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Abstract: This paper presents the design of a high-performance dual-band antenna for industrial,
scientific, and medical (ISM) band applications. The proposed prototype consists of a low-cost patch
antenna, 40 mm x 24 mm in size (i.e., 0.364; X 0.194,, with A, the wavelength corresponding to the
low frequency), with a relatively wideband for both operational bands (up to 140 MHz at 2.45 GHz
and 510 MHz at 5.8 GHz), and a radiation efficiency of over 90%. The antenna has a quasi-
omnidirectional radiation pattern with gains of 2.41 dBi and 5.22 dBi at 2.45 GHz and 5.8 GHz
respectively. The design methodology is detailed and illustrated by simulation results showing the
optimization steps and the characteristics associated with the antenna. Experimental results based
on a fabricated prototype are presented and compared with simulations results from the design
stage. Finally, the proposed antenna prototype is also compared with similar antennas available in
the literature.

Keywords: Antenna; Patch antenna; ISM applications

1. Introduction

The ever-increasing development of wireless communications has led to a large number of radio
standards “coexisting” today [1]. Connected objects (PCs, cell phones, connected sensors, Wi-Fi
routers, Bluetooth headphones, etc. ...) often incorporate several radio frequency technologies for
different purposes, using different frequency bands [2]. In particular, the antenna, which is one of the
main and indispensable components of any radio node, imposes significant physical constraints due
to its size and the need to isolate it from any other radiating elements present and from other
components operating in baseband. Numerous techniques have been developed to miniaturize
antennas [3], and to make them more polyvalent in terms of usable frequency bands (i.e., operational
in several bands) [4].

More recently, electromagnetic energy recovery devices are also attracting increasing attention.
The omnipresence of radiofrequency waves in our environments makes it possible to use them
(without degrading their primary function of transmitting information for a given standard) to
provide a source of energy which, after RF-dc conversion, can be used to power low-energy devices
such as sensors [5]. In this context, too, the antenna's size and versatility in terms of frequency bands
are important assets. In particular, the multiband nature of antennas makes them more robust over
time (or even space, if the device is mobile) in radiofrequency environments that can fluctuate in
terms of the frequencies present or their intensity [6].

Finally, in both cases, wireless information transmission or wireless energy transfer, having a
single antenna, then of the multiband type, is also an advantage in terms of cost and ecological
footprint compared to a dedicated narrow-band multiple-antenna solution.

The aim of the study presented here is to design a dual-band antenna operating at ISM
frequencies 2.45 GHz and 5.8 GHz, targeting, for example, common WLAN standards such as
Bluetooth, Wi-Fi and Wi-MAX. More specifically, in addition to an antenna operating at these two
frequencies, we are looking for a good compromise between performance, size and cost. Section 2
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describes the initial choices made and the step-by-step methodology followed, with particular
emphasis on optimization. Section 3 focuses on the impact of the slots and notches created at the
various stages of antenna design, with the antenna's reflection coefficient as the main criterion. In
Section 4, the manufactured prototype is experimentally characterized, showing good agreement
with the simulations presented. Section 5 gives a comparative overview with antennas of the same
type from the literature. Section 6 concludes the study and opens up a few perspectives.

2. Dual-Band Antenna Design and Simulations
2.1. Technical Specifications and Choice of Antenna Type

The objective of the design is to provide a compact, low-cost, dual-band antenna operating at
2.45 GHz and 5.8 GHz, with high performance; more specifically, i) a reflection coefficient of less
than —10 dB, ii) a bandwidth of at least 100 MHz, iii) a gain of at least 2 dBi, and iv) an efficiency of
at least 80% in both bands.

In the literature, there are several types of antenna for embedded applications, such as wire
antennas [7], aperture antennas [8], metasurface reflectors [9] or microstrip patch antennas [10,11]. In
particular, patch antennas (or printed-on-substrate antennas) are designed chosen because they
occupy little space in RF energy collection systems and can offer robust and inexpensive solutions.
Patch antennas consist mainly of a radiating element, commonly called a patch, a substrate and a
ground plane. Antennas with thick, low-dielectric-constant substrates offer higher efficiency, greater
bandwidth and fields that are less restrictive to radiation in space. On the other hand, antennas with
thin substrates and high dielectric constants result in high losses and low bandwidth. Several types
of substrates are often used to design patch antennas: Rogers [11], Epoxy Flame Retardant-4 (FR-4)
[12], PEC [13], Teflon [14], Textile [15], and RT Duroid [16]. Flexible substrates such as
polydimethylsiloxane (PDMS) and PF4-foam materials [17] are also used. However, the most
commonly used substrate is FR-4 epoxy, due to its low cost, easy to manufacture, suitable for mass
production, and relative high performance. Besides, FR-4 is highly water-resistant and does not
absorb moisture. Small patch antennas generally have low gain and reduced bandwidth. To improve
the performance of these antennas, notably in terms of gain and efficiency, slots can be inserted in
the radiating element [18-20]. Consequently, in order to obtain a low-cost, relatively compact, and
high-performance antenna, a microstrip patch antenna integrating slots based on a FR-4 substrate is
chosen for this work.

2.2. Proposed Antenna Configuration

First, it should be noted that all the simulation results presented were obtained using the high-
frequency simulation software HFSS-version 13.0.

The proposed antenna is rectangular in shape and fed by a centered microstrip line. The
advantage of choosing a rectangular shape is that rectangular patch antennas can be sized according
to theoretical equations [21]. The radiating element and ground plan have a thickness of 0.035 mm
which represents the most economical standard PCB (printed circuit board) thickness. The substrate
used for the antenna design (FR-4 epoxy) has a relative permittivity of 4.4, a loss tangent of 0.02 and
a thickness of 1.6 mm. For simplicity's sake, the feed line is a microstrip placed in the same plane as
the radiating element.

The proposed antenna configuration after optimization steps is shown in Figure 1. The antenna
features circular and rectangular slots on the patch. Notches are inserted on the feed line, and the
partial ground plane has a crenelated shape at the top.
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Table 1 presents the dimensions of each element of the antenna (slots, patch, feed line, substrate
and ground plan). The optimized dimensions of the patch (Lpa x Wpa) and substrate (Lsu x Wsu)
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Figure 1. Proposed dual-band antenna optimized design.

are 33 mm x 18.5 mm and 40 mm x 24 mm respectively.

Table 1. Dimensions of antenna geometrical.

Antenna Values Antenna Values Antenna Values
Parameters (mm) Parameters (mm) Parameters (mm)

Lsu 40 Lpl 9.2 Lf3 0.5

Wsu 24 Lp2 16 Lf4 1
Lpa 33 LS1 2.5 Wf1 34

Wpa 18.5 Wf4 2.8 W12 0.5
Lgr 26 Wpl 6.8 W13 0.3
C1 3 Wp2 10.3 Wi5 1
C2 1 Wsl 3 Lgl 2
C3 1 Ws2 2.1 Wgl 3
R1 9 Lfl 3 Wg2 1
R2 5 Lf2 1 Wg3 2

2.3. Antenna Design Methodology

To size the antenna, a frequency of 2.45 GHz is initially chosen. In fact, an antenna whose
dimensions are obtained from a given frequency is capable of operating in higher frequency bands.
As with any antenna, there is not just one resonant frequency, but many multiples of it. From [21],
considering the previous parameters and the low frequency (i.e., 2.45 GHz), the dimensions of the
patch (Lp x Wp) and the ground plane (Ls x Ws), here identical to those of the substrate are equal to
37.23 mm x 28.81 mm and 46.23 mm x 38.41 mm respectively. One technique for making other main
resonances appear (which can also be repeated on even and odd multiples) and minimize the antenna
size would be to insert slots on the antenna. Our aim is to introduce the second 5.8 GHz frequency
band and optimize the antenna’s performance. The optimization objective was constrained by the
conditions i) to iii) set out above.

Figure 2 shows the four different steps in the antenna design process. Initially, in step 1, the
ground plan is modified by reducing its length, followed by the insertion of a pair of 1 mm x 1 mm
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square notches at the intersection of the patch and the supply line. These notches and the partial
ground plan are proposed to improve the antenna's reflection parameters and minimize its size,
inspired by the authors' work in [21]. In step 2, a circular ring is introduced on the patch and a second
pair of 1 mm x 0.5 mm rectangular notches is then inserted in the lower part of the feed line. Three 2
mm x 2 mm square slots and two circular slots are inserted in the upper part of the ground plan and
symmetrical to the central ring in the third step respectively. The final antenna is obtained by adding
three slots to the patch, two of which are rectangular. The ground plan is also modified by creating
four another square slots in its upper part. The idea behind the shape of the ground plan and the slots
is to create a new current distribution that would influence the resonant frequencies obtained (better
antenna matching by frequency shifting) and improve the antenna's bandwidth.

Step 1 Step 2

Step 3 Step 4

Figure 2. Design evolution of the proposed dual-band antenna.

The circular and rectangular slots are inserted to considerably increase the distance that the
surface current would travel across the patch. Indeed, a current flowing from one end of the patch to
the other is generally blocked by the slots. To bypass them, it will have to take a longer path than the
one without the slots inserted, which would increase the length covered by the current. The result
would be a lengthening of the wavelength or a reduction in the antenna's operating frequency. This
technique can be used to reduce operating frequencies or shift the frequency of resonance points.

The antenna's reflection coefficient at the four steps is shown in Figure 3. It should be noted that
the frequency bands obtained after simulation of the antenna corresponding to the initial structure
(step 1) are not adapted to ISM frequencies. At design step 1, the antenna has two desired operating
frequencies, but with a significant frequency offset, namely 3.1 GHz and 6.8 GHz (not visible on the
curve, as this latter frequency is not of interest here), and a reflection coefficient greater than —10 dB
(—6.2 dB) at 3.1 GHz. In step 2, the antenna has two frequency bands very close to the two ISM bands,
i.e., 2.41 GHz and 6 GHz. At these frequency bands, the reflection coefficient is less than —10 dB. Step
3 of the design resulted in the two desired ISM frequency bands. Finally, in step 4, an improvement
in antenna impedance matching and bandwidth around the two ISM center frequencies is observed.
Table 2 shows the antenna performance parameters at optimization steps 2 to 4. From the first to the
last optimization step, there is a 77% and 30% increase in bandwidth at frequencies of 2.45 GHz and
5.8 GHz respectively.


https://doi.org/10.20944/preprints202412.1709.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 December 2024 d0i:10.20944/preprints202412.1709.v1

--- Step 1
~@- Step 2

s

—a=— Step 4

_-
R
i

1o
=

w
o AL i i L A L L

Stepl Step2 |Step 3| Step 4 !

Reflection coefficient (dB)

2.5 3 35 4 4.5 5 5.5 6
Frequency (GHz)

Figure 3. Antenna reflection coefficient evaluation at four design steps.

Table 2. Dimensions of antenna geometrical.

Steps Frequency (GHz) 511 (dB) Bandwidth (MHz)

2 241 -13.76 90
6 —23.25 340

3 244 -12.79 140
5.83 —24.81 390

4 2.45 —-13.82 160
5.85 —-29.73 445

3. Parameters Study
3.1. Impact of Circular Ring Radius at Design Step 2

The antenna structure in step 2 is obtained by inserting the slots on the feed line and then
modifying the dimensions and position of the circular ring inserted. It should be noted that the
notches had little effect on the frequency bands and reflection coefficients.

To study the impact of the ring’s dimensions on the reflection coefficient and the appearance of
the second band observed, we assumed its fixed inner radius (R2) and varied its outer radius (R1)
with a step of 0.5 mm. The reflection coefficient curve obtained is shown in Figure 4.

The insertion of the circular ring has enabled to obtain two frequency bands with a reflection
coefficient of less than -10 dB. Furthermore, as R1 increases, a frequency shift towards the 2.45
GHz band is observed. Finally, for R1 = 9 mm (which almost represents the outer limit of the ring),
the antenna exhibits center frequencies of 2.41 GHz and 6 GHz.
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Figure 4. Antenna reflection coefficient evaluation at different outer radius values.
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In a second step, we studied the impact of the ring’s vertical position on the reflection coefficient.
We fixed the radius of the ring obtained previously (R1 = 9 mm and R2 = 5mm) and varied the
distance Lp, in 1 mm increment to determine the best vertical position for the ring. Figure 5 shows
the modulus of the reflection coefficient for different vertical positions of the ring. The study shows
that as the distance decreases, there is a shift from high frequency (6 GHz) to low frequencies with a
reflection coefficient whose modulus decreases; on the other hand, at low frequency (2.45 GHz) there
is a slight shift to high frequencies with an increasing S11. The opposite phenomenon is observed
as Lp, increases. In other words, as the slot moves closer to the feed line, both frequencies below 2.45
GHz and above 6 GHz appear. Frequencies very close to the desired frequencies are obtained for
Lp, = 16 mm. In conclusion, modifying the vertical position of a slot on the patch can contribute to
improving the antenna’s reflection coefficient performance.

The insertion of the circular ring slot in step 2 would therefore have led to a new distribution
and concentration of current at points on the radiating element, resulting in a frequency shift and a
frequency very close to the desired second frequency.

0
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Figure 5. Antenna reflection coefficient evaluation at different vertical ring positions.

3.2. Impact of Created Slots in Steps 3 and 4

Figure 6 shows the various sub-steps involved in step 3 of the design. Step 3 consisted firstly in
modifying the upper part of the ground plan (step 3-a) and then in successively inserting the two
circular rings (steps 3-b and 3-c).

Step 3-a Step 3-b Step 3-c

Figure 6. Sub-steps from antenna design to step 3.

Figure 7 shows the evolution of the S11 in the various sub-steps. Firstly, the S11 improves after
modification of the ground plan, compared with step 2 of the design (—16.48 dB vs. —13.76 dB at 2.41
GHz and —27.96 dB vs. —23.25 dB at 6 GHz ). Insertion of the ground plane slots therefore improved
the reflection coefficient without allowing a frequency shift around the 6 GHz frequency. The circular
rings, on the other hand, enabled this frequency shift, resulting in the desired second frequency was
obtained at the end of step 3.
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The positive influence of the ground plan slots on the S11 detected in step 3 made it possible to
insert further slots to create a crenelated shape in the upper part of the ground plane, as shown in
Figure 8 (step 4-a). The final optimization phase involved adding slots inside the central ring (step 4-
b). The study of the S11 is presented in Figure 9. 511 has been improved in the 5.8 GHz band with the
addition of the patch slots. Compared with step 3, the added slots improved the antenna's S11 (—13.82
dB vs. —12.79 dB at 2.4 GHz and —29.73 dB vs. —24.81 dB at 5.8 GHz) and bandwidth by 14%.

Step 4-a Step 4-b

Figure 8. Sub-steps from antenna design to step 4.
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Figure 9. Antenna reflection coefficient at step 4.

The improvement in antenna bandwidth can be justified by the shape and positioning of the
slots. Indeed, these two parameters would have induced capacitive and inductive effects in the
antenna, which would have increased its bandwidth.

The observed reflection performance at the various steps of antenna design, and the symmetry
of the antenna, can be justified by analyzing the surface current distribution on the patch. Figure 10
shows the current distribution in the 2.45 GHz band at the various steps of antenna design. A gradual
intensification of the patch current surface distribution, particularly around the slots is noted. No
current is obviously observed in the slots. This shows that the surface current bypasses the slots. This
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current distribution on the patch is symmetrical. This observed symmetry is explained so by the
symmetry of the antenna itself. Gradual intensification and symmetrical current distribution are also
observed at 5.8 GHz. This current distribution explains why the slots on the patch were designed to
improve the antenna's performance. Another antenna performance parameter is its radiation
efficiency.

Current Density
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Figure 10. Surface current distribution on the antenna patch at 2.45 GHz.

Figure 11 shows the antenna's radiation efficiency as a function of frequency. The dual-band
antenna has a radiation efficiency of 90.3% and 96.2% at 2.45 GHz and 5.8 GHz respectively. In
addition, the antenna reaches its maximum radiation efficiency around 2.45 GHz.
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Figure 11. Antenna radiation efficiency as a function of frequency.

4. Experimental Results

The proposed dual-band antenna is manufactured and experimentally characterized. Figure 12
shows a photo of the front and bottom view of the fabricated dual-band antenna.

I ==

Figure 12. Dual-band antenna photography.
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Figure 13 shows the simulated and measured reflection coefficient of the dual-band antenna as
a function of frequency. The comparison results are detailed in Table 3. The antenna operates under
both frequency bands with a reflection coefficient whose threshold is less than —10 dB. There is a
slight difference between the measured and simulated results, but the overall results agree well,
validating the design as a whole.

Reflection coefficient (dB)

220 -
—#-S11 Simulated
=== S11 Measured
-30 - = ~ - - - ~ -
2 2.5 3 35 4 4.5 5 5.5 6
Frequency (GHz)

Figure 13. Measured and simulated reflection coefficient influence versus frequency.

Table 3. Comparison of measured and simulated reflection parameters and bandwidth.

Central frequency S11 Bandwidth at -10 dB

Tool
(GHz) (dB) (MHz)
2.45 -13.66 160
Simulation
5.85 -29.73 445
Experimental 2.44 -13.60 140
measurements 5.81 -27.12 510

The simulated and measured antenna's radiation pattern at the two frequencies is shown in
Figure 14. A quasi-omnidirectional radiation pattern in the E plane (¢=0°) and directional in the H
plane (p=90°) are observed. Maximum gain is 2.41 dBi at 2.45 GHz and 5.22 dBi at 5.8 GHz.

50
-180 7 -1%0
=245 GHz 6;/1 f=5.8 GHz
—_ Simu. ¢ =0°
% x Meas. ¢ = 0°
—_ Simu. ¢ = 90° —Y

% x Meas. ¢ = 90°
Xﬁ.

Figure 14. Antenna radiation pattern simulated and measured.
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5. Summary of Dual-Band Antenna Performance in Relation to the Literature

Several dual-band antennas operating in frequency bands of 2.45 GHz and 5.8 GHz have been
already presented in the literature. Table 4 presents a comparative study of the proposed antenna
related to center frequencies, dimensions and antenna performances in terms of gain and radiation
indicates that the corresponding value is not

1 “"_r

efficiency (for each frequency band). The symbo
mentioned in the reference.

According to Table 4, the proposed dual-band antenna is very compact and performs well in
terms of gain and radiation efficiency (Eff.). Note that the radiation efficiency obtained is high despite
the use of a lossy FR-4 substrate and antenna compactness. This is due to its low relative permittivity
(4.4) and low tangent losses (0.02), which improve not only radiation efficiency but also the antenna's
bandwidth at interest frequencies [16]. The proposed dual-band antenna could therefore be a very
good candidate both for wireless embedded and energy harvesting systems whose RF source
operates in the 2.45 and 5.8 GHz bands.

Table 4. Comparative study of the antenna’s performance with the literature.

Ref Freq. Substrate Antenna Size Gain Eff.
(GHz) shape (mmxmm) (dBi) (%)
[17] 2.45 PDMS/PF4- Monopole 62 x 62 4.90 68
5.8 foam 3.5 81
[22] 2.4 FR-4 Dipole 44 x 33 1.48 3.83 -
5.8
[23] 245 RT/duroid Dipole 126.7 x 45 5 -
5.8 5870 5.4
[24] 24 Rogers Patch 45 x 45 35 -
5.8 RO4350B 6.2
[25] 2.45 FR-4 Patch 40 x 32 3.16 -
5.8 5.31
[26] 24 FR-4 Patch 60 x 30 22 -
5.8 5.8
[27] 24 RT/duroid Patch 40 x 35 3.6 -
5.8 5880 3.3
[28] 2.4 FR-4 Patch 40 x 33 1.45 -
5.8 3.8
[29] 24 Rogers Active 44 x 41 4.82 -
5.8 RO3003 Patch 5.75
This 2.44 FR-4 Patch 40 x 24 241 90.3
work 5.81 5.22 96.2

6. Conclusions

This paper proposes a new dual-band antenna operating in the 2.45 GHz and 5.8 GHz bands. A
detailed study of the design steps by simulation is made. Simulation results for antenna parameters
have been compared with experimental measurements of the fabricated antenna. The manufactured
antenna is compact, with dimensions of only 40 mm x 24 mm. It operates at resonant frequencies of
2.44 GHz and 5.81 GHz, with high bandwidths of 140 MHz and 510 MHz at these frequencies
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respectively. The fabricated antenna gain is 2.41 dBi at 2.44 GHz and 5.22 dBi at 5.81 GHz. The
antenna's radiation efficiency is over 90%, reaching 96.2% at 5.81 GHz.

The proposed dual-band antenna offers good overall performance and is compatible with two
ISM radiofrequency bands. Consequently, the proposed solution looks very promising for Bluetooth,
WiFi and WiMAX applications and can extend to recovering energy system by exploiting RF waves
in the two ISM bands.
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