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Abstract—This study develops a 28-GHz patch antenna array using
LTCC (Low Temperature Co-fired Ceramic) technology, for use in
applications of LMDS (Local Multipoint Distribution Service). The
design comprises 2x 2 stacked patch elements and parallel-fed networks,
yielding a wide bandwidth and superior gain performance. Broadband
performance is achieved by varying the dimensions of the parasitic
patch. The arrays are excited through using a novel opposite-side
feeding structure to prevent any electrical effect on the parasitic patch.
Measurements correlate closely with the simulation results: a gain of
10.35 dBi and a bandwidth of 2.85 GHz (26.75-29.6 GHz) are achieved.

1. INTRODUCTION

Millimeter wave communication systems in 27.5-28.35 GHz, 29.1-
29.25 GHz, 31.075-31.225 GHz, 31-31.075 GHz, and 31.225-31.3 GHz
bands are being developed for use in LMDS (Local Multipoint
Distribution Service) to provide reliable digital voice, data, and
internet services [1-5]. LMDS depends on antennas to operate in the
Ka band over a large bandwidth. Designing such antennas is difficult.
Rectangular patch antennas are favored for their low profile, light
weight, low cost, and ease of manufacture. However, they have the
shortcoming of a narrow bandwidth because of their resonant behavior.
Their low gain is also a major drawback, which must be overcome.

In recent years, LTCC (Low Temperature Co-fired Ceramic) has
become an attractive multi-layer material, and is particular effective
for use in high-frequency circuits that are required in high-speed data
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communications [5,6,9,10,12-17]. Stacked patch antennas [5-12] are
well-known to have a large antenna bandwidth, which makes them
very useful. Parasitic patches vertically above the main patch (also
called the driven patch) are coupled electromagnetically in multi-layer
structures to yield wideband characteristics. In one investigation [5], a
method for designing stacked patch antennas with optimal bandwidth
performance by varying the thickness of the LTCC substrate was
developed. Panther et al. [6] utilized an embedded air cavity between
stacked patches in LTCC devices to reduce the dielectric constant
and quality factor to increase bandwidth. Byun et al. designed an
8 x 8 stacked patch antenna array that was backed by a metal cavity,
yielding a large bandwidth [9]. One study [10] presented a slot-fed
stacked patch antenna, with antenna feeding performed differentially
via two pins. Another investigation [12] proposed a novel waveguide-
to-microstrip transition to couple the stacked patch antenna array to
the transceiver module at 40 GHz. However, the design of a compact
stacked patch antenna array with large bandwidth and high gain is an
ongoing challenge.

In this study, a 28 GHz patch antenna array that comprises
2 x 2 stacked patches in LTCC is designed for LMDS applications.
Broadband performance is achieved by varying the dimensions of the
parasitic patch. A novel opposite-side feeding structure is designed
to draw out the embedded feed line for connection. The proposed
antenna array has a wide bandwidth of up to 10.1%, with a superior
gain of 10.35dBi. An experimental antenna array was fabricated and
measurements of it were made for demonstration purposes.

2. SINGLE-STACKED PATCH ANTENNA IN LTCC
SUBSTRATE

Figures 1(a) and (b) display the 3D schematic structure and the cross-
sectional configuration of a single stacked patch antenna in LTCC
with a microstrip feed line. The operation of the stacked patches
having a wideband performance will now be explained below. The
equivalent circuit of the stacked patches is shown in Fig. 1(c), in
which two coupled parallel RLC resonators are adopted establishing
two resonance frequencies [18,19]. The TM mode couples the main
patch to an upper patch making its circuit response more inductive,
and the parameter M = m(L; x Lo)'/? denotes the magnetic-coupling
inductance between the two patches, where m is a coupling coefficient.
Fig. 1(d) plots the simulated Sj; responses of the equivalent circuit
in Fig. 1(c) with various m, using AWR’s Microwave Office software
with the assumed parameters listed in the caption of Fig. 1(d). This
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Figure 1. Single stacked patch antenna: (a) 3D schematic structure,
(b) cross-sectional configuration, (c) equivalent circuit, and (d)
simulated Sy; respomnses (L3 = 0.02374nH, C; = 1.361pF, Ly =
0.0959 nH, Cy = 0.337 pF, and R; = Ry = 2002 are assumed).

figure shows that the two resonant poles caused by the resonators
R1L1Cy (Main patch) and RsLoCy (Parasitic patch) can be pulled
away using inductive coupling to achieve wideband characteristics. In
practical design, the coupling coefficient m can be realized by varying
the dimensions of the parasitic patch. Because the depth of return
loss also decreases as m increases, it must account for the trade-offs
between the required bandwidth and return loss performance. Notably,
Fig. 1(d) was used only to characterize the variance in bandwidth
associated with the inductive coupling scheme. The dimensions of
the final antenna were finely tuned with the aid of the full-wave
electromagnetic simulator HFSS.

The proposed antenna array consists of 2x 2 stacked patch antenna
elements to provide high gain and wide bandwidth. The circuit
dimensions of a single stacked patch antenna must be determined first
to verify the radiating characteristics before many of them are used
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to form an array. This design adopts six ceramic layers to yield the
required thickness; the parasitic patch and main patch are placed on
the first and sixth ceramic layers, respectively. To keep the dielectric
losses low, the LTCC material system, provided by Advanced Ceramic
X Corporation (ACX), with a relative permittivity of ¢, = 7.5 and
a loss tangent of tand = 0.005, are utilized. All buried and exposed
conductors are silver. Based on the well-known design formulas [18—
21], the main patch had dimensions of L1 = 1.78 mm, W; = 1.845 mm,
and hy = 0.16 mm (or 0.166)\, by 0.172)\, by 0.015\,, where )\, is
the free-space wavelength) for operation at 28 GHz. The width of the
feed line is set to 0.187 mm to realize a 50 ) input impedance of the
main patch. Fig. 2 plots the antenna bandwidth against the width of
parasitic patches Ws with various lengths Lo, but fixed hy = 0.6 mm.
As shown in Fig. 2, the bandwidth increases with Wy and Ly when
Wy < 3.7mm. Fig. 2 reveals that stacked patches with different sizes
support a large bandwidth, and a maximum bandwidth of 12.6% is
achieved when Wy = 3.645 mm and Lo = 1.22mm. Fig. 3 presents the
simulated S7; response of a single stacked patch antenna, achieving
a 10dB impedance bandwidth of 12.6% (26 GHz to 29.5 GHz). For
comparison, Fig. 3 also plots the corresponding curve of the main patch
alone which only has a very narrow bandwidth of 3%.

3. PARALLEL FEEDING NETWORK AND
OPPOSITE-SIDE FEEDING STRUCTURE

With respect to the integration of the 2 x 2 antenna elements,
Fig. 4 plots the impedance arrangement of the proposed array feeding
network. The 2D parallel feeding network is composed of power
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Figure 4. Impedance arrangement of 2 x 2 array parallel feeding
network.

dividers and impedance transformers with three impedances of 50 €2,
35.36 2, and 25€). The detail lengths of the parallel feeding network
are also given in Fig. 4.

To test the performance of the antennas, the embedded feed line of
the main patch must be drawn out from within the LT CC to the surface
for connection. Accordingly, a good vertical interconnection between
the input port and the main patch connection is required to allow good
signal transmission. Moreover, the feed line should be separated from
the parasitic patch to avoid any disturbance of the radiation patterns.

Figures 5(a) and (b) display a mnovel opposite-side feeding
structure, which does not electrically influence the parasitic patch,
because it is situated on the opposite side and separated by a ground.
The upper feed line (port 2, to main patch) is connected to the lower
feed line (port 1, to connector) using a signal via which is lined on both
sides with ground vias to construct a vertical ground-signal-ground
(G-S-G) structure Many ground vias are applied to connect ground
planes (on the first, second, and sixth ceramic layers) to equalize the
ground potential. An aperture on the bottom ground (on the sixth
ceramic layer) with a radius of 0.35 mm is etched allowing the signal
via and the lower feed line to pass through it without touching. To
maintain the 50-Q impedance of the feed lines, the required width of
the lower feed line increases with the substrate, potentially causing
discontinuity effects. Therefore, the ground above the lower feed line
must be leveled down to reduce the width of the lower feed line to
ensure a good interconnection. In the authors’ studies, 0.48 mm was an
appropriate width for the lower feed line. Fig. 5(c) plots the simulated
S-parameter responses of the proposed opposite-side feeding structure
obtained by treating it as a two-port network. Excellent insertion loss
is observed with |Sa1| < 0.9dB at 28 GHz, while |S11| > 12dB.
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Figure 5. (a) 3D schematic structure, (b) cross-sectional configuration
and (c) simulated S-parameter responses, of the opposite-side feeding
structure.

4. 2 x 2 STACKED PATCH ANTENNA ARRAY
FABRICATION AND MEASUREMENTS

A 2x2 stacked patch antenna array operated at 28 GHz was synthesized
on an LTCC substrate to validate the design approach. The full-wave
electromagnetic simulator Ansoft HFSS was used in the simulation.
Fig. 6(a) presents the 3D schematic structure of the proposed 2 x 2
stacked patch antenna array with an opposite-side feeding structure,
in which the unseen feed line is located at the bottom surface of
the antenna. Figs. 6(b) and (c) show the circuit dimensions and the
thickness of the layers, respectively.

Figure 7 plots the simulated and measured S7; responses. The
measurements of S1; reveal that the central frequency shifted slightly
to 28.18 GHz with a 10dB impedance bandwidth of 10.1% (26.75—
29.6 GHz). Figs. 8(a) and 8(b), 8(c) and 8(d), 8(e) and 8(f) present
the zz-plane and yz-plane radiation patterns at 26.75 GHz, 28 GHz,
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Figure 6. Proposed 2 x 2 stacked patch antenna array with 2D parallel
feeding network and opposite-side feeding structure: (a) 3D schematic
structure, (b) dimensions, and (c) thickness of layers, of the array.
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Figure 7. Simulated and measured S;; responses of 2 x 2 stacked
patch antenna array.

and 29.6 GHz, respectively, measured in a far-field anechoic chamber.
As these figures show, the radiation patterns at the three frequencies
have very similar shape in the angle range of —45° to +45°. Notably,
the asymmetry in the xzz-plane and yz-plane radiation patterns is
mainly caused by the parallel feeding network and ground planes.
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Figure 8. Simulated and measured radiation patterns of experimental
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plane, (d) 28-GHz yz-plane, (e) 29.6-GHz zz-plane, and (f) 29.6-GHz

yz-plane.
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Figure 10. (a) Top-view photograph and (b) bottom-view
photograph, of fabricated 2 x 2 stacked patch antenna array with an
attached K end-launch connector for testing.

From Figs. 8(c) and (d), the zz-plane and yz-plane have smooth
co-polarization patterns with half-power beamwidths of 36° and 48°,
respectively, and a gain of 10.35 dBi at 28 GHz. The cross-polarization
measurements are better than —5.7 dBi in the 0° direction.

Figure 9 plots the measured and simulated gain of the fabricated
antenna in the range 26.75-29.6 GHz. The measured gain varies within
2.38dB (10.78-8.4 dB) over the entire band. All these results include
the effect of the K end-launch connector, and are favorable for patch
antennas that are operated at such a high frequency. The deviation
in measured gain was mainly caused by the insufficient connection of
the feed line and the K end-launch connector, especially for operation
at high frequencies. The other possibility is inaccuracy in both
polarization and mechanical alignment between the transmitting horn
and the experimental antenna array. All of these problems could be
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overcome by modifying the feed design and increasing the accuracy of
positioning. Figs. 10(a) and (b) are photographs of the experimental
2 x 2 stacked patch antenna array. The overall size, excluding the
connector, is 2.6cm x 1.65cm x 0.76 mm.

5. CONCLUSION

In this study, 2x 2 stacked patch antenna arrays are designed for LMDS
band applications. The antennas comprise 2 x 2 stacked patch elements
in LTCC to raise gain. Wideband performance is achieved by varying
the dimensions of the parasitic patch. This investigation develops
a novel opposite-side feeding structure for connection. The design
concept was demonstrated by fabricating an experimental stacked
patch antenna array that yielded a bandwidth of 10.1% and a gain
of 10.35dBi. Because the required fabrication accuracy is very easy
to achieve using the general LTCC fabrication process, the proposed
stacked patch antenna array can be produced with more consistently
stable performance. For future applications in wireless systems, it is
possible to integrate with the slotted patch and the differential feeding
structure to achieve much wider bandwidth and low cross-polarization
performance.
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