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Abstract

In this letter, it is proposed to use metasurface (MS) to miniaturize patch antenna. The MS
studied is composed of two layers, layers 1 and 2. Layer 1 has simple rectangular microstrip lines
as unit cells and layer 2 has the complimentary pattern of layer 1. The MS is placed on top of and
in direct contact with a small patch antenna, forming a miniaturized-patch antenna operating at 4
GHz. For comparison, another patch antenna without using MS is designed to operate at the
same frequency. Both antennas are studied using computer simulation and measurement.
Results show, with the use of the MS, the patch antenna can have the size reduced by 67%, yet
achieving a similar performance. The simulated and measured results in reflection coefficients,
efficiencies, realized peak gains and radiation patterns of the antennas are presented. The cable
effects caused by the feeding cable used in measurement are studied.
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Introduction

With the increasing demand for compact wireless devices in recent year, small efficient antennas
with simple structures have been a topic of great interests [1-8]. Due to the simple and low
profile structure, planar antenna seems to be a good choice for many portable wireless devices.
However, antenna size is in general inversely proportional to the operating frequency. For patch
antenna, the size of the radiator alone is normally 0.5A0x0.4Ao, where A is the wavelength at the
operating frequency [9, 10]. With the feed line and ground plane taken in account, the overall
size is larger and may not be small enough to fit into small wireless devices. Thus a lot of efforts
have been made to miniaturize the size of planar antennas using various methods [1-8].

Metasurface (MS) is a 2D version of metamaterial [11] and has succinct surface structure with
low profile, so it can be combined with planar antennas such as planar patch, slot and monopole
antennas for performance enhancements, yet retaining the low profile structures. For example, it
was shown in [12-18] that the performances of patch antennas could be enhanced significantly
by placing a MS atop of it. In general, the size of patch antenna is mainly determined by the
lowest resonant frequency, i.e. the larger the size of the patch antenna, the lower is the resonant
frequency. Thus if we can shift down the resonant frequency, the patch antenna can be

miniaturized.

In this letter, it is proposed to use MS to miniaturize patch antennas. A simple patch antenna is
designed on a double-sided substrate, having an area of 0.27A0x0.27Aox0.03Ao, where Aq is the
wavelength at the operating frequency in free space. The MS is composed of two layers, layers 1
and 2, each designed on a single-sided substrate. Layer 1 has simple rectangular microstrip lines
as unit cells and layer 2 has the complementary pattern of layer 1. The MS is placed on top of and
in direct contact with the patch antenna for miniaturization. Another patch antenna is designed
to have a similar performance at the same frequency without using MS for comparison. The two
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antennas are studied using the EM simulation tool CST and measured using the antenna
measurement equipment Satimo Starlab system. Results shows that, with the use of the MS, the
patch antenna can reduce the size by 67%, yet having a similar performance in terms of reflection
coefficient, efficiency and realized boresight gain. The cable effects caused by the feeding cable
used in measurement are also studied and used to explain the discrepancies between the
simulated and measured results

Designs of Antenna and Metasurface

The patch antenna used for studies here is designed on a double-sided substrate as shown in Fig.
1(a) which consists of a patch with microstrip-fed using a 50-Q2 feed line on one side and a ground
plane on the other side. The feed line is fed using a SMA connector on the ground plane through
a via on the substrate. The patch has a length of P,=10 mm which, together with the MS
designed, generates a frequency band at about 4 GHz. The patch antenna occupies a total area of
TxT=20%20 mm? =400 mm? and is known here as patch 1.

(a) (b)
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Fig. 1. Geometries of (a) patch 1, (b) metasurface (MS) and (c) patch 2.



The metasurface (MS) used in our miniaturized-patch antenna has two layers, layers 1 and 2,
both designed on a single-sided substrate. Layer 1 is composed of unit cells having microstrip
lines with width a and length b as shown in Fig. 1(b). The unit cells are printed periodically along
the x-axis and y-axis directions on the x-y plane. The pattern on layer 2, as shown in Fig. 2, is just
the exact complementary pattern of layer 1. The miniaturized-patch antenna is assembled by
placing the non-copper side of layer 1 in direct contact with the radiator of the patch antenna,
and the non-copper side of layer 2 in direct contact with the copper-side of layer 1 as shown in
Fig. 2. This leads to a very compact and low profile structure.

The antenna together with the SMA connector as shown in Fig. 2 is studied and designed using
the EM simulation tool CST on a Rogers substrate, RO4350B, with a dielectric constant of 3.5, a loss
tangent of 0.004 and a thickness of 0.762 mm. For the purpose of illustration, the
miniaturized-patch antenna is designed to operate at the frequency of 4 GHz. The final
dimensions of the patch antenna are listed in Table I. The miniaturized-patch antenna occupies a
total area of 20x20 mm? = 400 mm?, same as that of patch 1.

To study size reduction of the miniaturized-patch antenna using MS, another patch antenna,
known here as patch 2, without using the MS is designed, as shown in Fig. 1(c), to have the same
resonant frequency, bandwidth and realized boresight gain as those of the miniaturized-patch
antenna. The dimensions of patch 2 are listed in Table Il. Patch 2 is used as a reference antenna
for size comparison. It can be seen that patch 2 with an area of 35x35 mm?=1225 mm? is much
larger than patch 1 with an area of 20x20 mm?2= 400 mm?. The MS reduce the required size of
the patch antenna by 67%.

TABLE I. DIMENSIONS OF PATCH 1 AND MS (UNIT:MM) TABLE. || DIMENSIONS OF PATCH 2 (UNIT:MM)
P/ PW FW FI a B gx gy T P/’ Pw' T’ FI’
12 1 10 |25| 6 |06 | 16 | 05|05 | 20 25 19.2 35 3.5

Layer 1 of the Metasurface

Layer 2 of the Metasurfuce

Patch 1

SMA Connector

Fig. 2. Minaturized-patch antenna using MS.

The dimensions in Table 1 are used to fabricate patch 1 and the MS as shown in Fig. 3. The
minaturised patch antenna is then assembled, as shown in Figs. 4, using patch 1 and the MS. Our
antenna measurement equipment, Satimo Starlabe system, is used to measure the performaces



of the minaturized patch antenna, patches 1 and 2 for comparison. The measured results are also
compared with simulated results.

(c) (d)
Fig. 3. Prototypes: (a) top view of patch 1, (b) bottom view of patch 1, (c) layer 1 of MS, and (d)
layer 2 of MS

(a) (b)
Fig. 4. Prototypes: (a) miniaturized-patch antenna (MS with patch 1), and (b) top view of
miniaturized-patch antenna (left) together with patch 2 (right).

Results and Discussions

The objective of the study is to reduce the size of the patch antenna without degrading the
performance. Thus, in this section, we compare the bandwidth, efficiency and radiation pattern
of the miniaturized-patch antenna with those of patch 2. In addition, we also show the



performance of patch 1 with discussions.

A. Refelection Coefficient S11

The simulated and measured reflection coefficients S11 of patch 1 with and without using the
MS are shown in Fig. 5. It can be seen that, without using the MS, the resonant frequency of
patch 1is 8 GHz. With the use of the MS, the resonant frequency is shifted down to 4 GHz, with a
bandwidth of 3.96-4.05 GHz for S11 < -10 dB. The frequency shift from 8 to 4 GHz can be
translated into an approximate reduction of more than 50% in dimensions or 75% in area, which

is resulted from using the MS.

The S11 of patch 2 is also shown in Fig. 5 for comparison. It can be seen that patch 2 also has a
resonant frequency of 4 GHz with a bandwidth of 3.96-4.05 GHz, same as patch 1 using the MS.
However, patch 2 occupies a much larger area of 35x35 mm?2=1225 mm?Z. Thus, the MS can be
used to reduce the required area of patch antenna by 67%, yet having the similar resonant

frequency and bandwidth.
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Fig. 5. Simulated and measured S11 of patch 1 with and without MS and patch 2

B. Efficiency

The results on efficiencies of the miniaturized-patch antenna and patch 2 are shown in Figs. 6(a)
and (b), respectively. It can be seen that the miniaturized-patch antenna and patch 2 have the
maximum efficiencies of 84% and 80%, respectively, at 4 GHz. Thus the miniaturized-patch
antenna has a higher efficiency than patch 2, but occupies a much smaller size. The simulated
and measured results for patch 2 shown in Fig. 6(b) agree very well. However, this is not the case
for the miniaturized-patch as shown in Fig. 6(a). There is a large discrepancy between the
simulated and measured results. The measured efficiency in Fig. 6(a) shows that the
miniaturized-patch antenna has an efficiency of only 53% at 4 GHz, much lower than the
simulated efficiency of 80% and also the measured efficiency of 75% for patch 2. The large
discrepancy is mainly due to cable effects caused by the feeding cable used in the antenna
measurement equipment, the Starlab system [20]. For antennas with small ground planes, the
cable effects could make the measured efficiency and realized gain much lower than those of
simulation. The reason can be explained as follows. In simulation, there is no feeding cable used
to feed the antenna. However, when an antenna is measured using the antenna measurement

system, a coaxial feeding cable is needed to connect the antenna to the measurement system.



For antennas with electrically small ground planes as in our miniaturized-patch antenna, current
will flow back to the outer surface of the feeding cable, resulting in radiation [20, 21, 24] and
affecting the measured radiation pattern. To reduce the cable effects on radiation pattern
measurement, the feeding cable provided by Satimo for use with the Starlab system is covered
with EM suppressant tubing to absorb radiation from the cable. This makes the shape of the
antenna pattern measurement more accurate. However, as some radiation is absorbed by the EM
suppressant tubing and does not get measured by the measurement system, the measured
efficiency and gain will be smaller than the actual values, as shown in Figs. 6(a) and (b). Since the
miniaturized-patch antenna has a much small ground plane than patch 2, the reductions in
efficiency and gain due to cable effects are more significant. To study the cable effects on
measured results, the cable model developed in [20], as shown in the simulation model of Fig. 7,
is included in simulation. The discrepancy between the simulated efficiencies with and
without using the cable model is caused by the cable effects and can be used to remove the
cable effects in real measurements. The measured efficiencies of the miniaturized-patch
antenna and patch 2, after removing the cable effects as described, are also shown in Fig. 6
for comparison. It can be seen in Fig. 6(a) that, after removing the cable effects, the
measured efficiency (71.6% at 4 GHz) of the miniaturized-patch antenna has a much better
agreement with the simulated efficiency (80%) without using the cable model. Due to the
larger ground plane used, patch 2 has much smaller cable effects, as shown in Fig. 6(b). It also can
be seen that, after removing the cable effects, the measured efficiency of patch 2 is slightly
increased from 75% to 78%, closer to the simulated efficiency of 84% without the cable model. It
should be pointed out that when an antenna is installed in practice, there is no cable used and so
cable effects is not a problem.
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Fig. 6 Simulated and measured efficiencies of miniaturized-patch antenna and patch antenna 1 and b)
patch antenna 2 with and with cable model.
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Fig. 7 Cable model

C. Realized Boresight Gain

The simulated and measured realized boresight gains of the miniaturized-patch antenna and
patch 2 are shown in Figs. 8. The miniaturized-patch antenna and patch 2 have the simulated
realized boresight gains of 5.1 dBi and 5.2 dBi, respectively, at 4 GHz as shown in Fig. 8. Due
to the cable effects, the measured realized boresight gain of the miniaturized-patch antenna
is only 2.47 dBi at 4 GHz, significantly lower than the simulated result of 5.1 dBi. The
measured boresight gain of patch 2 is 4.35 dBi at 4 GHz. With the use of the cable model
shown in Fig. 7, the measured realized gains of the antennas after removing the cable effects
is also shown in Fig. 8. It can be seen that the simulation and measurement have much
better agreements with each other. The measured realized boresight gain of the
miniaturized-patch antenna is 4.95 dBi at 4 GHz, even higher
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Fig. 8 Realized boresight gains of (a) miniaturized-patch antenna and (b) patch 2.

D. Radiation Pattern

The simulated and measured radiation patterns of the miniaturized-patch antenna and patch 2 at
4 GHz in the x-z and x-y planes are shown in Figs. 9. For comparison, the measured results after
removing the cable effects are also shown in the same figures, indicating that better agreements
are observed particularly for the miniaturized-patch antenna. Fig. 9 shows that both the
miniaturized-patch antenna and patch 2 have unidirectional radiation patterns in both the x-y
and x-z planes, like typical patch antenna.
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Fig. 9 Radiation patterns of (a)&(b) miniaturized-patch antenna and (c)&(d) patch 2 at 4 GHz,
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Conclusions

Using MS to miniaturize the size of a patch antenna has been proposed. The MS consists of two
layers having patterns complementary to each other on the surfaces. The MS and the patch
antenna are put in direct contact, leading to a very low profile. Simulated and measured results
have shown, the MS can reduce the size of the patch antenna by 67%, yet having the similar

performances in terms of operating frequency, operating bandwidth and realized boresight gain.
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