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ABSTRACT This article presents an overview and recent design for the sub-array antenna-in-package
(AiP) structures of scalable phased array for D-band applications. The primary focus is on the benefits and
challenges associated with the design of scalable phased arrays at D-band frequencies. Following this, a sub-
array structure of stripline power divider (PD)-based AiP is proposed. Initially, an analysis of a dual-polarized
antenna element is conducted, employing characteristic modes and equivalent circuits. Subsequently, two
distinct PDs are developed to match the antenna elements for sub-array setups. These configurations achieved
notable results, including a 42.8% impedance bandwidth, port-to-port isolation exceeding 15 dB, and a
3 dB gain bandwidth exceeding 43%. Furthermore, a 4 x 4 antenna array is designed that attained notable
specifications, such as a maximum gain of 16.7 dBi, a radiation efficiency of 80.7%, and a cross-polarization
discrimination (XPD) of over 20 dB at 140 GHz. To validate these accomplishments, a measurement
setup was established that could be vertically mounted incorporating bulky frequency extension units
and waveguides. This setup successfully confirmed the extensive bandwidths and radiation patterns of
the 4 x 4 antenna array.

INDEX TERMS 6G, D-band, multilayer PCB, antenna-in-package, sub-array.

I. INTRODUCTION

Currently the D-band frequency band (ranging from 110 GHz
to 170 GHz) has received increasing attention for its
applications in imaging, satellite, radar applications, and
sixth generation (6G) communication systems [l], [2].
In particular, 6G communication is expected to allocate a
wide bandwidth to provide enhanced data rates. The D-band
can provide a considerable amount of available bandwidth,
which satisfies the 6G requirement for the Tbps data
rate. Moreover, the Federal Communications Commission
opened the spectrum between 95 GHz and 3,000 GHz for
experimental use and unlicensed applications to accelerate
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the development of future wireless communication tech-
nologies [3]. Consequently, mobile communications will be
expected to utilize D-bands in the next wireless system.
However, for the realization of D-band communication,
several challenges must first be addressed, one of which is
the free-space path loss, which is proportional to the square
of the frequency, following Friis’ equation. For example,
the path loss at 140 GHz is approximately 14 dB higher
than that at 28 GHz. Additionally, the effect of atmospheric
absorption in the D-band is typically more severe than
that at lower frequencies because of the absorption of
oxygen and water [4]. Hence, massive antenna arrays are
required to compensate for these losses. Realizing such arrays
that operate at D-band frequencies poses another challenge
in designing antenna elements and feeding networks to
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FIGURE 1. (a) Concept and configuration of the scalable phased arrays
based on AiP at 140 GHz; (b) Side view of the concept.

achieve wide bandwidth. Moreover, the use of massive
antenna arrays results in very sharp beams. Thus, the
beam-forming architecture must be optimized to provide fast
beam scanning and wide coverage at a reasonable cost and
energy consumption.

Applying massive phased arrays with an Nt-antenna array
and Nr-array transmitter (Tx) of radio frequency integrated
circuits (RFIC) results in N% improvement in the effective
isotropic radiated power (EIRP). For an NT2 increase in
the EIRP, the phased array consumes only N7 times the
power because Nt times higher power is focused on a
radiation pattern with an Nt times smaller beam width.
In a phased-array receiver (Rx), the signal-to-noise ratio
(SNR) improves with Nr. The signal power increases by
a factor of N]% and the total noise power by a factor of
NRr [5]. The general architecture for implementing massive
phased arrays is commonly known as a scalable phased array,
which involves the integration of repeatable antennas and
RFIC units [6]. A popular configuration for Si-based scalable
phased arrays is illustrated in Fig. 1 [7], [8].

As shown in Fig. 1, four RFICs are combined within a
single AiP, and there are four channels in one TRx RFIC.
Each RFIC channel could be required to cover three or four
antenna elements. To address this issue, the subarray concept
can be introduced, which will be discussed in Section II.
The subarray antenna can be realized using the microstrip
line, stripline, and substrate integrated waveguide (SIW).
A series-fed microstrip patch antenna array is widely used in
various studies, particularly in frequency-modulated contin-
uous wave (FMCW) radar systems [9], [10], [11], [12]. The
series-fed array structure employs a shorter line, which results
in an antenna with less space on the substrate and lower
attenuation loss [13]. Additionally, microstrip technology
can provide a shaped beam that can be synthesized with
patch antennas of different lengths and widths. Moreover, the
microstrip-line-based design offers design flexibility because
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varying the impedance of the microstrip feed lines is easy.
However, patch antenna design is based on an inset-feed
structure, and the bandwidth is limited compared with other
design approaches, such as the stripline and SIW.

Several stripline-fed antenna arrays are used for backhaul-
ing, power detectors, and FMCW radar applications. In [14],
a slot-coupled microstrip patch with four auxiliary patches
was fed by a stripline. In [15] and [16], T-junction stripline
feeding networks were employed to feed the subarrays. The
stripline-based design offers the most degrees of freedom
as it can be changed via the antenna design parameters,
strip feed lines, and other design parameters. Because of the
design flexibility, improved antenna performance, such as
wide bandwidth, higher gain, and low sidelobe level, can be
expected. However, the stripline fed-antenna design requires
a comparatively complex and precise manufacturing process,
which can be sensitive to fabrication errors. Thus, the effects
of fabrication tolerances become more severe, and realization
becomes more difficult as the frequency increases.

Multilayer SIW can be realized using the PCB fabrication
process with vias and has been widely studied owing to its
several advantages, including a low profile, low radiation
loss, and low leakage from its sidewall [17], [18]. In [17],
a slot-coupled aperture antenna was fed by SIW, and power
dividers were implemented with SIW structures. In [18], the
cavity and surrounding via fence were used to fabricate a
feeding hollow waveguide and horn antenna on a multilayer
LTCC substrate. Although the size of the antenna element
was comparatively large, it was regarded as a sub-array
antenna of the AiP owing to its advantages of high gain and
wide bandwidth. The SIW approach is also preferred due to
its simple structure because manufacturing errors affect the
antenna performance. The interconnection structures from
the RFIC to AiP can be realized using a dipole and via
transition [19], [20], [21].

In this article, we discuss the advantages and challenges
pertaining to designing scalable phased arrays of AiP in
the 140-GHz frequency range. The next section reviews
the existing scalable phased arrays and discusses the chal-
lenges of scalability in D-band applications. The prototype
design considerations of a multilayered printed circuit board
(PCB)-based AiPs are presented, which include a dual-
polarized antenna element, a power divider (PD) design,
and its sub-array structure. The design considerations and
verification of a4 x 4 array antenna with sub-array structures
are discussed in the following section, and the conclusions are
presented.

Il. SCALABLE PHASED ARRAY ANTENNA MODULE

This section discusses the implementation of phased arrays
and reviews scalable phased antenna arrays and scalability
issues of D-band applications.

A. PHASED ARRAY MODULE IMPLEMENTATION
Scalable phased-antenna arrays can be implemented in sev-
eral configurations; One is implementing antennas directly
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FIGURE 2. RFIC and antenna size according to frequency.

on a bare PCB. However, achieving sufficient antenna
gain and bandwidth, particularly for D-band frequencies,
is challenging due to coarse PCB manufacturing process and
tolerances. Additionally, varying the number of unit modules
according to the aperture size is not sufficiently flexible.
Another implementing configuration of the scalable phased
arrays based on AiP is illustrated in Fig. 1(a). A unit module
consists of a PCB-embedded AiP and flip-chip bonded
RFIC, as shown in Fig. 1(b). The modules can be mounted
on the main PCB using ball-grid arrays (BGAs) to form
a massive phased array. Numerous substrate technologies
exist for implementing AiP depending on the application,
including high-density interconnects, multilayered polymers,
and low-temperature cofired ceramics (LTCC). The AiP
configuration offers flexibility in terms of antenna design and
testing, making it the most popular scaling approach [22],
[23], [24], [25], [26], [27], [28], [29].

The other configuration that implements antennas directly
on the RFIC wafer is referred to as an on-chip antenna [7],
[30], [31]. Various types of on-chip antennas, including
patches [32], slots [33], loops [34], [35], and dielectric
resonator antennas [36], have been reported. Furthermore,
an antenna with coupled feed radiators located on the
superstrate can be designed; herein, the feed lines are
designed with a metal layer of the RFIC [37], [38].
Additionally, using fan-out wafer-level packaging is another
option [39]. Because the on-chip antenna reported higher
efficiency, this approach is appealing as it can eliminate
interconnection losses. However, there are still obstacles to
address, including tackling thermal reliability concerns and
establishing connections with the main PCB.

B. RFIC SIZE INCREASE AND ANTENNA APERTURE
EFFICIENCY

Another issue is that the relative RFIC size increases
compared with the Nt antenna elements as the frequency
increases. As illustrated in Fig. 2, the area of the Nt AiP is
proportional to the square of the antenna spacing. Thus, the
antenna spacing of 5 mm and an area of 25 mm? at 30 GHz
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were reduced to 1 mm and 1 mm? at 150 GHz, respectively.
However, the RFIC area did not diminish with A2 and was
assumed to be proportional to 1/ in Fig. 2 [6]. RFIC is
typically smaller than AiP at lower mm-wave frequencies,
for example, the Nt x Nt element transceiver (TRx) RFICs
at 28 GHz can easily accommodate AiP [40], [41]. However,
fitting the entire Nt x Nt RFICs in the area of the AiP
becomes impossible as the frequency increases, as shown in
Fig. 2. For example, phased arrays at 60 GHz and 94 GHz
could not accommodate RFICs within the area of the
AiP [14], [22]. The situation worsened for phased arrays
at 150 GHz, and one TRx RFIC channel could be required
to cover three or four antenna elements, because the area
occupied by the BGAs became comparatively larger at higher
frequencies.

Several attempts have been made to address the issue of the
relative size reduction of the RFIC. In [22] and [23], dummy
antennas were utilized to increase the size of the AiP to fit
a dual-polarized TRx IC at 94 GHz. In the abovementioned
study, the fill factor, or aperture efficiency, which is the ratio
of the antenna area to the physical area, could be increased to
64%. However, this led to the occurrence of grating lobes,
which distorted the shape of the sidelobes. In [14], two
antenna pairs per front end, which is also referred to as the
antenna sub-array, were employed in the elevation direction.
As the aperture efficiency increased, the beam-scanning
coverage became limited. The antenna spacing of the antenna
pair was A away from the adjacent antenna pair in the
elevation direction, which caused the grating lobes. Despite
the grating lobes and beam scanning limitations, antenna
sub-array structures based on a PD design for AiP were
proposed and designed in this study to maximize the aperture
efficiency. Moreover, an improvement of N%Ns in the EIRP
for the Nt-array of the RFIC, NsNR in the SNR for the
Nr-array Rx could be anticipated with Ng sub-array.

IlIl. PROTOTYPE OF AIP AT D-BAND
This section presents a prototype of the AiP design con-
siderations and its challenges at the D-band for scalable
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FIGURE 3. (a) Antenna layer structure in advanced multilayer PCB
technology. (b) Bird’s eye view of antenna element design. (c) Top view of
antenna element design.

TABLE 1. The design parameters of the proposed antenna element.

Parameters ‘ Ler,=WEeL ‘ Lp—Wp ‘ Hp ‘ Lyr=Wvyp ‘ Px=Py ‘ Hp ‘ L
Values (mm) [ 1.6 [ 035 [0342] 062 | 018 ]0.302]0.16

phased arrays, which includes a multilayered PCB-based
dual-polarized antenna element, and two-stage PDs.

A. A DUAL-POLARIZED ANTENNA ELEMENT

A multilayered PCB manufacturing process has recently
improved to handle D-band frequencies as illustrated in
Fig. 3(a), which also shows the layer configuration of
stripline-based sub-array structure of the AiP. Herein,
a micro-via transition structure was utilized to implement an
interconnection using flip-chip bonding between the RFIC
and capture pad. The antenna feed also can be realized using
a micro-via transition structure, and both direct and coupled
feeding can be used. A bird’s eye view and a top view of the
proposed dual-polarized antenna element model are shown in
Fig. 3(b) and (c). It consists of a patch with dimensions Lp and
Wp, and coupled feeders with a height of Hr and length of Lp,
as shown in Fig. 3, which are located at Px and Py. A coupled
feed patch antenna was designed for wide bandwidth and
+45° slant polarization. A via fence with dimensions Lyg
and Wyp, and the ground plane with Ly, and WgL, are used.
Table 1 lists all parameters of the proposed antenna in Fig. 3.
The design parameters are adjusted to meet the design rules of
multilayered PCB technology, such as minimum trace width
and spacing, micro-via pitch, and diameter of the micro-via
and pad in Fig. 3. As a multilayered PCB manufacturing
process has matured, the latest technology can supply a
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FIGURE 4. The modal significance of the proposed antenna.

minimum trace width and spacing of 30 um. The micro-via
and pad diameters vary depending on the thickness of the
dielectric layers, as shown in Fig. 3(a) and (c). The steps of the
fabrication process are introduced in [42]. The PCB consists
of 12 layers and the relative dielectric permittivity (e, ) of the
core and prepreg substrate is 3.4 and 3.2, respectively, and the
loss tangent of both substrates was 0.004 [43], [44].

B. ANTENNA OPERATING PRINCIPLE

Characteristic mode analysis (CMA) is a modal decompo-
sition technique based on the method of moments (MoM).
CMA enables the analysis of an antenna using only its struc-
tural properties [45], [46], [47], [48], [49]. The characteristic
modes are identified by solving the following mathematical

equations.
T=>"an, 1)
n

where J,, is the characteristic current and a, is the modal
weighting coefficient.

_
1+jr,

where A, represents the eigenvalue and V, is the modal

excitation coefficient. The modal significance, indicated as

MS,, and measured by the normalized amplitude of the current
modes, is calculated as follows:

(@)

dn

1
1+ jhn

The modal significance ranges from O to 1, with a mode
reaching resonance when its modal significance, MS, is equal
to 1. Furthermore, the characteristic angle (B,) can be
calculated as follows:

3

nz‘

B = 180° — tan~' (A,) 4)

It’s noteworthy that when the characteristic angle falls
within the range of 90° to 270°, a mode is in resonance
when its characteristic angle equals 180°. Furthermore, the
specific value of the characteristic angle indicates whether
the mode is storing magnetic energy in an inductive mode
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FIGURE 5. The current distribution and E-field patterns of each CMs.
(a) J; at 120 GHz. (b) Jg at 160 GHz.

(when 90° < a, < 180°) or storing electric energy in a
capacitance mode (when 180° < a, < 270°).

CMA was used to analyze the antenna operation, and the
characteristic modes of a simplified direct-fed patch antenna
and the proposed antenna are achieved using Altair FEKO,
as shown in Fig. 4. Six resonance modes were shown for
each antenna structure with the characteristic angle. Two
resonance modes can be found with the proposed antenna,
and the CMs can be modified to expand the bandwidth,
as shown in Fig. 4. It illustrates CMs that play a role in
the radiation of the proposed antenna. Specific modes that
contribute to the broadside radiation of the antenna have been
chosen. The corresponding surface current distributions and
E-field patterns are illustrated in Fig. 5. The surface currents
are shown from a top view of the antenna, while the E-field
patterns are plotted with a side view, showing their overlap
with the ground. The CMs that resonate within the main
patch are denoted as Jj, while those generated due to the
interaction between the main patch and the feeder are labeled
as Je. As seen in Fig. 5(a) and (b), J1 and Jg exhibit current
distributions with a +45° slant polarization at 120 GHz
and 160 GHz, respectively. This antenna design is tailored to
efficiently excite these CMs, resulting in broadside radiation
patterns across a wide frequency band.

Fig. 6(a) depicts the cross-section of the via transition
from the lower metal layer to the upper layer. The capac-
itance of the cross-section shown in Fig. 6(a) are the pad
barrel-to-plate coaxial capacitance, Cgp, and the via barrel-
to-plate capacitance, Cyp [50], and these can be obtained
by [43], [51], and [52]

2mereqT
Cpp= —— " ©)
In(Da/Dpap)
wereohBy
Cyp=—— 6
Y7 In(Da/Dv) ©

where T and & are the thicknesses of the copper layer and
substrate, and By is the constant coefficient, respectively.
Fig. 6(b) likely illustrates the equivalent circuit model of
the multilayered via transitions and antenna element, where
the via barrels are depicted as transmission lines with the
impedance of the parallel plate (Zpp). The design of the
antenna element needs to consider the capacitance and
impedance of this equivalent circuit model, and the anti-pad
diameter (D), capture pad diameter (Dpap), and via barrel
diameter (Dvy) play important roles in achieving the desired
performance. Fig. 6(c) plots S-parameters of the equivalent
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FIGURE 6. (a) A cross-section of the via transition from the lower metal
layer to the upper layer. (b) An equivalent circuit model of the
multilayered via transitions and antenna element. (c) Compared
S-parameters of the circuit and EM simulation results.

circuit model and EM simulation results to validate the
model.

The reactive impedance surface (RIS) structure is usually
incorporated to achieve a wide bandwidth and a minia-
turized patch size by expanding the tunable range of the
input reactance [53], [54]. However, the RIS is used for
the proposed antenna to increase the copper ratio, while
maintaining antenna characteristics. The higher copper ratio
can prevent warpage of the fabricated AiP module. Small
patches with dimensions of Wgrys and GRrys are periodically
allocated from layer 2 to 4, as illustrated in Fig. 7(a) and (b).
In addition, some of the RIS are removed with Wgr = Lr =
0.94 mm to prohibit unintended distortion of the radiation
pattern. In Fig. 7(a), S-parameters are presented with a fixed
Gris = 0.03 mm a variation in the size of Wgis. The
bandwidth of the S1; is maintained with RIS, and S;; can be
enhanced for the lower frequency.

The radiation patterns for ¢ = 0° and 90° of the proposed
antenna element are illustrated in Fig. 8(b) and (c). Although
the array antenna spacing is 1.2 mm, the width and length
of the element ground plane are determined as 1.6 mm,
0.7510 at 140 GHz to provide suitable antenna element
gain. The radiation pattern and antenna gain can be retained
for various size of multilayered RIS. The simulation results
at 140 GHz shows the realized gain of approximately
5.5 dBi, radiation efficiency of approximately 94%, and
the half-power beam widths (HPBW) of approximately 83°.
As shown in Fig. 8(b) and 8(c), despite the tilting of the
radiation patterns due to the asymmetry of the coupled patch’s
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FIGURE 7. (a) Top view of antenna element with RIS. (b) Cross-sectional
view of antenna element with RIS.
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FIGURE 8. (a) The simulated S-parameters of the proposed antenna
according to the size of RIS. The simulated radiation patterns of proposed
antenna element at 140 GHz. (b) ¢ = 0° and (c) ¢ = 90°.

feeding structure, the —6 dB beam is still capable of covering
an angle of +60°.

IV. POWER DIVIDER AND SUB-ARRAY DESIGN

This section presents two stage PDs, which can be used
for sub-array antenna implementation. Two types of PDs
are designed and configured 4 x 1 sub-array with antenna
elements.

A. POWER DIVIDER DESIGN

The two stage PDs are designed with striplines on layer
11 to configure four sub-array antennas, as illustrated in
Fig. 9(a) and (b). Type A PD in Fig. 9(a) employs two stage
T-junction PDs to split the input signal into four antenna
ports, which has a conventional T-junction PD composed with
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FIGURE 9. (a) Top view of PD Type A. (b) Top view of PD Type B. (c) The
simulated phase of each antenna ports for two PDs. (c) The simulated
amplitude of each antenna ports for PD Type B.

quarter-wave transformers [55]. Although the Type A PD
can provide the in-phased output signals with same length
of routings, as shown in Fig. 9(c), the insertion loss can be
increased because of detoured lines. Whereas Type B PD in
Fig. 9(b) utilize a T-junction PD and series-fed PD [13], [56],
[57]. The Type B PD is proposed to have the advantages
of compact configuration, lower insertion loss, and simple
variation of the number of antenna ports which can be
extended by attaching a series-fed PD. Herein, a series-fed
PD consists of two quarter-wave transformers and the 502
impedance lines. To make phase of the output signals equal,
the difference of line length between the antenna ports are
determined to Ag which is approximately 1.2 mm at 140 GHz
center frequency. However, the phase difference between the
antenna ports is increased with frequency variation, as shown
in Fig. 9(c). The amplitude of the antenna port 1 and port 2 are
inversely proportional to the impedance of the quarter-wave
transformers which is given by

a_4_ Wa

22 _ ©)
a 7 W
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FIGURE 10. Bird's eye view of the PD with transition. (a) Type A
(b) Type B. The simulated S;; of PDs. (c) Type A. (d) Type B.

where Wq; and Wq; are width of quarter-wave transformers
which are shown in Fig. 9(b). The amplitudes of each ports
can be adjusted with widths of the lines, and the amplitudes
of port 1 and 2 are plotted for a fixed Wg; = 0.4 mm and
varied Wi, in Fig. 9(d). Although the amplitude of port 1
can be increased with decrease of Wqo, the amplitude is
smaller than —6 dB because of the insertion loss. In addition,
the antenna sub-array can be designed to have low side-lobe
level by applying proper amplitude such as Chebychev
tapered distribution. For the sub-array antenna constitution,
a transition structure with circular pads and micro-vias are
connected to the PDs, as illustrated in Fig. 10(a) and (b).
From the S;; of the PD with transition as shown in
Fig. 10(c) and (d), the S1; is deteriorated with increase of
Dpap and the capacitance, which can be obtained by (1).

B. SUB-ARRAY ANTENNA DESIGN

A four sub-array antenna was designed with the combination
of the proposed antenna element and PDs, as shown in
Fig. 11. A bird’s eye view is illustrated with and without
multi-RIS and ground planes. By transitioning using circular
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FIGURE 11. Bird’s eye view of four sub-array antenna with and without
multi-RIS and ground planes.
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FIGURE 12. The simulated S-parameters of antenna sub-array according
to the variation of a capture pad diameter. (a) Type A. (b) Type B.

pads and micro-vias, it is possible to interconnect from four
patch antennas on layer 1 to input port on layer 12 which
can be attached to an RFIC. Both Type A and Type B
PDs are designed and optimized to achieve wide impedance
bandwidth, wide gain bandwidth, and higher port-to-port
isolation. Fig. 12(a) and (b) shows the S-parameters of
antenna sub-array according to the variation of a capture pad
diameter, respectively. Although Type A PD could achieve
39% bandwidth with Dpap = 0.12 mm, it was revised to
Dpap = 0.13 mm because of PCB manufacturing margin,
and the bandwidth reduced to approximately 28%. While the
S11 was sensitive to the size of a capture pad and micro-via,
S>1 could be stably attained which was smaller than —15dB
for the entire bandwidth. In the case of Type B PD with
Dpap = 0.13 mm, S1; of approximately 42.8% bandwidth
and S smaller than —15 dB could be achieved.
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FIGURE 13. The simulated radiation patterns with frequency variation of
(a) Sub-array Type A. (b) Sub-array Type B. (c) A maximum realized gain
and efficiency of the sub-array antennas according to frequency.

FIGURE 14. Top view of 4 x 4 antenna array design.

The element spacing was also determined to be 1.2 mm,
and PD was symmetrically arranged to prevent the squint
of broadside beam direction which can be occurred because
of phase difference of each antenna ports from varying with
frequency. In addition, the cross-polarization discrimination
(XPD) of the array can be improved. The radiation patterns
of the antenna array are plotted from 110 to 170 GHz
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FIGURE 15. Vertically mountable measurement setup. (a) An illustrative
block diagram. (b) A photograph of the backside and fabricated odules.

for every 10 GHz, as shown in Fig. 13(a) and (b). From
the radiation patterns in the figures, the maximum gain is
approximately 11 dBi and the HPBW is approximately 25°
at 140 GHz for the two cases. Although the squint of the
beam direction can be avoided with symmetrical design,
the distortion of the radiation pattern occurs at the lowest
and highest operating frequencies. However, the 3 dB gain
bandwidth is over 43% which can cover D-band frequency,
as shown in Fig. 13(c).

V. ARRAY ANTENNA DESIGN AND VALIDATION

A 4 x 4 antenna array with four sub-array was designed
to verify the antenna sub-array and array performance of
two PDs. The simulation model for the antenna array design
using Type B PD is shown in Fig. 14. In this design, the
spacing between sub-array antennas is set to be 1.2 mm. Eight
antenna ports are included in the design, with circular pads for
measurements using ground-signal-ground (GSG) probes.

A. S-PARAMETER MEASUREMENTS

Fig. 15 presents the setup configuration and a photo of
the measurement setup and fabricated AiP modules used
for validation. To the best of the authors’ knowledge,
this is the first vertically mountable measurement setup
for D-band frequencies that incorporates waveguide and
frequency extension units. The setup comprises a vector
network analyzer (VNA), waveguide-connected GSG probes,
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FIGURE 16. Compared S-parameters. (a) Array antenna Type A. (b) Array
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and frequency extension units. With the frequency extension
unit enabling VNA operation from 110 to 170 GHz, the
measurement capability extends to D-band frequencies.
Traditional D-band measurements often involve planar probe
stations due to the presence of bulky frequency extension
units and waveguides. However, such configurations come
with constraints, such as limited assessment scope for
radiation pattern evaluations and the capacity to measure
solely within the same plane using the GSG probe. To over-
come these limitations, a vertically mountable arrangement
incorporating the extender, waveguide, and GSG probes
has been implemented, as depicted in Fig. 15(a) and (b).
Additionally, two types of PDs for 4 x 4 antenna array
modules were fabricated to verify the antenna designs in
the previous sections. Calibration and measurement of the
modules were carried out on a ROHACELL foam. The
measured S-parameters closely resembled the simulation
results, as depicted in Fig. 16(a) and (b). S11 of the measured
results achieved a bandwidth of approximately 40 GHz
(28.5%) and 60 GHz (42.8%), respectively.

B. RADIATION PATTERN VALIDATION

The simulated co-polarization and cross-polarization radia-
tion patterns of the 4 x 4 antenna array using Type B PD are
depicted at 140 GHz for ¢ = 0° and 90° in Fig. 17(a). At this
frequency, the 4 x 4 antenna array achieves a maximum gain
of 16.7 dBi, a radiation efficiency of approximately 80.7%,
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FIGURE 17. Radiation patterns of the array antenna Type B at 140 GHz.
(a) Co-pol. and X-pol. beams (b) Beamforming performance.

and a cross-polarization discrimination (XPD) exceeding
20 dB. Additionally, the antenna array exhibits peak gains of
16.4 dBi at 120 GHz and 17.2 dBi at 140 GHz. Fig. 17(b)
illustrates the beamforming performances of the antenna
array, revealing a 6 dB antenna coverage (red dashed line)
wider than 110°.

To verify the radiation pattern, a vertically mountable
measurement setup was established. The setup involves a
VNA, GSG probes, and frequency extension units, with a
fixed horn antenna, as depicted in Fig. 15. The measurement
angle can be automatically adjusted from —65° to 65°
using a turntable. Fig. 18(a), (b), and (c) display the
measured radiation patterns of sub-array antenna elements
at 120, 140, and 160 GHz, respectively, demonstrating close
resemblance to the simulated results. The radiation patterns
are normalized based on the simulated result at the boresight
(¢ =6 =0°). The elevation radiation results (¢ = 0°) indicate
that the half-power beamwidth (HPBW) of the sub-array
design reaches a maximum of approximately 70°. However,
the wide spacing between sub-array elements may limit the
beamforming scanability.

While sub-array designs are commonly utilized in mas-
sive multiple-input multiple-output base stations, D-band
applications may necessitate broader coverage due to their
short-range characteristics. In such scenarios, additional tech-
nologies like reconfigurable transmitarrays or metasurfaces
can be employed. A reconfigurable metasurface typically
comprises multiple unit cells capable of manipulating the
phase of electromagnetic waves to enhance antenna coverage
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TABLE 2. Comparison of sub-array structures of AiP.

Ref. No No. of  Dimension fo BW Peak Gain 3 dB Gain Efficiency Technology
U Array (A X Ag)  (GHz) (%) (dBi) BW (%) (%)
15 4 x4 5.6 x 5.6 140 7.1 18.8 7.9 65 LTCC
16 2x2 163 x 1.63 122 3.3 12.2 92 80 LTCC
25 6 x 8 2.82 x 4.48 60 15 29.5 - - LTCC
[28] 4 x4 2 x 2 145 13.8 14 14 71 Layered PCB
[29] 4 x4 3x3 140 25 17.5 25 80 Layered PCB
This work 4 x 4 2.4 x 2.4 140 42.8 16.7 43 81 Layered PCB
5
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FIGURE 18. Compared radiation patterns of the sub-array antenna
element. (a) 120 GHz. (a) 140 GHz. (a) 160 GHz.

or gain. Unit cells can be implemented using various methods,
including PIN diodes, varactors, and liquid crystals (LC).
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Other technologies, such as reconfigurable beam-steering
and LC-based leaky wave holographic antennas, can also be
applied to achieve additional beamforming coverage.

C. COMPARISON WITH PREVIOUS STUDIES

Table 2 compares the proposed antenna’s performance with
previously studied sub-array structures of AiP. The figure of
merit was evaluated based on the number of antenna arrays,
dimension, center frequency, — 10 dB impedance bandwidth,
maximum antenna gain, 3 dB gain bandwidth, efficiency,
and fabrication technology. The proposed antenna array has
an impedance bandwidth of more than 42.8%, which is
relatively wide compared with those reported in previous
studies. In addition, the maximum gain in this work is higher
than that of the other antennas.

VI. CONCLUSION

Phased array antennas are increasingly being utilized across
diverse domains such as satellite and wireless communi-
cations, radars, and imaging. This paper delves into the
benefits and hurdles encountered in designing scalable
phased arrays operating at D-band frequencies. We discuss
the key considerations for implementing Antenna-in-Package
(AiP) using stripline technology. Subsequently, we propose
a sub-array structure based on stripline phase shifters for
AiP at D-band, achieving significant milestones including a
42.8% impedance bandwidth, port-to-port isolation exceed-
ing 15 dB, and a 3 dB gain bandwidth of 43%. Furthermore,
we design a 4 x 4 antenna array to evaluate the scalability of
AiP for phased arrays, showcasing impressive characteristics
such as a maximum gain of 16.7 dBi, a radiation efficiency
of 80.7%, and an XPD surpassing 20 dB. Experimental
findings validate the —10 dB impedance bandwidth of about
42.8% and radiation patterns. In summary, our proposed
sub-array structure for stripline phase shifter-based AiP at
D-band exhibits promising performance for scalable phased
arrays, with experimental results corroborating the design’s
efficacy. This research contributes to advancing D-band
phased array antennas and their potential applications across
diverse communication and sensing systems.
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