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ABSTRACT The article presents a differentially excited low temperature co-fired ceramics (LTCC)
based miniaturized planar aperture antenna, distinguished for its high gain and narrow-beam wideband
characteristics, tailored specifically for mm-Wave antenna-in-package (AiP) applications. The proposed
antenna comprises a stepped-cut patch element excited differentially and enclosed within an open cavity
formed by metallized vias. Four tuning stubs are symmetrically incorporated into the stepped-cut patch
element, and two pairs of shorting vias are used to ground it, improving overall impedance and gain
bandwidth. Rectangular-shaped parasitic strips, strategically positioned outside the open cavity in a
symmetrical arrangement, significantly narrow the main beam along two principal cutting planes, thereby
enhancing broadside gain across the entire frequency band of operation. To validate the proposed design,
a miniaturized and low loss differential feeding network was designed using the same LTCC technology
and seamlessly integrated into the underside of the prototype antenna. According to measured results, the
fabricated prototype exhibit —10 dB impedance bandwidth of 20.97 % (56.55-69.8 GHz), and the realized
gain is higher than 10.01 dBi with a peak gain of 12.36 dBi at 63 GHz. Moreover, the radiation pattern of
the proposed design is perfectly symmetrical, boasting a half-power beamwidth less than 40° along both the
planes across the entire operating band.

INDEX TERMS Low temperature co-fired ceramics (LTCC), differentially-fed planar aperture antenna,
millimeter-wave (mm-Wave), substrate-integrated-waveguide (SIW), parasitic strips, tuning stubs.

I. INTRODUCTION

The emergence of new 60 GHz wireless products is
thrilling, not solely for meeting the high-speed wireless
access needs of consumers, but also due to their potential
deployment worldwide, facilitated by harmonized global
spectrum regulations [1]. The rise of this technology facili-
tates the wireless transmission of high-definition video and
rapid file transfer without compression. These advancements

The associate editor coordinating the review of this manuscript and

approving it for publication was Ladislau Matekovits

necessitate cost-effective, compact systems that integrate
radio-frequency integrated circuits (RFICs), passive compo-
nents, antennas, switches, and high-performance intercon-
nects [2]. In such systems, antennas must avoid intercepting
multipath signals and concentrate transmission power in
a specific direction. Utilizing a narrow beam antenna
reduces interference with signals from other directions, thus
improving signal-to-noise ratio (SNR), which is particularly
advantageous for line-of-sight (LOS) communication deploy-
ments. Furthermore, by maximizing the effective use of
available spectrum resources, narrow beam antennas enhance
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FIGURE 1. Proposed differential fed antenna. (a) Working principle. (b) Top view. (c) 3D view. (d) Side view. (s = 7.2, Iy = 5.02, |y =3.44,I., = 1.6,
ICZ =1.99, |, 1= 3.3, 1, 2 = 1.68, w,; = 0.75, sz = 0.5, d| = 0.28, dz = 0.235, d3 = 0.45, '| = 1.98, Iz = 0.38, l_v, = 0.36, w; = 1.2, w, = 1.05, wi = 0.7,
rc =05, lf = 1.94, wf = 0.28, dxy = 0.6, dy =1.12, lstb = 0.95, wgy, = 0.26, mgyy, = 0.48) (Units = mm).

overall spectral efficiency, allowing more users to be served
within the same frequency bands. It’s important to note
that a high-gain antenna doesn’t guarantee a narrow main
beam in both planes. For example, substrate-integrated-
waveguide (SIW) based wideband H-plane horn antenna [3],
[4] demonstrates a narrower main beam along the H-plane
but retains a wider main beam along E-plane, allowing
room for interference from multipath signals across the
E-plane.

Researchers worldwide have proposed numerous aperture
antennas for antenna-in-package (AiP) mm-Wave applica-
tions, each offering unique characteristics. For instance,
a PCB-based planar aperture antenna [5] achieves a
remarkable —15 dB impedance bandwidth covering 21.5%
(56.2-69.7 GHz), with a broadside peak gain of 15.3 dBi
and a half-power beamwidth (HPBW) spanning 20° to 30°.
A 2 x 2 magnetoelectric dipole array [6], enclosed within
a rectangular cavity, achieves an impressive impedance
bandwidth of 29.2% from 52.6 to 70.6 GHz, with a gain
ranging from 10.9 to 13.7 dBi and a half-power beamwidth
ranging from 40° to 50°. Despite their excellent performance
in terms of impedance and gain bandwidths, extending
these designs to an array configuration is hindered by the
complexity of the feeding network. Additionally, the designs
are not the most compact. In reference [7], a single-layered
broadband magnetoelectric dipole antenna demonstrates a —
10 dB impedance bandwidth from 57 to 71 GHz, achieving
a realized gain of 9.1 dBi, accompanied by a half-power
beamwidth ranging from 50° to 60°. However, the E-plane
radiation pattern displays asymmetry and tilt, and there
is a lack of compatibility with differential microwave
circuits. Another promising approach is demonstrated in [8],
where a low temperature co-fired ceramics (LTCC) based
single-ended fed planar aperture antenna exhibits a -8 dB
impedance bandwidth from 57 GHz to 64 GHz, with a
half-power beamwidth ranging 40° to 50° and a peak
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gain of 11.5 dBi. While this design readily extends to an
array for high gain, integrating it into differential mm-Wave
circuits proves infeasible. In recent work [9], Liao and
Xue introduced a dual-polarized planar aperture antenna
with LTCC technology for a 60 GHz CMOS differential
transceiver chip, featuring a —10 dB impedance bandwidth
(57-64 GHz), a peak gain of approximately 12 dBi, and
a half-power beamwidth spanning 40° to 50° for both
polarizations. However, extending the design to an array
configuration is challenging due to the complexity of the
required differential feeding network. In summary, the
quest to design a low-profile antenna capable of achieving
extremely narrow beamwidths in both planes, along with high
gain and broad impedance bandwidth, presents significant
challenges.

In this paper, a miniaturized LTCC-based broadband planar
aperture antenna is proposed, incorporating differential
feeding, and distinguished by its high gain and excep-
tionally narrow half-power beamwidth along both planes.
The antenna composed of a rectangular opening cavity
that encloses a stub-integrated stepped-cut patch element.
The element is differentially excited by two probes and
grounded through four symmetrical vias, complemented by
symmetrical parasitic strips positioned outside the cavity
to narrow the main beam in both planes and enhance
gain. The antenna design is optimized using ANSOFT
High-Frequency Structure Simulator (HFSS) to minimize
half-power beamwidth along both planes and enhance
gain with in the interested frequency band. Experimental
validation demonstrates an impressive impedance bandwidth
of 20.97% (56.55 to 69.80 GHz) and realized gain between
10.01 dBi to 12.36 dBi, with a half-power beamwidth
less than 40° along the two principal cutting planes.
These achievements position the proposed antenna as a
strong contender for mm-Wave applications, particularly in
antenna-in-package configurations.
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FIGURE 2. Design process of proposed antenna.
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This paper is organized as follows: Section II presents
the antenna’s configuration, design evolution, and operating
principle. Section III conducts pivotal parametric studies.
Section IV describes the design process for the differential
feeding network. In Section V, results from simulations
and measurements of the fabricated antenna prototype with
the differential feeding network are presented. Finally,
Section VI encapsulates the conclusions.

Il. ANTENNA DESIGN

A. ANTENNA CONFIGURATION AND DESIGN EVOLUTION
The proposed differentially-fed planar antenna element,
as depicted in Figure 1(b), comprises 6 LTCC layers and
7 metal layers, as illustrated in Figure 1(d). Ferro A6M, with
a dielectric constant of 5.9 and a loss tangent of 0.002, serves
as the dielectric material in the proposed design, with each
LTCC layer measuring 0.1 mm in thickness and 7.2 mm
in width. The proposed antenna design features an open
metallized cavity as the antenna aperture, activated by a
differentially-fed stepped-cut patch element. Strips making
the open cavity peripherals are grounded via 0.1 mm diameter
through vias, traversing multiple layers (S1-S¢) as shown in
Figurel(d). To ensure through connection among vias on
each layer, 0.15 mm diameter pads are utilized. At 0.6 mm
in height, the open cavity nearly matches a quarter of
the dielectric wavelength at 57 GHz, which guarantees the
maximum amplitude of the E-field of the aperture.

Figure 2 shows the evolutionary process of the proposed
antenna design. Initially, the stepped-cut patch element
stimulates the cavity as can be seen in Figure 2 (Ant-1). The
cavity’s sidewalls effectively suppress surface waves, reduc-
ing the beamwidth and side-lobe radiation levels, thereby
enhancing the broadside gain. Satisfactory performance is
observed at 66 GHz; however, at lower frequencies of the
operating band, broader main beams lead to decreased gain,
and an undesirable radiation null around 62.5 GHz is evident
due to poor impedance matching, as illustrated in Figure 3.
Hence, additional components and techniques are necessary
to enhance proposed antenna performance, especially at
lower frequencies.

In the subsequent phase, tuning stubs are integrated into
the stepped-cut patch element, as illustrated in Figure 2 (Ant-
2). As depicted in Figure 3, these stubs notably improve
impedance matching from 56 to 63 GHz, consequently
enhancing the realized gain by perturbing the field dis-
tribution and achieving a broadside radiation pattern, yet
the half-power beamwidth along the E-plane is increased.
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FIGURE 3. Comparison of the simulated results for Ant-1 to

Proposed. (a) |S;| (b) Realized Gain (c) Half-power beamwidth along the
E-Plane (yz-plane). (d) Half-power beamwidth along the H-Plane
(xz-plane).
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FIGURE 4. Comparison of the simulated co-polarized radiation pattern
along the E-plane (yz-plane) and H-plane (xz-plane) at (a) 62.5 GHz for
Ant-1 and Ant-2 and (b) 64 GHz for Ant-1 and Ant-3.

In Figure 4(a), simulated co-polarized radiation patterns
along the E-plane and H-plane are presented both for Ant-1
and Ant-2 at 62.5 GHz. It is evident that the radiation null has
been eliminated, and a main lobe is achieved in the broadside
direction. Moreover, they induce unidirectional surface
currents, reducing the cross-polarization level, notably at the
low-frequency range of the operating band.

In the third step, the stepped-cut patch element is shorted to
the ground using four symmetrical shorting vias, as illustrated
in Figure 2 (Ant-3). This characteristic transforms the pro-
posed antenna into a quasi magnetoelectric dipole antenna,
wherein the horizontal stepped-cut patch element functions
as an electric dipole and the shorting vias act as a magnetic
dipole. For frequencies from 62.5 to 68 GHz, the current on
the shorting vias reaches maximum intensity, thus effectively
working as a magnetic dipole. As observed in Figure 3, this
notably improves the impedance matching and consequently
enhances the realized gain from 62.5 to 68 GHz, reinforcing
the E-field distribution within the cavity. Additionally, they
significantly reduce the half-power beamwidth along the
E-plane from 59 to 62 GHz. Figure 4(b) compares the
co-polarized radiation pattern for Ant-1 and Ant-3 at 64 GHz
along both the principal cutting planes.
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Subsequently, a pair of parasitic strips is positioned outside
the open cavity along both the H-plane (i.e., xz-plane) and
E-plane (i.e., yz-plane), as depicted in Figure 2 (Proposed).
The H-plane strips interconnect with the cavity’s periphery,
while those in the E-plane are excited by the external field.
The surface current distribution on these parasitic strips,
along with the grounded cavity strips, enhances gain by
expanding the antenna’s physical aperture. Their alignment
ensures a consistent E-field direction both inside and outside
the cavity, thereby reducing the half-power beamwidth along
both the principal cutting plane and increasing realized gain,
particularly from 56 to 63 GHz, as can be seen in Figure 3.

In the context of our antenna design, the decision not to
extend the open cavity sidewall vias beyond the signal probe
along the E-plane (yz-plane) and to implement a stepped-cut
patch element results in improved impedance matching and
a narrower half-power beamwidth, thereby enhancing gain.
Conversely, extending the sidewall vias beyond the signal
probe and opting for a simple patch configuration leads
to significant energy reflection, ultimately widening the
half-power beamwidth and consequently reducing realized
gain. The structural attributes of the opening cavity, including
the dimensions and shape of the stepped-cut patch element,
play a pivotal role in managing field distribution across vary-
ing frequencies. Thus, the proposed planar aperture antenna
maintains consistent impedance matching, a narrower half-
power beamwidth, excellent realized gain, and a stable
radiation pattern across an extensive frequency range.

The optimized prototype features an impressive impedance
bandwidth of 17.26% (55.95-66.52 GHz) with a return
loss exceeding 10 dB. It maintains a half-power beamwidth
of less than 40° along both the H-plane and E-plane,
as well as a broadside realized gain of over 10.56 dBi and
near-zero cross-polarization. Remarkably, it achieves a peak
gain of 13.28 dBi at 66 GHz, demonstrating outstanding
performance. Figure 1(b) depicts the prototype along with all
its optimized geometrical parameters

The aperture efficiency of an antenna can be calculated
using the formula provided in reference [10].

122G
4nA1,

where A, G, and A, represent the operating wavelength, gain
and antenna’s physical aperture, respectively. By considering
solely the cavity area I, x [, as the physical aperture of
the antenna, the computed aperture efficiency at 66 GHz
exceeds 160%, which clearly contradicts physical laws. This
discrepancy suggests that the real physical aperture extends
beyond the area which is solely occupied by the open cavity,
as the field surrounding the open cavity edges and on the
parasitic strips also contribute to radiation and antenna gain.
When considering the substrate area I; x [, as the antenna’s
physical aperture, the computed aperture efficiency at 66 GHz
decrease to 67.47%. Seeing that the exact determination of the
physical aperture for the proposed design remains uncertain,
it is reasonable to infer that its aperture efficiency is at
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FIGURE 5. E-field distribution for various phases on the proposed
antenna’s surface at 60 GHz. Regarding symmetrical boundaries, only half
of the structure is displayed.

least 67.47%, given that the antenna’s aperture is unlikely to
exceed the ground size.

B. OPERATING PRINCIPLE

Contrary to conventional patch antennas, cavity-backed patch
antennas [11] and the former aperture antennas [12], [13],
[14], [15], the proposed aperture antenna functions on a
distinctive principle. For the proposed aperture antenna, the
cavity’s dimensions are larger than one wavelength, hence
featuring a substantial physical aperture, which is one of the
most essential factors for achieving high gain in aperture
antennas. Due to the differential feeding, energy flows into
the open cavity via signal probes from the differential
ports and propagates along the patch element in the +x
direction in a traveling waveform. The energy across the
patch yields uniform E-field distributions, illuminating the
aperture, which, notably, do not manifest as resonant modes
within the cavity. Furthermore, the symmetrical geometry
and excitation lead to the formation of a virtual AC ground
parallel to the H-plane across the center of the antenna,
restricting energy passage. As the proposed aperture antenna
operates independently of resonance and utilizes the physical
aperture as the main energy pathway, so it achieves high
gain, narrower half-power beamwidth, and potential wide
impedance bandwidth.

VOLUME 12, 2024
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FIGURE 6. Simulated |S;; |, realized gain and half-power beamwidth both
along the E-Plane and H-Plane verses the frequency for different number
of substrate layers (n).

For a deeper understanding of the proposed antenna’s oper-
ation, Figure 5 illustrates the simulated E-field distribution on
its surface at 60 GHz, showcasing different phases. Observing
the E-field magnitude, a symmetrical and uniform electric
field distribution is observed both within the antenna’s
physical aperture and on the dielectric margins outside the
open cavity. The E-field strength remains consistent along
the edges of the stepped-cut patch element and the parasitic
strips. Moreover, there is a clear concentration of uniform
E-field distribution. between the tuning stub and feeding line.
In this figure, we can also observe a gradual weakening of
the surface vector E-field distributions along the —y-direction.
Interestingly, as the phase progresses from 0° to 180°, there’s
a complete reversal in their orientation. This phenomenon
strongly indicates excellent linear polarization, precisely as
we anticipated. Comprehending this observation is crucial for
analyzing the behavior of the antenna, since it reflects the
magnitude as well as the orientation of the electromagnetic
fields, which are necessary for maximizing its efficiency.

Ill. PARAMETRIC STUDIES

A parametric study was conducted to further investigate
the proposed antenna design principle and analyze how
adjustments in size parameters are made to achieve objectives
such as wide impedance bandwidth, narrower half-power
beamwidth, and high realized gain. Several critical parame-
ters, including the number of substrate layers (7 ), open cavity
size (ly,ly ), length and width of the parasitic strips ( /,1,Wp1),
and tuning stubs ( lyp,wgp ) are selected for parametric
studies. During the investigation of a specific parameter, the
remaining parameters are held constant at their optimal values
as provided in the captions of Figure 1.

A. NUMBER OF SUBSTRATE LAYERS

Figure 6 illustrates how varying the number of LTCC
substrate layers (ranging from n = 4 to n = 8) affects
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FIGURE 7. Simulated |S;;|, realized gain and half-power beamwidth both
along the E-Plane and H-Plane verses the frequency for different open
cavity sizes(lx and /).

the reflection coefficient, realized gain, and half-power
beamwidth performance of the proposed antenna. As shown,
the number of substrate layers significantly influences
the impedance matching, realized gain, and half-power
beamwidth values along both the planes across the entire
operating bandwidth. When the number of substrate lay-
ers is decreased, impedance matching deteriorates, peak
gain decreases, the half-power beamwidth value increases,
and the operating bandwidth shifts to higher frequencies.
Consequently, the antenna achieves a broad overlapping
impedance/realized gain bandwidth and the narrowest
half-power beamwidth along both the planes within the
operating frequency band when the number of substrate
layers are n = 6. Varying the number of LTCC substrate layers
from its optimal value leads to performance degradation
of the antenna at the desired frequency. This is primarily
due to its direct influence on the amplitude of the E-field
aperture, which is maximized when the antenna height
approximates one-quarter of the dielectric wavelength at the
target frequency.

B. OPEN CAVITY SIZE

Figure 7 depicts |S11|, broadside realized gain, and
half-power beamwidth corresponding to different dimen-
sions of I and [,. As [, increases from 5.02 mm to
5.22 mm, impedance matching improves for frequen-
cies from 56 to 62 GHz. However, broadside realized
gain decreases, and the half-power beamwidth value
increases along the E-plane (i.e., yz-plane) for frequencies
from 57 to 61 GHz, along with the shifts in the operating band
to lower frequencies. Likewise, increasing /, from 3.44 mm
to 3.70 mm degrades antenna performance significantly,
leading to deteriorated impedance matching for frequencies
from 61 to 66 GHz, reduced realized gain, and increased
half-power beamwidth value along the E-plane across the
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entire operating band. Thus, /, = 5.02 mm and /, = 3.44 mm
are chosen as the optimal values for achieving the widest
overlapping impedance/realized gain bandwidth and the
narrowest half-power beamwidth along both planes.

C. PARASITIC STRIPS

In Figure 8, we observe the influence of length /,; and
width w1 of the parasitic strips on |S11|, broadside realized
gain, and half-power beamwidth for the proposed antenna
design. As I, decreases from 1.68 mm to 1.0 mm, [Sq]
notably improves for frequencies from 61 to 66 GHz, yet it
exceeds the —10 dB impedance bandwidth around 57 GHz.
Additionally, broadside realized gain increases for fre-
quencies from 62 to 65 GHz; however, the half-power
beamwidth exceeds 40° at lower frequencies within the
operational bandwidth.While increasing [,; beyond the
optimal value, impedance matching deteriorates, resulting
in reduced realized gain for the frequency range of 63 to
66 GHz. Comparatively, the width wy,; of the parasitic
strips exhibits a more substantial impact on the antenna’s
performance than the length [,;. Reducing the wy; value
to 0.25 mm improves impedance matching, although this
comes with the drawback of reduced realized gain, with
the half-power beamwidth exceeding 40° along the E-plane
(i.e., yz-plane) around 57 GHz. Conversely, an increase in
wp1 value from 0.5 mm to 0.75 mm enhances |Si| and
realized gain for frequencies ranging from 56 to 63 GHz.
However, from 63 to 67 GHz, this leads to deterioration in
matching and a reduction in realized gain. Furthermore, the
half-power beamwidth value exceeds 40° along the E-plane
(i.e., yz-plane) around 63 GHz. Therefore, to achieve a
broad overlapping impedance/realized gain bandwidth and
a half-power beamwidth value less than 40° along both the
planes, the values of /,; and w) are finally set to 1.68 mm
and 0.5 mm, respectively.
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FIGURE 9. Simulated |S;;|, realized gain and half-power beamwidth both
along the E-Plane and H-Plane verses the frequency for different tuning
stub sizes(lggp and wggp).

D. TUNING STUBS

Figure 9 illustrates the impact of tuning stub length and
width (Igp,wgp) on |Sq1|, realized gain, and half-power
beamwidth values. Increasing the length [y, value from
0.95 mm to 1.05 mm, shifts both the reflection band and
realized gain bandwidth towards the lower frequency range.
Notably, the width of the tuning stub (wg) has a more
significant impact on antenna performance compared to the
length I, As wgp, decreases from 0.26 mm to 0.14 mm,
the impedance bandwidth extends to lower frequencies, yet
the realized gain also shifts downwards, while the half-power
beamwidth exceeds 40° along both the planes for frequencies
from 56 to 63 GHz. Conversely, increasing wgy beyond
the optimal value reduces the half-power beamwidth for
both planes for frequencies ranging from 56 to 61 GHz,
albeit with |S11 | exceeding the —10 dB impedance bandwidth
around 58 GHz and a slight reduction in realized gain value.
Consequently, /yp, = 0.95 mm and wg, = 0.26 mm are
chosen to achieve the widest overlapping impedance/gain
bandwidth and half-power beamwidth less than 40° along
both the planes.

IV. DIFFERENTIAL FEEDING NETWORK

A. 180° OUT-OF-PHASE SIW POWER DIVIDER

The proposed aperture antenna seamlessly integrates with
a differential mm-Wave circuit, eliminating the need for
an independent differential feeding network. However, due
to the single-ended nature of the existing measurement
system, an external balun is required to measure the
prototype. Using a balun at such high frequencies is not
ideal, as after coupling to the antenna, it causes potential
parasitic inductance. This can result in amplitude and phase
imbalances, ultimately leading to performance degradation in
the proposed prototype.
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Although [5], [6] proposed specially designed differen-
tial feeding networks integrated with the prototype, they
encounter significant issues. These include bulkiness and
high substrate loss attributed to the excessive length of
the substrate integrated waveguide (SIW) arm. However,
inadequate extension of the SIW arms could potentially
affect the performance of the prototype. Furthermore the
feed network proposed in [5] exhibits asymmetry about the
H-plane (i.e., xz-plane), resulting in cross-polarization in
the H-plane and asymmetry in the E-plane (i.e., yz-plane)
radiation patterns of the prototype.

To address the aforementioned issues, an improved
and miniaturized mm-Wave 180° out-of-phase SIW power
divider based on an E-plane tee [16] is proposed and
depicted in Figure 10(c). Energy is coupled from the WR-15
waveguide to SIW arms using two rectangular coupling
patches printed within an aperture on the bottom metal
layer. Since the energy is split using an E-plane tee-junction,
the energy entering the two SIW arms is inherently of
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the same magnitude but 180° out-of-phase, resulting in
perfectly differential output signals. The SIW arm width
is set to 1.66 mm to enable the propagation of only the
dominant mode and ensure improved impedance matching.
Moreover, two pairs of matching posts are symmetrically
positioned at the two outputs of the STW arms. Subsequently,
the energy from the SIW arm is coupled to the signal
probe through an SIW-to-probe transition. To ensure optimal
impedance matching for this transition, a pair of matching
posts is symmetrically placed, accompanied by enlarging the
matching pad of the signal via to 0.18 mm. This enlargement
mitigates the inductance caused by the signal probe by
introducing capacitance perturbation.

The function of coupling patches and matching posts
is evident in Figure 11. Without them, as depicted in
Figure 11(a), only one resonance at 55 GHz is observed,
resulting in poor impedance matching. With the addition of
four matching posts, as shown in Figure 11(b), the reflection
band shifts downward at higher frequencies. Figure 11(c)
demonstrates that introducing rectangular coupling patches
enhances impedance matching around 55 GHz and intro-
duces an additional resonance arround 66 GHz. However,
the S-parameters are poor at this extra resonance. Thus,
optimizing both matching posts and coupling patches is
crucial for achieving optimal reflection coefficient at the
input port and an acceptable transmission coefficient at the
output ports in the proposed 180° out-of-phase SIW power
divider.

Following optimization, the detailed design parameters for
the proposed 180° out-of-phase power divider are provided
in Figure 10(a), along with their values in the caption of
Figure 10. Simulated scattering parameters are illustrated in
Figure 11(d). We observe that the reflection coefficient of
the input port remains below —10 dB, accompanied by a
stable insertion loss of less than 0.21 dB from 57 to 66 GHz.
The phase difference between the two output ports is
approximately 180°, with a negligible phase error of less than
0.06° from 57 to 66 GHz.

B. PROLONG VIA TRANSITION
Considering the intricate fabrication process of LTCC
technology based antenna design and measurement setup,
eight additional LTCC layers are inserted between the SIW
power divider and the antenna part, even though the proposed
180° out-of-phase SIW power divider is only designed on
two LTCC layers and can be easily added to the proposed
differential antenna to make it single-ended. Figure 12
illustrates the optimized prolonged via transition that feeds
energy into the antenna section from the SIW power divider.
The role of circular rings and surrounding vias in
the prolonged via transition is illustrated in Figure 13.
In Figure 13(a), it’s evident that the phase graph is
inconsistent in the absence of surrounding vias and circular
rings, leading to unacceptable scattering parameters with
extremely poor impedance matching at lower frequencies.
Conversely, when the signal probe is encircled by vias and
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FIGURE 12. (a) Top view, (b) 3-D view and (c) Side view of prolong via
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FIGURE 14. Proposed differential fed planar aperture antenna. (a) Top
view and (b) Side view.

circular rings, this transition functions similarly to a coaxial
cable. The inclusion of surrounding vias and circular rings
introduces perturbations in capacitance to counteract the
parasitic inductance caused by the signal probe. Figure 13(b)
presents the results for the optimized prolonged via transition,
where |S11| is less than —20 dB, along with consistent
insertion loss of around 0.1 dB. The design parameters for the
optimized transition are detailed in Figure 12(a), with their
corresponding values provided in the caption of Figure 12.

V. ANTENNA MEASUREMENT

A. SIMULATION AND MEASUREMENT RESULTS

For performance validation, the fabricated antenna prototype
depicted in Figure 15(a) is integrated with the SIW differ-
ential feeding network shown in Figure 15(c) and connected
to a WR-15 waveguide, as illustrated in Figure 15(e). The
reflection coefficient of the proposed planar aperture antenna
was measured using a mm-Wave network analyzer (Agilent
E8364B) with a frequency extension module and a V-band
adapter, as depicted in Figure 16(a). Figure 17(a) illustrates a
comparison between the simulated and measured reflection
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FIGURE 16. Antenna under test. (a) Reflection coefficient measurement
setup and (b) Far-field measurement setup.
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coefficients of the proposed antenna. The simulated and
measured impedance bandwidths (|S1;] < —10dB) for
the antenna prototype when combined with the differential
feeding network are 19.37% (56.55-68.68 GHz) and 20.97%
(56.55-69.8 GHz), respectively. Regardless of the integration
or disintegration of the differential feeding network, the
antenna prototype displays smooth reflection coefficients,
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FIGURE 18. Comparison between simulated and measured normalized co- and cross-polarization both at H-plane (xz-plane) and E-plane
(yz-plane) (a) 57 GHz (b) 62 GHz and (c) 66 GHz.
TABLE 1. Comparison of various antenna element operating at 60 GHz.
Volume Radiation Peak Aperture Half- Radiation
. Antenna . . Aperture Impedance . Efficiency(%) Power Efficiency
Ref Type (length x Wldgh X height) (length x width) Bandwidth Galp (simulation) Beamwidth (simulation) Technology
(Xo”) (Ao?) @B) | “woteed) | (Both Planes) | (wo feed)
Differenetial-fed 21.9 % Single
[5] Planar Aperture - 2.62 x 2.25 (56.2 - 69.7 GHz) 15.3 41.2 20 to 30° > 85% layer
Antenna for [S11] < —10dB laminate
Differenetial-fed 29.2 % Single
[6] Magnetoelectric - 1.75 x 1.75 (52.6 -70.6 GHz) 13.7 37.4 40 to 50° > 88% layer
dipole antenna for [S11] < —10dB laminate
Cavity back 50.6 % Single
[7] Magnetoelectric 221 x 1.27 x 0.125 - (47.5-179.5 GHz) 9.1 50 to 60° — layer
Dipole Antenna for |S11| < —10dB laminate
Single-ended-fed 14.17 % Multilayer
[8] planar aperture 3.76 x 4.14 x 0.263 141 x 1.41 (56.4 — 64.0 GHz) 11.5 46.77 40 to 50° > 87% LTCCy
antenna for [S11] < —8dB
Dual polarized 18.18 % Multilayer
[9] planar aperture 2.20 x 2.20 x 0.207 1.39 x 1.39 (55.0-66.0 GHz) 12 54.57 40 to 50° > 85% LTCCy
antenna for |S11| < —10dB
Proposed Differential-fed 20.97 % Multilayer
P planar aperture 377 x 3.77 x 0.393 1.36 x 1.36 (56.55 - 69.80 GHz) | 12.36 67.47 < 40° > 85% 2
Work N LTCC
antenna for |S11| < —10dB

Ao is the free space wavelength referring to the lowest operating frequency

and no ripples are introduced by the differential feeding
network.

The far-field radiation characteristics of the antenna
prototype were analyzed in an anechoic chamber utilizing
a measurement system specifically designed for mm-Wave
antennas, as illustrated in Figure 16(b). A comparison
between the simulated and measured broadside gains for
the proposed prototype is presented in Figure 17(b). It’s
evident that the gain form simulation results and measured
gain closely align when the antenna is equipped with the
differential feeding network, maintaining stability and high
gain values compared to the simulated gain without the
network. The simulated and measured broadside gain with
the feeding network ranges from 12.04 to 13.04 dBi and
10.01 to 12.36 dBi, respectively. The average gain for the
prototype antenna integrated with the differential feeding
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network exceeds that without by 2 dBi, attributed to the
increased ground size necessary to connect the antenna to
the WR-15 waveguide. In Figure 17(c) and Figure 17(d),
both the simulated and measured half-power beamwidth
(HPBW) in the H-plane (i.e., xz-plane) and E-plane (i.e.,
yz-plane) remain below 40° across frequencies ranging
from 57 to 66 GHz. The discrepancies between simulated and
measured results may be attributed to fabrication tolerances
and uncertainties. These include variations in the LTCC
substrate’s permittivity and thickness, metallization losses,
and surface roughness in both the antenna and differential
feeding parts. Notably, the diameter of the signal probe also
plays a significant role.

Figure 18 illustrates the simulated and measured radiation
patterns of the antenna prototype integrated with the differen-
tial feeding network, alongside the simulated co-polarization

72207



IEEE Access

M. Adnan et al.: LTCC Differential-Fed Broadband High-Gain and Narrow-Beam Planar Aperture Antenna

of the antenna without the feeding network. These patterns
are observed along the H-plane (i.e., xz-plane) as well as
along the E-plane (i.e., yz-plane) at frequencies of 57, 62,
and 66 GHz. A satisfactory agreement is observed across
all three scenarios, achieved by normalizing the radiation
patterns using the maximum gain in the respective plane
and frequency. Due to the symmetrical structure of the
antenna prototype, evident in both configurations with and
without the feed network, the co-polarized radiation patterns
on the H plane and E plane remain symmetrical, with
no significant variations introduced by the feed networks.
The simulated and measured broadside cross-polarization
level is less than —20 dB for the antenna with the feed
network and theoretically zero for the antenna without the
feed network. Notably, due to system constraints, radiation
patterns were exclusively measured for the upper hemisphere,
encompassing the polar angle range [0 € (—90°, 90°)].

B. COMPARISON WITH PRIOR WORKS

In Table 1, our proposed antenna prototype is com-
pared with various 60 GHz antennas. The planar aperture
antenna [5], utilizing differential feeding, offers wide
impedance and gain bandwidths. However, despite demon-
strating an extremely narrow half-power beamwidth, it lacks
compactness compared to our design, featuring a larger
physical aperture size and approximately 26% lower aperture
efficiency. Similarly, the differentially excited magneto-
electric dipole antenna [6] achieves wide impedance and
gain bandwidth but has a wider half-power beamwidth,
alongside suffering from a larger aperture size and almost
30% lower aperture efficiency compared to our design. The
cavity back magnetoelectric dipole antenna [7] provides a
broad impedance bandwidth but has lower gain and wider
half-power beamwidth compared to our design. Furthermore,
it is unable to benefit from differential microwave circuits.
Additionally, all of these designs require complicated differ-
ential feeding networks for further extension into an array for
high gain.

Leveraging LTCC technology, the single-fed planar aper-
ture antenna [8] offers a compact design but exhibits
reduced impedance bandwidth, lower gain, wider half-
power beamwidth, and lower aperture efficiency compared to
proposed design. Furthermore, it cannot leverage the benefits
of differential microwave circuits. In contrast, the differ-
entially excited LTCC-based dual-polarized planar aperture
antenna [9] achieves high gain, reaching 12dBi. However,
it has a wider half-power beamwidth and lower aperture
efficiency compared to the proposed design. Additionally,
it necessitates a complex feeding network for array extension.

Our proposed planar aperture antenna stands out due to its
compact size, narrowest half-power beamwidth, and highest
aperture efficiency. Leveraging both differential feeding and
LTCC technology, it is ideal for deployment in mobile
environments where multipath interference occurs. It boasts
wide impedance and gain bandwidths, higher broadside gain,
and maintains half-power beamwidth less than 40° along
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both planes, ensuring stable radiation patterns and resistance
to interference from nearby electromagnetic sources. With
these features, our proposed antenna emerges as the optimal
choice for AiP mm-Wave applications, offering unmatched
efficiency and performance in a compact design.

VI. CONCLUSION

This paper proposes a narrow-beam differentially-fed planar
aperture antenna tailored for AiP mm-Wave applications.
This antenna not only boasts miniaturization but also offers a
wide impedance bandwidth, high gain, narrower half-power
beamwidth along both the planes, and low cross-polarization
levels with stable radiation patterns. The proposed design
features a planar structure with an open cavity enclosing
a differentially fed patch, complemented by parasitic strips
positioned outside the cavity to narrow the main beam.
This feeding approach makes it convenient to integrate
with a 60 GHz CMOS differential transceiver chip. The
experimental results reveal an impressive —10 dB impedance
bandwidth of 20.97% (56.55-69.8 GHz) for the proposed
antenna, accompanied by a realized gain ranging from
10.01 to 12.36 dBi. In practical application, the proposed
antenna seamlessly integrates with a 60 GHz CMOS
differential transceiver chip, obviating the need for a separate
differential feeding network. Simulations conducted without
the feeding network demonstrate an impedance bandwidth of
17.26% (55.95-66.52 GHz), with arealized gain ranging from
10.56 to 13.28 dBi and a half-power beamwidth less than
40° along both principal cutting planes, showcasing excellent
radiation symmetry and polarization purity.
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