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Abstract — We report on the use of slots for size
reduction and tuning of folded patch antennas operating in
the 5-6 GHz ISM band, with intended application in
short-range wireless communications. Varying the slot
length modifies the antenna electrical length, thus providing
a new degree of freedom to control the antenna operating
properties, and is the main novelty of our work. This
technique was used for antenna tuning, input impedance
control, and, very important, for antenna size reduction.
Keeping the operating frequency at 5.7 GHz, application of
slots allows an antenna size reduction close to 30%. Keeping
the antenna dimensions constant, application of slots allows
its tuning from 5.7 GHz down to 4.8 GHz and is potentially
suitable for dynamic antenna reconfiguration.

1. INTRODUCTION

Sensor networks are expected to be the 21* century
holly Graal in sensing [1]. Furthermore, application of
such distributed sensing systems will be highly facilitated
if cheap and easy-to-use ‘on-chip’ or ‘in-package’
solutions, equipped with  short-range  wireless
communication capabilities, would be available.

The necessary on-chip integrated transceivers, from
baseband to antenna input/output, are already available,
where short-range wireless communication systems
operating in the 5-6 GHz ISM band play an important
role in the actual communication standards. However, the
antenna, as the key element in achieving a fully
integrated solution, notwithstanding all the development
efforts, still remains to be an open challenge. Full
integration requires the availability of very-small
antennas that can be fitted into a single chip.

Several small and planar antenna types have been
proposed for wireless communications [2] but none of
them was designed to fulfil all the restrictions and
requirements set by on-chip integration. Those
restrictions include the properties of available substrate
materials and the way they can be processed. Many of the
previously proposed solutions to integrate antennas
on-chip have been based on the design of planar antennas
using silicon as substrate. Since the low-ohmic silicon
substrate suffers from high losses, high-resistivity silicon
or bulk micromachining have to be used in order to
increase the antenna efficiency. Nevertheless, the afore-
mentioned solutions have the drawback of increased cost,
and the micromachining solution have also the penalty of
large area used for antenna implementation. In this way, a
preferable solution to decrease the antenna losses may be
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to use a combination of a low-loss material with silicon.
The new material can be used as antenna substrate and
any required high-quality factor passives [3], and the
silicon will be used to implement the necessary circuitry.

The combination of materials may be achieved with
the use of WLCSP techniques, like adhesive wafer
bonding and through-wafer electrical via formation,
which allows the use of silicon together with different

silicon-compatible substrates [4]. However, typical
silicon-compatible  substrates (e.g. glass, BCB,
polyimide, SU-8) have lower dielectric constant

compared to silicon. In this way, the use of such
materials reduces the losses at the expense of a size
increase in the integrated antenna. Therefore, the use of
an advanced antenna design may be required to overcome
this drawback, providing a small and effective radiator.

In our previous work [5] and other related work [6], the
use of shorted-folded patch antennas was considered as a
solution to obtain a small antenna. Notwithstanding the
obtained success, the dimensions of the developed
antenna are still rather large.

In this work, we discuss how the use of properly
positioned slots allows a more compact antenna solution
or, if desired, a new way for antenna tuning. We will
present different options to use the slots for folded patch
antenna design.

II. ANTENNA DESIGN

A folded patch antenna was first designed to operate at
5.7 GHz, a frequency chosen to be inside the 5-6 GHz
ISM band. The antenna modeling was carried out with a
high frequency structure simulator (HFSS) software,
where all the simulation analysis was performed. This
simulation tool was already used previously for antenna
design, where good match between modeling and
experimental results was achieved.

The proposed antenna is formed by three horizontal
metal sheets that are electrically connected and by two
vertical metal walls, where the walls can be made by via
fences or slots. All this is embedded in a dielectric
substrate having certain electrical permittivity and
dielectric losses. These two parameters together with the
antenna geometry, and its effective dimensions, will
determine the radiation characteristics and overall
performance. Fig. 1 shows the model for the proposed
double-slotted folded-patch antenna.
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Fig. 1. HFSS model of the proposed double-slotted folded
patch antenna model.

To obtain an antenna with high efficiency, the metal
layers should have the minimum resistivity possible and
the silicon-compatible material used for the antenna
substrate should be as low-loss as possible.

The antenna design starts with the model of one
antenna without slots. That design is based in the
knowledge that the operating frequency can be adjusted
by proper selection of the antenna size and middle patch
length, or changing the substrate thickness [7].

Starting from the previous design of a folded patch
antenna, the slots were placed on the top patch. The
placement of these slots introduces a new degree of
freedom in the antenna design. When the slots are added,
the antenna operating frequency was shifted down and,
consequently, the input impedance was also changed.
From this observation, we found that it was possible to
use the slots to tune the antenna operating frequency and
to change its input impedance.

III. ANTENNA FABRICATION

The designed antenna was then fabricated on a stack of
two 4003 Rogers' ™ substrates. This substrate was chosen
because it has electrical properties (dielectric permittivity
and losses) similar to some silicon-compatible materials.
In this way, it is possible to have a better idea of the
properties of an integrated antenna fabricated with the
silicon-compatible materials.

The antenna fabrication started with the drilling of the
shorting and feeding vias on the bottom substrate. This
was done using a standard PCB drilling machine. This
machine was used to make holes that are 700 um in
diameter. After that, the drilling machine was also used to
remove the undesired foil copper in order to obtain the
desired antenna configuration. The bottom and top
antenna parts where then obtained by dicing using a PCB
cutting machine. The feeding and shorting vias were
created and both substrates placed together. Finally, a
strip of copper tape was used to perform the angled wall
interconnecting the ground plane and top patch.

Fig. 2 shows the fabricated prototype, where the slots
on the top patch are highlighted.
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Slots on the
top patch

Fig. 2. Proposed double-slotted folded patch antenna fabricated
prototype.

The very last step was to solder the antenna to a SMA
connector, which was then used to perform the
measurements. Since the ground plane is very small, this
connector is a possible source of influence in the antenna
behaviour and should be included in the antenna model.

IV. RESULTS AND MEASUREMENTS

All the S-Parameter measurements were performed
with a vector network analyzer previously calibrated with
one-port calibration.

A. Antenna Tuning

The plot in Fig. 3 shows the effect of placing two slots
on the top patch.
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Fig. 3. Measured and simulated return loss with and without
slots on the top patch.

When the slots are inserted, the antenna operating
frequency is shifted from ~5.65 GHz to ~4.8 GHz. Since
the slots interrupts the direct path of the current from
edge to edge in the antenna, they have the effect of
making the electrical path longer, and the antenna
operating frequency shifts down. The matching also
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decreases from —32 dB to —22 dB, but it can be adjusted
back with a small shift in the feeding point.

The drawback is a small reduction in the efficiency
from 96% to 92%, and a bandwidth reduction from
180 MHz to 90 MHz. However, depending on the
antenna application, a smaller bandwidth can be a
benefit.

After the determination of the implications of slots in
the operating frequency it was analyzed its influence in
the radiating properties.

Fig. 4 displays the simulated 3D radiation diagram.
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Fig. 4. Simulated 3D radiation pattern of the slotted antenna
at 4.8 GHz.

The plot shows the radiation pattern at 4.8 GHz
because we are mainly interested in the properties of the
new antenna with slots. This figure shows that the
antenna radiation is mainly in the xx direction, which is
due to the aperture formed by the ground plane and the
top patch. Comparing this plot with the obtained for
5.7 GHz, it was observed an increase of ~2 dB in the
antenna gain.

After verifying that the use of slots on the top patch is
an effective way to change the operating frequency, it
was analyzed how the slot length can be used to control
the antennas operating frequency.

Fig. 5 shows the effect on the antenna operating
frequency when the slot length, L, is varied from 1 mm to
5 mm, and compared to the situation without slots.

It is observed that longer slots reduce the operating
frequency and the bandwidth. It was an expected
behavior since the electrical length of the antenna
increases when the slots are longer. For longer slots, the
current has to go almost from one side of the antenna to
the other, before reaching the radiating edge.

The next step was to verify how much the area could
be reduced if the slotted antenna was modified to operate
at 5.7 GHz. The longer slot option was used, since this is
the solution to obtain the smallest antenna possible, and
the antenna was redesigned. It was found that to move the
operating frequency back to 5.7 GHz, the antenna size
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could be reduced from 6x6 mm? to less than 5x5mm?’.
This means that the final antenna uses only 70% of the
initial area. The drawback is the decrease of the available
bandwidth from 180 MHz to 120 MHz. But, as above-
mentioned, in some applications this can be a benefit.
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Fig. 5. Simulated return loss for different slot lengths, L.

B. Antenna Matching

The placement of slots on the top patch, besides the
operating frequency shift, introduces mismatch between
antenna input and feed line. As already discussed, the
frequency shift can be used for antenna tuning or for size
reduction. The mismatch introduced by the slots can also
be used as a way to perform the antenna matching.
Instead of using a shift in the feeding via, the antenna can
be matched with the use of a slot in the middle patch.
Fig. 6 compares both methods of matching.
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Fig. 6. Effect of using slots on the middle patch for antenna
matching.

If the matching is achieved with a shift in the feeding
via, it can be seen that the operating frequency remains
unchanged while the matching is improved. If a slot is
placed in the middle patch, the current distribution on
that patch is modified and, consequently, the input
impedance changes. Placing that slot in the proper
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position, the antenna will be matched to the feeding line.
The drawback of this technique is that it implies a
frequency shift. However, this technique can be useful
when a via shift is not enough to provide the necessary
matching. That may be necessary if more slots are placed
on the top patch to make the antenna electrically longer.
That can make the antenna so inductive that it is not
anymore possible to achieve matching.

Fig. 7 shows, in a Smith diagram, how the input
impedance changes when the two different solutions are
used. If the antenna becomes too inductive, when shifting
the feeding via, the input impedance changes. However,
it remains in the top part of the Smith chart. One solution
can be to use a slot in the middle patch.
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Fig. 7. Effect of using slots on the middle patch for antenna
matching.

C. Antenna Reconfiguration

As shown in Fig. 5, when the length of the slots is
changed, the operating frequency also changes. In this
way, if a few switches can be used to control the length
of those slots, it is possible to obtain a reconfigurable
antenna.

The placement and control of such switches may not
be an easy task, but one way to achieve this may be the
use of MEMS switches. In previous work, series MEMS
switches were combined with antenna sections, and used
to obtain a reconfigurable multi-band antenna [8]. In the
slotted-folded patch antenna, the MEMS switches would
be used to change the electrical length of the top patch.
When the switches are closed, the electrical path becomes
smaller and the operating frequency shifts upward, and
vice-versa.

1340

V. CONCLUSION

This work discusses a new option to design
folded-patch antennas operating in the 5-6 GHz ISM
band. The method consists of placing slots on the antenna
top patch to control its electrical length. It is also shown
how to use those slots to tune the operating frequency or
to change the input impedance of a folded patch antenna.
The use of this technique allows a reduction of the
antenna area by a factor close to 30%.

With this option for antenna size reduction, the size
increase due to the use of silicon-compatible substrates
can now be compensated with this reduced size antenna.
This offers potential of low cost, low profile and
simplified assembly. A new step towards antenna
integration in a RFIC chip for wireless short-range
communications was given.
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