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Abstract

This paper describes the design and characteristics of ahighly efficient multilayer parasitic microstrip
antennaarray (MPMAA) constructed on a multilayer substrate for millimeter-wave system-on-package
modules. The antenna on a Teflon substrate achieved a radiation efficiency of greater than 91% and an
associated antenna gain of 11.1 dBi at 60 GHz. Itssizeisonly 10 mm x 10 mm. We discuss MPMAASs
fabricated on both Teflon and low-temperature cofired ceramic (LTCC) substrates. The measured per-
formances of prototype antennas are also presented. The MPMAA offers compactness and high effi-
ciency and iseasily integrated with the system-on-package design. It will lead to compact and cost-effec-

tive millimeter-wave RF modules.

1. Introduction

The strong demand for high-speed wireless appli-
cations has stimul ated the devel opment of millimeter-
wave and quasi-millimeter-wave wirel ess equipment
[1]-[3]. V-band (50-75 GHz) wireless systems are
very interesting because they offer much higher
transmission rates, above 1 Ghit/s, due to their wider
bandwidths. These applications require compact,
high-performance, and cost-effective wireless equip-
ment. A highly integrated RF (radio frequency) mod-
ule, known as a system-on-package module, which
has a multilayer structure, is effective in meeting the
these requirements [4]-[7]. It is necessary to use
active integrated antenna technology to make a mod-
ule integrated with antennas that consume little
power and have low-noise characteristics [8]-[10].

Severa approaches to achieve an RF module inte-
grated with antennas have been reported.

1) One approach is a semiconductor on-chip anten-
na such as a microstrip antenna (MSA) that is inte-
grated with RF circuits on the same semiconductor
substrate [4]. However, in this approach it is difficult
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to establish a high-gain antenna having an antenna
array configuration on a semiconductor substrate due
to the substrate’s size and loss. Therefore, high-gain
compact antennas have not yet been integrated with
monolithic microwave integrated circuits (MMICs).

2) A multi-chip module approach has also been
proposed for a module integrated with antennas [5],
[6]. In this module, antennas and MMICs are con-
nected by wire bonding or a ribbon, which resultsin
ahigh connection loss. This approach aso requires a
low-loss feeding circuit.

3) A dielectric lens antenna has been used to
achieve a high-gain antenna [7]. However, the com-
monly used lens antenna is constructed using an
expensive crystal material and it is difficult to mount
it on the MMIC package. Thus, a dielectric lens
antenna fabricated using resin was investigated as a
low cost alternative.

There are problems, however, in mounting the
antenna on the MMIC package and achieving high
efficiency. Moreover, it is difficult to construct an
antenna array substrate on a single layer due to the
limitations of the manufacturing process for the mil-
limeter-wave frequency band.

A technique for improving the radiation efficiency
by arranging parasitic elements above the feeding
microstrip antenna elements has been investigated
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[11]-[15]. However, obtaining a sufficient absolute
gain was difficult in these studies [11]-[14]. A high
gain antenna using a low-permittivity layer or an air
layer has been investigated, but only the directional
gain was described and it was difficult to use this
antenna in a system-on-package design due to the
parasitic element substrates.

To overcome the above problems, we are studying
a multilayer parasitic microstrip antenna array
(MPMAA) structure based on a parasitic antenna
configuration [16], [17]. This paper describes a high-
ly efficient MPMAA structure for a system-on-pack-
age module at millimeter-wave frequency bands. At
60 GHz, the antenna on a Teflon substrate achieves
high radiation efficiency of greater than 91% and
high gain of greater than 11.1 dBi. The rest of this
paper is organized as follows. Section 2 describe the
concept of the system-on-package module and the
design of the antenna. Section 3 presents the effect of
the alignment precision of the manufacturing
process. Finally, Section 4 presents measurement
results for prototype 60-GHz band antennas fabricat-
ed on Teflon and low-temperature cofired ceramic
(LTCC)" substrates. Our MPMAA offers compact-
ness and high-efficiency performance for millimeter-
wave system-on-package modul es.

2. Design of parasitic element arrangement on
Teflon substrate

2.1 Concept of millimeter-wave system-on-
package

The concept of a system-on-package module inte-
grated with an antenna is shown in Fig. 1. An
MPMAA and a highly integrated transceiver MMIC
are mounted on a multilayer structure, in a vertical
stacking configuration. Two types of feeding methods
for the MPMAA are considered. In the first method,
afeeding element is constructed on the MMIC chip,
and the MPMAA isfed by electromagnetic coupling
without afeeding line. In the other, afeeding element
is constructed where the multilayer substrate of the
MPMAA and the element are connected to the termi-
nal of the MMIC using flip-chip technology. Asindi-
cated inFig. 1, the MPMAA usestwo parasitic layers
with four parasitic elements on each layer.

2.2 MPMAA design
This antenna achieves high gain because it increas-
es the antenna aperture by utilizing the coupling

* LTCCisaglassceramicsto befired at around 900°C.

between the layers of the multilayer substrate. Here,
we describe the MPMAA design for the 60-GHz
band. We use the moment method as the calculation
method and assume that the ground plane is infinite.
To clarify the MPMAA's characteristics, we use a
multilayer Teflon substrate (er = 2.2, tand = 0.0007 at
10 GH2) as the antenna substrate. The MPMAA on
the Teflon substrate also exhibits excellent character-
istics such as a high gain and a wide bandwidth. A
simulation model for the MPMAA isshown in Fig. 2.
Here, we use the via-fed method for the feeding
method. The size of the feeding element is 0.30 Ag X
0.30 A\ g and thefeeding pointis0.01 Ao away from the
center of the patch, where Ao is the free-space wave-
length. The size of the parasitic elements mounted on
the first parasitic layer is 0.32 Ao x 0.32 A and the
patch size of the second parasitic layer is 0.28 Ag x
0.28 Ao. The four parasitic el ements mounted on the
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Fig. 1. Novel structure of system-on-package integrated
with antenna.
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Fig. 2. Antenna model.
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first parasitic layer are arranged so that they are
equidistant from the center of the feeding MSA. For
convenience, the width (horizontal direction) is
expressed so that the widths of the first and second
parasitic layers are wl and w2, respectively. In addi-
tion, t1 and t2 represent the substrate thicknesses of
thefirst and second parasitic layers, respectively. The
relationship between wl and w2 that yields the max-
imum absolute gain is shown in Fig. 3. Here, t1 and
t2 were set to 0.25 and 0.55 mm, respectively. In this
figure, it is clear that w1l is proportional to w2. The
relationships between maximum absolute gain and
w2 and between radiation efficiency and w2 are
shown in Fig. 4. Here, the substrate thickness para-
meterswerethe same. Inthisfigure, it isclear that the
maximum absolute gainis 11.1 dBi and that the radi-
ation efficiency is91% whenw1is0.22 Ao and w2 is
0.28 Ao. The antenna achieves the maximum radia-
tion efficiency of 97% when w2 is 0.32 Ao. We
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Fig. 3. Relationship between w1 and w2 that achieves
the maximum absolute gain.
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Fig. 4. Absolute gain and radiation efficiency
characteristics versus w2.
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believethat, in this case, the peak of the absolute gain
is obtained by increasing the antenna aperture as the
number of parasitic elements increases and the effi-
ciency degrades due to the decrease in the coupling
between the feed element and the parasitic el ements.
Additionally, it is necessary to clarify the effect of
substrate thickness on the parasitic elements. The
dependence of the absolute gain on the substrate
thicknesses, t1 and t2, isshowninFig. 5. When t1 and
t2 are 0.25 and 0.55 mm, respectively, the absolute
gain has the maximum value of 11.1 dBi. Additional-
ly, it isclear that the manufacturing margins of t1 and
t2 are approximately 150 and 100 pm, respectively,
and the gain reduction is less than 0.5 dB. Further-
more, it is clear that the precision of the substrate
thickness of the conventional multilayer Teflon sub-
strate process is sufficient to construct this proposed
antenna. The antenna’'s frequency characteristics
(Fig. 6) show that the bandwidth is 2.6% when the S11
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Fig. 5. Absolute gain characteristics versus substrate
thicknesses t1 and t2.
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Fig. 6. Calculated frequency characteristics of the
absolute gain and S11.
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characteristics are less than —10 dB. To consider the
mechanism of this antenna, we calculated the current
distribution using the moment method analysis. The
resultsin Fig. 7 show that in the feeding element, the
current is distributed to the first layer parasitic ele-
ments and via them to the second-layer parasitic ele-
ments. The RF signal can be effectively separated
from the feeding element and passed to the second-
layer parasitic elements without using a power
divider circuit, so array operation can been achieved.

2.3 Effect of the substrate on MPMAA

To make the system-on-package module, weinves-
tigated several substrates. In this section, we describe
the dependence of the antenna's performance on the
key substrate characteristic: the effective dielectric
constant. Figure 8 shows the positions of the para-
sitic elements that give maximum antenna gain as a
function of the effective dielectric constant of a sub-

(a) Front view

(b) Rear view

Current density

Low High

Fig. 7. Current distribution of the proposed antenna.
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strate. The corresponding maximum antenna gain is
plotted in Fig. 9. As the effective dielectric constant
of the substrate increased, wl and w2 decreased.
They saturated when the effective dielectric constant
was more than 7.5. On the other hand, the corre-
sponding maximum gain continuously decreased.
However, the MPMAA fabricated on an LTCC sub-
strate (er = 7.7, tand = 0.002 at 10 GHz) achieved
antenna gain of more than 8 dBi. These results indi-
cate that our MPMAA can offer reasonable antenna
gain evenif we uselow-cost materials, suchasLTCC
or high-temperature cofired ceramic (HTCC), for the
substrate.

3. Effect of alignment precision

The antenna constructed on a multilayered Teflon
substrate that binds the substrates using a bonding
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Effective dielectric constant

Fig. 8. Positions of parasitic elements for maximum
antenna gain versus effective dielectric constant.

Teflon LTCC HTCC
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Fig. 9. Antenna gain versus effective dielectric constant.
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Fig. 10. Absolute gain reduction versus alignment
precision of x-axis direction.

film is more sensitive to alignment precision than
antennas on other substrates such as an alumina-
ceramic substrate. Therefore, we need to clarify the
effect of alignment error due to the binding sub-
strates. We used the moment method for the calcula-
tion. The size of the feeding element was 0.30 Ag x
0.30 Ag and the feeding point was 0.01 Ao away from
the center of the patch. The size of the parasitic ele-
ments mounted on the first parasitic layer was0.32 Ao
x 0.32 Ao and the patch size of the second parasitic
layer was0.28 A x 0.28 Ao. Furthermore, the position
of thefirst parasitic layer wasx: £0.22 Ao, y: £0.22 Ao
and the position of the second parasitic layer was X:
+0.28 Ao, y: £0.28 Ao. The calculated absolute gain
reductions when alignment errors occur in the direc-
tion of the x- and y-axes are shown in Figs. 10 and 11,
respectively. Alignment errors in the y-axis direction
clearly had a greater effect than those in the x-axis
direction. We believethisis because there was a stand-
ing wave in the direction of the y-axis of each patch.
Moreover, it is clear that the alignment margins of the
first-and second-layer parasitic substrate are approxi-
mately +100 and £50 pum, respectively, and that the
gain reduction is less than 0.5 dB. Furthermore, the
simulation results indicate that the alignment preci-
sion of the conventional multilayer Teflon substrate
processis sufficient to construct this antenna.

4. Measured performance

4.1 Measurement system
In the millimeter-wave frequency range, oneimpor-
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Fig. 11. Absolute gain reduction versus alignment
precision of y-axis direction.
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Fig. 12. Antenna pattern measuring system.

tant issue is the effect on measured values of solder-
ing errors and differences in the connecting torque.
To eliminate this deviation, we developed a novel
antenna-probing fixture based on an RF on-wafer
probing system. As a result, we obtained the same
measurement accuracy as for MMIC chip measure-
ments for the radiation pattern of miniaturized anten-
nas in the millimeter-wave frequency band. Our mil-
limeter-wave radiation pattern measuring system is
shown in Fig. 12. The configuration using an RF
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probeisshown in Fig. 13 and a photograph of the sys-
tem is shown in Fig. 14. These on-wafer probes can
be directly connected to an antenna terminal formed
on the planar substrate. This system can measure the
antenna radiation without the need to mount RF con-
nectors on the antenna substrate. This method yields
higher accuracy and higher efficiency. This fixture
has two probe heads. One probeisused to feed the RF
signal to the antennaterminal and the other is used to
feed the control signal and DC power to the devices
mounted on the antenna substrate.

4.2 MPMAA on Teflon substrate

We manufactured a prototype antennawith a Teflon
substrate to confirm the design for the 60-GHz band.
We used a microstrip line (MSL) and a via hole to
feed the MSA, which acted as the feeding element
shown in Fig. 2. Two parasitic layers were arranged
so that the size and location of the MSA and parasitic
elements, the substrate thickness, and the location of
the feeding points yielded the maximum absolute
gain as described in the previous section. A photo-
graph of the prototype antenna is shown in Fig. 15.
The left side shows a side view of the antenna ele-
ment and the right side shows the feeding line. The
fabricated prototype antenna chip size is 10.0 mm x
10.0 mm x 1.1 mm. The E-plane and H-plane radia-
tion patterns are shown in Fig. 16. The measured and
calculated radiation patterns had fairly similar main
lobes.

Next, we discuss the bandwidth of this antenna
The frequency characteristics of the measured maxi-
mum gain and the Sy1 characteristics are shown in
Fig. 17. The frequency bandwidth for the gain that is
3 dB below the peak gain for thisantennaisfrom 59.3
to 62.6 GHz. Therefore, the bandwidth compared
with the center frequency is 5.5%. The Si1 frequency
characteristics and the gain are in good agreement
with the calcul ated results shown in Fig. 6. Moreover,
we can see that the estimated absolute gain is greater
than 8.5 dBi because the measured absolute gain of
this antennais greater than 7.4 dBi including the RF
probe loss, which isapproximately 1.1 dB at 60 GHz.
The difference between the calculated and measured
gains is approximately 3 dB. Here, we discuss three
possible causes for this gain reduction: 1) lossin the
microstrip line or coplanar line transition, 2) a dis-
crepancy between the designed and actual values of
the bonding film thickness resulting from the manu-
facturing process, and 3) the fabrication accuracy in
the antenna manufacturing process. More specifical-
ly, the gain reduction due to the change in bonding
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Fig. 13. Configuration of measuring system using an
RF probe.
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Fig. 16. Measured radiation pattern of MPMAA on Teflon
substrate.

film thicknesswas at least 1 dB, even when the anten-
na's alignment accuracy at the time of manufacture
was approximately 100 um. One topic for future
study isto find a bonding film material that has elec-
trical characteristics similar to the Teflon substrate.
Furthermore, it seems that the alignment binding
accuracy of the multilayer Teflon substrate needs to
be improved to approximately 50 pm.

4.3 MPMAA on LTCC substrate

A photograph of the prototype antenna fabricated
on an LTCC substrate is shown in Fig. 18. The left
side showsaside view of the antennaelement and the
right side shows the feeding line. The radiation char-
acteristics of the prototype antenna are shown in Fig.
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Fig. 17. Absolute gain and S11 of MPMAA on Teflon
substrate.

Rarasiticlelement

Fig. 18. Photograph of MPMAA fabricated on LTCC
substrate.

19. The measured and calculated main lobe charac-
teristicsarein good agreement. Furthermore, we clar-
ified that the measured absolute gain of this antenna
is 7.17 dBi including the RF probe loss, which is
approximately 1.2 dB at 60 GHz. The frequency
bandwidth for the gain that is 3 dB below the peak
gain for thisantennaisfrom 59.3t0 61.3 GHz. There-
fore, the bandwidth compared with the center fre-
guency is 3.3%.

5. Conclusion

We described a highly efficient multilayer parasitic
microstrip antennaarray (MPMAA) constructed on a
multilayer substrate for millimeter-wave system-on-
package modules. The basic design and performance
of the array antenna were described when a Teflon
substrate was used. We also described the effects of
the substrate and the alignment of parasitic elements
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Fig. 19. Measured radiation pattern of MPMAA on LTCC
substrate.

on antenna performance. Theradiation efficiency and
associated antenna gain of the antenna on a Teflon
substrate were greater than 91% and 11.1 dBi, respec-
tively. We discussed fabricated 60-GHz-band
MPMAASs on both Teflon and LTCC substrates and
presented performance measurement results. The
MPMAA offers compactness and high efficiency and
is suitable for system-on-package modules. Thus, it
enables us to make compact and cost-effective mil-
limeter-wave RF modules.
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