting layout of the developed THz LWA with
the integrated GCPW-MSL transition is shown in Fig. 2.

For future monolithic integration of the microstrip LWA with
our InP-based 300 GHz TTR-PDs, the LWA’s input impedance is
designed to be similar to the impedance of the TTR-PDs, which
is around 35 ). There are several models to mathematically
analyze the input impedance of a microstrip [53]-[55]. In this
work, we use the model described in [55], where the character-
istic impedance Zj is a function of microstrip width w, relative
permittivity of InP substrate €, (¢, =~ 12.4 [40]), and substrate
thickness / as defined in (1) and (2) in the following:

e w

=g

Fig.2.  Schematic top view of the microstrip periodic LWA witha GCPW-MSL
transition on an InP-to-Si bonded wafer.
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Here, w/his equal to 1.4691, i.e., w/h < 2, and thus, according
to the model, the width of the microstrip should be w = 73.46 ym.
By computational electromagnetics simulations using CST Stu-
dio Suite, we finally found the optimum width to be w = 70 pm.

In a simple straight MSL, the quasi-TEM mode would not be
radiated, because the phase constant /3 of the quasi-TEM mode
is larger than the free-space wavenumber kg. In other words, the
dominant mode in a straight MSL is a slow wave. To make the
dominant mode a fast wave, i.e., a mode that is radiated, we
utilize 32 periodic rectangular stubs as comb-lines on both sides
of the microstrip. This design creates an infinite number of space
harmonics with the phase constants 3,, [42]

2nm

P =PBo +— 3
p

where p is the period and (3 is phase constant of the fundamental
space harmonic. To achieve a single beam radiation, LWAs are
designed to ensure a unitary fast space harmonic (n = —1) [42].
The period p between stubs is equal to the guided wavelength
Ag [52], which can be calculated through [55]

g = —

& f \/ Eeff
where fis the operating frequency of the antennas. In this work,
the LWA is designed for 230 to 330 GHz operation with a
center frequency f = 280 GHz. The effective permittivity of

the microstrip line on the 50-um thick InP-substrate can be
calculated using [55]

e+ 1 e —
= +

1
Eeff =
2 2\/@

This results in an effective permittivity of e.g = 8.56. Thus,
according to the model and (5), the period should be p =
366 pum. By means of CST Studio Suite, we then found the

“

forw/h > 1. (5)
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Fig. 3. Simulated dispersion diagram of a single LWA unit cell.

optimum period to be p = 353 pm, where the simulated effective
permittivity of the antenna changes from 9.74 to 10.14 as the
frequency varies from 230 to 330 GHz.

To determine the beam steering angle and the 3-dB beam
width of the LWA, the simulated dispersion diagram is provided
for a single unit cell. As can be observed from Fig. 3, the phase
constant of the first space harmonic (n = —1) is smaller than
the free-space propagation constant (light line) from 230 to 330
GHz, i.e., a fast wave is generated and radiates from the LWA. In
the left-handed (LH) region, the beam is steered toward backfire
for decreasing frequency. In the right-handed (RH) region, the
beam is steered toward endfire as the frequency increases. The
beam direction from broadside is given by [42]

B

m ko'

Therefore, a beam steering range of ~95° is expected from
230 to 330 GHz with ~0.95°/GHz. To achieve a coherence
bandwidth of 10 GHz for THz interconnects, the 3-dB beam
width of LWA radiations at all frequencies must be larger than
9.5°, so that a fixed receiver can detect the spatially disperse
THz signals. The 3-dB beam width of an infinite LWA can be
calculated using [28]

sin 6

(6)

N 2aicy
27 fcosh_q

where « is the attenuation coefficient of an LWA and c¢g is
the speed of light in vacuum. As can be seen from Fig. 3, the
minimum o is ~0.15 mm™"! at broadside with s/ = 150 ym and
sw = 50 pm. Therefore, a 3-dB beam width larger than 10° is
expected even for broadside.

It is well known that for periodic LWAs, the open-stop band
(OSB) effect causes a nonnegligible decrease of the antenna’s
gain of broadside radiation. This is caused by contradirectional
coupling of space harmonics, which leads to a very high VSWR
and a significantly suppressed radiation power in periodic LWAs
with open structures [42], [56]. The presence of the OSB effect
is represented on the attenuation curve in Fig. 3 as a small
subsidence located at broadside. Fig. 4 shows the simulated
Bloch impedance Zp of the microstrip periodic LWA with 16
unit cells considering the mutual coupling and the edge effects.
As can be seen in Fig. 4, a real, nonzero Bloch impedance

O (7
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Fig. 4. Simulated Bloch impedance of the microstrip periodic LWA.
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Fig. 5. Simulated scattering parameters of the microstrip periodic LWA.
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Fig. 6. Simulated far-field radiation patterns for the designed microstrip LWA
at 230, 250, 270, 290, 310, and 330 GHz in the H-plane.

at broadside indicates that the OSB effect is mitigated at the
broadside [57] with an accepted behavior regarding the chosen
structure and the design target (realized gain larger than 10 dBi).
For the further mitigation of the OSB effect, an asymmetric unit
cell design could be used, as reported in [58].

As can be observed from Fig. 5, for most frequencies, the
return loss is below 10 dB. At the broadside frequency, the return
loss reaches a maximum of 5.6 dB. Nevertheless, as can be seen
in Fig. 6, the maximum realized gain is about 12.5 dBi with
a small penalty of about 2 dB for radiation at 270 GHz. The
beam direction changes from backfire to endfire passing through
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TABLE I
PARAMETERS OF MICROSTRIP PERIODIC LWA

TABLE III
PARAMETERS OF GCPW-MSL TRANSITION

Symbol Value Description
w 70 um microstrip line width
P 353 pm period
sw 50 um stub width
sl 150 pm stub length
4 176.5 pm stub offset
TABLE II
COMPARISON OF GCPW-MSL TRANSITIONS
Freq. (GHz) S5 (dB) S, (dB) Substrate Material Ref.
10-40 <-10 >-1 high-resistivity silicon [59]
50-75 <10 >.1.5 PET [60]
DC-77 <10 0.2 BCB [61]
75-110 <18 -0.3 high-resistivity silicon [62]
100-450 <-10 >-0.5 InP This work

broadside. By increasing the frequency, the beam sweeps from
—48°at 230 GHz to 43° at 330 GHz with a minimum 3-dB beam
width of ~10°. Thus, the total beam steering angle is over 91°
for a bandwidth of 100 GHz.

The overall radiation efficiency of the designed antenna, i.e.,
the ratio between the radiated power and the input power to the
LWA used in CST for simulations, is around 60%, except for
broadside where it is 51%.

All key parameters of the finally designed microstrip periodic
LWA are summarized in Table I.

B. GCPW-MSL Transition Design

For the microwave region, GCPW-MSL transitions can be
realized as a surface-to-surface transition via electromagnetic
coupling between ground conductors. As shown in Table II,
several GCPW-MSL transitions have been demonstrated up to
110 GHz [59]-[62].

However, simulation results at THz frequencies reveal that
the performance of such designs is far from optimum, because
the excitation of parasitic substrate modes cannot be sufficiently
suppressed by limiting the ground plane width of the GCPWs.
This problem can be overcome by means of vertical interconnect
access (VIA) holes [63]. However, the fabrication of deep VIAs
in InP is not at all straightforward and substantially complicates
the fabrication process. Therefore, we developed a novel GCPW-
MSL transition that does not necessitate VIAs. The designed
transition structure is shown in Fig. 2. Since the aim in this
work is to experimentally characterize the LWA using a com-
mercial WR-3 GSG-probe for proof-of-concept measurements,
we considered a CPW pitch of 100 pum at the beginning of the
transition. The width of the signal line s was designed to be 30
pm for impedance matching with the commercial GSG-probes.
Instead of limited width ground planes, we designed short length
ground planes to limit parasitic substrate modes.

The parameters of the GCPW-MSL transition are listed in
Table III.

Parameter Value Description
s 30 pm Signal line width (GCPW)
g 50 pm Gap (GCPW)
Is 295 um Signal line length (GCPW)
wg 500 pm Ground-plate width
g 5 um Ground-strip length 01
lg, 150 pm Ground-strip length 02
g3 157 pm Ground-strip length 03
% 22° Angle of ground-strip 03
0 pcreee————————————————————
o
T-10
S
3
]
£ -20
s
©
o
o -30
=
2 LWA o
-40 -
3 Operating Su
(]
Frequency
-50

100 150 200 250 300 350 400 450
Frequency (GHz)

Fig. 7. Simulated scattering parameters of the back-to-back GCPW-MSL
transition from 100 to 450 GHz. Inset shows the layout of the GCPW-MSL
transition with a MSL length of @ = 1 mm.

Simulated scattering parameters of the back-to-back transi-
tion with a I-mm long MSL (w = 70 pm) are shown in Fig. 7. As
can be observed, the designed transition yields a good matching
over an extremely broad bandwidth which is crucial for the
integration with an LWA. Simulation results show that S is
lower than —10 dB within a frequency range from 100 to 450
GHz. The periodic fluctuation is caused by the different signal
pad widths of the transition and the MSL and can be optimized
using a taper structure at the interface in the future. Furthermore,
the insertion loss is reasonably small with a maximum loss below
1.6 dB over the entire frequency range and even below 1.4 dB for
the operating frequency of the LWA. The simulated average loss
of the 1000 ym MSL is ~0.5 dB, and therefore, the extracted
insertion loss per transition is maximum 0.5 dB from 100 to
450 GHz.

IV. FABRICATION

As discussed above, the development of InP-based beam
steering LWAs requires ~50-um thin InP layers. However, such
thin InP substrates are extremely fragile and thus, difficult to be
handled during the clean-room fabrication process. Therefore,
we developed a substrate-transfer technology using a thick Si
substrate to mechanically stabilize the thin InP substrate layer.



LU et al.: INP-BASED THZ BEAM STEERING LEAKY-WAVE ANTENNA

'

223

Thermocompression Bonding
Process

' gy

Si Wafer with InP Wafer with
deposited Au Layer deposited Au Layer
s Lithography

Fabricated LWAs

Fig. 8.
shows the fabricated LWAs.

Fig. 8 sketches the entire fabrication process flow of the
designed microstrip periodic LWA with the integrated GCPW-
MSL transition. At first, 1-um thick Ti/Pt/Au layers were de-
posited on both sides, the surfaces of the InP and the Si substrate.
Next, the InP and Si wafers were cleaned using acetone and
isopropanol before TCB using a flip-chip bonder (SET FC150)
with a bonding pressure of ~3 MPa for about 4 h. Due to the
mismatch of thermal expansion coefficients (TECs) between InP
and Si (app = 4.8 x 1070 K71, ag; = 2.6 x 107 K1) [64],
the bonding temperature was limited to 250 °C in order to avoid
mechanical stress between bonded wafers. The thickness of the
InP substrate was reduced to 50 ym by grinding followed by
a chemical mechanical polishing (CMP) process to achieve a
smooth surface, which is crucial for low-loss THz transmission.
Finally, microstrip periodic LWAs with GCPW-MSL transitions
were fabricated on the polished InP-wafer using contact lithog-
raphy. The photograph in Fig. 8 shows the fabricated LWAs. As
can be seen, the InP substrate shows a visually glazed surface
with just a few breakages at the edges which is an indication for
a good TCB bonding strength and high-quality CMP process.

V. EXPERIMENTAL CHARACTERIZATION

In the THz regime, the influence of the conductor surface
roughness must be considered because the electric current den-
sity peaks near the conductor surface due to the skin effect. For
that reason, we measured the surface roughness of the fabricated
structure by means of a DektakXT stylus profiler. For a length of
500 pm, altogether 5000 measurement points of the Au surface
of the fabricated microstrip LWA were taken. The measured
roughness profile is plotted in Fig. 9. As can be seen, the surface
height fluctuates only between +12 nm. In order to consider
this surface roughness in our simulation model, we calculated
the root-mean-square (rms) roughness according to [65]

1 n
Ro=\/=>_ v ©)

Grinding & CMP
Process

L S—

Fabrication process flow of designed microstrip periodic LWAs with GCPW-MSL transitions based on substrate-transfer technology. The photograph
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Fig. 9. Measured roughness of microstrip LWA surface by means of a Dek-

takXT stylus profiler. Insert shows a microscopic photo of a fabricated LWA
section.

where 7 is the number of measured samples and y is measured
height. This results in an rms roughness of ~8.3 nm.

The skin depth determines the depth at which the current
density is attenuated to 1/e compared to the surface value and it
can be calculated using [66]

§5(T) =

c Up

Tron (1) ffor I(T)< o(T), I(T) < 7 9
where o is the static electric conductivity, / is the mean free
path of a conduction electron, and vy is the Fermi velocity (for
Au at room temperature: oo = 3 x 107 s7! [66], [ = 37.7 nm
[67], and vp = 13.82 x 10° m/s [67]). The skin depth for an
Au conductor at 300 GHz is 398.9 nm, which indicates that the
impact of the surface roughness is not significant.

The simulated S;; of the microstrip periodic LWA with
GCPW-MSL transition (black solid line) is shown in Fig. 10.
Outside the stopband at 273 GHz, the return loss is lower than
10 dB. Note that the slight change of the broadside frequency is
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Fig. 10.  Simulated and measured S11 parameters of the GCPW-MSL transi-

tion with the microstrip periodic LWA.
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Fig. 11.  On-wafer antenna measurement system for far-field radiation pattern
measurements.

caused by the transition. For experimental S1; characterization,
a VNA (Agilent Technologies 8361A) with a millimeter wave
VNA extender (OML V03VNA2-T/R) were used. As can be
seen in Fig. 10, the simulation results and the experimentally
determined values (red solid line) are in good agreement, which
is also an indication for good calibration at such high frequen-
cies.

To experimentally verify beam steering using the fabricated
LWA, a THz on-wafer antenna measurement system was devel-
oped for measuring the far-field radiation pattern [68]. Here, a
VNA (Rohde & Schwarz ZVA-40) and two extenders (Rohde
& Schwarz ZC330 and ZRX330), one for signal generation and
the other one for signal detection, were used to characterize
the beam profile between 220 and 330 GHz. As can be seen
from Fig. 11, the receiver has been installed on an automatic
hemispherical goniometer system. A C-shaped sliding rail en-
ables receiver movement over an inclination range from 0° to
51°. A 360° rotation in the horizontal plane is carried out by
another ring sliding rail. A GSG-probe was used to contact the
GCPW-MSL transition of the fabricated LWA for feeding the
THz signal. The whole measurement system is placed on an
optical table for vibration isolation. It needs to be mentioned
that the far-field radiation pattern of the antenna could only be

measured correctly between 273 and 330 GHz. This is because
for frequencies lower than 273 GHz, the antenna radiates to-
ward backfire, and the beam is then partially reflected by the
GSG-probe.

Fig. 12 shows the simulated and the experimentally deter-
mined far-field radiation patterns for different frequencies and
for two different antennas. In detail, results are shown for a
1.5-mm wide (a) and an uncleaved (b) InP-based THz LWA. For
the measurement, the far-field patterns have been characterized
for the same carrier frequencies in steps of 2° over an inclination
range from 0° to 50° and in steps of 5° over the full horizontal
plane (360°).

It can be observed that the radiation patterns of the thinner
1.5-mm wide LWA exhibit a fanlike beam, whereas the radia-
tion patterns of the uncleaved LWA exhibit multiple fingerlike
lobes. Note that the “finger-beams” are not grating lobes but are
caused by surface wave modes excited in the wide uncleaved
InP-to-Si substrate. It is worth mentioning at this point that such
“fingerlike” beams can be mitigated by using an array of LWA,
which is discussed for THz interconnects in Section VI.

Overall, an excellent agreement between the simulated and the
experimentally determined beam patterns is found. The steering
angles and even the fingerlike radiation patterns qualitatively
agree very well for each frequency. Even the sidelobes for the
uncleaved antenna can be clearly observed, which highlights
the sensitivity of the developed measurement system. For the
1.5-mm wide antenna, one can observe some stronger sidelobes
which are traced back to the impact of the nearby edge which is
very rough due to the sawing process.

For a quantitative comparison, the beam direction, 3-dB beam
width, and realized gain for the two antennas are shown versus
the carrier frequency in Figs. 13—-15. These figures also show
the expected performances from simulations.

As can be seen from Fig. 13, the simulated beam directions
of the designed LWA are not influenced by the width of antenna
substrate and sweep from —46° to 42° by changing the frequency
from 230 to 330 GHz, which is successfully confirmed by the
corresponding measured results from 280 to 330 GHz. Only
around 320 GHz, measured beam angles of the LWA with a
1.5-mm wide substrate are slightly lower than the simulated
values due to the rough edges. Fig. 14 shows that the maximum
3-dB beam widths in the H-plane of both LWAs are ~17° at
230 GHz and reduce with increasing frequency. Nonetheless,
the minimum value is still larger than 9°. Measurement results
confirm the simulated values and demonstrate the impact of
edge roughness on the performance of 1.5-mm wide LWA at
higher frequencies again. It can be observed from Fig. 15 that the
measured average realized gain of the LWA with an uncleaved
substrate between 280 and 330 GHz is ~8.4 dBi, which is about
4.3 dB lower than the simulated value within this frequency
range. The somewhat lower gain of the fabricated antenna can be
explained partly by calibration issues and the fact that the pitch
of the GSG-probe used for experimental characterization was
not perfect for the antenna design. Using a compatible GSG-
probe, the LWA with a 1.5-mm wide substrate was measured
and the results show a good agreement with simulated values
consequently.
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Simulated and experimentally determined far-field radiation patterns of the microstrip LWA with a GCPW-MSL transition on (a) 1.5 mm wide substrate
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Fig. 13. Simulated and measured relationship between beam direction and
frequency from 230 to 330 GHz of the microstrip periodic LWA with GCPW-
MSL transition.
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VI. TWO-DIMENSIONAL LWA ARRAY FOR
THZ INTERCONNECTS

The InP-based THz beam steering LWA developed in this
work yields quasi-linear THz beam steering with ~0.7°/GHz
from 260 to 330 GHz. In this frequency range, the 3-dB beam
width in the H-plane is approximately 10°, as shown in Fig. 14.
Therefore, the developed LWA could provide a coherence band-
width exceeding 10 GHz. The transmission distance using a
single LWA with an integrated PD is expected to be over 30
cm, as mentioned in Section I. To extend the wireless distance,
we suggest using an array of LWAs for THz interconnects.
Such an array can now be fabricated in a quite straightforward
manner thanks to the possibility of monolithic integration on
InP. This would be beneficial in three aspects—it would allow to
coherently combine the output power of multiple PDs, it would
substantially increase the realized gain of the antenna and it
would allow 2-D beam steering. Fig. 16 shows the simulated
realized gain and the 3-dB beam width in the H-plane, both at
0.3 THz, as a function of the array size for an LWA array with
an antenna pitch of 500 um. It can be seen that 3-dB beam
width in the H-plane is almost constant but the realized gain is
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Fig. 15. Simulated and measured relationship between realized gain and fre-

quency from 230 to 330 GHz of the microstrip periodic LWA with GCPW-MSL
transition.
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Fig. 16.  Simulated realized gain and 3-dB beam width in the H-plane as a

function of LWA quantity at 0.3 THz.

substantially increased, benefiting from a higher directivity in
the orthogonal spatial dimension.

For example, when using four parallel LWAs instead of only
one, the realized gain at 0.3 THz would increase by about
5 dB and in addition, the output power could be increased by
up to 6 dB, when neglecting additional losses at this point.
Using Friis equation, we can then estimate that the wireless
transmission distance could be extended by a factor of three to
around 1 m. This would be sufficient for high data rate THz
interconnects between TV sets or inside cabinets used in data
centers.

Moreover, it can also be seen from Fig. 17(a) that the far-
field radiation pattern for four LWAs on a wide substrate is not
“finger-beam” anymore as observed in Fig. 12. Thanks to the
array, a focused pencil beam is radiated, i.e., there would be no
antenna-related signal distortion.

Finally, 2-D beam steering is achieved when using an addi-
tional photonic true time delay which allows to tune the time
delay at each of the four photodiodes individually [69]. It can
be observed from Fig. 17(b) that with a time delay of 0.5 ps
between each LWA, the beam is steered not only in the H-plane,
but also in the E-plane with ¢ = 318° and 6 = 28°, respectively.
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(a) (b)

=]

Fig. 17.  Simulated far-field radiation pattern of a 1x4 microstrip periodic
LWA array with a time delay of (a) O ps and (b) 0.5 ps between each LWA at 0.3
THz (top view).

In the future and for 2-D steering, the LWA array thus needs
to be integrated with an optical beam forming network (OBFN)
chip.

VII. CONCLUSION

This article reports on the design, fabrication, and experimen-
tal characterization of an InP-based THz beam steering LWA.
To our knowledge, this is the first THz LWA based upon InP
substrate, which is an important step toward future monolithic
integration with active photonic or electronic THz sources and
receivers. The antenna includes a novel grounded coplanar
waveguide to microstrip line transition that has been integrated
to facilitate future monolithic integration with InP-based THz
photodiodes. For being able to fabricate the LWAs on very
thin InP, a substrate-transfer process using silicon as carrier
substrate has been established. The developed process allows
fabrication of the THz structures with an rms roughness of only
8.3 nm. Experimental THz scattering parameter analysis and
THz far-field measurements yield a good agreement between
the simulated and the experimentally determined antenna per-
formances. Quantitatively, the fabricated THz LWA provides
quasi-linear THz beam steering with 0.7°/GHz from 260 to 330
GHz, i.e., a total steering angle of 88°. For a 1.5-mm wide InP
antenna, the achieved 3-dB beam width and realized gain are
~10° and 11 dBi.

Finally, we discussed the use of the developed LWAs for THz
interconnects. For an array consisting of four LWAs, a pencil
beam with a coherence bandwidth of 10 GHz and a maximum
realized gain over 18 dBi is achieved, which is estimated to
support wireless THz transmission up to 1 m.
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