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Multifrequency Microstrip Antennas Using Alumina-
Ceramic/Polyimide Multilayer Dielectric Substrate
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Abstract— A novel microstrip antenna using an alumina-
ceramic/polyimide multilayer dielectric substrate is presented.
The multilayer configuration, in which two different multilayer
materials with much different permittivities and thicknesses
are stacked together, can be used for designing an antenna
with selective substrate thickness, thus providing the optimum
substrate thickness for the desired frequency. Both 10 GHz-band
and 18 GHz-band antennas are designed and fabricated on the
same substrate to demonstrate this feature. They achieve perfect
matching and acceptable radiation characteristics. Furthermore,
for application to array antennas, power combining circuits
such as a 90° hybrid and a four-port divider are demonstrated.
Finally, the possibility of applying this technology to active
antenna systems is discussed. The measurement results confirm
that the proposed multilayer substrate is extremely suitable for
building active array systems integrated with active devices
and monolithic microwave/millimeter wave integrated circuits
(MMIC), as well as for constructing multifrequency antennas.

1. INTRODUCTION

CTIVE antennas integrated together with solid-state de-
vices, feed circuits, and antennas on a single substrate,
offer significant advantages in performance and cost for mi-
crowave and millimeter-wave wireless systems. Although sev-
eral concepts of using microstrip antennas as active antennas
have been reported [1]-[4], microstrip antennas are primarily
single-frequency and narrow-band antennas. Dual-frequency
and multifrequency operations are possible approaches to
widen the bandwidth against the limitation of microstrip
antennas [5]-[8]. However, frequency selectivity is still limited
because of the fixed substrate thickness; i.e., the frequencies
can not be arbitrarily selected. A multilayer substrate which
allows a conductor plane to be placed on every layer, is
an effective solution to overcome this problem. Therefore,
a new microstrip antenna configuration using an alumina-
ceramic/polyimide multilayer dielectric substrate has been
proposed [9], [10]. The multilayer configuration in which
two different multilayer materials with much different per-
mittivities and thicknesses are stacked together, can be used
for designing an antenna with selective substrate thickness,
thus providing the optimum substrate thickness for the op-
eration frequency or frequencies desired. Ceramic/polyimide
multilayer substrates have been developed as a multichip
module (MCM) substrate for VLSI chips [11], [12], and
a substrate with combined thin film capacitors has already
been reported [13]. All these results confirm the suitability of
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Fig. 1. Configuration of alumina—ceramic/polyimide multilayer dielectric
substrate.

TABLE I
MULTILAYER DIELECTRIC PROPERTIES
Alumina cerarnic Polymide
Permittivity (@ 10 GHz) 9.0 32
Loss Tangent (@ 10 GHz) 0.001 0.002
Thermal Expansion x10~%/°C 6.8 20-70
Metallization material W (tungsten) Au (gold)

" the ceramic/polyimide multilayer substrate for realizing active

antennas systems integrated with active devices and monolithic
microwave/millimeter wave integrated circuits (MMIC).

This paper first describes the features derived from the
structure, and then microstrip antennas and power combining
circuits such as a four-port divider and a 90° broadside
coupler are demonstrated to confirm these features. Finally,
we briefly discuss the possible benefits of integrating solid-
state devices and/or MMIC’s on the multilayer substrate
for active antenna application. Both 10 GHz-band and 18
GHz-band patch antennas are fabricated and are found to
achieve good performance. Passive circuits, manufactured
using polyimide layers, have low-insertion-loss and wideband
characteristics. According to measurement results and brief
discussion of the active antenna application, the proposed
multilayer configuration is shown to be extremely suitable as
a multifrequncy antenna and for realizing active array systems
in combination with active devices and MMIC’s.

II. STRUCTURE AND FEATURES

Fig. 1 shows a multilayer dielectric substrate consisting of
four alumina-ceramic and four polyimide layers [11], [13].
Each polyimide layer is 25 pm thick, and each alumina-
ceramic layer is 250 pm thick. The characteristics of these
materials are presented in Table I. The relative permittivity-
and loss tangent of the ceramic layers are 9.0 and 0.001 at 10
GHz, respectively, and those of the polyimide layers are 3.2
and 0.002, respectively. Although the two types of material
have quite different thermal expansion coefficients (ceramic:
6.8 x 1076/°C, polyimide: 2070 x 10~%/°C) the antennas and
circuits manufactured on this substrate were found to be highly
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Fig. 2. Process flow of polyimide layers.

stable and reliable under 150°C, 85% r.h. (1.7 atm.), 1000-
h pressure cooker test (PCT) and 1000 times, —65/150°C
thermal cycle test (TCT). Gold and tungsten are used for the
conductors on the polyimide and ceramic layers, respectively.
The antennas and circuits fabricated on the alumina-
ceramic/polyimide multilayer substrate of Fig. 1, offer the
following features.

1) Multifrequency antenna systems with optimum substrate
thickness for each operation frequency can be designed
because the multilayer substrate, consisting of two di-
electric materials with much different permittivities and
thicknesses, provide a wide range of effective thickness.

2) Each antenna performs well even at higher frequencies
because the equivalent dielectric-constant is decreased
by the reduced number of ceramic layers, as well as
being small in the low frequency-bands.

3) The ceramic substrate is very suitable for integration
with active devices and MMIC’s because its thermal
expansion coefficient (6.8 x 1075/°C) matches those of
semiconductors such as GaAs (6.0 x 107%/°C) and Si
(3.4 x 107%/°C).

4) The ceramics bending strength of 350 MPa is three and
half times higher than that of Si substrates, and thus
supports antenna arrays with a number of elements.

5) Owing to the characteristics of the multilayer substrate,
the layout of the power combining circuits and bias cir-
cuits is more flexible, and the meander-like configuration
and conductor crossovers can be used to reduce chip
size.

III. FABRICATION PROCESS

Manufacturing the multilayer substrate shown in Fig. 1 pro-
ceeds in two main stages: the alumina-ceramic layer process

== thin-film Au [*
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and the Au-polyimide layer process. The ceramic process
punches holes in a green tape for via holes, filling the holes
with tungsten and printing the pattern desired. The green tape
lamination is snapped and cut to the appropriate size, where the
ceramic substrate is 10 x 10 cm? after firing at temperatures
of more than 1450°C. After firing, the four-layer alumina-
ceramic substrate is slightly cupped so its top and bottom
surfaces are ground flat prior to Au-polyimide multilayer
fabrication. The Au-polyimide structure, i.e., five-layer Au-
metallization and four-layer polyimide, is manufactured by
the photolithography technology [14]. The main steps of the
one-layer fabrication process are shown in Fig. 2. A thin-
film gold layer is formed by sputtering, followed by the
photoresist coating and the patterning of the gold grown on the
thin-film layer by electroplating, as shown in Fig. 2(a). After
removing the resist, another resist is formed for patterning and
brazing the via-holes [Fig. 2(b)]. The resist is again removed
and the thin-film gold is etched as shown in Fig. 2(c). The
polyimide layer is formed by double spin coating to form
12.5-um polyimide [Fig. 2(d)]. Fig. 2(e) shows polyimide
layer formation using specific photomasks. The final step is
flattening and curing the polyimide for depositing the next
layer, as shown in Fig. 2(f). The polyimide layers are not
formed on the areas reserved for the on-wafer RF-probes and
MMIC chips.

IV. MICROSTRIP ANTENNAS

The design of antennas utilizing features 1) and 2) are
described in this section. The dielectric thickness of the mi-
crostrip antenna substrate is the most important design factor
because it determines most of the antenna’s characteristics
such as gain, efficiency, and bandwidth [15], [16]. The sub-
strate thickness versus operation frequency is shown in Fig. 3.
The circles show the frequencies at which the multilayer
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Fig. 3. Substrate thickness for suitable microstrip antenna design as a
function of frequency. The circles show the frequencies at which four-layer
alumina-ceramic and four-layer polyimide dielectric substrate can be used.
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Fig. 4. Configuration of patch antennas using the multilayer substrate.

substrate shown in Fig. 1 can be used. The solid line (1/25
free space wavelength) indicates the substrate thicknesses
typically used in conventional antenna designs. The alumina-
ceramic/polyimide multilayer dielectric substrate can be used
for designing antennas that offer optimum performance over
a wideband frequency range, resulting in the possibility of
using the fabrication process but with different masks to create
multifrequency antennas on the same substrate. Frequency
coverage can be improved by increasing the number of layers
and making each layer thinner.

Fig. 4 shows the configuration of a 10 GHz-band and 18

GHz-band microstrip antenna. These antennas are directly.

fed by 50 pm radius via-holes connecting a 0.45 mm-wide
microstrip line, which is joined to a coplanar waveguide
(CPW) at the other terminal for on-wafér measurement. The
feeding point is offset from the center of the patch to match
the 50 © microstrip line. The 10 GHz-band and 18 GHz-band
patches are, respectively, 5.0 mm and 3.2 mm long (resonant
length), 3.0 mm and 1.8 mm wide. The offsets, calculated
by SONNET Software, are 0.45 mm and 0.37 mm from the
center as listed in Table II. The ground plane is formed at the
bottom of the ceramic substrate for the 10 GHz-band antenna
(effective substrate thickness: 1.1 mm), and at the middle of
the substrate for the 18 GHz-band antenna (effective substrate
thickness: 0.6 mm).
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TABLE 1I
PARAMETERS OF PATCH ANTENNAS
10 GHz-band 18 GHz-band
Length of patch, L 5mm 3.2mm
Width of patch, W 3 mm 1.8 mm
Thickness, d 1.1 mm 0.6 mm
Offset, s 0.45 mm 0.37 mm

Fig. 5. Photograph of the fabricated 10 GHz-band and 20 GHz-band patches.

Fig. 5 shows a photograph of the fabricated 10 GHz-band
and 18 GHz-band antennas. These fabricated antenna are
located on one corner of the 10 x 10 cm? multilayer substrate,
thus maximizing possible fabrication error. Fig. 6(a) and (b)
show a Smith chart plot of the input impedance and return loss
of the two antennas. Both of them achieve a perfect match at
10.43 GHz and 17.87 GHz, respectively; their return losses
are less than —30 dB. The 18 GHz-band antenna has wider
bandwidth than the 10 GHz-band antenna since it has a lower
equivalent dielectric. constant. Measured far-field patterns of
the 10 GHz-band antenna are shown in Fig. 7. The antenna
chip, 10x 10 mm?, was mounted on a 10x 10 cm? copper plate
for far-field measurement. The measured pattern is in good
agreement with the pattern calculated by moment analysis
assuming an infinite substrate [17]. The 4 dB ripple in the
E-plane pattern is generated more by the edge effect of the

‘two ground metals for CPW, than the copper ground plane.

V. POWER COMBINING CIRCUITS

Power combining circuits and feeder circuits, which employ
feature 5), are discussed for antenna arrays and active antenna
applications using the proposed multilayer substrate in this
section. The most important design issue for these circuits is
to provide low loss characteristics to eliminate excessive and
expensive RF circuits, indicating low-cost and simple systems.
Therefore, a fineline multilayer metaltization consisting of four
polyimide layers and five 5-pum-thick gold films, was used in
the design of the feed circuits. Using thin film dielectric layers,
the thin film microstrip (TEMS) line, shown in Fig. 8, is the
most practical transmission line; one typical application of thin
film dielectric layers is in three-dimensional (3-D) MMIC’s
[18]-[20]. The fundamental power combining circuits of a
four-port divider and 90° broadside coupler, which consist
of TEMS lines, were designed and simultaneously fabricated
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Fig. 6. Measured performance of patches: (a) Smith chart plots of the input
impedance and (b) return loss.

with the antennas shown in Fig. 5 on the same substrate. The
broadside coupler can also be used as a feeder for circular-
polarization antennas.

A. Four-Port Divider

A four-port divider was designed by using the calculated
characteristic impedance and normalized guided wavelength
(Ag/A0) of the TFMS lines as shown in Fig. 9(a). The param-
eters of the width and heights of conductor in Fig. 8 were used
in this calculation. The characteristic impedance of TFMS lines
varies between 10 and 130-2 for conductor widths ranging
from 25 to 250-pm, and are similar to the polyimide layer
thickness. The guided wavelengths of lines in the polyimide
layers are almost the same for the conductor width range of
25-250 pm. Fig. 9(b) shows the calculated loss characteristic
as a function of conductor width at the frequency of 10 GHz.
TFMS line losses moderately decrease as conductor width
increases, and are less than from 1/10 to 1/2 those of lines
on 3-D MMIC’s [19]. Furthermore, the loss characteristic of
TFMS lines on the lower polyimide layer is degraded by the
dielectric loss.

Fig. 10 (a)-(c) show the circuit scheme, photograph and
cross-sectional view of an 11 GHz four-port divider with
chip size of 2.3 mm x 1.7 mm. The divider is based on
an impedance transformer with neglible isolation between the
output ports. A quarter-wavelength line of 25 €, 110 um-
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Cross section of the TFMS line using polyimide layers.

width TEMS line and four 50 €2, 50 um-width TEMS lines are
formed on the first 25 ym-thick polyimide layer and the second
50 pm-thick one, respectively. The quarter-wavelength of 3.8
mm is chosen by the calculation results plotted in Fig. 9(a).
The measured and calculated input return loss and coupling
characteristics are shown in Fig. 11. Good agreement between
measured and calculated results is obtained. Coupling loss of
610.5 dB, and return loss of less than —10 dB are obtained at
frequencies between 6 GHz and 14 GHz. The power and phase
dispersion of signals divided and passed to the output ports are
within 0.4 dB and 4°, respectively, in the same frequency band.
Furthermore, the four-port divider achieves a low insertion
loss of 0.2 dB at 10 GHz.

B. 90-Degree Hybrid

Fig. 12(a) shows the cross-sectional view of a 90° hybrid
(broadside coupler). In this figure, w1, ws, k1, and hs are, re-
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Fig. 9. Calculated characteristic impedance, normalized guided wavelength
and loss of the TFMS lines. i

spectively, the width and height of lower and upper conductor.
The coupler is constructed with a strip conductor on the third
and fourth polyimide layers, and ground metal on the alumina-
ceramic substrate. Tight coupling (3 dB) .is provided by
appropriately choosing the heights and widths of the upper and
lower strips. For a 3-dB coupler with characteristic impedance
Zo =50 Q, Zy, = 121 Q and Zy, = 21 Q are required, where
Zoe and Zg, denote the characteristic impedance of even- and
odd-mode, respectively. Fig. 12(b) shows the characteristic
impedance of each mode as calculated by thé finite element
method .when h; = 70 pm, hy = 95 ym and wy = 100 pm.
The figure yields the solution “wy = 80 pm”. A photograph
of a fabricated 10 GHz broadside coupler with intrinsic chip
size of 0.8 mm x 1.7 mm is shown in Fig. 13. A meander-like
configuration, shown in Fig. 12, is used to reduce the chip size
drastically, as it does for the four-port divider. The measured
and calculated performance of the coupler is shown in Fig. 14.
Coupling loss of 3.3 + 0.5 dB, and return and isolation losses
of better than 15 dB are obtained at frequencies between 6.5
GHz and 11 GHz. The phase difference of the output signals
between port (2 and port (3 is 90 £ 5 degrees over the 614
GHz frequency band. The broadside coupler achieves a very
low insertion loss of 0.3-0.4 dB, which is five times lower
than that ever reported for broadside couplers [21] fabricated
on 3-D MMIC structures because of the conductors’ width.
The measured coupling characteristic is narrower than the
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calculated one because the thickness of the fourth polyimide
layer was, due to manufacturing error, more than 2 pm greater
than designed. Measured results show that the multilayer
substrate can realize very compact and low-loss IF hybrids.
for antenna array systems.

V1. DISCUSSION

By using hybrid technology, the alumina-ceramic/polyimide
multilayer substrate has great potential to achieve active anten-
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1.7 mm .

nas integrated with solid-state devices and MMIC’s because of
features 1), 2), 4), and 5), as well as the above measured results
of antennas and power combining circuits. The active antenna
systems integrated with MMIC’s on ceramic/polyimide sub-
strate, shown in Fig. 15(a), provide several special benefits.
First, it is more flexible to mount MMIC’s on the substrate as
shown in Fig. 15(a) because the polyimide and ceramic layers
can be removed selectively. Second is the support of bias
circuits as well as feeders. In addition, the substrate combined
with thin film capacitors [13] elminate the chip capacitors
previously needed in the bias circuits of MMIC’s. The feeding
methods considered are microstrip feed, via feed and electro-
magnetical coupling feed, and so on. Therefore, the multilayer
configuration can also be easily used for designing slot-
coupled microstrip antennas [1] suitable for antenna/MMIC’s
integration, as shown in Fig. 15(a).
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less LAN system.

Dual-frequency and multifrequency operation antennas pro-
vide a number of applications such as mixers, diplexers and
transponders with MMIC’s. The proposed antenna configura-
tion has no basic limitation on the number of frequencies pos-
sible, so other applications are possible, e.g., millimeter-wave
communication systems, in which high frequency operation
signals are controlled by microwave signals. Fig. 15(b) shows
another example, i.e., indoor wireless communication systems
[22] in which relay stations (RS’s) mounted on the ceiling
communicate with the base station (BS) and personal stations
(PS’s) at different frequencies. Because the dual-frequency and
multifrequency antennas fabricated on multilayer substrates
occupy only one side of the substrate, we can realize simpler
and more cost-effective RS’s. Furthermore, by adding commu-
nication paths for LO signal and power supply lines to an RS,
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it is possible to achieve a perfect no-wiring (no source-power)
RS’s mounted -on the ceiling.

VII. CONCLUSION

We have presented a new multifrequency microstrip antenna
method that uses an alumina-ceramic/polyimide multilayer
dielectric substrate, and demonstrated two frequency-band
antennas and two power combining circuits. Both antennas
were fabricated and found to perform well, indicating that
the multilayer configuration is very useful for multifrequency
antenna design. A broadside coupler and divider designed
on this multilayer substrate were comfirmed to offer low-
insertion-loss and wideband chracteristics so arrays with high
efficiency are now feasible. Finally, the possibility of applying
this technology to active antennas was discussed. Given the
measured results and our discussion, antenna systems built on
the multilayer substrate with active devices and MMIC’s, are
promising for various active antenna applications.
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