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ABSTRACT

This paper presents the first hybrid-integration assembly of a power amplifier (PA) monolithic microwave
integrated circuit (MMIC) and a beam-steering leaky wave antenna (LWA) using an ultra-precise deposition
(UPD) printed coplanar waveguide (CPW) interconnect operating in a broad sub-THz range of 220 GHz
to 325 GHz. The hybrid assembly uses an InGaAs PA with a saturated output power of up to 14.5dBm
and an InP LWA with a peak antenna gain of up to 13.5 dBi and a beam-steering range from —60° to 35°.
The hybrid assembly employs a submount that compensates for the height difference of ~300 um between
the PA MMIC and LWA substrates. The PA MMIC and LWA are positioned at an edge-to-edge distance
of just 11 um on the submount using a die bonder with sub-micrometer accuracy. The small gap between
the PA MMIC and LWA is filled with a polymer that provides a stable dielectric constant in the target
sub-THz range. The UPD-printed CPW interconnect is optimized to maintain a characteristic impedance of
50 €2 by analyzing the dielectric properties and thickness of the various materials on which the printing is
performed. Moreover, the surface topology is measured using a white light interferometer, to enable fully
conformal printing. The electromagnetic simulation results of the CPW interconnect show an insertion
loss of 1.1dB to 1.7dB, which includes the RF pads of the PA MMIC, LWA, and the short segments
of CPW designed on the PA MMIC and LWA substrates. A separate UPD-printed CPW test assembly
is manufactured on a single polymer substrate, and custom through-reflect-line calibration standards are
printed on the same substrate to experimentally validate the insertion loss of a UPD-printed CPW in the
220 GHz to 325 GHz range. A probe-based measurement setup is used to characterize the hybrid assembly.
The hybrid assembly achieves a reflection coefficient of less than —10dB and a peak gain of up to 26 dBi
across the sub-THz range. The beam-steering functionality of the hybrid assembly is successfully validated
only in the forward quadrant due to measurement restrictions in the backward quadrant. In the forward
quadrant, the measured beam-steering angle of the hybrid assembly varies from 0° to 37°, which is in
good agreement with the standalone LWA.

INDEX TERMS beam-steering, leaky-wave, MMIC, power amplifier, UPD printing, sub-THz antenna.
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I. INTRODUCTION

The sub-THz frequency range is currently being explored
for sixth-generation (6G) wireless communication [1], [2].
The large absolute bandwidth in the sub-THz range promises
ultra-high data rates of up to hundreds of gigabits per
second. Therefore, it is envisioned as a key enabler for
applications such as holographic connectivity, device-to-
device communication, hotspot downloading, and wireless
cellular fronthaul/backhaul networks [3]. Furthermore, the
first IEEE standard for wireless communication, IEEE Std.
802.15.3d, is established in the sub-THz range from 252 GHz
to 325 GHz [4]. One of the main challenges of deploying
a sub-THz wireless link in a line-of-sight scenario is the
extremely high free-space path loss (FSPL), which increases
quadratically with frequency and distance. Under normal
weather conditions, the FSPL dominates over atmospheric
loss, provided the wireless link operates within the so-called
atmospheric window. One of these atmospheric windows
exists from 220 GHz to 325 GHz [5]. To overcome propaga-
tion loss and make a sub-THz wireless link feasible over a
distance of several meters, a transmitter (Tx) radio frequency
(RF) frontend operating in the sub-THz range with a high
effective isotropic radiated power (EIRP) is required [6].
Such a Tx RF frontend requires integration of a sub-THz
power amplifier (PA) with high saturated output power and
a sub-THz high-gain antenna.

Furthermore, in accordance with the requirements of fu-
ture 6G wireless systems, a Tx RF frontend should provide
beam-steering functionality, which can serve multiple users
simultaneously with high data rates in a sub-THz point-to-
multipoint wireless link [3]. Beam-steering frontends imple-
mented at frequencies up to the millimeter-wave range typi-
cally use phase shifters to steer the beam of an antenna array
in the desired direction (i.e., phased array) [7], [8]. However,
a passive phase shifter results in a high insertion loss of up
to 15.6dB in 220 GHz to 320 GHz range [9]. Moreover,
in a phased array, the complexity of feed control increases
with the required angular resolution, and a phased array Tx
typically serves single user at a time. Digital beamforming,
on the other hand, can serve multiple users with parallel data
streams. However, it faces challenges related to high circuit
complexity and power consumption, which become even
more pronounced in the sub-THz range [10]. Alternatively,
a leaky-wave antenna (LWA) provides a simple means of
achieving one-dimensional beam-steering in the sub-THz
range. The beam steers in the spatial domain as the frequency
sweeps over the antenna’s operational bandwidth [10], [11].
Unlike a phased array, high angular resolution can be easily
achieved with a high-gain sub-THz LWA. Furthermore, the
feed control of an LWA beam-steering frontend is much
simpler, and it can serve multiple users simultaneously
with pencil beams pointing in different spatial directions.
Compared to digital beamforming, an LWA beam-steering
frontend saves power consumption, as it does not require
numerous power-hungry analog-to-digital converters. Addi-

tionally, the digital signal processing required for the latter
is much simpler. An LWA provides a simple means of
achieving beam-steering in the sub-THz range, compared to
beam-steering frontends based on phased array and digital
beamforming. The only limitation of an LWA beam-steering
frontend is that the signal bandwidth available per user is
constrained by the LWA beamwidth [12]. This is not the
case with phased array or digital beamforming, where the
full antenna bandwidth can be used to transmit signal in a
specific spatial direction.

In an LWA, the electromagnetic wave gradually leaks
over an antenna aperture that is several wavelengths long
to produce the desired radiation characteristics [13]. Imple-
menting such an antenna on-chip is extremely cost-intensive,
since the on-chip area available for realizing the antenna is
very limited, typically on the order of 1 mmx0.75 mm [14].
Therefore, hybrid integration of an LWA and a PA oper-
ating in the sub-THz range is necessary. Although some
LWAs have been demonstrated in the sub-THz range to
date [15]-[20], the hybrid integration of an LWA with a PA
monolithic microwave integrated circuit (MMIC), resulting
in a miniaturized hybrid assembly, has not been achieved.
This is shown for the first time in this work to the best of the
authors’ knowledge. The miniaturized hybrid assembly thus
paves the way for realizing a beam-steering Tx RF frontend
that can be employed in a multi-user sub-THz link operating
over a distance of several meters with a high data rate in
future 6G wireless systems.

The goal of this work is to achieve the hybrid integration
of a PA MMIC and an LWA over a broad sub-THz range
from 220 GHz to 325 GHz. The PA MMIC used in this work
is based on 35 nm InGaAs mHEMT technology, providing a
high saturated output power of up to 14.5dBm in the target
sub-THz range [21]. The LWA used here is based on an InP
process, with a peak antenna gain of up to 13.5dBi and a
beam-steering range of —60° to 35° in the target sub-THz
range [16]. The PA MMIC-to-LWA interconnect should have
low insertion loss and good impedance matching across the
target sub-THz range. In [22], a single wirebond of length
100 um connects a 280 GHz to 310 GHz GaAs frequency
multiplier MMIC and a quartz stacked patch antenna. The
simulated S-parameters of the wirebond interconnect show
an insertion loss of 3 to 4 dB. In [23], a differential wirebond
connects a 246 GHz SiGe BiCMOS BPSK Tx chip to a
PCB antenna. The differential wirebond interconnect has an
insertion loss of less than 6dB [24]. In [25], an air-bridge
differential interconnect based on spray coating and laser
lithography connects a 220 GHz to 320 GHz GaAs balun to
a quartz-cavity LW feed. The differential interconnect has a
low loss of 0.2dB, whereas the assembly loss, including the
interconnect, balun, and 730 um long feed line on quartz,
varies between 2.1dB and 2.7 dB. Furthermore, in [26], a
250 um long coplanar waveguide (CPW) interconnect based
on a redistribution layer is flipped on InP and Si MMICs
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using 3 um height contact vias. The CPW interconnect shows
an insertion loss of less than 4 dB at 300 GHz.

In recent years, there has been a significant increase
in research on printed RF interconnects, as printing offers
greater flexibility compared to conventional interconnect
technologies such eWLB bonding and flip-chip. At the same
time, printed interconnects eliminate the inherent parasitic
effects associated with wire bonding and flip-chip. Among
printing techniques, most of the research conducted to date
has focused on Aerosol Jet (AJ) printing. However, work
on integrating MMICs with AJ printed interconnects in the
sub-THz range has been limited to a maximum operating
frequency of 210 GHz [27], [28]. Another printing technique,
based on direct-write multi-photon laser lithography has
been used to demonstrate a 274 GHz elevated slot antenna
and a printed CPW operating up to 330 GHz. However,
hybrid integration with an MMIC was not achieved in
this work [29]. The printing technique used in this work
is based on Ultra-Precise Deposition (UPD). UPD is a
highly promising technique for producing high-precision,
low-cost passive components [30]-[32]. UPD comes with
the invaluable advantage of being able to create minimum
feature and gap sizes down to 1 um [33], compared to 10 pm
for AJ printing [34] and 20 um for inkjet printing [35]. As
operating frequencies increase, the required RF structures
become smaller. Therefore, UPD has a decisive advantage
over the other two printing technologies in the sub-THz
range of 220 GHz to 325 GHz, which is the operating range
of the hybrid-integration assembly shown in this work. Addi-
tionally, AJ printing suffers from overspray, which can cause
short circuits when small gap sizes are required, severely
diminishing yield. Inkjet printing, on the other hand, has the
downside of strong substrate-ink interaction, which becomes
very challenging when printing over a multitude of different
substrates, as in this application, since the contact angle and,
therefore, droplet size change from substrate to substrate.
UPD, however, has very low ink-to-substrate interaction
due to the high viscosity of the printed ink and does not
exhibit any overspray, as it is a direct-write technology. It is,
therefore, the only technology capable of reliably achieving
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FIGURE 1: Schematic of a hybrid-integration assembly consisting of a PA MMIC and an LWA connected by UPD printing.
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the required structure sizes necessary in this application
to maintain a constant 502 characteristic impedance over
the entire length of the interconnect. UPD has previously
been used to realize planar and dielectric ramp-based RF
interconnects operating up to a maximum frequency of
170 GHz [30], [36]. However, UPD applications demon-
strated to date have focused on the lower sub-THz range,
with a maximum frequency of up to 170 GHz. Furthermore,
these applications have not demonstrated hybrid integration
with an active MMIC.

To summarize, the paper presents the first hybrid-
integration assembly of a PA MMIC and an LWA using the
UPD printing technique, operating over a broad sub-THz
range of 220 GHz to 325 GHz. To the best of the authors’
knowledge, this work is the first to use a printed interconnect
to connect an active MMIC and an antenna, achieving the
highest operating frequency, the highest peak gain, and
the lowest insertion loss for a sub-THz hybrid assembly
demonstrated to date. This work paves the way for a beam-
steering Tx RF frontend that can be used in a sub-THz multi-
user link operating over a distance of several meters with
a high data rate in future 6G wireless systems. The paper
is organized as follows: Section II provides an overview
of the hybrid assembly, followed by a description of its
components, including the PA MMIC, LWA, and the UPD
printed interconnect. It presents the simulation results of the
hybrid assembly and compares them to those of the LWA.
Section III describes the manufacturing process, detailing
all relevant steps, materials, and equipment involved in the
hybrid-integration assembly. Section IV presents the exper-
imental validation of a UPD-printed CPW test assembly
using probe-based two-port S-parameter measurements. It
also describes the probe-based measurement setup used to
characterize the hybrid-integration assembly, followed by the
measurement results and their analysis. Section V concludes
the paper and presents an outlook for this work.

Il. Assembly Overview and System Simulation
The concept of a hybrid-integration assembly of a PA MMIC
and LWA based on a UPD-printed interconnect is shown in
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Fig. 1. A 300 um thick carrier substrate provides mechanical
stability to the InP LWA, and a metal submount with
precisely milled steps ensures that the top metal layers of
the PA MMIC and the LWA are at the same height. The
UPD printing process is used to connect the PA MMIC
and the LWA. The PA MMIC is based on a 35nm InGaAs
mHEMT process and has dimensions of 1.5 mmx0.75 mm.
It consists of a 50um GaAs substrate with a 1.7 um thick
Benzocyclobutene (BCB) layer on top in the area of the RF
pads. Furthermore, the PA MMIC features two frontside and
one backside gold (Au) metal layers (3.4 um total frontside
thickness and 2.7um backside thickness), resulting in a
nominal MMIC thickness of 56 pm.

The LWA is based on a 50 um InP substrate (dielec-
tric constant, ¢,~12.4 and dielectric loss, tan §<0.009 at
300 GHz [37], [38]) with 1um thick top and bottom Au
metal layers. A key component of the LWA is a grounded
CPW leaky-wave unit cell with two mirrored L-slots in the
lateral ground planes of the CPW, as shown in Fig. 2(a).
The design procedure of the unit cell and the method
used to optimize its dimensions are discussed in [16]. The
dispersion characteristics of the unit cell are determined by
its attenuation constant, i.e., the leakage rate («), and phase
constant of the first space harmonic causing radiation (5_1).
Furthermore, $_1 is derived from the phase constant of the
fundamental guided CPW mode (8y) and the grounded CPW
leaky-wave unit cell length (p), as shown in equation (Eq.) 1.
A relatively low « implies that the electromagnetic wave
gradually leaks as it propagates along the LWA aperture,
leading to high radiation efficiency. Furthermore, the value
of B_; determines the beam-steering angle of the LWA, as
shown in Eq. 2, where \o denotes the operating wavelength.

2

Bo1=po— (”) (1)
p

6 = arcsin <2i)\10> )

From Eq. 1 and Eq. 2, it can be interpreted that the beam-
steering angle of the LWA (¢) depends on [3;, which in
turn is proportional to y/écfr (€efr denotes the CPW effective
dielectric constant, which is directly related to the ¢, of the
dielectric substrate [39]). Since the LWA is realized on a high
dielectric constant substrate (e;~12.4), it helps in achieving
a large beam-steering range for the LWA. An experimental
validation of the influence of the dielectric constant on the
beam-steering range of an LWA is shown in [40]. In addition,
a high dielectric constant substrate also helps in realizing a
compact antenna design, since LWAs are typically multiple
guided wavelengths long [13]. Fig. 2(b) shows the o and
B_1 of the leaky-wave unit cell, calculated using a method
described in [16]. As seen in Fig. 2(b), the value of « is rela-
tively low (=~ 0.3 Np/mm) throughout most of the operating
frequency range. Additionally, the value of $_; is negative
from 220 GHz up to around 275 GHz, becomes 0 at around
275 GHz, and is positive from around 275 GHz to 325 GHz.
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FIGURE 2: Grounded CPW leaky-wave unit cell (a) Top
view of the unit cell with dimensions (b) Calculated leakage
rate and phase constant of the unit cell [16].

According to Eq. 2, this implies that the beam-steering angle
of the LWA is negative from 220 GHz to 275 GHz, indicating
radiation in the backward quadrant. Around 275 GHz, the
LWA radiates in the broadside direction, and from approx-
imately 275 GHz to 325 GHz, the beam-steering angle be-
comes positive, indicating radiation in the forward quadrant.
The LWA consists of a cascade of 16 grounded CPW leaky-
wave unit cells, each with a length of 366 um (i.e., approx.
one guided wavelength at 275 GHz). According to Floquet’s
theory of periodic structures, Bloch waves propagate on the
grounded CPW periodically loaded with leaky-wave unit
cells. Therefore, a Bloch impedance (Zp) is associated with
the grounded CPW leaky-wave unit cell. The mirrored L-
slots in the lateral ground planes of the grounded CPW leaky-
wave unit cell reduce the impedance mismatch between
the Zp and the load impedance (Z;=50(2) around the
center frequency of 275 GHz, corresponding to broadside
radiation of the LWA. This results in an improved reflection
coefficient of the LWA within the operating frequency range
of 220 GHz to 325 GHz. Furthermore, the mirrored L-slots
mitigate the open stopband phenomenon, which tends to
reduce the realized gain of a periodic LWA at its broadside
radiation frequency of 275 GHz. A detailed description of
this phenomenon is provided in [16].
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FIGURE 3: Simulation model of the PA MMIC (model with RF pads only) and the LWA with a UPD-printed interconnect.

PA MMIC

FIGURE 4: Dimensional parameters of the UPD-printed
CPW interconnect between the PA MMIC and the LWA.

The cascade of 16 grounded CPW leaky-wave unit cells
is terminated with a CPW open-circuit, in which the lateral
ground plane terminals of the CPW leaky-wave structure
are connected together, the CPW signal line is tapered,
and it is terminated a short distance before the slot ends.
LWAs realized at low frequencies are typically terminated
with a matched load, so that as the leaky electromagnetic
wave reaches the termination, the residual power is dis-
sipated in the matched load to minimize reflections [41].
However, implementing a matched load termination in the
high operating frequency range of 220 GHz to 325 GHz is
not possible due to limitations in the manufacturing process
used in this work. The CPW open-circuit termination used
with the LWA helps in mitigating the parasitic fringing

VOLUME ,

capacitance that exists at the open end of the CPW. A
simulation analysis shown in [16] proves that this approach
leads to an adequate impedance matching of the LWA across
its operating frequency range. The measurement results of
the LWA show that it operates from 220 GHz to 325 GHz,
with a peak antenna gain of up to 13.5dBi, and a beam-
steering range of —60° to 35°. Furthermore, the LWA has a
simulated total antenna efficiency of ~ 82% in the 220 GHz
to 325 GHz range [16]. The LWA substrate has dimensions
of 6.8 mmx1.8mm. The InP substrate of the LWA is very
thin and relatively long. In addition, InP is more fragile than
the GaAs substrate; therefore it is bonded to a 300 um thick
silicon wafer (i.e., carrier substrate, as shown in Fig. 1) using
a thermocompression bonding process [16]. This, in turn,
provides mechanical stability to the LWA, allowing it to be
precisely placed next to the PA MMIC. A detailed process
flow illustrating the fabrication of an InP LWA bonded to a
silicon wafer is shown in [15]. This results in a total height
of around 350 um for the LWA.

To minimize insertion loss and connect the LWA and the
PA MMIC with the shortest UPD-printed interconnect, it
is essential to place the components as close together as
possible and to compensate for the height difference between
them. Taking this into consideration, the LWA and PA MMIC
are positioned on a metal submount with a small edge-
to-edge gap of 11um. This gap is filled with a polymer,
NEA 123M with a stable ¢,/~3 and tan §=0.03 in the target
sub-THz range [42]. Furthermore, the LWA and the PA
MMIC are placed on a submount with precisely milled steps,
which effectively compensates for their height difference and
ensures that the top Au metal layers of both the LWA and
the PA MMIC are aligned at the same height.
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FIGURE 5: Simulation of the hybrid-integration assembly consisting of the PA MMIC (model with RF pads only), UPD-
printed CPW interconnect, and the LWA, compared to the LWA alone with respect to the following: (a) Reflection coefficient
(b) Beam-steering angle (c) Simulated S-parameter of the UPD-printed CPW interconnect using waveguide ports at the
output RF pads of the PA MMIC and the input RF pads of the LWA.

The UPD-printed interconnect is based on a CPW trans-
mission line that connects the RF output pads of the PA
MMIC to the input pads of the LWA. The pads of both
the PA MMIC and the LWA are in ground-signal-ground
(GSG) configuration and have a characteristic impedance
of 50 2. To achieve broadband impedance matching for the
UPD-printed CPW interconnect, it is designed to maintain a
consistent characteristic impedance of 50 {) across its entire
length.

A simulation model of the PA MMIC and LWA with UPD-
printed interconnect is shown in Fig. 3. The silicon-based
carrier substrate is not included in the model, as it only
provides mechanical stability for placing the LWA on the
submount. Furthermore, it is electromagnetically isolated by
the back metal ground plane of the LWA. The PA MMIC
model includes only the RF pads. A zoomed view of the
UPD-printed interconnect, also shown in Fig. 3, presents
the stepped structure of the interconnect in greater detail.
In this assembly, the UPD-printed CPW interconnect starts
on the Au metal pads of the PA MMIC, crosses a thin
BCB layer on GaAs, and then extends directly over the
GaAs substrate until it reaches the edge of the PA MMIC.
Thereafter, the UPD-printed CPW interconnect continues
over a polymer gap filler onto the InP substrate of the
LWA. Since each of these dielectric materials has a different
dielectric constant, the physical dimensions of the UPD-
printed CPW interconnect are adjusted depending on the
dielectric constant of the substrate on which it is printed.
Furthermore, the constraints of the UPD printing process,
such as minimum feature sizes, gap sizes, and the pad layouts
of the MMICs, are also considered to optimize the geometry
of the interconnect. The dimensional parameters of the UPD-
printed CPW interconnect between the PA MMIC and the
LWA are shown in Fig. 4 and their values are listed in
Table 1.

Two different simulations are conducted using CST Mi-
crowave Studio software. In the first simulation, only one
waveguide port is set up at the output RF pads of the PA
MMIC. The output RF pads of the PA MMIC are connected
to the LWA via the UPD-printed CPW interconnect. The
reflection coefficient (S1;) and the beam-steering angle ob-
tained from the hybrid assembly simulation (marked as *PA
- UPD - LWA’) are compared with those of the LWA itself,
as shown in Fig. 5(a) and Fig. 5(b), respectively. In the
frequency range from 220 GHz to 325 GHz, the Si; of the
hybrid assembly 'PA - UPD - LWA’, similar to that of the
LWA itself, is less than —10 dB, indicating good impedance
matching between the RF pads of the PA MMIC, the UPD-
printed interconnect, and the LWA. Additionally, the beam-
steering angle of the hybrid assembly 'PA - UPD - LWA’
steers its direction from —57° to 33° as the frequency sweeps
from 220 GHz to 325 GHz. This is in good agreement with
the LWA, whose beam-steering angle varies from —60° to
35°, as shown in Fig. 5(b). The beam of the LWA, and hence
the beam of the hybrid assembly 'PA - UPD - LWA, steers
in only one dimension, i.e., along the elevation plane. In the
second simulation, two waveguide ports on either side of
the UPD-printed CPW interconnect are used; one port is at
the edge of the output RF pads of the PA MMIC, and the
other port is at the input RF pads of the LWA. The resulting
reflection coefficient (S7;) and the transmission coefficient
(S21) are shown in Fig. 5(c). For this simulation, the realized
dimensions according to Table 1 have been used. In the
frequency range of 220 GHz to 325 GHz, the simulated Sy,
is less than —16dB, and the simulated S,; varies between
—1.1dB and —1.7dB.

lll. Manufacturing

The UPD system operates as a direct-write technology, using
a highly precise glass nozzle with an opening diameter of
choice between 1.5 and 5 ym, connected to an ink reservoir.
A controllable pressure supply (up to 10 bar) regulates the
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TABLE 1: Target and realized dimensions of the UPD-
printed interconnect between the PA MMIC and LWA.

’ ‘ Target dim. (um) ‘ Realized dim. (um) ‘ Difference (um) ‘

BCB_w 30 29 -1
BCB_s 15 16 +1
PA_w 26 22 -4
PA_s 27 31 +4
gap_w 60 58 -2
gap_s 10 12 +2
LWA_w 30 28 2
LWA_s 26 27 +1

FIGURE 6: A schematic of the UPD printing system nozzle
and ink reservoir assembly.

extrusion of ink through the nozzle. A drawing of the system
is shown in Fig. 6. For printing metallic structures, XTPL’s
standard CL85 silver nanoparticle ink is utilized because
of its high solid content and viscosity. This helps reduce
the substrate-ink interaction, which is an important factor in
ensuring consistent results, given the range of materials (i.e.,
Au metal pads, BCB, GaAs, polymer gap filler, and InP) on
which the CPW interconnect is printed in this assembly. The
ink’s thixotropic properties, due to its high solid content (82
wt.%), allow for printing with a high aspect ratio. The nozzle
is positioned by a precision xyz-stage, while x- and y-axis
cameras provide visual alignment and process monitoring.
Maintaining contact between the nozzle and the substrate is
essential for proper ink deposition, which poses a significant
challenge on non-planar substrates.

Achieving uniform printed lines requires careful tuning of
the velocity, acceleration, deceleration, and printing pressure.
Since changes in printing pressure occur slowly, typically
taking 1 to 2 seconds, it is necessary to compensate for
the pressure variation by adjusting the printing speed pro-
portionally. This ensures a consistent ink volume deposited
per unit distance. This functionality is supported by the
printer software through the “lineramp” command, which
will be referenced later in this section. As mentioned in

VOLUME ,

section II, a key objective of this work is to minimize the
length of the UPD-printed CPW interconnect to reduce the
insertion loss. This requires a precise alignment of the top
surfaces of the PA MMIC and the LWA. To achieve this,
the heights of both components are measured using a white
light interferometer (WLI), and the metal submount shown
in Fig. 1 is designed based on these measurements. The
submount is manufactured by CNC machining of a tungsten-
copper (CuW) block. CuW is chosen for the submount due
to its linear coefficient of thermal expansion (CTE less than
7.5x1075K~1) [43], which closely matches that of the GaAs
and InP substrates [44]. The CuW submount functions as a
mechanical support, leveling structure, and ground connec-
tion for the PA MMIC. It is electroplated with a 2pum Au
layer to ensure high conductivity and prevent oxidation. The
PA MMIC and the LWA are attached to the stepped structure
of the CuW submount using an electrically conductive dicing
die-attach film from Furukawa Electric [45].

The PA MMIC and the LWA are placed on the CuW
submount using the FINEPLACER® femto 2, a system
equipped with high-precision optical systems that enable die
placement with sub-micrometer precision [46]. As previously
mentioned, the PA MMIC and the LWA are to be placed
as close together as possible so a short UPD-printed CPW
interconnect can be manufactured for minimal insertion loss.
A significant challenge in this task arises due to the 300 um
step in the submount at the edge of the PA MMIC, as shown
in Fig. 1. The milling process results in a non-vertical step
of the submount, which complicates the alignment of the PA
MMIC and the LWA.

While the FINEPLACER® femto 2 provides near-perfect
accuracy in automatic mode, it is still sensitive to human
error in manual mode. The operator has erroneously chosen a
slightly off-center structure on the PA MMIC to perform the
alignment. Consequently, a 10 um misalignment is observed
between the RF signal pads of the PA MMIC and the LWA.
This shift is also modeled in the CST simulation of the
UPD-printed CPW interconnect shown in Fig. 4. It should
be noted that in processes like flip-chip bonding, such an
error could render the entire assembly unusable. However,
the digital nature of printed interconnects allows for a simple
compensation of this misalignment without compromising
RF performance.

Although the submount is designed to compensate for
the height difference between the PA MMIC and the LWA,
ensuring that their top surfaces are at the same height, it is
impossible to avoid some steps of a few um in the surface
topology. These steps occur between the Au metal pads and
the surrounding area of the PA MMIC, as well as between
the BCB-covered sections and the bare die areas of the
PA MMIC. Additionally, the polymer-filled gap between
the PA MMIC and the LWA introduces a minor change
in surface height. A WLI measurement of the surface is
shown in Fig. 7. Since UPD is a direct-write printing process,
continuous contact is required between the printing nozzle
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FIGURE 7: Surface topology of the PA MMIC and LWA
assembly prior to printing, measured with a WLI. The Au
Pads of the PA MMIC are visible on the left (red-green),
surrounded by BCB (green), followed by the bare die area
and the polymer-filled gap (both blue), and finally the InP
LWA with Au pads on the right (red-green). Scratch marks
from previous RF measurements can be seen on the pads.

i
FIGURE 8: UPD-printed CPW interconnect between the PA
MMIC and the LWA with a length of 185 um.

and the substrate. This requires 3D printing movements to
accommodate the surface topology, a feature that the printer
does not inherently provide. The manufacturer optimized
the system for mostly planar surfaces or manually taught
profiles, making it unsuitable for the complex topology of
this assembly. This shortcoming of the UPD printing system
is addressed by developing a process that allows surface
measurement and the projection of printing paths onto the
measured topography, thereby generating the necessary 3D
printing movements. A WLI surface measurement is used,
and the printing paths are manually adjusted for optimal
precision. The printing is carried out at a pressure of 9.5 bar
and a speed of 0.025 mms ™! using a 5 um nozzle, resulting
in a line width of 9 pm. A line pitch of 3um is used to fill
all surfaces. To ensure high uniformity in line segments, a
custom, 3D-capable version of the “veclineramp” command
(see above) is implemented for all printing movements. A
10pum ramp-up and a 30 pm ramp-down distance, with a
20ms start delay, are chosen. These short ramp distances
were achievable due to the exceptionally high viscosity
of the CLS8S5 silver nanoparticle ink batch used, which al-

lowed for a 5 bar non-printing pressure between consecutive
line segments. The reduced pressure difference minimized
adaptation time and, consequently, shortened the ramping
distances. For segments shorter than the combined ramp-up
and ramp-down distances, the printing pressure is reduced
to 6 bar to prevent bulging in the printed lines.

When using the 3D projection method, precise leveling
and alignment are essential to ensure that the printing start
point matches the zero point in the projected printing paths.
In this instance, both the printer and the WLI are leveled
using a reference surface, and any digital leveling steps
for the measured data are omitted. This approach ensures
that all tilts and steps in the measurement data accurately
correspond to the actual surface topology in the printer.
Rotational alignment is achieved using features on the LWA.
The corner of the LWA signal pad is chosen as the start point
for printing, as it is clearly visible in both the printer and
the measurement data, allowing for correct alignment.

Two layers of silver are printed, with a sintering step
on a preheated hotplate at 250°C for 10min after each
layer. This process achieves a printed metal thickness of
2um, which is also reflected in the CST simulation of
UPD-printed CPW interconnects shown in section II. Fig. 8
shows the UPD printed CPW interconnect with both layers
after sintering, demonstrating an alignment accuracy better
than 3 pm between the printed structures, the PA MMIC,
the LWA, and the two printed layers. The interconnect is
printed with excellent dimensional accuracy. The realized
dimensions of the different CPW segments are measured
and compared with the target dimensions. The values of
target and realized dimensions are shown in Table 1, and
the structures corresponding to the names are shown in
Fig. 4. The average deviation between the target and realized
dimensions is 2.2 um, and the worst-case deviation is 4 pm.

The final step of the assembly is adding the DC con-
nections for the power supply of the PA MMIC. This is
accomplished using standard wirebond technology. The DC
supply PCB, the DC redistribution quartz chip, and die caps
are attached to the same CuW submount as the PA MMIC
and the LWA. A photograph of the assembly after bonding
is shown in Fig. 9.

IV. Measurement Results and Analysis

Before measuring the hybrid-integration assembly of the PA
MMIC and the LWA, the performance of the UPD-printed
CPW interconnect needs to be experimentally validated by
measuring its two-port S-parameters in the 220 GHz to
325 GHz range. It is important to note that if the two-
port S-parameters of the UPD-printed CPW interconnect
are measured in situ, i.e., by contacting two GSG probes
positioned at the output RF pads of the PA MMIC and the
input RF pads of the LWA, respectively, the active circuit
of the PA MMIC and the UPD-printed CPW interconnect,
was well as the input of the LWA and the interconnect would
form a parallel configuration at the probe tip, thus resulting in
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FIGURE 9: A photograph of the hybrid-integration assembly
consisting of the PA MMIC and the LWA connected by
UPD-printed CPW interconnect. A part of the DC-supply
PCB (top right), DC redistribution chip (top left), and

capacitors (top center) are also visible in the photo.

0
F02
R=
5-0.4
151
£.0.6
= —,, (Simulation)
508
U —S21 (Measurement)

-1
220 240 260 280 300 320
Frequency in GHz

(b)

FIGURE 10: UPD-printed CPW test assembly (a) Micro-
scope photo of the UPD-printed TRL calibration standards
manufactured on a NEA 123M polymer substrate. (b) Mea-
sured and simulated S-parameters of a 185um long UPD-
printed CPW manufactured on a NEA 123M polymer sub-
strate.
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severe mismatch for the two-port S-parameter measurement
as well as potential destruction of the PA MMIC. To avoid
that and to measure the true two-port S-parameters of a
UPD-printed CPW in the 220 GHz to 325 GHz range, a test
assembly is manufactured.

In this test assembly, the polymer used to fill the gap
between the PA MMIC and the LWA (i.e., NEA 123M) is
dispensed onto a metal sheet. The thickness of the polymer
substrate is adjusted using a lapping procedure to ensure it
is exactly the same as the thickness of the polymer gap filler
used in the hybrid-integration assembly of the PA MMIC and
the LWA. A UPD-printed CPW is manufactured on top of the
polymer substrate such that its dimensions (i.e., CPW signal
and slot width) match those shown in Fig. 4 and indicated
in Table 1. The length of the UPD-printed CPW in this test
assembly is 385 um, whereas the length of the UPD-printed
CPW interconnect used in the hybrid-integration assembly
is 185 um (see Fig. 8). Note that the length of the UPD-
printed CPW in the test assembly is intentionally kept longer
to minimize cross-talk between probes during a two-port S-
parameter measurement. Furthermore, to extract the insertion
loss of a 185 um long UPD-printed CPW, through-reflect-
line (TRL) calibration standards are also printed on the same
polymer substrate, as shown in Fig. 10(a).

The two-port S-parameters of the UPD-printed CPW are
measured using two waveguide probes with a GSG config-
uration and an 80um pitch, operating in the 220 GHz to
325 GHz range. A line-reflect-match (LRM) calibration is
performed using an impedance standard substrate, followed
by a second-tier TRL calibration using the TRL standards
printed on the polymer substrate with UPD technology.
This shifts the reference plane to the middle of the thru
standard, after which a two-port S-parameter measurement
of the UPD-printed CPW test assembly is performed. A
simulation model of the test assembly -without the feeding
CPW segments which are mathematically removed from
the measurements by the second tier TRL calibration- is
built, and an electromagnetic simulation is carried out using
CST Microwave Studio software. The UPD-printed CPW test
assembly shows excellent impedance matching, with a mea-
sured return loss greater than 30 dB throughout the 220 GHz
to 325 GHz range. Furthermore, the simulated and measured
insertion losses of the 185 um long and 2pm thick UPD-
printed CPW test assembly are found to be in very good
agreement, as shown in Fig. 10(b). The measured insertion
loss varies between 0.3dB and 0.6dB in the 220 GHz to
325 GHz range. Furthermore, as shown in Section II, the
evaluation of the UPD-printed CPW connecting the output
RF pads of the PA MMIC and the input RF pads of the LWA
leads to an insertion loss of 1.1dB to 1.7 dB for the hybrid-
integration assembly (see Fig. 5(c)). The approximately 1 dB
difference in the insertion loss of the UPD-printed CPW used
in the test assembly and the hybrid-integration assembly is
attributed to the fact that, in the test assembly, the UPD-
printed CPW is formed on a single polymer substrate,
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FIGURE 11: Probe-based measurement setup for the hybrid-
integration assembly.

whereas in the hybrid-integration assembly, the UPD-printed
CPW interconnect is manufactured over different substrates
with different dielectric constants. This necessitates the man-
ufacturing of various CPW dimensions to maintain a constant
502 line impedance, a detailed description of which is
provided in Section III, thus resulting in a slightly higher
insertion loss for the UPD-printed CPW interconnect used
in the hybrid-integration assembly.

The actual hybrid-integration assembly of the PA MMIC
and the LWA with the UPD-printed CPW interconnect (i.e.,
Hybrid Assembly under Test, Hybrid AUT) is measured
using a waveguide probe (Model: 1325-T-GSG-100-BT) with
a GSG configuration and a 100 um pitch that operates in the
WR3.4 frequency band of 220 GHz to 325 GHz. The probe-
based setup used for measuring the characteristics of the
hybrid AUT is shown in Fig. 11. A detailed description of
this antenna measurement setup and its working principle
is provided in [47], [48]. In this setup, the Tx signal is
generated by a two-port vector network analyzer (VNA)
(Model: Keysight PNA-X Network Analyzer N5242B) com-
bined with a millimeter-wave controller (Model: Keysight
N5261A). The Tx signal generated by the VNA is fed
to a frequency extender (Model: VDI WR3.4-VNAX) that
provides standard frequency coverage from 220 GHz to
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FIGURE 12: Measurement results of the hybrid-integration
assembly (i.e., hybrid AUT) (a) Measured reflection coeffi-
cient of the hybrid AUT is compared with that of the PA
MMIC alone. (b) Measured peak gain of the hybrid AUT is
compared with that of the LWA alone. (c) Measured beam-
steering angle of the hybrid AUT is compared with that of
the LWA alone. (d) Measured cross-polarization of hybrid
AUT is compared with that of the LWA alone.

VOLUME ,

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Open Journal of Antennas and Propagation. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/OJAP.2025.35513 IEEE Open Journal of

Antennas and Propagation

0\) 0 (o]
30° -30° 30° -30° 30° -30°
60° -60° 60° \{\g -60° 60° J\\g -60°
90° -90° 90° -90° 90° -90°
-15 0 15 30 -15 0 15 30 -15 0 15 30
Gain in dBi Gain in dBi Gain in dBi
—LWA —LWA —LWA
—Hybrid AUT -120° —Hybrid AUT -120° —Hybrid AUT -120°
150° o -1s0° 150° o -1s0° 150° o -1s0°
180 180 180
(a) 270 GHz (b) 280 GHz (c) 290 GHz
0° 0° 0°
30° -30° 30° -30° 30° -30°
60° -60° 60° -60° 60° -60°
90° ; -90° 90° ; -90° 90° ; -90°
-15. 0 15 30 -15 0 15 30 -15 0 15 30
Gain in dBi Gain in dBi Gain in dBi
—LWA —LWA —LWA
—Hybrid AUT -120° —Hybrid AUT -120° —Hybrid AUT -120°
150° o -1s0° 150° o -1s0° 150° o -1s0°
180 0 180
(d) 300 GHz (e) 310 GHz (f) 320 GHz

FIGURE 13: Measured far-field radiation patterns of the hybrid AUT are compared with those of the LWA alone in the
beam-steering plane at frequencies (a) 270 GHz, (b) 280 GHz, (c) 290 GHz, (d) 300 GHz, (e) 310 GHz, and (f) 320 GHz.

330 GHz and a typical test port power of 1dBm [49].
The test port of the frequency extender WR3.4-VNAX is
connected to a WR3.4 waveguide attenuator, which in turn
is connected to the probe. The waveguide attenuator pro-
vides an attenuation of approximately 6 dB and the typical
insertion loss of the waveguide probe is 5.2dB [50]. Con-
sequently, the Tx signal has a power level of approximately
—10dBm at the probe tip. The probe contacts the hybrid
AUT (i.e., the input RF pads of the PA MMIC placed at the
feed end of the hybrid AUT). Therefore, the hybrid AUT
serves as a Tx module in the probe-based measurement setup
(see the zoom view in the inset of Fig. 11).

The receiver (Rx) module consists of a WR3.4 horn with a
standard gain of 25 dBi and linear polarization, as specified
by the manufacturer. The WR3.4 horn is connected to a
WR3.4 down-conversion mixer, which is in turn connected to
the second port of the VNA. The Rx module is mounted on
a motorized rotational arm and is separated by a distance
of 70cm from the hybrid AUT, thus ensuring a far-field
distance while measuring the radiation pattern of the hybrid
AUT across the target frequency range. The hybrid AUT is
precisely placed at the rotational center, and the Rx module
arm is rotated around the hybrid AUT in the beam-steering
plane (i.e., the plane parallel to the probe) to measure its
two-dimensional far-field radiation pattern. As shown in
section II, the hybrid AUT includes an LWA whose beam
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steers from —57° to 33° as the frequency sweeps from
220 GHz to 325 GHz (see Fig. 5(b)). The far-field radiation
pattern of the hybrid AUT is measured only in the forward
quadrant (i.e., from 0° to 33°), corresponding to a frequency
range of 270 GHz to 325 GHz. This is where the Rx module
arm can be rotated in the cross-sectional plane parallel to the
probe, with the hybrid AUT in its line of sight. On the other
hand, the AUT radiation pattern in the backward quadrant
(i.e., from —57° to 0°), corresponding to a frequency range
of 220 GHz to almost 270 GHz, is not measured, since when
the Rx module is rotated in this sector of the cross-sectional
plane parallel to the probe, it is shadowed by the mea-
surement setup itself (i.e. probe, attenuator, and frequency
extender). However, based on the experimental analysis of
the UPD-printed CPW interconnect and the excellent match
between the simulated and measured insertion loss over the
complete target frequency range (see Fig. 10(b)), we can
conclude that system integrity is maintained throughout the
target frequency range of 220 GHz to 325 GHz, i.e., from
—57° to 0° in the 220 GHz to 270 GHz band and from 0°
to 33° in the 270 GHz to 325 GHz band.

The probe-based measurement setup is calibrated before
measuring the characteristics of the hybrid AUT. The cali-
bration process begins with a one-port waveguide calibration
performed at the output of the waveguide attenuator using
a standard rectangular waveguide WR3.4 calibration kit.
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The calibration standards consist of a waveguide short, a
quarter-wave delay waveguide short, and a waveguide load.
The calibration is performed from 220 GHz to 325 GHz
with 801 frequency points and an IF bandwidth of 100 Hz.
Subsequently, a gain calibration is performed by connecting
a second standard-gain WR3.4 horn (25dBi gain, linear
polarization) to the waveguide attenuator. For the gain cal-
ibration, the Tx and Rx standard-gain WR3.4 horns are
aligned with each other in two orthogonal cross-sectional
planes, ensuring a perfect polarization match between the Tx
and Rx WR3.4 horns. The forward transmission coefficient
is measured to deduce the losses of the measurement setup,
which are then used to calibrate the measured peak gain
of the hybrid AUT. Finally, the probe tip is planarized,
and a one-port impedance calibration is performed using
short, open, and load standards from an impedance standard
substrate (Model: P/N: 138-357) [51].

After calibrating the measurement setup, the reference
plane is established at the probe tip. The hybrid AUT is then
contacted with the probe, providing it with an RF input signal
at a typical power level of —10dBm (as described above).
The reflection coefficient of the hybrid AUT is measured
in the target frequency range of 220 GHz to 325 GHz and
compared with the measured reflection coefficient of the PA
MMIC itself. Note that in this case, the standalone PA MMIC
is mounted on a submount and connected to the DC-supply
PCB, DC redistribution chip, and capacitors using standard
wire bonds. In other words, the standalone PA MMIC assem-
bly is similar to the one shown in Fig. 9, the only difference
being that the UPD-printed CPW interconnect and the LWA
are not included in the standalone PA MMIC assembly. The
PA MMIC is measured at a probe station by contacting
both input and output RF pads with two waveguide probes
(Model: 1325-T-GSG-100-BT) configured in GSG with a
100 um pitch. In this case, two-port S-parameters of the PA
MMIC are measured, and the S-parameter measurement is
preceded by a two-port Line-Reflect-Reflect-Match (LRRM)
impedance calibration performed at the tip of each probe.
The measured reflection coefficients of both the hybrid AUT
and the PA MMIC show good agreement in the target
frequency range, as shown in Fig. 12(a). This is expected
because, as shown in Fig. 5(a), the RF output pads of the PA
MMIC, the UPD-printed CPW interconnect, and the LWA
exhibit good impedance matching in the target frequency
range, and the measured reverse isolation of the PA MMIC
is as high as 30dB to 40dB in this range.

Subsequently, the far-field radiation pattern of the hybrid
AUT is measured from 270 GHz to 325 GHz in steps of
5GHz. (As explained above, measuring the far-field radi-
ation pattern in the lower frequency range of 220 GHz to
almost 270 GHz is not possible due to restrictions imposed
by the measurement setup.) These far-field radiation pattern
measurements are used to determine the peak gain and the
beam-steering angle of the hybrid AUT. The measured peak
gain and beam-steering angle of the hybrid AUT are com-

pared with those of a standalone LWA, as shown in Fig. 12(b)
and Fig. 12(c), respectively. The measured beam-steering
angle of the hybrid AUT matches that of the standalone
LWA, demonstrating that the beam-steering functionality of
the LWA is not distorted by the hybrid integration of the PA
MMIC with the UPD-printed CPW interconnect.

Upon comparing the measured peak gain of the hybrid
AUT and the LWA, it is observed that the hybrid AUT
shows an average gain enhancement of up to 15dB in
the frequency range of 270 GHz to 325 GHz relative to
the LWA. Furthermore, Fig. 12(d) compares the measured
cross-polarization (X-pol.) of the hybrid AUT with that of
the LWA alone. The X-pol. level is shown with respect to
the corresponding measured peak gain of the LWA and the
Hybrid AUT (i.e., dBc) in the 270 GHz to 325 GHz range.
The X-pol. of the LWA lies between —14 dBc and —20 dBc,
whereas the X-pol. of the Hybrid AUT lies between —26 dBc
and —34 dBc. The X-pol. level of the Hybrid AUT is up to
14 dB lower than that of the LWA, which is consistent with
the average difference in their measured peak gain values
shown in Fig. 12(b). Therefore, it can be concluded that the
absolute X-pol. level of the Hybrid AUT is nearly the same
as that of the LWA. In other words, the hybrid assembly pre-
sented in this work does not degrade the X-pol. level of the
LWA and keeps it intact. The on-wafer measurements of the
PA MMIC show variation in the measured gain depending
on the RF input signal power. The on-wafer measurements
corresponding to RF input signal powers of —15dBm and
—10 dBm show a reduction in the measured gain from 23 dB
to 20 dB at 270 GHz [21]. Due to the typical RF input signal
power of —10dBm available in the measurement setup of
the hybrid AUT, a similar behavior is expected at higher
frequencies; therefore, the gain of the PA MMIC is around
17dB from 270 GHz to 325 GHz. Additionally, in contrast
to the on-wafer measurement of the PA MMIC, where the
DC bias is directly provided using a multi-contact DC probe,
in the hybrid AUT, the DC bias is supplied by connecting
the PA MMIC to a DC-supply PCB, a DC redistribution
chip, and capacitors using standard wire bonds. This leads
to a further gain reduction of approximately 1dB, which
was verified in the S-parameter measurements of the stand
alone PA MMIC. Finally, the simulated insertion loss of the
UPD-printed CPW interconnect is up to 1.7dB, as shown
in Fig. 5(c). Taking these factors into consideration, the
measured peak gain of up to 26 dBi achieved by the hybrid
AUT is found to be justified. The far-field radiation patterns
measured in the beam-steering plane of the hybrid AUT and
the standalone LWA at frequencies of 270 GHz, 280 GHz,
290 GHz, 300 GHz, 310 GHz and 320 GHz are shown in
Fig. 13. As seen in these polar plots, the hybrid AUT
exhibits the same beam-steering range and a significant gain
enhancement of up to 15dB compared to the LWA.

A comparison with prior works on hybrid-integration
assemblies operating in the 220 GHz to 325 GHz range is
shown in Table 2. The hybrid AUT presented in this work
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exhibits a lower assembly loss over a broad sub-THz range
compared to previous works. Moreover, the hybrid AUT
also achieves a very high peak gain and a low side lobe
level (SLL) with a compact hybrid-integration assembly (i.e.,
without using a lens).

V. CONCLUSION AND OUTLOOK

This paper presents the first hybrid-integration assembly of
a PA MMIC and a beam-steering LWA using a UPD-printed
CPW interconnect, operating in the broadband sub-THz
range of 220 GHz to 325 GHz. In this assembly, a 35nm
InGaAs mHEMT PA with a saturated output power of up to
14.5 dBm and an InP LWA with a peak gain of up to 13.5 dBi
and a beam-steering range from —60° to 35° are used. The
PA MMIC and the LWA are mounted on a submount with a
precisely milled stepped structure that compensates for the
height difference of ~300 um between the PA MMIC and the
LWA. Using the FINEPLACER® femto 2, a system equipped
with high-precision optical systems enabling sub-um die
placement, the PA MMIC and the LWA are positioned at
an edge-to-edge distance of merely 11 um. This small gap
is filled with a polymer, NEA 123M, with a stable dielectric
constant in the target sub-THz range.

The UPD-printing technique is employed to print a CPW
interconnect between the PA MMIC and the LWA. Since
the interconnect is printed on various dielectric materials,
including BCB, GaAs, polymer gap filler, and InP, which
have different dielectric constants and thicknesses, the geom-
etry of the interconnect is optimized to ensure a consistent
characteristic impedance of 502 across its length, thus
ensuring good impedance matching over the target sub-THz
range. A WLI is used to measure the surface height with
very high precision, based on which the UPD printing path is
optimized. The UPD-printed interconnect also compensates
for slight misalignments between the signal pads of the PA
MMIC and the LWA. The realized dimensions of the UPD-
printed interconnect are measured and compared with the
target dimensions and a worst-case deviation of 4pum is
observed. The manufacturing tolerances of the interconnect,
including the thickness of the printed metal, the slight
misalignment between the PA MMIC and LWA pads, and the
measured dimensions, are incorporated into the simulation
model of the UPD-printed interconnect. The simulated S-
parameters of the interconnect show an insertion loss of up
to 1.7dB in the target sub-THz range. The reliability of the
simulation model is verified through the manufacturing and
measurement of a UPD-printed CPW test assembly which
shows very good agreement with the simulation model. A
DC-supply PCB, DC redistribution chip, and capacitors are
also mounted on the submount and connected to the PA
MMIC using wire bonds.

A probe-based setup is used to measure the characteristics
of the hybrid AUT. The measured reflection coefficient of the
hybrid AUT is less than —10dB from 220 GHz to 325 GHz.
The peak gain and beam-steering angle of the hybrid AUT

VOLUME ,

are measured from 270 GHz to 325 GHz, as measurements
at lower frequencies are restricted by the measurement setup.
From 270 GHz to 325 GHz, the hybrid AUT achieves a
measured peak gain of up to 26 dBi, demonstrating a gain
enhancement of up to 15 dB compared to the LWA. The mea-
sured SLL of the hybrid AUT is 13.5dB less than the peak
gain and the simulated radiation efficiency is around 65%
at 295 GHz. The cross-polarization of the hybrid AUT has
been measured and it lies between —26 dBc and —34 dBc.
The factors influencing the gain enhancement achieved by
the hybrid AUT are carefully analyzed. This includes the RF
input signal power available at the probe tip, the DC-supply
PCB, DC redistribution chip, and capacitors connected via
wire bonds to the DC input pads of the PA MMIC, and the
insertion loss of the UPD-printed interconnect.

The measured beam-steering angle of the hybrid AUT
varies from 0° to 37° as the frequency sweeps from 270 GHz
to 325 GHz, which closely matches the LWA. The successful
demonstration of the hybrid integration assembly of a PA
MMIC and LWA in the 220 GHz to 325 GHz range opens
two key prospects for future 6G wireless systems. First, this
hybrid assembly can be integrated with a sub-THz Tx chip
(e.g., VCO, frequency multiplier) to realize a beam-steering
Tx RF frontend. This Tx frontend can be used in a sub-THz
point-to-multipoint wireless link that extends over several
meters, enabling simultaneous high-data-rate transmissions
to multiple users. Second, the successful demonstration of
UPD printing to connect an active MMIC and an an-
tenna highlights the precision and flexibility of this printing
technique. The ability to optimize the UPD printing path
according to the dielectric constants and surface heights
of heterogeneous chips, combined with the low insertion
loss of a UPD-printed interconnect in the sub-THz range,
demonstrates its suitability for future sub-THz system-on-
package integration. Consequently, UPD printing can also
be employed in the next step: integrating a sub-THz Tx chip
with this hybrid assembly. This advancement will result in
an extremely compact sub-THz Tx RF frontend, making it
highly attractive for future 6G wireless systems.
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TABLE 2: Comparison with prior works on hybrid-integration assemblies operating in the 220 GHz to 325 GHz range.

Hybrid MMIC Antenna Frequency Integration technique Assembly Peak gain (dBi) SLL Ref.
AUT (GHz) loss (dB) (dB)
MMIC- InGaAs PA InP LWA 220 - 325 UPD-printed CPW 1.1-1.7 26 -13.5 This
Antenna work
MMIC- GaAs x36 Quartz stacked patch 280 - 310 Single wirebond 3-4 5 (w/o lens), 23 -9 [22]
Antenna Multiplier + Lens (w. lens)
MMIC- SiGe PCB antenna 230 — 255 Differential wirebond <6 6 - [23]
Antenna BiCMOS
BPSK Tx

MMIC- GaAs Balun Quartz-cavity LW 220 - 320 Air-bridge 2.1 -2.74 ~15 (w/o lens), - [25]
Antenna feed + Lens differential 25 (w. lens)

interconnect
MMIC- THz Elevated slot antenna 274¢ Printed CPW via <2 5.5 - [29]
Antenna Amplifier? multi-photon laser

lithography
MMIC- InP and Si n/a up to 300 CPW based on <4 n/a n/a [26]
MMIC MMICs wafer-level

packaging

“For 730 um long feed line, excluding the loss of lens and polarization mismatch.
bThe amplifier MMIC is not connected to the antenna, during the antenna measurement.
¢Antenna bandwidth not given in the paper.

Bhutani. Sebastian Randel, Christian Koos, Thomas Zwick,
and Akanksha Bhutani acquired funding for this project.
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