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Abstract

This article proposes a compact coplanar waveguide (CPW) antenna with a semicircular patch and patch arm above the feed
line. The method used in this antenna research is experimental, with antenna parameter optimization, fabrication, and measurement
steps. The antenna was 40 mm x 46 mm x 0.8 mm and was printed on an FR4 substrate. Antenna optimization was carried out with
CST Studio Suite to obtain optimal results. Based on return loss measurement results, the proposed antenna has an operational
frequency of 2 GHz-7 GHz. The antenna arm has a significant effect on the operational frequency of the antenna, as proven by a
parameter study of the antenna arm. Parametric studies were carried out on the antenna by investigating the influence of geometric
parameters on the frequency characteristics. Optimization results were printed then measured by a Vector Network Analyzer (VNA)
and a spectrum analyzer. The fabricated CPW antenna has a wider operating frequency than the simulation. An omnidirectional
radiation pattern was observed at 2 GHz—4 GHz. The antenna has been used as a transmitter and receiver at 2.4 GHz, 3 GHz, and
4 GHz. The antenna is able to receive the signal emitted from the signal generator.
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I. INTRODUCTION

Wireless communication systems are ever-evolving
[1]. The antenna as a medium for transmitting EM waves
has been modified to get results according to user
specifications [2]. Among various developed antennas,
the printed circuit board (PCB) antenna is a readily
modified antenna [3], also operable in microwave
frequencies. The small dimensions of the antenna make
this antenna suitable for use in software-defined radio
(SDR). Besides software-defined radio (SDR), this PCB
antenna has also been applied to WLAN, satellites, 5G,
and others [4]-[7]. The PCB antenna has a narrow
operational frequency. However, some modification
techniques can change the operating frequency to UWB
[8].

One of the applications of telecommunications
systems using broadband antennas is software-defined
radio (SDR). SDR technology provides a flexible and
cost-effective solution to drive communications with
broad-reach benefits for users [9]. SDR can enable
hardware radios with radio software, supporting more
functions integrated into radio sets [10]. Joseph Mitola
invented and introduced the SDR in the early 90s as a
radio device that is programmable and configurable using
the software. GNURadio is open-source-based software
that can be used to design and integrate systems with
hardware. GNURadio implements the programming
language C ++ or Python [11]. In addition to being open-
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source, GNURadio users can create block diagrams
according to the desired specifications. Applications for
GNURadio include spectrum measurement,
communication systems, and DVB [12]-[14]. SDR is an
innovation in radio systems because it can be used for
various applications with only one device, such as signal
processing, modulation/demodulation, and passive
receiver [15]. In addition, SDR can be used to create a
new system without replacing or adding its constituent
components. Configure the SDR using the software, then
loaded into the DSP. One type of SDR called HackRF
has an operating frequency of up to 6 GHz. SDR requires
an omnidirectional antenna with a frequency of up to 6
GHz to transmit or receive signals, so the antenna
frequency and specification must be appropriate for the
SDR [16].

Printed circuit board (PCB) antennas have been
described in detail in the literature [17], [18].
Lightweight, affordable, conformal, low-profile, and
suitable with integrated circuits is just a few features of
PCB antennas. Common feeding methods employing
transmission lines [19], coupled apertures [20]-[22], or
electromagnetic [23], [24], coplanar waveguides [25]-
[27], and coaxial probes [28], [29]. Due to their uniplanar
implementation and development of vias, coplanar
waveguides have the advantage of being simple to
integrate with active devices. The literature outlines a
variety of feeding techniques. Shilpee et al. [30] studied
feeding strategies for single-layer PCB antennas using
coplanar waveguides, particularly inductive or capacitive
coupling through slots. Furthermore, because the
coplanar waveguide (CPW) conductor acts as a ground
plane for the patch, typical aperture coupling does not
require a feed substrate.
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Important research topics include reconfiguration,
tuneability, and increasing bandwidth without reducing
excess PCB antennas. The most often utilized strategies
for enhancing the operating frequency of antennas
include the employment of parasitic patches in single-
layer and multilayer designs [31], the use of foam or air
substrates [32], [33], and the addition of slots in the
patch, including a U-patch antenna [34]. On the other
hand, using a parasitic patch will change the dimension
of the PCB antenna [35]. Furthermore, increasing the
thickness of the substrate or using a multilayer produces
a more substantial surface wave, which reduces
efficiency. Although U-slot antennas and similar
specifications have a wide operating frequency range,
they cannot be reconfigured.

SDR devices like HackRF require wideband
antennas that can match the working frequency.
However, current research on antennas for SDR has
resulted in a narrow operational frequency. For instance,
Devi et al. [36] created a CPW antenna for SDR, but the
frequency obtained only ranges from 2.4 GHz to 5 GHz.
Likewise, Patron [37] designed an antenna for SDR by
adding a diode component with an operating frequency
range of 2 GHz to 3 GHz. Ibrahim et al. [38] Designing
a microstrip antenna for spectrum sensing using an SDR
platform as a receiver. The antenna is made as a
microstrip with dimensions of 80 mm x 60 mm. The
designed antenna was successfully integrated with SDR
to test the spectrum sensing with a frequency range of 1.5
GHz- 2.8 GHz. The results of the antenna research for
SDR are shown in Table 1.

Based on the discussion presented, this study aims to
create a wideband microstrip CPW antenna for SDR that
can be modified to achieve the desired operational
frequency by adding an arm above the feed line. The
results obtained from the simulation and fabrication of
the antenna dimensions will be compared. The fabricated
results will be implemented using HackRF as the SDR
device, with performance testing at 2.4 GHz, 3 GHz, and
4 GHz frequencies using the ADF4351 signal generator.
This paper will present the simulation and fabrication of
antenna dimensions in section 2 and the influence of
various antenna parameters in section 3. Section 3 will
also compare the simulation and antenna measurements'
radiation pattern and current distribution. Finally, section
4 will provide conclusions based on the results obtained
in this study.

Il. COPLANAR WAVEGUIDE ANTENNA DESIGN

CPW is part of the transmission line as a feeder for
microstrip antennas that can carry electric current [39].
CPW consists of one conductor as a medium for electric
current to flow to a patch printed on the dielectric

TABLE 1
SUMMARY OF 3 ANTENNA FOR SDR APPLICATION
Literature Antenna Frequency | Bandwidth
work type (GHz2) (MHz2)
Devi et al. Microstrip
[36] patch antenna 2.38-2.52 140
Microstrip
Patron [37] patch antenna 24-3 600
Ibrahim et Microstrip
al. [38] patch antenna 15-28 1300

material and followed by two conductors as a ground
which has a CPW schematic distance as shown in Figure
1. The CPW impedance can be calculated using (1)—(6),
for the length of the CPW feed line it can be calculated
using equation (7).
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The radiating element serves the purpose of emitting
both magnetic and electric waves. These radiating
patches are usually made up of conducting layers of
different thicknesses, and they come in various forms,
such as circular, triangular, rectangular, and others. The
fabricated antenna dimensions are shown in Figure 2,
while the antenna fabrication is shown in Figure 3. The
fundamental shape of a patch antenna is circular, but the
top patch is altered to resemble a flower shape. An arm
with a 1 mm width is added to the center of the antenna.
The antenna feedline, which has a width of 2.75 mm, is
situated between the ground planes, and its distance from
both ground planes is 0.38 mm. During antenna
fabrication, it is necessary to consider the feedline
distance from the ground plane since it can cause
radiation leakage. The size and position of the feedline
and arm patch will be examined to determine their impact
on the antenna’s performance. CST Studio Suite software
was used to design the antenna, as shown in Figure 2.
Several optimizations were carried out in the simulation
process to obtain results according to specifications. The
antenna uses a 0.8 mm FR-4 substrate with a permittivity
of & = 4.3. The fabricated antenna is shown in Figure 2.

The antenna design process uses several equations to
determine the variables, such as characteristic impedance
and effective permittivity [18]. The equation for the
antenna dimensions is also used as a basic reference in
the design. As the feed to the SMA connector, the

hI £,

Figure 1. The coplanar waveguide structure.
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Figure 2. The proposed coplanar waveguide antenna design.
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Figure 3. The fabricated coplanar waveguide antenna.

antenna impedance uses the 50 Q microstrip line method.
Table 2 shows the CPW antenna’s structure. The antenna
design has dimensions of 40 mm x 46 mm x 0.8 mm.

I1l. SIMULATION AND MEASUREMENT RESULTS

This section will examine the impact of each
proposed antenna parameter, which can help broaden the
antenna design process. The CST Studio Suite was used
to conduct and evaluate parametric studies. Various
design steps were taken to arrive at the final design of the
proposed UWB antenna, including the analysis of
important parameters.

A. Analyzing important parameters through
parametric studies

The first variable to be observed is the feed line
width (W) of the antenna. The antenna feed line width
is simulated from 2 mm to 3 mm, as shown in Figure 4.
The simulation results indicate that the resonant
frequency moves to a lower frequency. When the feed
line width is 2 mm, the lowest frequency of the antenna
is at 2.35 GHz, and the upper frequency of the antenna is
at 6.45 GHz. This feed line width can be optimized to
obtain proper coupling from the feed line to the patch
antenna. Furthermore, the feed line width is changed to
2.25 mm. The results obtained are better than the
previous feed line width. The lower frequency of the

TABLE 2
ANTENNA PARAMETERS
Parameters Dimensions (mm)

L1 17
L2 1
L3 15
W1 22
w2 30
W3 37.7
W4 175
W5 18.25
W6 2.75
w7 1.75

antenna shifts to a lower frequency at 2.1 GHz, and the
upper frequency is at 6.45 GHz.

The antenna’s resonant frequency moves lower
when the feed line width is increased. It can be seen that
when the feed line width is changed to 3 mm, the lower
frequency of the antenna can reach 1.96 GHz. However,
it has an impact on the value of the reflection coefficient.
The feed line width with a value of 3 mm increases to -
10 dB at 3 GHz. At a frequency of 3 GHz, the feed line
width of 2 mm to 2.75 mm has a reflection coefficient of
less than -10 dB. The simulation results show that the
width of the feed line affects impedance matching. The
lower the resonant frequency of the antenna moves to the
left as the feed line width increases.

The second variable observed is the antenna arm
(W4) which is above the feed line. The results of the
optimization of the antenna arm are shown in Figure 5.
The antenna arm length is simulated with various values
from 2.5 mm to 10 mm. The antenna arm with a length
of 2.5 mm has a bandwidth range of 1.9 GHz-5.5 GHz.
The antenna arm with a length of 4.5 mm has a bandwidth
range of 1.9 GHz-5.8 GHz. The 6.75 mm long antenna
arm has a bandwidth range of 1.9 GHz—6.4 GHz. The
simulation results demonstrate that the resonant
frequency value of the antenna moves to the right when
optimization is carried out from 2.5 mm to 6.7 mm. The
maximum resonant frequency of the antenna moves to
the left when the antenna arm is 9 mm to 10 mm long.

$,,(dB)

Frequency (GHz)

Figure 4. The simulated effect of feed line width (W6) on antenna
reflection coefficient.
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Figure 5. The simulated effect of the antenna arm (W4) on
return loss.

The impact of this top frequency move makes the antenna
bandwidth narrower, namely 1.9GHz-5GHz and
1.9GHz-4.5GHz.

Based on the results obtained, changes in the length
of the antenna arm can affect the resonant frequency. The
reflection coefficient of the antenna has a particular
optimum distance when the arm length is changed. The
length of the antenna arm, which is 2.5 mm to 6.75 mm,
makes the upper resonant frequency of the antenna shift
to the right. This resonant frequency shift makes the
antenna bandwidth wider. However, the upper resonant
frequency of the antenna shifts to the left when the arm
length of the antenna is more than 6.75 mm. The shift is
because the current is strongly distributed in the feed line.
The parameter W7 influences the antenna performance,
as shown in Figure 6. This variable is adjusted such that
the ground plane has no effect on the ideal coupling from
the feed line to the patch. According to the W7
optimization, 1.75 mm is the ideal distance between the
feed line and the antenna ground plane. Consequently,
the spacing between the feed line and the ground plane
has a major impact on the resonance frequency and
bandwidth of the antenna.

B. Return Loss

The return loss comparison between the results from
simulation and measurement is shown in Figure. 7. The
return loss characteristics were measured with a network
analyzer. The measured return loss graph shows an

0

$,,(dB)

1 2 3 4 5 6 7
Frequency (GHz)

Figure 6. The simulated effect of the antenna arm (W7) on return
loss.
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Figure 7. The comparison of simulated and measured return
loss.

antenna operating frequency of less than -10 dB from 2
GHz to 7 GHz, whereas the simulation results show an
antenna operating frequency ranging from 1.8 GHz to 6.5
GHz.

Several factors could be responsible for the
discrepancy between the simulated and measured results.
These factors may include the inappropriate standard
dielectric constants used in both the simulation and
fabrication processes and errors that may occur during
the measurement process. Despite this, the difference
remains within acceptable limits, since the operational
frequency of the antenna still meets the specifications of
the SDR utilized.

C. The radiation pattern of the proposed work

The antenna radiation pattern is shown in Figure 8,
Figure 9, and Figure 10. Around 2-4 GHz, the antenna
emits an omnidirectional radiation pattern in the E-plane.
The experimental results show a reasonably good match
with the simulation. The proposed antenna has the same
radiation pattern at 2-4 GHz frequency. The antenna has
omnidirectional radiation, which means it can receive
signals from all directions. The radiation pattern is also
influenced by the antenna’s ground plane. The antenna
radiation pattern is symmetrical because it has identical
ground plane dimensions surrounding the feeding point.

D. Current distribution

As shown in Figures 11, Figure 12, and Figure 13,
the simulation result of electric current distribution is
found on the top border of the ground plane, the bottom
of the patch, the outside edge of the patch, the patch arm,

\(
220 Nd—g—{—4 140

200 190 189 170 160

Figure 8. The simulated and measured patterns of the normalized
E-field antenna radiation at 2 GHz.
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Figure 9. The simulated and measured patterns of the normalized
E-field antenna radiation at 3 GHz.

—=— Simulation
30 40 —e— Measurement

3403%0 0 10

320 =14~
310 N 50
300 60
290 0 ) \‘ 70
280 \ : 80
270 i 90
5, \,

260 \ {5 100
250 /‘ 110
240 S\ 120
230 S 2130
220 ~ - e 140
210 e=h 150

200190 180 170 160

Figure 10. The simulated and measured patterns of the
normalized E-field antenna radiation at 4 GHz.

and the feed line. At the same frequency, the current is
distributed at the center of the antenna’s feed. The current
distribution at the ground plane implies that the portion
of the ground plane closest to the patch functions as part
of the radiation structure. As a result, the distance
between the patch arm and the ground plane substantially
impacts antenna return loss. In a symmetrical E-plane,
the x-field components on the right and left sides of the
patch are pointing in opposing directions and will cancel
each other out in the far field. This x-field component
also generates a cross-polarized pattern in the H-plane.

Afm~2
115
100

40

Figure 11. The current distribution at 2 GHz.

Afm*2
197

Fig‘u're 12. The current distribution at 3 GHz.

Afm~2

Figure 13. The current distribution result at 4 GHz.

E. Gain

The antenna gain comparison is shown in Figure 14.
The simulated gain results increase with increasing the
frequency up to 6 GHz. The lowest gain value is at the 2
GHz frequency, 2.1 dB. The measurement yielded
similar results to the simulation of the antenna gain. The
measured gain values at some frequencies are lower, and
some are higher than the simulated gain. The measured
gain reaches 2.5 dB at a frequency of 2 GHz, while in the
simulation the gain is 2.08 dB. Furthermore, at a
frequency of 3 GHz, the measured gain reaches 3.21 dB,
while the simulated gain is only 3 dB. At 4 GHz

Gain (dB)

—=— Simulation
—e— Measurement

3 4 5 6 7
Frequency (GHz)

Figure 14. The comparison of simulated and measured gains of
the proposed antenna.
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frequency, the simulated gain is greater than the
measured gain; the simulated gain is 3.3 dB, while the
measured gain is 3 dB. The simulated gain at 5 GHz
frequency is 3.5 dB, while the measured gain is 3.6 dB.
The highest gain from the simulation and measurement
results is at the 6 GHz frequency. The gain of the
simulation results obtained is 3.92, while the gain of the
measurement results is 4.2 dB.

F. HackRF Implementation

Antenna implementation was conducted using a
signal generator and HackRF. The antenna was
positioned as a transmitter and receiver. The antenna test
design is shown in Figure 15. The signal transmitter uses
the ADF4351 signal generator capable of generating
signals up to 4 GHz frequencies. The signal generator
was connected to the antenna and placed in room 1.
HackRF was used at the receiver, capable of receiving
signals up to 6 GHz. HackRF was connected to the
receiving antenna and placed in a different location from
the transmitter. The distance between the receiver and
transmitter was 10 m.

The GNURadio software was used to view the
signals received from HackRF. The block diagram used
in GNURadio is shown in Figure 16. The block diagrams
were “osmocom source” and “WX GUI FFT Sink”. The
“osmocom source” block is used for SDR hardware such
as HackRF. The configuration in this block is the sample
rate the number of samples per second. The center
frequency is the frequency that is tuned to the radio
frequency (RF). The frequency correction factor is in
parts per million (ppm) and can be set to 0 if it is
unknown. The DC offset mode controls the hardware DC
offset. The DC offset function can only be used on the
USRP. The 1Q balance mode was used to control the
software 1Q imbalance correction. The gain mode was
used to select between the manual (default) and
automatic gain mode as appropriate. The RF gain is the
overall RF gain of the device. The IF gain is the overall

Frequency: 2.59397 GHz

Room 1

Room 2

10m

Figure 15. The implementation of the proposed antenna.

osmocom Source
Sample Rate (sps): 10M
Chi: Frequency (Hz): 4G
Chi: Freq. Corr. (ppm): 0
ChO: DC Offset Mode: Off
Cho: IQ Balance Mode: Off
Ch0: Gain Mode: Manuzl
ChO: RF Gain (dB): 4
ChoO: IF Gain (dB): 20
ChO: BB Gain (dB): 20

WX GUI FFT Sink
Title: FFT Plot
Sample Rate: 10M
Baseband Freq: 4G
Y per Div: 10 dB
¥ Divs: 10
Ref Level (dB): 0
Ref Scale (p2p): 2
FFT Size: 1.024k
Refresh Rate: 15
Window: Hamming
Notebook: notebook, 0

Freq Set Varname: Mons

Figure 16. The GNURadio block diagram.

intermediate frequency gain of the device. This setting is
available for the RTL-SDR and the OsmoSDR devices
with the E4000 and the HackRF tuners in the transmitter
and receiver mode. The BB gain is the overall baseband
gain of the device. This setting is available for HackRF
in the receiver mode. Observations lead to a reasonable
gain range from 15 to 30 dB.

The implementation process included testing the
antenna by receiving signals at 2.4 GHz, 3 GHz, and 4
GHz frequencies. Based on the results obtained, the
fabricated antenna can receive signals from the
transmitter. As can be seen in Figure 17, Figure 18, and
Figure 19, there is a higher peak power compared to other
frequencies at each of the 2.4 GHz, 3 GHz, and 4 GHz
frequencies.
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Figure 17. The received signal at frequency 2.4 GHz.
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Figure 18. The received signal at frequency 3 GHz.
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Figure 19. The received signal at frequency 4 GHz.

1VV. CONCLUSION

Compact planar antennas are provided for software-
defined radio. The proposed antenna has been optimized
through simulation and fabricated with a compact size of
40 mm x 46 mm x 0.8 mm. Antenna geometric
parameters such as feed line width, antenna arm, and
distance between the feed line and ground plane are
examined to identify the best design Antenna return loss
measurements using VNA show that the antenna can
operate at a frequency of 2 GHz to 6 GHz. The
measurement findings demonstrate a discrepancy
between the simulation and measurement results for
antenna return loss. The antenna’s operational frequency
from the simulation is 2 GHz-6.5 GHz, but its
operational frequency from the measurement is 2 GHz—7
GHz. At 2 GHz—4 GHz, the antenna radiation pattern is
omnidirectional. CPW antennas are suitable for SDR
because of their compact size and appropriate bandwidth.
Antenna fabrication results have been successfully
implemented in SDR. The antenna has been used as a
transmitting and receiving medium at 2.4 GHz, 3 GHz,
and 4 GHz. In the implementation that has been done, the
antenna can receive the signal emitted from the signal
generator.
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