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ABSTRACT A 4 × 4 multi-feed array antenna-in-package (AiP) is presented for high-power combinations
and various polarization syntheses, which operates at D-band. The multi-feed antenna element was designed
considering N -number (K × K ) of array antennas from the beginning. Consequently, the proposed antenna
can provide four input ports while achieving an impedance bandwidth of 27%, port-to-port isolation higher
than 10 dB, and cross-polarization discrimination (XPD) exceeding 20 dB. Moreover, power combination
and polarization synthesis can be achieved using various excitation states. The 4× 4 antenna array, according
to simulated results, achieves a gain of up to 18.2 dBi, radiation efficiency of 81%, and XPD of over 20 dB.
For verification purposes, the proposed antennas were designedwith power dividers for different polarization
states. An −10 dB impedance bandwidth of over 27% and a coverage of over ±60◦ were measured in the
experiment.

INDEX TERMS D-band, multi-feed, multilayer printed PCB, antenna array.

I. INTRODUCTION
Millimeter wave (mmWave) antennas and communication
systems have been researched and developed for a long time.
High-mmWave frequency bands, such as the D-band, ranging
from 110 to 170 GHz, have also recently received increasing
attention. However, there are several challenges in realizing
high-mmWave communication. One of these problems is
free-space path loss, which is proportional to the square of the
frequency. In addition, the effect of atmospheric absorption
is typically more severe at higher frequencies than at lower
frequencies [1]. Hence, many studies have been conducted to
compensate for these losses, such as massive antenna arrays
and power combining, suggested to achieve a higher effective
isotropic radiated power (EIRP).
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Several studies have been conducted on multi-feed anten-
nas that can achieve on-antenna power combinations [2],
[3]. A dual-feed square-loop antenna was presented [4]
to eliminate the lossy power-combining network between
the transmitter and antenna. The integrated lens antenna in
[5] and [6] was realized in a silicon germanium (SiGe)
metal layer backend process for power combinations using
an on-chip antenna. In addition, attempts have been made
to codesign and cointegrate an on-chip multi-feed antenna
with a low-noise amplifier (LNA) and a power ampli-
fier (PA) [7], [8], [9]. Various multi-feed antennas were
employed to achieve noise-canceling or transconductance
(Gm)-boosting for the LNA and Chireix outphasing for the
PA. A stacked patch antenna was proposed in [10] to provide
power-combining and multiple-polarization states.

Previous studies have been based on a single antenna
with multiple feeds for an on-antenna power combination,
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FIGURE 1. (a) Conventional single antenna with multi-feed for
on-antenna power combining. (b) Proposed multi-feed array antenna
configuration for on-antenna power combining.

as illustrated in Fig. 1(a) [2], [3], [4], [5]. This config-
uration is suitable for on-chip antennas and maintains a
wide single-element beam width. However, the structure
does not consider array antenna gain and beamforming,
which are essential in mmWave transmitter and receiver
systems. Although this configuration can provide a power
combination of M PAs, it must renounce the array factor
N . Previous research encountered challenges in arranging
array antennas. This was primarily due to the fact that
the conventional method often placed antennas and feeding
networks on-chip or on-plane PCBs together with RFIC in
a two-dimensional arrangement, involving intricate feeding
networks for antenna element placement. This configuration
consequently posed limitations in allocating space for an
array setup.

We propose a multi-feed array antenna configuration for
on-antenna power combination, as illustrated in Fig. 1(b).
The proposed structure implements antennas and feeding
networks on the AiP, creating a 3D structure by stacking
the AiP over the RFIC. This difference allows for easier
implementation of antenna arrays. From the beginning, the
multi-feed antenna element was designed considering N -
number (K × K ) of array antennas. Hence, the proposed
antenna can provide multiple input ports while maintaining
impedance bandwidth of 27%, port-to-port isolation higher
than 10 dB, and cross-polarization discrimination (XPD)
over 20 dB. If there are four ports in an antenna element,
the array configuration can potentially provide an EIRP
N 2 higher than that of a conventional single antenna with four
feeds. The proposed antenna is designed as a multilayered
printed circuit board (PCB) and can be interconnected using
mmWave radio-frequency integrated circuits (RFIC). Most
antennas for silicon-based mmWave modules are designed
and integrated using a multilayered fabrication process with
RFIC interconnections [11], [12], [13], [14], [15], [16], [17].
Antenna-in-package (AiP) structures enable interconnection
loss reduction, effective packaging, and reliable production.

FIGURE 2. Antenna layer structure in multilayered PCB technology.

In addition, AiPs with RFIC interconnections using flip-chip
bonding can be scalably extended or easily mounted on
the user’s equipment. The integrated design of the feeding
networks in a multilayered PCB allows for array antenna
configurations.

Co-linearly polarized microstrip antennas have been stud-
ied for full-duplex systems [18], [19], [20], [21]. This antenna
can be used for simultaneous transmission and receiver
systems that require high isolation between the transmitter
and receiver. Several methods are available to achieve high
antenna isolation, such as near-field cancellation [22], phase
orthogonality [23], and decoupling resonators [20], [24].
However, these studies differ from ours in frequency, number
of multiports, PCB fabrication process, and applications.

This paper presents a multi-feed AiP array for power
combination and polarization synthesis and is organized as
follows. In Section II, the geometry of the novel multi-feed
antenna element design, its design procedure, operating
principles, and isolation enhancing structure are presented.
Section III presents the power divider design for the
validation of power combining, various antenna polarization,
and 4 × 4 array antenna performance. Section IV provides
validation using the experimental results. Finally, Section VI
presents the conclusions.

II. ANTENNA ELEMENT DESIGN
This section describes the geometry of the proposed antenna
elements. In addition, the evolution process and operating
principles are presented to demonstrate how the port-to-port
isolation of the proposed multi-feed antenna is enhanced
using shorted patch resonant modes. Fig. 2 shows the layered
structure of the proposed antenna in the multilayered PCB
technology. The PCB is composed of twelve copper layers
and eleven dielectric layers, where the dielectrics consist of
one core layer and ten layers of pre-impregnated material
(prepreg or ppg), respectively. The antenna element was
designed utilizing six copper layers from L1 to L6, while
the remaining layers, from L6 to L12, were employed for
antenna interconnections and RFIC routing. The relative
dielectric permittivities of the core and prepreg substrates,
εr , were 3.4 and 3.2, respectively, and the loss tangent was
0.004. Advanced PCB fabrication technologies can provide a
minimum trace width and spacing of 30 µm. The minimum
via pitch and diameters of the via and pad are shown in
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FIGURE 3. Configuration of the proposed multi-feed antenna element
with shorting vias and coupled feeder. (a) Top view. (b) Cross-section view.

TABLE 1. The design parameters of the proposed antenna.

Fig. 2, which varies depending on the thicknesses of the
core and ppg layers. The complexity of the antenna design
necessitates a sophisticated manufacturing process involving
vias and lines, which can be particularly susceptible to
fabrication errors. Consequently, the impact of fabrication
tolerances becomes more pronounced, and achieving the
desired outcome becomes progressively challenging with
higher frequencies.

A. ANTENNA ELEMENT GEOMETRY
Fig. 3 shows the configuration of the proposed multi-feed
antenna element with a rectangular radiating patch, shorting
vias, coupled feeders, and a via fence. The ANSYS elec-
tromagnetic (EM) tool was used to design and analyze the
antenna element, and the top and cross-sectional views of the
model are shown in Fig. 3(a) and (b). It comprises a patch
of size LP1 and WP1 and a shorting patch of size LP2 and
WP2, as shown in Fig. 3(a). The gap between the shorting vias,
GP, was determined to achieve higher isolation between the
antenna ports. A monopole-type coupled feeder with a height
of HF and length of LF , located at PX and PY , is exploited
to achieve a wide bandwidth. In addition, a via fence with
sizes of LVF and WVF was used to enhance the isolation
between the array antenna elements. The size of the ground
plane, LEL andWEL , or the antenna spacing, was determined
to be 0.55λ0 at the center frequency, 130 GHz. The design

FIGURE 4. Evolution of proposed antenna. Top view and bird-eye view of
(a) multi-feed antenna element with coupled feeders (Type 1). (b) shorted
patch antenna element with coupled feeders (Type 2). (c) shorted patch
antenna with a gap (Type 3).

parameters were elaborately adjusted to meet the design rules
of multilayered PCB technology, such as the minimum trace
width and spacing, via pitch, and diameter of the via and pad,
as shown in Fig. 2, and achieved the best performance of the
antenna element. Table 1 lists all parameters of the proposed
antenna in Fig. 3.

B. ANTENNA DESIGN PROCEDURE
At the beginning of the design procedure, a coupled feed
patch antenna with a length of 0.5λg was designed for wide
bandwidth and 45◦ slant polarization. The configuration and
dimensions of the antenna are shown in Fig. 4(a), which
has a coupled feeder and via fence length of 0.6 mm.
The four ports of the antennas are fed using symmetrical
feeding points, where PX = PY = 0.16 mm. The
targeted bandwidth was 20 GHz (120 - 140 GHz), and
impedance matching was obtained for all antennas, as shown
in Fig. 5. The resonant frequencies and wavenumbers of
the patch can be expressed as m, n = 0, 1, 2 . . . for a
rectangular patch, such as Type 1, and can be modified as
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FIGURE 5. (a) Real part of input impedance of multi-feed
antennas.(b) S-parameters of multi-feed antennas.

m = 0, 2, 4 . . ., and n = 1/2, 3/2, 5/2 . . . for a shorted
patch, such as Type 2 and 3. The resonant frequencies of the
TM0,1 and TM0,1/2 modes of the antennas were adjusted
to approximately 110 GHz to achieve a wide bandwidth,
as shown in Fig. 5(a).

A regular microstrip antenna exhibits a strong coupling
between co-linear ports (port 1-3, and port 2-4), usually with
an isolation of approximately 2 dB [20]. Antenna Type 1
can achieve wide bandwidth and comparably high isolation
using coupled feeders, as illustrated in Fig. 5(a) and (b).
However, the targeted isolation is 10 dB because the isolation
affects the active S-parameters, which are given by a linear
combination of regular S-parameters [25]. Antenna Type 2
was modified with shorting vias in the center of the patch,
as shown in Fig. 4(b) to achieve higher isolation. The shorting

FIGURE 6. Surface current field distribution of the multi-feed antenna
at 130 GHz. (a) Top view and (b) Bird-eye view of Type 1. (c) Top view and
(d) Bird-eye view of Type 3.

FIGURE 7. Electric field distributions of (a) Type 1 and (b) Type 3 at
130 GHz.

vias comprised five vias with a minimum pad diameter
and a via pitch of 0.29 mm. Wider impedance matching
can be achieved by using a shorted patch mode TM0,1/2,
as illustrated in Fig. 5(b) [26]. The port-to-port isolation was
also improved to approximately 10 dB. For further isolation
enhancement, Antenna Type 3 was proposed which has a
shortened patch with a gap, as shown in Fig. 4(c). The antenna
comprises four identical shorted patches with three shorting
vias and a minimum via pitch of 0.2 mm. The gap between
the shorted patches is 0.09 mm to keep the minimum via
pitch. Although the bandwidth of S11 is slightly reduced,
the isolation between ports S21, S31, and S41 is enhanced to
approximately 13 dB at the center frequency of 130 GHz.

The antenna performance was also confirmed by surface
current field distributions, as illustrated in Fig. 6. The current
distributions of the top and bird’s-eye views of Antenna
Type 1 are shown in Fig. 6(a) and (b), when Port 1 is excited,
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FIGURE 8. (a) Equivalent circuit model of the multi-feed patch antenna.
(b) Compared S-parameters of the circuit and EM simulation.

there is a high coupling intensity between Ports 1 and 3. The
electric field distribution of Antenna Type 1, illustrated in
Fig. 7(a), shows the fundamental mode of the patch antenna,
and the maximum field is exhibited at the opposite end of
the feeder. Consequently, the mutual coupling is high because
of the surface current and electric field distribution. The
surface current can be reduced by the gap in the proposed
antenna, which can be observed in the current distribution of
Antenna Type 3, as shown in Fig. 6(c) and (d). In addition, the
electric field of the shorted-patchmode, TM0,1/2, is zero at the
opposite end of the feeder, as shown in Fig. 7(b). In addition,
the shorted wall can block the leakage waves between two
shorted patches, and mutual coupling can be reduced.

The equivalent circuit model of the proposed multi-feed
antenna is illustrated in Fig. 8(a) to demonstrate the working
principles. The coupled feeder can be modeled with parallel
RLC circuits, where LF and LP are the equivalent induc-
tances, and CF and CP represent the equivalent capacitances
of the feeder. The radiating patch can also be modeled with
the equivalent inductance LR, equivalent capacitance CR, and
equivalent resistance RR. The coupling between the ports of
the patch can be modeled as coupling inductors with coupling
factorsM . The parameters are derived through tuning within
the ADS circuit simulator. In Fig. 8(b), a comparison between
the circuit simulation results and the EM simulation results is
presented to validate the model. The variations in S21 due to
different GP values are depicted, illustrating that the mutual
coupling factor M decreases as GP increases, subsequently
leading to a reduction in S21. This model facilitates a more
straightforward investigation of port isolation.

FIGURE 9. Radiation patterns of the multi-feed antenna element.
(a) Type 1. (b) Type 3.

FIGURE 10. (a) Efficiency-frequency and gain-frequency curves of
Antenna Type 3. (b) Active S-parameters of Antenna Type 3.

C. ANTENNA RADIATION PERFORMANCE
The radiation patterns of the multi-feed antennas are shown
in Fig. 9 for various excitation states at 130 GHz. Antenna
Type 1 has the current distribution and broadside radiation
pattern of the TM1,0 mode of the microstrip patch antenna,
as illustrated in Fig. 9(a), which exhibits a beam squint
when Port 1 is excited. However, the radiation pattern of the
excitation of the two ports exhibited a higher gain of 6.3 dBi
without a beam squint. By contrast, the radiation patterns
shown in Fig. 9(b) show the performance of Antenna Type 3.
The maximum antenna gain was 7.4 dBi with excitation
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FIGURE 11. Surface current field distribution of multi-feed antenna
at 130 GHz. (a) LHCP. (b) RHCP. (c) 0◦ LP. (d) 90◦ LP. (e) 45◦ LP. (f) −45◦ LP.

from the two ports, and the half-power beamwidth was
approximately 72◦.
The efficiency-frequency and gain-frequency curves of

Antenna Type 3 are plotted in Fig. 10(a). The efficiency
exceeded 90%, and the gain was above 6 dBi across all
frequencies, providing coverage for the entire D-band in
terms of the 3 dB gain bandwidth. The active S-parameters
of Antenna Type 3 are shown in Fig. 10(b), for the three
excitation states. A bandwidth of greater than 20 GHz was
maintained for various excitation states. If the phases of the
four ports were

P3 − P1= (2n− 1)π, P4 − P2= (2n− 1)π, (n = 1, 2, . . .)

(1)

Then, the active S-parameter of the proposed antenna for the
two ports and four ports can be obtained from

Active S1 (2 ports) =
a1
a1
S11 +

a3
a1
S31 = S11 − S31 (2)

Active S1 (4 ports) =
a1
a1
S11 +

a2
a1
S21 +

a3
a1
S31 +

a4
a1
S41

= S11 − S31 (3)

FIGURE 12. Radiation patterns for various polarization at 130 GHz.
(a) LHCP. (b) 90◦ LP. (c) 45◦ LP. (d) 3D radiation pattern of LHCP. (e) 90◦ LP.

where matrix Smn is the transmission coefficient from port
m to port n and am is the complex excitation of port m.
This implies that the reflection coefficients of the proposed
antenna are the same for different polarization states when (1)
is satisfied, as illustrated in Fig. 10.

D. POWER COMBINING AND POLARIZATION SYNTHESIS
The proposed Type 3 multi-feed antenna provided power
combinations and various polarization syntheses. By adjusting
the input phases of the four ports, 0◦, 90◦, and ±45◦
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FIGURE 13. T-junction Power divider designs for various polarization.
(a) Configuration of the power dividers. (b) LHCP. (c) 0◦ LP. (d) 45◦ Slant
LP.

FIGURE 14. Simulation model of 4 × 4 LHCP antenna array. (a) Top view.
(b) Exploded view.

linear polarization (LP), left-handed circular polarization
(LHCP), and right-handed circular polarization (RHCP) can
be generated [10]. For example, the phases of the four ports
can be controlled to obtain the CP states by using

P1 = 0◦, P2 = 90◦, P3 = 180◦, P4 = 270◦ (4)

P1 = 270◦, P2 = 180◦, P3 = 90◦, P4 = 0◦ (5)

LHCP can be generated with the states of (4), and RHCP can
be obtained using (5). In Fig. 11(a) and (b), the surface current
field distributions of the LHCP and RHCP can be observed
in these states. Fig. 12(a) shows the radiation patterns of the
LHCP, which has high gain and high XPD. A 3D radiation

FIGURE 15. S-parameters of Port 6 in 4 × four antenna array. (a) S65
versus array spacing. (b) CP. (c) 0◦ LP. (d) 45◦ LP.

pattern of the LHCP is also shown in Fig. 12(d). The radiation
patterns of the RHCP are the same, but the polarization is
opposite to that of the LHCP.

Similarly, the LP states can be synthesized in the following
phases:

P1 = 0◦, P2 = 0◦, P3 = 180◦, P4 = 180◦ (6)

P1 = 0◦, P2 = 180◦, P3 = 180◦, P4 = 0◦ (7)

Figs. 11(c) and (d) show the surface current field distribu-
tions of the 0◦ and 90◦ LP with the phase states of (6) and (7),
respectively. Fig. 12(b) shows the radiation patterns of the
90◦ LP, and Fig. 12(b) illustrates the radiation pattern. The
radiation pattern of the X-pol. could not be plotted because
of their extremely high XPD values. A ±45◦ slant LP can
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FIGURE 16. Photographs of (a) Measurement setup. (b) Fabricated
modules. Compared S-parameters of (c) CP. (d) 0◦ LP. (e) 45◦ LP.

also be generated by the proposed antenna with phases of

P1 = 0◦, P2 : off , P3 = 180◦, P4 : off (8)

P1 : off , P2 = 0◦, P3 : off , P4 = 180◦ (9)

The 45◦ slant LP can be synthesized with P1 = 0◦, P3
= 180◦, whereas P2 and P4 are loaded at 50� and the
−45◦ slant LP can be realized with P2 = 0◦, P4 = 180◦,
whereas P1 and P3 are off states. Figs. 11(e) and (f) show
the surface current field distributions of the 45◦ and −45◦

LP, respectively. Fig. 12(c) shows the radiation patterns of

FIGURE 17. (a) Photograph of radiation pattern measurement
arrangement. Compared radiation patterns of 4 × 4 array antenna.(-
Measurement, - - Simulation) (b) 90◦ LP. (c) 45◦ LP. (d) Beamforming
performance.

the 45◦ slanted LP, which were the same as those of the CP.
The reflection coefficients of all the polarization states are the
same, as shown in Fig. 10. With a symmetric feeder design
and differential phase states, the active S parameters are the
same and stable for all polarization syntheses.
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TABLE 2. Comparison of multi-feed antennas.

III. EXPERIMENTAL VALIDATION
A. DESIGN FOR VALIDATION
The polarization states of the proposed antenna array can be
achieved by adjusting the phase shifters of the RF front-ends,
as illustrated in Fig. 1(b). As presented in Fig. 13, three power
dividers were designed instead of phase shifters to verify the
power-combining and polarization-synthesizing operations
of the proposed multi-feed antenna. Power dividers with
different output phases have been used to replace phase
shifters [27], [28], as shown in the configuration of the power
dividers in Fig. 13(a). The phase of the power divider, ranging
from θ1 to θ4, was adjusted by controlling the length of
the lines, and three states-LHCP, 0◦ LP, and 45◦ LP-were
designed, as illustrated in Fig. 13(b), (c), and (d). For 45◦ slant
LP divider as shown in Fig. 13 (d), the two remaining ports
(port 2 and port 3) are not connected and are left open. The
power dividers are located in Layer 10 of the multilayered
PCB, as shown in Fig. 2. Subsequently, 4 × 4 antenna arrays
were designed and fabricated to verify array performance
for three different polarization states. The top view and the
exploded view of the simulation model of the 4 × 4 LHCP
antenna array is shown in Fig. 14(a) and (b). The element
spacing was determined to be 1.375 mm, approximately
0.6λ0 at 130 GHz. Fig. 15 shows the simulated S-parameters
of the antenna array. Isolation between antenna elements,
S65, decreases with increasing array spacing, as shown in
Fig. 15(a). The reflection coefficients, active S-parameter,
and isolation of Port 6 are plotted for various polarization
states, as shown in Fig. 15(b), (c), and (d). Although the

antenna elements are the same, the S-parameters differ
depending on the type of power divider and the polarization
state.

B. S-PARAMETER MEASUREMENTS
A photograph of the measurement setup used for the
validation is shown in Fig. 16(a). The measurement setup
comprised a vector network analyzer (VNA), waveguide-
connected ground-signal-ground (GSG) probes, and a fre-
quency extension unit. The extension unit expanded the
operating frequency of the VNA from 110 GHz to 170 GHz.
Three types (CP, 0◦ LP, and 45◦ LP) of 4 × 4 antenna
array modules are fabricated, as illustrated in Fig. 16(b) to
verify the antenna designs described in the previous sections.
The modules were measured on ROHACELL foam, and the
measured S-parameters were similar to the measured results,
as shown in Fig. 16(c), (d), and (e). S11 of themeasured results
achieved a bandwidth of approximately 35 GHz (27%) for
various types of polarization states.

C. RADIATION PATTERN VALIDATION
The setup for measuring the radiation pattern is shown in
Fig. 17(a), which is a vertically mountable measurement
setup for D-band frequencies that incorporates waveguide,
frequency extension units, and a VNA with GSG probes.
The calibration board and device under test can be vertically
installed on ROHACELL foam, allowing for both calibration
and radiation pattern measurements. The horn antenna is
fixed as shown in Fig. 17(a), and the measurement angle
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could be automatically adjusted from −60◦ to 60◦ using a
turn table. The radiation patterns of the antenna elements
are plotted at 130 GHz for φ = 0◦ and 90◦ (the E and H
planes) in Fig. 17. The normalized radiation patterns with the
maximum gain are plotted with Fig. 17(b) LHCP and (c) 90◦

LP, and the results are similar to the simulated results. The
radiation patterns of the 4 × 4 antenna array are shown in
Fig. 17(d). Element gains were measured at each port, and the
measured gains were synthesized to verify the beamforming
characteristics. The sidelobe level of 4 × 4 antenna array
exceeds 15 dB. A coverage of more than ±50◦ was measured
in the experiment. The array radiation pattern from simulated
results could also achieve a gain of up to 18.2 dBi, radiation
efficiency of 81%, and XPD of over 20 dB.

D. COMPARISON WITH PREVIOUS STUDIES
Table 1 compares the performance of the proposed antenna
with those of previously studied multi-feed antennas. The
figure of merit was evaluated based on the aperture size,
the number of antenna arrays, the number of multiports,
center frequency, −10 dB impedance bandwidth, maximum
antenna gain, multi-feed isolation between antenna elements,
available polarization states, and fabrication technology. The
proposed antenna array has an impedance bandwidth of more
than 27%, which is relatively wide compared with those
reported in previous studies. In addition, the maximum gain
here is higher than that of other antennas, which is caused
by the antenna element configuration and array of antennas.
Compared to a single feed 4 × 4 array antenna operating at
D-band frequency [29], [30], [31], [32], [33], the proposed
antenna demonstrates a higher array gain. Additionally, there
is a potential expectation of a 6 dB increase in EIRP due to
power combining.

IV. CONCLUSION
A 4 × 4 array AiP is presented for high-power combination
and polarization synthesis using a multi-feed configuration,
which operates at D-band. The multi-feed antenna element
was designed by considering four input ports while maintain-
ing the impedance bandwidth of 27%, port-to-port isolation
higher than 10 dB, and XPD over 20 dB. The configuration
is anticipated to result in a 6 dB higher EIRP compared to
a conventional single feed 4 × 4 array antenna. In addition,
the power combination and polarization synthesis can be
achieved using various excitation states. A 4 × 4 antenna
array from simulated results achieves a gain of up to 18.2 dBi,
radiation efficiency of 81%, and XPD of over 20 dB.
The proposed antennas were designed with power dividers
for different polarization states for verification purposes.
An −10 dB impedance bandwidth of 27% and coverage of
over ±50◦ were measured in the experiment.
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