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Abstract

In this paper, we present the design, simulation, fabrication, and measurements of an on-
chip dielectric resonator (DR)-fed millimeter-wave high-gain antenna system with in-antenna
power combining capability. A low-profile resonant cavity antenna is fed by four spherical DR,
showcasing the antenna’s multi-feed capabilities. Each DR is fed by two microstrip resonators
located diagonally opposite on a planar circuit board and are excited via coaxial connectors. The
design incorporates a printed partially reflecting superstrate, reducing the antenna’s overall size
and profile while simultaneously enhancing directivity by approximately 10 dB at the design
frequency of 30 GHz. The antenna exhibits wideband matching. Key performance metrics,
such as directivity, gain, beamwidth, and bandwidth, predicted by full-wave electromagnetic
simulations align well with the results from experimental measurements.

Introduction

The demand for higher data rates is greater than ever, driven by the proliferation of cloud
and online-based applications that require uninterrupted, low-latency, and high-speed data.
5G technology is well suited to meet these needs. Millimeter-wave (mm-wave) wireless com-
munication has become a standard for 5G and beyond due to its capability to deliver high data
throughput, low latency, and reduced energy consumption, effectively supporting the growing
number of users and smart devices [1]. With its high carrier frequency, mm-wave can transmit
more data per baud, leading to higher data rates (bits per second per Hz) and reduced buffer-
ing times for high-quality video streaming. Additionally, mm-wave technology is employed in
radar and image sensing, next-generation Wi-Fi (WiGig), virtual reality for 3D rendering, as
well as medical, military, and Internet of things applications [2].

Despite its numerous benefits, mm-wave communication suffers from significant atmo-
spheric losses, which limit its coverage range. However, this limitation can be advantageous
for cellular communication, as it allows for network coverage expansion through techniques
like frequency reuse, cell splitting, and sectoring. To unlock the advantages of mm-wave com-
munication, it is essential to deploy structurally simple, highly efficient high-power antenna
(transmit/receive) subsystems. These subsystems must effectively compensate for the substan-
tial free-space path loss at mm-wave frequencies, which increases proportionally to the square of
the frequency [3]. Various antenna solutions utilizing power-combining techniques have been
proposed to date. These solutions include spatial multiplexing within large antenna arrays, and
multi-feed antennas with on-air power combining capabilities to boost the effective isotropic
radiated power and counteract losses [4]. However, each of these antenna technologies faces
distinct limitations, such as challenges with packaging, thermal management, substantial on-
chip space requirements, the need for unconventional signal processing techniques, restricted
radiation efficiency, bandwidth constraints, and complex design architectures [5].

Self-aligning on-chip dielectric resonators (DRs) are engineered to optimize radiation effi-
ciency at mm-wave frequencies, ensuring that a substantial portion of the input power is
effectively radiated from the chip. In the past, self-aligning spherical DRs have been uti-
lized alongside dielectric superstrates, artificial surfaces, and resonant cavity antennas (RCAs)
to enhance overall radiation properties [6]. In this research, we investigate the performance
of an on-chip DR-fed RCA antenna [4] using full-wave electromagnetic (EM) simulations.
This is followed by the fabrication and measurement of a prototype. Our design features a
low-profile, low-loss, high-gain RCA with multiple inputs, operating in the mm-wave spec-
trum and incorporating in-antenna power-combining capabilities. The RCA is excited by four
low-loss spherical DRs, demonstrating its capability to support multiple feeds. Each DR is fed by
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two microstrip resonators positioned diagonally opposite each
other on a planar printed circuit board (PCB), with signals of
equal amplitude and a phase difference of 180°. The microstrip
resonators are vertically probe-fed using sub-miniature push-on
micro (SMPM)-type connectors. This choice helps effectively mit-
igate losses in the feed transmission lines. The spatial separation
of these feed resonators can be adjusted as required. Additionally,
a printed partially reflecting superstrate (PRS) is used instead of
the uniform PRS typically employed in traditional RCAs to both
enhance the overall directivity and minimize both the antenna’s
size and profile.

An earlier version of this paper was presented at the 18th edi-
tion of the European Conference on Antennas and Propagation
(EuCAP) and was published in its proceedings [7]. It covered the
theoretical aspects and design methodology of the antenna dis-
cussed in this work. This article details the fabrication and assembly
of the multi-input RCA, alongside an experimental analysis that
provides insights into its performance. A performance evaluation
of key parameters — such as active reflection coefficients, gain,
and radiation patterns — was conducted at five frequencies within
the desired bandwidth. The results align with theoretical predic-
tions and simulations. New graphics added to this article enhance
the understanding of the feeding mechanism and the system as a
whole.

The rest of the article is organized as follows: Design method-
ology section describes the design methodology for the proposed
mm-wave antenna. Simulation results section presents simula-
tion results for the multi-feed RCA design. Antenna fabrication,
measurement and experimental results section details the antenna
fabrication and assembly challenges and discusses the experiments
conducted to validate and verify the performance of the RCA.
The measured results are shown and analyzed against simulations
in Analysis and Discussion of Results section. Finally, Conclusion
section provides the concluding remarks and some insights into
potential future work.

Design methodology

Figure 1 illustrates the complete schematic of the on-chip spheri-
cal DR-fed RCA with eight input ports. The antenna is constructed
from three distinct layers of PCB: the bottom layer made of Rogers
RT6202 (¢, = 2.94 and tand = 0.0015), 0.508 mm thick mid-
dle board of Rogers RT5880 (¢, = 2.2 and tand = 0.0009), and
the top printed superstrate layer of Rogers TMM4 (e, = 4.5 and
tand = 0.002). Four circular crates are precisely machined into
the top of the chip layer to accommodate the four DRs. The middle
board is then positioned on top, featuring square metallic patches
with circular slots. These slots are aligned directly above the crates,
ensuring that the dielectric spheres fit securely between the crates
in the chip layer and the slots in the middle board. Screws and
spacers are installed at each of the four corners of the antenna.
The screws pass through the holes in the spacers and are tight-
ened to press the dielectric spheres firmly against the chip. This
setup ensures that the DRs remain firmly in place and do not dislo-
cate during installation or operation. By doing so, the non-radiant
modes of the DRs are excited, with the TE,;, mode providing the
strongest coupling to the chip [8]. The resonance frequency of
the DRs is determined using Equation (1):

Jfres (GHz) = (1)

d (mm)’
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where d is the diameter of the spherical DR. The constant a is
specific to the modes and is determined by the effective dielectric
constant of the DR.

For this design, the DR is made of alumina (Al,O3), which has
a dielectric constant of 9.8 and a low loss tangent of less than 0.001
up to a frequency of 100 GHz. The parameter a is 104.3 for the
TE,;, mode [9]. At the operating frequency of 30 GHz, the diame-
ter of the DR is approximately 3.5 mm, considering that the middle
board on top of the spheres excites the TE;;; mode. To enable
power combination within the antenna, the non-radiating TE,;,
mode which exhibits electric symmetry is excited from two dif-
ferent directions by two diagonally opposite microstrip resonators

each measuring % in length, where A, is the guided wavelength.

These resonators are probe-fed with equal amplitudes and a phase
difference of 180° using SMPM-type RF coaxial connectors [10].
Four circular coupling slots on the lower ground layer of the middle
board located above each spherical DR facilitate the coupling of the
non-radiating modes of each DR to the microstrip patch radiator
on the top layer of the middle board.

A printed PRS board is positioned at height L, above the mid-
dle board, forming a resonant cavity. This configuration allows the
EM fields to undergo multiple reflections, which leads to reso-
nance and enhances the antenna’s directivity and overall radiation
performance. The value of L, is calculated from [11] according
to Equation (2):

4rL,
Ao

=2N7m — ¢ground - ¢PR57 (2)

where A, represents the free space wavelength at the operating fre-
quency, N is the vertical wave number, Pgroung and ¢pgg are the
phase delays introduced in the electric field after reflection from
the ground and the PRS, respectively. We assume that ¢groung =
¢prs = —. Hence, the smallest cavity length for fundamental
resonance is L, = ? [12].

Figure 1(a) displays an isometric view of the antenna model,
including an expanded back view of the thin printed PRS.
Alongside creating a resonant cavity in the antenna, the
printed PRS also creates a more uniform aperture phase dis-
tribution above the patch radiators. The PRS is composed of
Rogers TMM4 with circular metallic patches printed on the
underside facing the patch radiators. The diameters of the circular
metallic patches (D1, D2, D3, D4, and D5) printed on the bottom
side of the PRS decrease gradually from the center toward the
edge. This configuration adds more phase delay to the field at
the center compared to the edges. The PRS plays a crucial role
in determining the antennas radiation properties, including
directivity and radiation pattern. For more detailed information
on the design of printed PRS, readers are referred to [12].

Figure 2 illustrates the feeding arrangement used to excite
the DRs, which are mounted on top of the circuit board shown
in Figure 1(a). Each of the DRs (in bronze) is fed by two microstrip
resonators (in red and black) located diagonally opposite. These
microstrip resonators are probe-fed with equal amplitudes and a
phase difference of 180° using SMPM-type RF coaxial connec-
tors [10]. This arrangement excites the same non-radiating modes
from two different directions, achieving constructive power com-
bining. Additionally, four coupling slots are incorporated into the
lower ground layer of the middle board to facilitate the coupling of
the non-radiating modes of each DR to the microstrip patch radi-
ator positioned on the top layer directly above each spherical DR.
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Figure 1. Design configuration of the on-chip multi-feed resonant cavity
antenna system. (a) Isometric view of the antenna simulation model
showing an expanded back view of the PRS [7] and (b) expanded view of

a DR, coupling slot, and alignment hole, DR fed by two microstrip resonators
and the feed topology of the complete antenna [7]. (b)
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Figure 2. Bottom view of the antenna showing the microstrip resonator feed pairs 28 29 30 31 32 33
(black) and (red) and DRs (bronze). Feed pairs (1,2), (3,4), (5,6), and (7, 8) Frequency (GHz)

feed DRs-1, 2, 3, and 4, respectively [13].

Figure 3. Simulated return loss at each input port of the antenna [7].
Simulation results
The proposed eight-input RCA was modeled in CST MWS, each input port (when all ports are excited simultaneously). The

and full-wave EM simulations were conducted using the time antenna demonstrates excellent matching, with a return loss of
domain solver. Figure 3 shows the simulated return loss for less than —8 dB across all eight input ports within the frequency
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Figure 4. Simulated realized gain pattern for the 8-port RCA at 30 GHz [13]. (a) Individual DRs. (b) Antenna system.
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Figure 5. Simulated radiation characteristics for the 8-port RCA at boresight, with directivity (solid) and gain (dashed). (a) Individual DRs. (b) Gain, directivity, and sidelobe

level over frequency for the antenna system.

range of 28.8-32.5 GHz. The weak coupling of the feeding ele-
ments arises from signal leakage from the edges to the top, which
enables the integration of multiple feeding DRs within the same
chip area without impacting the input impedance of the feeds. An
outstanding in-antenna power combination is achieved by excit-
ing the same non-radiating resonance modes in each feeding DR.
Figure 4 shows the simulated radiation pattern for each individ-
ual DR (see Figure 4(a)) as well as the radiation pattern for the
overall antenna system at 30 GHz (see Figure 4(b)).

Figure 5(a) illustrates the variations in the simulated directiv-
ity and realized antenna gain over frequency when each DR is

https://doi.org/10.1017/51759078725000479 Published online by Cambridge University Press

excited individually. The variations in gain and directivity are con-
sistent with the reciprocal behavior of the antenna. Specifically,
odd-numbered, DR1 and DR3 exhibit similar and closely match-
ing responses, while even-numbered, DR2 and DR4 also display
similar and closely matching responses. Figure 5(b) shows the sim-
ulated directivity and realized gain variation of the antenna system
over the same frequency range, with and without the printed PRS.
It can be observed that the PRS increases the overall directivity
and realized gain of the antenna. A peak gain enhancement of
approximately 10 dB is achieved at the design frequency of 30 GHz.
A maximum simulated directivity of 20.1dB and a maximum
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Figure 6. Characteristics of the multi-feed RCA. (a) Radiation efficiency plots with and without the PRS [7] featuring a 3D radiation pattern at 30 GHz shown as an inset.
(b) Elevation radiation pattern cut for different frequencies at ¢ = 0°.
realized gain of 19.4dB at 30 GHz are achieved. The 3 dB gain Table 1. Design parameter values for the proposed antenna [7]
bandwidth of the antenna is approximately 1.9 .GHZ from 28.9GHz ) el
to 30.8 GHz. Figure 5(b) also shows the maximum sidelobe lev- parameters - parameters -
els against frequency. The sidelobes are consistently below —10 dB
o 45 RTss00 0.508

across the frequency range of 28.18-31.45 GHz.

Figure 6(a) compares the radiation efficiency between the pro- M 3.386 Thyjera 0.127
pf)sed antennas with and w1jchout the PRS. ThF radiation effi- A 12.99 Thyyny 076
ciency of the antenna featuring the PRS remains largely com-
parable to that of the antenna without it, showing only a slight P ] b1 Sz
decrease of about 2% within the frequency range of 28-29 GHz. It L 4.7 D2 3.1956
was observed that the radiation efficiency exceeds 93.3% and the - 2076 - 3144
total efficiency remains above 81.6% across the frequency range : :
of 28.8-32.6 GHz. A 3D radiation pattern obtained at 30 GHz is G 1.4187 D4 2.448
presented as an inset in Figure 6(a). B 2.445 D5 0.816

To demonstrate the radiation pattern characteristics of the
designed antenna, the elevation-plane radiation pattern for the H 0425 n 3402
antenna is illustrated for five different frequencies within the oper- E 1.132 T2 10.2072
ating band in Figure 6(b). The maximum realized gain occurs at G 1.4187 3 17.0112
the design frequency of 30 GHz.

B 2.445 T4 23.8164
H 0.425 T5 30.6204
Antenna fabrication, measurement, and experimental E 1132 E 1132
results
K 0.255 H 0.425
Following the design description in Design methodology section, a
K X . . R G 1.4187 B 2.445
prototype of the on-chip DR-fed RCA with eight inputs was fabri-
cated and measured. The design parameters are provided in Table 1, Q 0.58 d 3.5

and a comparison between the measured and simulated return loss
at each port is shown in Figure 7. The thickness of the conduc-
tor on the middle board is 0.035 mm and is 0.017 mm on the PRS
and the circuit board. The side length of all the square boards and
the brass plate is O 45mm. A strategic approach has been
adopted to assemble the antenna, ensuring that the DRs are secured
tightly. The three separately fabricated boards (circuit board, mid-
dle board, and the PRS) are assembled with the spherical DRs and

https://doi.org/10.1017/51759078725000479 Published online by Cambridge University Press

a supporting brass plate using nylon spacers and polyvinylidene
fluoride plastic screws. Through holes were drilled on the boards
and brass plate to provide passage for screws during assembly and
packaging. The three boards are aligned accurately by inserting
plastic screws, and proper spacing between the layers is maintained
using 3D-printed nylon spacers. The nylon spacers have through
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Figure 7. Measured and simulated return loss at (a) port 1 to port 4 (S11, S22, S33, S44) and (b) port 5 to port 8 (S55, S66, S77, and S88).

holes to allow the screws to pass. A 2.5mm thick brass plate is
positioned beneath the circuit board to enhance the design’s stur-
diness and durability, especially given the circuit board’s thickness
of just 0.508 mm. This added support helps to prevent flexing and
ensures structural integrity, thereby contributing to the overall reli-
ability of the assembly. The brass plate further acts as a cover for the
alignment holes on the substrate, preventing radiation leakage. The
assembly process is pictorially illustrated in Figure 8. First, plastic
screws are inserted into the four corner holes of the brass plate,
providing a secure foundation.

The bottom circuit board is then placed directly on top of the
brass support layer, with the four corner holes aligned over the

https://doi.org/10.1017/51759078725000479 Published online by Cambridge University Press

Figure 8. Fabricated components: circuit board (top left),
brass plate (top right), DRs positioned on the crate within
the circuit board and 3D-printed nylon spacers (bottom
left), assembly and packaging of the RCA.

screw legs at each corner, allowing it to slide into position. To
maintain an appropriate gap between the middle layer and the cir-
cuit board, four nylon spacers with center-through holes are added,
one at each screw location, by sliding them over the screw legs.
Next, four spherical DRs are positioned on the four crates within
the circuit board. The middle board is then placed, allowing its cor-
ners to slide over the same screw legs at each corner. Another set
of four nylon spacers is added, one at each corner, by sliding them
over the screw legs. These spacers create the necessary height to
form a resonant cavity. Finally, the PRS is added, with its four cor-
ner holes aligned with the same four screw legs at each corner. Bolts
are used to fasten the screws, ensuring that the assembly is secure
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Figure 9. Assembled RCA with a 3D-printed mount.

and prevents displacement of the spheres after packaging. This
careful assembly process enhances both stability and performance
in the final design.

While Figure 8 displays the fabricated components and the
assembled antenna prototype, Figure 9 shows the RCA installed
in a 3D-printed antenna mount, and the high-frequency RF
cables that were connected to each input port. S-parameters were
measured using a multi-port vector network analyzer (VNA)
(Figure 7). The measured return loss at all ports, except for
port-1(S11), is below —8 dB between 27.8 GHz and 30.7 GHz. For
port 1, the return loss goes up to —6 dB between 27.6 GHz and
28.8 GHz but remains below —8 dB from 28.8 GHz to 30.2 GHz.
The variation in port-1 matching could be due to lossy cables. To
ensure consistent measurement of the multi-input antenna, we val-
idate the results using the following three different measurement
setups.

o Measurement setup I: a 2-port VNA is used for obtaining
the gain for each DR. The transmit path to each DR is
identical.

o Measurement setup II: a 2-port VNA is used for obtaining the
gain for each DR. However, different transmit paths are used
while testing each DR.

o Measurement setup III: a multichannel arbitrary waveform gen-
erator (AWG) is used to simultaneously excite all DRs via differ-
ent transmit paths.

Individual DR excitation

We investigate the performance of the antenna with individual DR
excitation using measurement setups I and II.

power

signal generator

Figure 10. Transmit chain setup for individual DR - measurement
setup I.
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Measurement setup |

A schematic for the transmit chain used for performing mea-
surements with independent individual excitations is shown
in Figure 10.

A 2-port VNA was used to characterize the transmission path
from the signal generator to the receiver. This same transmis-
sion path is used for studying the behavior of each DR. In this
transmit chain (Figure 12(a)), a single channel signal generator
feeds a power amplifier (PA). The output of the PA feeds the
input port of a phase shifter. The pair of outputs from the phase
shifter, with a phase difference of 180° in turn, excite each indi-
vidual DR of the RCA. While each DR was excited, the other
six input ports of the RCA that feed the rest of the DRs were
terminated using 50 dB matched loads. A single channel signal
generator, therefore, excites each spherical DR (see Figure 10).
In measurement setup I, for characterizing each individual DR,
the output power from the single channel signal generator was
set to 0 dBm. A standard gain horn (SGH) antenna was used to
collect the signal at the receiver side. The antenna gain correspond-
ing to each DR was measured and is shown in Figure 11(a) and
(b). Figure 11(a) plots the elevation plane radiation pattern cut
for each DR at a center frequency of 30 GHz as measured in an
anechoic chamber. The main lobes for DR1, DR2, DR3, and DR4
exhibit peaks at 9.74 dB, 9.49 dB, 10.58 dB, and 10.09 dB, respec-
tively with corresponding offsets from boresight at —3°, 9°, 0°,
and 10.0°, respectively.

Figure 11(b) shows the measured peak gain against frequency
for each DR in the 28-32 GHz frequency range. The peak gains
for DR1, DR2, DR3, and DR4 are 10.59 dB, 10.06 dB, 10.76 dB,
and 10.09dB at frequencies of 30.5 GHz, 30.5 GHz, 30.5 GHz,
and 30 GHz, respectively. In this frequency range, DR3 exhibits
the highest peak gain of 10.76 at 30.5 GHz, while DR2 exhibits the
lowest peak gain of 10.06 at 30.5 GHz.

Measurement setup Il

The setup for the transmit chain illustrated in Figure 12(a) was
used to investigate the performance of each DR with indepen-
dent transmit paths. The results from these measurements are
presented in Figure 13. Figure 13(a) plots the elevation plane radi-
ation pattern cut for each DR of the RCA at a center frequency
of 30 GHz. The main lobes for DR1, DR2, DR3, and DR4 exhibit
peaks at 10.16 dB, 10.45dB, 10.56 dB, and 10.67 dB, respectively,
with corresponding offsets from boresight at —1.5°, 8°, 1°, and 9°,
respectively.

Figure 13(b) shows the measured peak gain against frequency
for each DR in the 28-32 GHz frequency range. The peak gains
for DR1, DR2, DR3, and DR4 are 11.36dB, 10.97dB, 11.56 dB,
and 10.78dB at frequencies of 30.5GHz, 30.5GHz, 30 GHz,

power amplifier

©
o
s

antenna element
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Figure 11. Measured radiation performance of the RCA with individual DR excitation with measurement setup I. (a) Elevation plane radiation pattern cut at 30 GHz. (b) Peak

gain vs frequency.
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Figure 12. Transmit chains for multiple DRs. (a) Measurement setup Il. (b) Measurement setup IlI.

and 30.5 GHz, respectively. In this frequency range, DR3 exhibits
the highest peak gain of 11.56 at 30 GHz, while DR4 exhibits the
lowest peak gain of 10.78 at 30.5 GHz.

Simultaneous DR excitation

In measurement setup III (Figure 12(b)), a four-channel AWG was
used to excite the four DRs of the RCA. Subsequently, each of the

https://doi.org/10.1017/51759078725000479 Published online by Cambridge University Press

four synchronized outputs of the AWG feeds a PA whose output, in
turn, feeds each of the four phase shifters. The resulting eight sig-
nals from the output ports of the phase shifters feed the 8-port RCA
by simultaneously exciting all four DRs.

The experimental setup for the multichannel transmit chain
is shown in Figure 12(b). The transmit power from each of
the four output ports of the AWG was set to be four times
less (—6 dBm) compared to measurement setups I and II. This
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(b) Gain vs frequency.

power level corresponds to a peak-to-peak voltage of 0.31698 dB.
Similar to measurement setups I and II, an SGH antenna was
used as a receiver. The measured elevation plane radiation pat-
tern cuts for frequencies 29-31 GHz are shown in Figure 14(a).
The highest peak gain of about 11.37 dB is observed with an oft-
set of 3° at 30 GHz. The maximum gain shows the least value
of about 5.91dB at 29 GHz with an offset of 2°. The side lobes
at 30 GHz are about 16dB below the peak value. The high-
est sidelobes are observed at 30.5GHz and 31 GHz. A 3dB
beam width of about 17° is observed at 30 GHz in Figure 14(a).
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Figure 15 shows the equivalent polar plot for the measured
gain of the multi-feed RCA for frequencies from 29 GHz
to 31 GHz.

Figure 14(b) shows the measured gain versus frequency plot
for the multi-feed RCA for the frequency range 28-32 GHz
at boresight as measured in an anechoic chamber. A maxi-
mum gain of about 11.2dB is observed with a 3dB band-
width of about 2.0 GHz. The highest measured gain is observed
to be at 30 GHz, which is consistent with the observations
from Figure 14(a).


https://doi.org/10.1017/S1759078725000479

10 Singh et al.
—29 GHz
—29.5 GHz
105 0 75 30 GHz
120 60 —30.5 GHz
70 —31 GHz
135 45 '
0
150
165
180
195
210
225 315

240 300

255 285

270

Table 2. Summary of key results from simulation, measurement setups | and Il

Figure 15. Measured polar plots for the gain of the RCA at five
different frequencies.

Simulation Measurement setup | Measurement setup Il
Offset (degrees) Peak gain (dB) Offset (degrees) Peak gain (dB) Offset (degrees) Peak gain(dB)
DR1 -15 14.69 -3.0 9.74 -1.5 10.16
DR2 1.0 15.02 9.0 9.49 8.0 10.45
DR3 -1.0 15.03 0.0 10.58 1.0 11.56
DR4 1.5 14.69 10.0 10.09 9.0 10.67
Figure Figure 4(a) Figure 11(a) Figure 13(a)

Analysis and discussion of results
Individual DR excitation

We compare the simulated results for individual DR excitation
with the experimental results obtained using measurement setup
I and measurement setup II. First, we compare the elevation plane
radiation pattern cuts at 30 GHz. We then compare the simulated
gain against frequency plots for individual DRs with the measured
results. These key results for radiation pattern and gain against
frequency plots are summarized in Table 2, later in this article.

Elevation plane radiation pattern cuts

The simulated elevation plane radiation pattern cuts at 30 GHz are
shown in Figure 4(a) while the equivalent measured results from
measurement setup I are shown in Figure 11(a). The measured
results for measurement setup II are shown in Figure 13(a).
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The peak gains for each DR in both the simulated and mea-
sured results at 30 GHz have offsets on similar sides with respect
to 0° (i.e., DR1 and DR3 are on the same side, while DR2 and
DR4 have offsets on the opposite side of 0°). While the observed
offsets for these peaks exhibit symmetry in the simulated results
(see Figure 4(a)), the symmetry in measured results degrades
with measurement setup I exhibiting more symmetry compared
to measurement setup II. The extra degradation in symmetry
observed in the results for measurement setup II is because in mea-
surement setup I, the same signal transmit path is the same for
each DR, whereas the signal paths are different in measurement
setup II.

In the simulated results (see Figure 4(a)), the peak gains for DR2
and DR3 are slightly higher by about 0.33 dB compared to DR1 and
DR4. The offsets for DR1 and DR4 are at —1.5° and 1.5° respec-
tively, while the offsets for DR2 and DR3 are at 1.0° and —1.0°
respectively.
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Figure 16. Amplifier gain vs frequency.

In the results from measurement setup I (Figure 11(a)), the peak
gains for DR3 and DR4 are slightly higher by up to 1 dB compared
to DR1 and DR2. The offsets for DR1 and DR2 are on opposite
sides with respect to those of DR3 and DR4 and closely resemble
the simulation results. The offsets, however, are much bigger, and
the axis of symmetry for the main beams of all the DRs is no longer
at 0°.

In the results from measurement setup II (Figure 13(a)), the
peak gain for DR3 is highest, by about 1 dB compared to DR1, DR2,
and DR4, which have comparable peaks. The offsets for DR1 and
DR2 are also on opposite sides of the axis of symmetry with respect
to the offsets for DR3 and DR4. This observation is similar to
the results from simulation and measurement setup I with rela-
tively minor variations. This deviation of results in measurement
setup I from those obtained using measurement setup II can be
attributed to the variations across the four transmit paths in mea-
surement setup II. It should be noted that the characteristics for
DRI are the most consistent across measurement setups I and II
since this transmit path for DR1 does not change across the two
measurement setups.

Gain vs frequency plots

With individual DR excitation, we compare the simulated gain
against frequency results in Figure 5(a), with the experimental
results using measurement setup I in Figure 11(b) and measure-
ment setup ITin Figure 13(b). Across Figures 5(a), 11(b), and 13(b),
gain against frequency plots exhibit similar trends. Results from
measurement setup II (see Figure 13(b)) show a distinct variation
in gain for DR3 being visibly higher than in measurement setup
I (Figure 11(b)). This is attributed to the characteristic of the ampli-
fier on the transmit path for DR3 (see Figure 16). The gain for
amplifier 3 is consistently higher (by about 0.25dB) compared to
the rest of the amplifiers, over the frequency range 29.2-31.1 GHz.

Simultaneous DR excitation

We compare the simulated results for simultaneous DR excita-
tion with the experimental results using measurement setup III.
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Table 3. Summary of key RCA results from simulation, measurement setup IlI

Simulation Measurement setup Il
Peak gain (dB) 19.36 14.23
3dB gain 1.90 2.00
bandwidth (GHz)
3 dB beamwidth 15.00 17.00
(degrees)
S11(dB) All ports All ports
below —8 dB below —8 dB
except port 1*
(28.8-32.5 GHz) (27.8-30.7 GHz)
Figure Figures 3, Figures 7,
5(b), and 6(b) 14(a), and 14(b)

*The reflection at port 1 is below —6dB for the frequency range 27.6-28.5GHz and is
below —8 dB for 28.5-30.2 GHz.

First, we compare the simulated elevation plane radiation pat-
tern cuts. We then compare the simulated gain against frequency
plots with the measured results. The key radiation pattern and gain
against frequency results for simultaneous excitation are summa-
rized in Table 3.

Elevation plane radiation pattern cuts

The measured radiation patterns for multiple frequencies
from 29 GHz to 31 GHz are shown in Figure 14(a) while the
simulated elevation plane radiation patterns are shown in
Figures 4(a) and 6(b). Measured polar plots of gain at five differ-
ent frequencies are shown in Figure 15. In both simulated and
measured results, we observe that the highest gain occurs at the
intended design frequency of 30 GHz, while the lowest gain occurs
at 29 GHz.

Gain vs frequency plots

The plots for the measured gain against frequency are shown
in Figure 14(b), while the simulated results are presented
in Figure 5(b). Across Figures 5(b) and 14(b), the plots exhibit
similar trends.

Conclusion

A design for a high-gain, 8-input RCA is presented in this arti-
cle. The simulation results provide extensive information about the
antenna and its radiation performance. Although the measured
results follow a similar trend to the predicted outcomes from the
full-wave EM simulations, there are some variations. The discrep-
ancy between the simulated and measured results can be attributed
to various factors, including the complex measurement approach
required for multi-input excitation within the antenna, fabrica-
tion, and assembly errors, improper calibration of the antenna
chamber, and issues with associated components such as connec-
tors, adapters, and RF coaxial cables. Additionally, we believe that
the antenna mount may be affecting overall antenna performance
by blocking signal leakage from the edges, which is necessary
to weaken the coupling between the feeding elements, thereby
impacting the input impedance of the feed. A high simulated total
efficiency over 81.6% is maintained across a wide frequency range
of 3.8 GHz.

The antenna design is simple, cheap, and intuitive. The feeding
mechanism is efficient compared to a corporate feed distribution
network, which can often be lossy. The measured prototype shows
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excellent matching for all input ports. A maximum simulated real-
ized gain of 19.44 dB is achieved, making the antenna applicable to
mm-wave communication systems. Recently, a compact, double-
sided, 16-input port DR-based antenna was presented in [14]. This
antenna is built for wireless access point applications at sub-6 GHz
frequency. Despite multiple input ports and good isolation between
the feeding elements, this antenna was not analyzed for its power-
combining capability. This emphasizes the novelty of our approach.
Additionally, the proposed RCAs can be used to create arrays with
a larger aperture.

First, for the proposed RCA design, we performed measure-
ments with all eight excitations coming directly from the AWG.
This eliminates the need for phase shifters, which introduce further
imperfections to the signal that the RCA receives. Furthermore,
the PRS design is strategically arranged in the form of an array
to achieve similar gain and directivity enhancement. We plan to
implement such a topology in our future work and to design a high-
power beam-steering antenna system. The beam-steering can be
achieved either actively by introducing a phase shift between the
feeding elements or passively by using a pair of metasurfaces as
add-on devices and implementing the concept of the Risley prism
to direct the beam of the antenna in a 3D conical volume.
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