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Abstract — This paper provides a fast solution for the
design of a Jerusalem-cross slot antenna for arbitrarily
specifying any two operating frequencies. From
simulation data and measurement results, the dual-
resonant frequencies of the Jerusalem-cross slot antenna
are found at near 5.8 and 24.0 GHz for the impedance
matching with better than 15 dB return loss. It is found
that the simulated and measured -10 dB bandwidths are
22.1% and 24.4% at 5.8 GHz respectively. The simulated
and measured -10 dB bandwidths are 3.41% and 4.58%
at 24.0 GHz, respectively. The simulated and measured
results of radiation patterns in the E- and H-plane at
frequencies of 5.8 and 24.0 GHz are broad and smooth.
The antenna gains obtained by measurement and
simulation at frequencies of 5.8 and 24.0 GHz are close
to 3.0 and 6.0 dBi, respectively. This Jerusalem-cross
slot antenna has a compact size with three dimensions of
22.731x7.577%x0.87 mm which can be fabricated at a low
cost using the standard PCB process. The compact patch
antenna is suitable for applications in unlicensed
frequency bands of 5.8 and 24 GHz for wireless internet
applications including RFID systems, medical devices,
and the internet of things (1oT).

Index Terms — Antenna gain, dual-resonant frequencies,
Jerusalem-cross frequency selective surface, radiation
pattern,

I. INTRODUCTION

Recently, the internet of things (10T) is a booming
market. Under the concept of IoT, tens of billions of
devices and systems can be connected via wireless
technologies [1]. The 10T can be widely applied in
healthcare, utility, media, transportation, environment
and energy management, exploration, and smart
homes/cites. Its demand for incorporating with wireless
technologies is increasing. This will increase the demand
for 10T antennas compliant to IoT modules. The type and
number of wireless technologies used in 10T will impact
the type and number of antennas needed. Since an IoT
module should be designed as compact as possible, the
corresponding system board sizes and antenna volume
should be miniaturized to form miniaturized sensors that
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meet versatile 10T needs. The types of 10T antennas may
be chip antennas, wire antennas, whip antennas, or patch
antennas.

Patch antennas have many advantages including low
profile, low weight, low cost, and easy fabrication.
Nevertheless, a patch antenna also has many drawbacks
such as narrow band, low gain, low efficiency, poor
polarization purity, and limited power capacity. Many
researchers extend great effort to overcome these
drawbacks in order to make full use of the advantages of
a patch antenna. These efforts include selecting suitable
substrate, changing the patch antenna’s shape and size,
using a variety of feeding techniques, application of
impedance matching methods, using stacked layer
structures, and the implementation of frequency selective
surfaces [2-19].

Frequency selective surface (FSS) has a wide
variety of applications including the design of antennas
[17-31]. The FSS is usually formed by periodic arrays of
metallic patches or slots of arbitrary geometries. The
patch type FSS is used where reflection is maximum at
resonant frequencies, while the slot type FSS is used
where transmission is maximum at resonant frequencies.
The FSS structure has a phenomenon with high
impedance surfaces that reflect the plane wave in-phase
and suppress surface waves. Therefore, a patch antenna
with one FSS structure can improve its radiation
efficiency, bandwidth, gain, and reduce the side lobe and
back lobe level in its radiation pattern [17], [18], [32].

In this study, the frequency bands of 5.8 and 24.0
GHz are chosen for designing a Jerusalem-cross slot
antenna based on frequency selective surface (FSS). We
consider the WiFi frequency range at 5.8 GHz for this
study because it is an unlicensed use and may be used for
wireless internet applications including RFID systems
and loT. Recently, the 24.0 GHz frequency has been
proposed by several authors from industry and academia
[33-35] for wireless internet applications. The 24.0 GHz
industrial, scientific, and medical (ISM) frequency band
is of wide interest because unlicensed devices and
services are permitted and the atmospheric attenuation
does not compromise the communication [36].

Based on a dual-band Jerusalem-cross FSS with a
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Rogers RO4003 substrate on one side, a compact
Jerusalem-cross slot antenna is designed for wireless
internet applications operating at 5.8 and 24.0 GHz.
Return losses, radiation patterns, and antenna gains of
the Jerusalem-cross slot antenna at 5.8 and 24.0 GHz
are presented in this paper. Comparison of antenna
performance between measurement results and HFSS
(Ansoft, Pittsburgh, PA) simulation data is also made.

I1. ANTENNA DESIGN

Based on previous research works [37-38], we can
quickly obtain optimum values of geometrical parameters
of a dual-band Jerusalem-cross FSS with a Rogers
RO4003 substrate operating at two resonant frequencies
of 5.8 and 24.0 GHz in 20.66 seconds. Figure 1 shows
the Jerusalem-cross FSS with a Rogers RO4003 substrate
on one side and its optimum values of geometrical
parameters p, w, s, h,d, tand T. In Fig. 1, p=7.577 mm
is the periodicity of a unit cell, w = 0.6059 mm is the
width of the conductive strip, s = 0.1294 mm is the
separation distance between adjacent units,h = 0.3793 mm
is the width of the end caps of the Jerusalem-cross, d =
4.931 mm is the length of the end caps of the Jerusalem-
cross, t = 0.035mm is the thickness of the metallic foil,
and T = 0.8 mm is the thickness of the Rogers RO4003
substrate. The relative dielectric constant and dielectric
loss tangent of the Rogers RO4003 substrate are & = 3.31
and tano = 0.0027, respectively. Figure 2 shows the
frequency response of transmission of the Jerusalem-
cross FSS with the Rogers RO4003 substrate on one side
obtained by a HFSS simulator. It is clear that resonant
frequencies of this patch FSS can be found very close to
5.8 and 24.0 GHz, respectively.

Metallic Foil \l/

t
TT | Rogers RO4003 Substrate | 0

Fig. 1. A Jerusalem-cross FSS with a Rogers RO4003
substrate on one side operating at 5.8 and 24.0 GHz.
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Fig. 2. Frequency response of transmission of the dual-
band Jerusalem-cross FSS with a Rogers R0O4003
substrate on one side.

For a slot FSS, it is designed where transmission is
maximum but reflection is minimum in the neighborhood
of the resonant frequency. In designing a Jerusalem-
cross slot antenna, a complementary patch FSS (slot FSS)
with a Rogers RO4003 substrate on one side is used as
the radiator of the antenna. Figure 3 shows a Jerusalem-
cross slot antenna with an off-center feeding to excite
dual resonant frequencies of 5.8 and 24.0 GHz. This
antenna has a compact size with dimensions of
22.731x7.577x0.87 mm. The same geometrical parameters
of the patch FSS as shown in Fig. 1 are used to construct
the slot FSS of this antenna. This antenna is designed on
a single layer Rogers PCB board with a relatively big
ground plane. The ground plane of this antenna would
change the radiation performance, especially, the
radiation pattern. A 50-ohm micro-strip feeding line
having a length of L=P/2 and a width of 1 mm is used
to excite the antenna with an SMA connector attached
on the ground plane. Frequency response of reflection
coefficient (S11) of this antenna obtained by HFSS
simulations is shown in Fig. 4. From Fig. 4, it is clear
that the lower resonant frequency of 5.8 GHz is well
matched below -10 dB in the simulation. However,
unsatisfied matching is observed: the higher resonant
frequency of 24 GHz is not well matched below -10dB.
For IoT applications, at least -10 dB matching is usually
required. Therefore, it is needed to fine tune the
geometrical parameters of this antenna to overcome the
unsatisfied matching problem at 24.0 GHz.

s 3 Slot FSS
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0.8 mm, / .
9! [ =p2 1 mm I
Y iy A & &
V o aw &
X Imm— e ¢y 7 = P
) 1 M=0.035 mm
% P P
. “ >
t=0.035 mm 6.1 mm Rogers RO4003
Coaxial Probe -

Fig. 3. The Jerusalem-cross slot antenna. The copper foil
is in pink.
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Fig. 4. Frequency response of return loss (S11) of the
antenna.

In order to improve the reflection coefficient at
24 GHz, a few new optimum values of geometrical
parameters of a dual-band Jerusalem-cross FSS with
a Rogers RO4003 substrate are tuned by arbitrarily
specifying any two resonant frequencies of 5.8 and
24.0+(0.01~0.5) GHz [37-38]. The fine-tuned geometrical
parameters of the slot FSS are found to be p=7.426 mm,
w =1.076 mm, s = 0.8693 mm, h = 0.467 mm, and d =
4.931 mm. Frequency response of reflection coefficient
(S11) of the fine-tuned antenna is shown in Fig. 5. From
Fig. 5, it is shown that two resonant frequencies of 5.8
and 24.0 GHz are well matched below -10 dB in HFSS
simulations. It is also shown that an undesired frequency
band of 19.0 GHz appears in the frequency response.
In the HFSS software computer program, current
distributions on the antenna surface can be simulated and
presented at any frequency. In order to eliminate the
undesired frequency band, the current distribution of the
fine-tuned antenna at 19.0 GHz is checked and presented
in Fig. 6. It is clear that higher current densities are
located at the right hand side of the fine-tuned antenna at
19.0 GHz. In the final design step, two half cylinders in
the left hand side of the FSS are removed to eliminate the
radiation source at 19.0 GHz and the Jerusalem-cross
slot antenna is reconstructed as shown in Fig. 7. In Fig.
7, the ground plane and the FSS are separated by a
distance of 0.4 mm and the length of the FSS is extended
by 0.1 mm. The length of the ground plane is shortened
from 2 P t01.8 P. The length and width of the 50-ohm
micro-strip feeding line are changed to L=P/2-0.1 mm
and 1.524 mm, respectively. Frequency responses of
reflection coefficient (S11) of the final Jerusalem-cross
slot antenna obtained by simulation and measurement
are shown in Fig. 8.

From Fig. 8, the undesired frequency band of 19.0
GHz is improved and the resonant frequencies of the
patch antenna are found to be near 5.8 and 24.0 GHz for
the impedance matching with better than 15 dB return
loss. Return losses of 24.5 and 28.5 dB are achieved by

the measurements and simulations at 5.8 GHz, respectively.

On the other hand, return losses of 40.9 and 16.0 dB

are achieved by the measurements and simulations at
24.0 GHz, respectively. It is found that the bandwidths
for 10 dB return loss obtained by the HFSS simulations
are 22.1% and 3.41% at resonant frequencies of 5.8 and
24.0 GHz respectively. It is also found that the bandwidths
for 10 dB return loss obtained by the measurements are
24.4% and 4.58% at resonant frequencies of 5.8 and 24.0
GHz, respectively. It is clear that this Jerusalem-cross
slot antenna provides a very wide bandwidth at 5.8 GHz.
Instead of having a wide bandwidth at 5.8 GHz, the
bandwidth of 3.41~4.58% occurring at 24.0 GHz is
much narrower. The prototype of the Jerusalem-cross
slot antenna is shown in Fig. 9. From Fig. 9, it is shown
that this Jerusalem-cross slot antenna has a compact size
with three dimensions of 22.731x7.577x0.87 mm.
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Fig. 5. Frequency response of reflection coefficient (S11)
of the fine-tuned antenna.

. F——

Fig. 6. Current distribution of the fine-tuned antenna at
19 GHz.
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Fig. 7. The final structure of the Jerusalem-cross slot
antenna. The copper foil is in pink.
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Fig. 9. Prototype of the Jerusalem-cross slot antenna.

111. MEASUREMENT AND SIMULATION
OF ANTENNA PERFORMANCE

Measurement results and simulation data of antenna
performance were obtained by using an Anritsu37369C
antenna measurement system in the Yuan Ze University
(YZU) anechoic chamber and by using the HFSS
simulator, respectively. Measurement setup in the YZU
anechoic chamber is shown in Fig. 10. Comparisons
of 3-D and 2-D radiation patterns between simulation
data and measurement results at 5.8 and 24.0 GHz are
shown in Figs. 11-16. It can be observed that the pattern
shape and beam angle obtained by the simulation and
measurement are similar to each other. The radiation
patterns in the E- and H-plane are broad and smooth.
Radiation patterns shown in Figs. 12, 13, 15, and 16
are presented both for a co-polarization and a cross-
polarization response. In general, the co-polarization is
the desired polarization for an antenna design. Due to the
depolarization mechanisms, a polarization orthogonal to
co-polarization called cross-polarization will be generated
in an antenna radiation pattern. The polarization quality
is expressed by the ratio of co-polarization to cross-
polarization. The averaged ratio between co-polarization
and cross-polarization shown in Figs. 12 and 13 is greater
than 20 dB. This indicates that the system power loss
due to polarization mismatch is insignificant at 5.8 GHz.
The averaged ratio between co-polarization and cross-
polarization shown in Fig. 16 is also greater than 20 dB,
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but the averaged ratio between co-polarization and
cross-polarization shown in Fig. 15 is much less than
20 dB. This means that the system power loss due to
polarization mismatch may be significant at 24.0 GHz.
The antenna gains obtained by simulation and measurement
are shown in Table 1. The antenna gains obtained by
simulation are 2.75 and 5.89 dBi at 5.8 and 24.0 GHz,
respectively. The antenna gains obtained by measurement
are 3.07 and 6.11 dBi at 5.8 and 24 GHz, respectively.
From Figs. 11-16 and Table 1, it is shown that simulation
data and measurement results make a good agreement in
radiation patterns and antenna gains. This Jerusalem-
cross slot antenna demonstrates a good example of dual-
resonance operation at 5.8 and 24.0 GHz.

[— .. - |

Fig. 10. Measurement setup in the YZU anechoic
chamber.

Table 1: Antenna gain at 5.8 and 24.0 GHz

Frequency 5.8 GHz 24 GHz
Simulated (dBi) 2.75 5.89
Measured (dBi) 3.07 6.11

dB(GainTotal)

4. 7999F +000
. 2. 834SE+A00
6, 7R0ZE-001

-1, 094Y4E+000
-3, 0S89E+000
-5, 0234E+000
-6. 9878E+000

-8, 9523E+000
H -1.0917E+081
N -1, 2881E+001

-1, 484BE+0A1
-1. 6819E+801

-1,877SE+001
-2.0739E+001
I -2, 2784E+001
-2, 4666E+001

(a) Simulation



WEN, CHEN: DESIGN OF A JERUSALEM-CROSS SLOT ANTENNA

(b) Measurement

Fig. 11. Comparison of 3-D radiation patterns between
simulation data and measurement results at 5.8 GHz.
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Fig. 12. Comparison of radiation patterns between
simulation data and measurement results in the E-plane
(x-z plane) at 5.8 GHz.
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Fig. 13. Comparison of radiation patterns between
simulation data and measurement results in the H-plane
(y-z plane) at 5.8 GHz.

dB(GainTotal)

5. 9946E+000
. Y4, 2230E+000
2. 4514E+000

B.7974E-801
-1.0919E+800
-2, 8635E+000
-4, 6352E+800

. -6, Y1OB3E+0E0
-8, 1784E+000
-9, 9501E+008
-1,1722E+861
-1, 3493E+201

-1, 5265E+801
-1, 7037€+861
-1, 8B08E+801
-2,0580E+001

(b) Measurement

Fig. 14. Comparison of 3-D radiation patterns between
simulation data and measurement results at 24.0 GHz.
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Fig. 15. Comparison of radiation patterns between
simulation data and measurement results in the E-plane
(x-z plane) at 24.0 GHz.
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Fig. 16. Comparison of radiation patterns between
simulation data and measurement results in the H-plane
(y-z plane) at 24.0 GHz.

IV. CONCLUSIONS

Based on the studies of dual-band Jerusalem-cross
frequency selective surface with substrates, we can
quickly design a compact Jerusalem-cross slot antenna
for WiFi and medical applications. The design procedure
is presented in this paper. Measurement results and
simulation data of antenna properties were obtained by
using an Anritsu37369C antenna measurement system in
the YZU anechoic chamber and by using the Ansoft
high-frequency structure simulator (HFSS), respectively.
It is shown that simulation data and measurement results
make a good agreement in antenna properties. The dual-
resonant frequencies of this patch antenna are found at
near 5.8 and 24.0 GHz for the impedance matching with
better than 15 dB return loss. It is found that the
simulated -10 dB bandwidths are 22.1% and 3.41% at
5.8 and 24 GHz respectively. The measured -10 dB
bandwidths are 24.4% and 4.58% at 5.8 and 24.0 GHz,
respectively. It is clear that this Jerusalem-cross slot
antenna provides a very wide bandwidth at 5.8 GHz.
Broad and smooth radiation patterns are found in the E-
and H-plane. The antenna gains obtained by measurement
and simulation at frequencies of 5.8 and 24.0 GHz are
close to 3.0 and 6.0 dBi, respectively. This compact patch
antenna has three dimensions of 22.731x7.577x0.87 mm
which can be fabricated at a low cost using the standard
PCB process. Finally, this compact patch antenna can be
used to apply in unlicensed frequency bands of 5.8 and
24.0 GHz for wireless internet applications including
RFID systems, medical devices, and 10T.
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