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Abstract: An empirical method for simplified dimension estimation of patch antennas is proposed in
this work based on characteristic mode analysis (CMA). This method involves generating formulae
to calculate substrate-independent antenna patch widths produced from the antenna’s characteristic
angle. This enables the definition of a relationship between the characteristic angle and the natural
resonant frequency of an antenna structure, bridging the changes of resonant frequencies contributed
by possible variation in substrate properties. From here, the end “calibrated” results can be used to
generate specific formulae for each antenna to determine the width of the patch at different operating
ﬁf;e;:tfgsr frequencies, making it time- and resource-efficient. This method was validated using conventional
and slotted antennas designed using different substrates, both rigid (RO4003C, Rogers RT/Duroid
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In recent years, flexible electronic devices have become especially important to cater
to various wireless communication applications, such as the internet of things (IoT), emer-
gency services, medical and military [1,2]. Wearable antennas are typically implemented
Publisher’s Note: MDPIstaysneutral ~ to support the wireless communication capability in such electronic devices. They are
with regard to jurisdictional claims i designed using flexible materials to ease their integration with clothing when placed on
published maps and institutional affil- ~ various body locations, such as on the chest, wrist, head, etc. In the past decade, flexible

fations. antennas have been designed using different materials including electro-textiles, due to

their ease of integration into clothing. These wearable antennas are applied for remote

sensing and monitoring of patients with diabetes [3,4], and for monitoring the heart rate [5]
:)4

in an indoor environment. Furthermore, flexible materials, such as textiles, are low in
dielectric constant, which potentially increases antenna bandwidth and reduces the surface
wave losses [6].

The theory of characteristic modes (TCM) was first proposed in [7] and refined in [8,9].
Characteristic modes represent a set of orthogonal real currents on the surface of a con-
Attribution (CC BY) license (https:/ / ductmg.body. It does not require e>fc1tat1on sources When detgrmmmg the electljomagnetlc
creativecommons.ore/k properties of the structure [10]. This makes it an efficient basis for antenna design, due to

-org/licenses/by/ . e . 3 . .. . .. .
10/). its capability in providing direct insights into the antenna’s radiating phenomena, allowing
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a more systematic design process in place of a tedious optimization approach. Moreover,
the insights provided by CMA aid in locating the placement of excitation on any arbi-
trary antenna and/or on a platform [11] without readily available closed formulation for
analyses. TCM provides a natural and systematic method for designing Multiple-Input
Multiple-Output (MIMO) antennas with high efficiency [12]. Moreover, recent topics in
CMA include a focus on investigating the metasurface structures to improve antenna per-
formance [13,14]. CMA can also be used to improve impedance bandwidth by combining
dominant modes operating over the necessary band [15]. In addition to these, the CMA
technique has also been applied in optimizing the radiation pattern of antennas [16] and in
presenting the systematic procedures for designing platform-integrated antenna [17].

The bandwidth of an antenna can be efficiently estimated by solving only the equiv-
alent eigenmodes. This produces a general electromagnetic solution for the structure, as
the results of the analysis are independent of excitation [18]. Using a moment method
formulation and the discretized impedance matrix, one can determine the characteristic
modes of any perfectly conducting structure, and this feature is what makes this analysis
method so attractive [19]. For the computation of patch dimensions, the antenna designer
needs practical and accurate formulae. There are several formulae [20-28] in the litera-
ture for determining the physical dimensions of the patch, which vary in accuracy and
computational effort, as described in the following subsections.

This paper proposes a method determining the dimensions, and predicting the reso-
nant frequencies of planar antennas with different degrees of structural complexity, stem-
ming from the initial work in [29]. The created formula is applied to optimizing radiator
dimensions of a dual-band slotted antenna at various stages. Most importantly, an in-
vestigation into the accuracy of the proposed method, and its fundamental limitations
in estimating the patch dimensions and resonant frequency, is performed. This method
contributes to time and effort reduction, due to its ability in predicting resonant frequencies
of different antenna topologies and substrate materials.

1.1. Classical Method

Microstrip antennas (MSAs), consisting of a patch, substrate and ground layer, are
usually studied using two dielectric media: (i) air over the patch, and (ii) the dielectric
substrate underneath. Radiation leads to the fringing fields at the edges. The length of
the radiation patch on either side of the patch is then effectively increased by a length
commonly described as AL. The electric length (Leff) of the patch is, therefore, 2AL more
than its physical length (L). The empirical formula in [20] shows that AL can be determined
based on the width (W) of the patch, substrate thickness (k) and its effective dielectric
constant (ereff).

1.2. Equivalent Design Concept

A new method in estimating the physical length of a rectangular MSA was proposed
in [21,22]. The physical length extension (d) of the patch is directly proportional to the
thickness (h) of the substrate, whereas the electrical length (Le) of the patch is inversely
proportional to its width (W). The proportionality constant () of the height of substrate
to guided wavelength is, then, independent of the resonant frequency (fr), thickness, and
dielectric constant (er) of the substrate [23]. This allows new design parameters to be
obtained by appropriately scaling an existing design previously optimized for another set
of materials. Moreover, the two designs are equivalent if they result in the same resonant
frequency, as follows:
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Hence 1w
For a rectangular patch, the value of j is unity.
The new approach enables the calculation of the physical length of the patch (Lp), as

follows:

L, = (1—-2BH)L. (4)
-
H= T ] @)

Calculations were performed to verify the proposed procedure, as follows:

i. First, the dielectric constant er was varied from 1 to 10.

ii.  For each value of er, values of § were determined between 1 to 60 GHz. To do so,
15 values of resonant frequency were considered from 1 GHz to 10 GHz in steps of
1 GHz, whereas resonant frequencies of 20, 30, 40, 50 and 60 GHz were simulated.
A total of 450 combinations of B were calculated at different frequencies, dielectric
constants, and antenna substrate thicknesses.

iii. Three values of the normalized substrate thicknesses (H) were considered: H = 0.005,
0.01 and 0.015. Parameter Hwass calculated as: H = h/Ag, where Ag was the guided
wavelength for specific dielectric permittivity.

The value of f was kept constant (unity) in all cases.

1.3. Patch Dimensions for Thin and Thick Substrates

The work in [24] proposes a new closed formula for calculating the patch dimensions
of electrically thick and thin rectangular microstrip antennas (RMSAs). They are obtained
using a curve fitting technique (CFT), which is useful for computer-aided design of mi-
crostrip antennas. A rectangular patch was considered, with a width, W, and length L
placed over a ground plane with a substrate of thickness and relative dielectric constant,
as shown in Figure 1. To obtain the proper patch dimensions, many experiments were
performed to derive the following equation with satisfactory results depending on the
chosen h, er and fr:

Patch dimension(w or L) = ajAg (11/Ag)™ + azhy(h/Ag)™ + asho (6)

where Ag is the guided wavelength in the dielectric substrate, Ao is the free-space wave-
length, and the unknown coefficients, a1, ap, a3, a4, and a5, are determined by the CFT for
electrically thin and thick RMSAs. This approach enables antenna designers to use a single
model to estimate both patch width and length, thus, simplifying the procedure in two
main steps. The first is the selection of a suitable dielectric substrate material, followed by
determining the patch dimensions W and L. Finally, the unknown coefficients of the model
are determined using CFT. The results calculated by applying the formulae proposed in
Equation (6) were better than those expected in prior studies. The good agreement between
measured and estimated patch-dimension values confirmed the validity of the formulae
proposed in this study. These formulae enable designers to use a single model for both
patch width and length and, thus, simplifying the design. The sum of the absolute errors
between the theoretical and experimental results using this method was 0.143.
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Figure 1. RMSA structure [24].

2. Proposed Method Based on CMA

It is apparent that all the techniques presented in the literature to estimate the dimen-
sions of rectangular MSAs are based on three parameters: thickness, dielectric constant,
and resonant frequency. For the same purpose, CMA can be used to derive the design
equations. The proposed method in this research involves determining the patch width
generated using CMA (WCA) and its relationship between the variables at different reso-
nant frequencies in several steps. This facilitates the estimation of the width of the planar
radiator using only CMA without considering the effects of substrate and excitation. To
validate this method, four different substrates with varying dielectric permittivity and
thicknesses were chosen, as summarized in Table 1.

Table 1. Characteristic of Substrate Materials.

Substrate Dielectric Constant (er)  Loss Tangent (tanJ) Thickness (mm)
Felt 13 0.044 3
RO4003C 3.4 0.002 0.085
Denim 1.7 0.085 1

Rogers RT/Duroid

5880 2.2 0.0009 0.508

The formulation process of this method was performed as follows:

i. A simple square patch was modeled without substrate and excitation.

ii. The characteristic angle (CA) resulting from the dimensions of the radiator was
analyzed in terms of resonant frequency. If the resulting CA was close to 180°, the
patch width was adopted, and this process was repeated for other resonant frequencies.
The use of CA simplified the iteration process and reduced the number of cycles to
achieve optimal performance.

iii.  The full antenna structure (with substrate, ground, and excitation) was then designed
and analyzed using MoM. The widths of the antenna producing different resonant
frequencies were recorded.

Upon obtaining all patch dimensions from both CMA and MoM methods, relations
between dimensions and all resonant frequencies were determined in the form of equations.
The final equation was generated, which varied for each substrate material.

These steps generated CMA-based design equations to calculate patch dimensions, as
summarized in Figure 2. To properly validate the proposed procedure, a large number of
calculations were performed on conventional and slotted antennas designed on different
substrates to operate at different resonant frequencies.
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Figure 2. (a) Generation of the formula, and (b) design procedure using the proposed formula.

2.1. Conventional Antenna

A square microstrip patch antenna is defined as the conventional antenna. First, its
patch width and length were calculated using CMA without the substrate and excitation,
followed by the width and length calculations of the patch using MoM (including the
substrate and excitation). The CA parameter was used, as illustrated in Figure 3. Mode
1 was observed to be the dominant mode, as seen in its close-to-180° value for different
operating frequencies.

The equations to perform these estimations were generated as follows:

i.  First, the physical width of the radiator patch, WCA, was calculated using the CMA
method without substrate and excitation. This value was then subtracted from the
width value of the patch, WM-S. This value was calculated using MoM (to include
substrate and excitation) and to result in a new parameter, AW, as follows:

AW = WCA — WM-S )

ii. The average ratio between the patch width produced by a MoM to the difference
between the width values produced by CMA and MoM was then calculated:

K ~ Average [WM-S/AW] (8)
iii. ~ Finally, a general form of the proposed formula, WM-F could be calculated as:

WM-F = [KWCA/K] —V )
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iv. where V = er/2 represents the value of substrate permittivity divided by 2, whereas K
represents the value of k with an estimated correction factor (R) which varied between
(0.8 to 0.9) for all substrates, calculated as:

K=K+R (10)

v.  The deviation between the patch width value in simulation and the proposed formula,
D, was used to determine the accuracy of the proposed method, as follows:

D = WM-S — WM-F (11)

Mode index=1- 2.4 GHz
Mode index =1 - 3.2 GHz
Mode index=1-4 GHz

Mode index =1 - 2.8 GHz
Mode index =1 - 3.6 GHz

— 270
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Figure 3. Characteristic angle of a square patch at different operating frequencies.

Next, all calculation results for each substrate were used to estimate a set of customized
formulae in Table 2. These simple closed-form formulae provided satisfactory accuracy
in estimating the patch dimensions. The rate of deviations in dimensions between the
values obtained from the formula and the actual value varied, depending on the operating
frequencies, as seen in Figure 4. However, their variations were less than 0.5 mm, which
indicated accuracy in estimating the patch dimensions. The proposed formula for each
substrate would help a designer estimate the patch’s dimension without the effect of
substrate, ground, and excitation, saving time needed for analysis.

Table 2. Proposed Formulae for Different Substrate Materials.

Substrate Proposed Formula
Felt WM-F = (0.7 WCA) — 0.6
RO4003C WM-F = (0.52 WCA) — 1.7
Denim WM-F = (0.65 WCA) — 0.85
Rogers RT /Duroid 5880 WM-F = (0.61 WCA) — 1.1

A systematic procedure of transforming the patch width obtained using CMA (WCA)
to the actual value of the width of the antenna (WM-S) is summarized in Figure 5. The
patch dimensions from each substrate type are presented in Tables 3—6.
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Table 3. Patch width estimation on felt substrate using CMA.

£ (GHz) WCA WM-S AW = WCA — WM-S K = WM-S/AW WM-F D = IWM-S — WM-FI A Error (%)
(mm) (mm) (mm) (mm) (mm)

24 70 48.7 21.3 2.28 48.4 0.3 0.61
2.6 64.7 4471 19.99 223 44.69 0.02 0.04
2.8 60 41.5 18.5 224 414 0.1 0.24
3.0 56 38.62 17.38 222 38.6 0.02 0.05
3.2 52.3 36.04 16.26 221 36.01 0.03 0.08
3.4 49.3 33.91 15.39 2.2 33.91 0 0

3.6 46.5 31.96 14.54 2.19 31.95 0.01 0.03
3.8 4.1 30.26 13.84 2.18 30.27 0.01 0.03
4.0 42 28.8 13.2 2.18 28.8 0 0

4.2 39.9 27.2 12.7 2.14 27.33 0.13 0.47
44 38.1 26 12.1 2.14 26.07 0.07 0.26
4.6 36.4 24.6 11.8 2.08 24.88 0.28 1.13
4.8 34.7 234 11.3 2.07 23.69 0.29 1.23
5.0 33.4 22.6 10.8 2.09 22.78 0.18 0.79
52 32.1 21.92 10.2 2.14 21.87 0.03 0.22
54 30.9 21 9.9 212 21.03 0.03 0.14
5.6 29.8 20.2 9.6 21 20.26 0.06 0.29
5.8 28.8 19.5 9.3 2.09 19.56 0.06 0.31
6.0 27.8 18.86 8.94 2.1 18.86 0 0

6.2 26.8 18.2 8.6 2.11 18.16 0.04 0.22
6.4 26 17.7 8.3 213 17.6 0.1 0.56
6.6 25.2 17.06 8.14 2.09 17.04 0.02 0.11
124 13.45 8.815 4.653 1.9 8.815 0 0

Table 4. Patch width estimation on RO4003C substrate using CMA.
£ (GHz) WCA WM-S AW = WCA — WM-S K = WM-S/AW WM-F D = IWM-S — WM-FI A Error (%)
(mm) (mm) (mm) (mm) (mm)

24 70 34.5 35.5 0.97 34.7 0.2 0.57
2.6 64.7 31.89 32.81 0.97 31.94 0.05 0.15
2.8 60 29.3 30.7 0.95 29.5 0.2 0.68
3.0 56 27.4 28.6 0.95 27.42 0.02 0.07
3.2 52.3 25.47 26.83 0.94 25.49 0.02 0.07
3.4 49.3 23.88 25.42 0.93 23.93 0.05 0.21
3.6 46.5 224 24.1 0.92 22.48 0.08 0.35
3.8 441 21.1 23 091 21.23 0.13 0.61
4.0 42 20.03 21.97 0.91 20.14 0.11 0.54
42 39.9 19 20.9 0.9 19.04 0.04 0.21
44 38.1 18 20.1 0.89 18.11 0.11 0.61
4.6 36.4 17.22 19.18 0.89 17.22 0 0

4.8 34.7 16.33 18.37 0.88 16.34 0.01 0.06
5.0 33.4 15.67 17.73 0.88 15.66 0.01 0.06
52 32.1 15 17.1 0.87 14.99 0.01 0.06
5.4 30.9 14.21 16.69 0.85 14.36 0.15 1.05
5.6 29.8 13.66 16.14 0.84 13.79 0.13 0.94
5.8 28.8 13.3 15.5 0.85 13.27 0.03 0.22
6.0 27.8 12.63 15.17 0.83 12.79 0.12 1.25
6.2 26.8 12.24 14.56 0.84 12.23 0.01 0.08
6.4 26 11.83 14.17 0.83 11.82 0.01 0.08
6.6 25.2 11.41 13.79 0.82 11.4 0.01 0.08
124 13.45 5.8 7.65 0.75 5.29 0.51 9.19
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Table 5. Patch width estimation on denim substrate using CMA.

£ (GHz) WCA WM-S AW = WCA — WM-S K = WM-S/AW WM-F D = IWM-S — WM-FI A Error (%)
(mm) (mm) (mm) (mm) (mm)
24 70 44.75 25.25 1.77 44.65 0.1 0.22
2.6 64.7 41.3 234 1.76 41.205 0.095 0.23
2.8 60 38.2 21.8 1.75 38.15 0.05 0.13
3.0 56 35.57 20.43 1.74 35.55 0.02 0.05
3.2 52.3 33.2 19.1 173 33.143 0.055 0.17
3.4 49.3 31.22 18.08 1.72 31.195 0.025 0.08
3.6 46.5 29.4 17.1 1.71 29.375 0.025 0.08
3.8 44.1 27.82 16.28 1.7 27.815 0.005 0.01
4.0 42 26.5 15.5 1.7 26.45 0.05 0.18
4.2 39.9 25.1 14.8 1.69 25.085 0.015 0.05
44 38.1 23.92 14.18 1.68 23.915 0.005 0.02
4.6 36.4 22.84 13.56 1.68 22.81 0.03 0.13
4.8 34.7 21.58 12.82 1.68 21.51 0.07 0.32
5.0 33.4 20.88 12.52 1.66 20.86 0.02 0.09
5.2 32.1 20.02 12.08 1.65 20.015 0.005 0.02
54 30.9 19.3 11.6 1.66 19.235 0.065 0.33
5.6 29.8 18.6 11.2 1.66 18.521 0.08 0.42
5.8 28.8 18 10.8 1.66 17.87 0.13 0.72
6.0 27.8 17.23 10.57 1.63 17.22 0.01 0.05
6.2 26.8 16.58 10.22 1.62 16.57 0.01 0.06
6.4 26 16.06 9.94 1.61 16.05 0.01 0.06
6.6 25.2 15.54 9.66 1.6 15.53 0.01 0.06
124 13.45 7.88 5.57 141 7.89 0.01 0.12
Table 6. Patch width estimation on Rogers RT/Duroid 5880 substrate using CMA.
£ (GHz) WCA WM-S AW = WCA — WM-S K = WM-S/AW WM-F D = IWM-S — WM-FI A Error (%)
(mm) (mm) (mm) (mm) (mm)

24 70 41.6 28.4 1.46 41.6 0 0

2.6 64.7 38.35 26.35 1.45 38.367 0.017 0.04
2.8 60 35.48 24.52 1.44 35.5 0.02 0.05
3.0 56 33 23 1.43 33.06 0.06 0.18
3.2 52.3 30.8 21.5 143 30.803 0.003 0.01
3.4 49.3 28.97 20.33 1.42 28.973 0.003 0.01
3.6 46.5 27.265 19.235 141 27.265 0 0

3.8 4.1 25.8 18.3 14 25.801 0.001 0.003
4.0 42 24.51 17.49 14 24.52 0.01 0.04
42 39.9 23 16.4 14 22.934 0.066 0.28
44 38.1 22.141 15.959 1.38 22.141 0 0

4.6 36.4 21.104 15.296 1.37 21.104 0 0

4.8 34.7 20.1 14.3 14 19.884 0.216 1.08
5.0 33.4 19.2 14.2 1.35 19.274 0.074 0.38
52 32.1 18.21 13.89 1.31 18.481 0.271 1.47
5.4 30.9 17.7 13.2 1.34 17.749 0.049 0.27
5.6 29.8 17.27 12.53 1.37 17.078 0.192 1.11
5.8 28.8 16.63 1217 1.36 16.468 0.162 0.97
6.0 27.8 15.86 11.94 1.32 15.858 0.002 0.01
6.2 26.8 15.25 11.55 1.32 15.248 0.002 0.01
6.4 26 14.77 11.23 1.31 14.76 0.01 0.06
6.6 25.2 14.22 10.92 1.3 14.272 0.052 0.36
124 13.45 7.506 5.944 1.26 7.105 0.401 5.48
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2.2. Slotted Antenna

To extend the proposed method to include dimensions of patches with multiple slots,
two cases of slotted antennas were further validated. A square patch was integrated with
either: (i) a centered rectangular slot (CRS), or (ii) a pair of parallel rectangular slots (PRSs).
Their dominant modes were excited to estimate their operating frequencies when designed
on different substrates.

2.2.1. Center Rectangular Slot (CRS)

In this section, a simple rectangular slot dimensioned at Lc =4 mm X Wc =25 mm
was centered on a square patch with a distance of S1 = 31.94 mm and 52 = 20.99 mm from
its edges, as shown in Figure 6.

Figure 6. Patch with CRS structure.

Formulae for this structure, using different substrate materials, were generated, and
are presented in Table 2. The transformation process of the slotted patch width-based CMA
to the actual value used in the complete antenna was first performed for the felt substrate. It
was observed that a similar value of the resonant frequency (fr) of 2.26 GHz was produced
by full-wave analysis, hence validating the formula (see Figure 7a). Next, in Figure 7b, a
slight difference (of 10 MHz, 0.46%) was seen between the resonant frequencies resulting
from the use of this formula (2.17 GHz) compared to the full-wave analysis (2.18 GHz) for
a denim substrate. A larger difference (60 MHz, 38.96%) was observed for the last two
substrates (RO4003C and Rogers 5880), as illustrated in Figure 7c,d. These differences were
potentially caused by the mesh size, feed location, and dimensions of the substrate/ground.
Furthermore, the resonance of slotted antennas could also be dependent on mode 2, rather
than mode 1. While the first two modes are the dominant modes excited in most structures,
the resonance variation of different dominant modes might cause slight differences in the
estimated physical patch dimensions.

2.2.2. Parallel Rectangular Slots (PRSs)

Another set of investigations was performed on another antenna topology to validate
the proposed formulae. The same patch structure from the previous was integrated with a
pair of parallel rectangular slots. Each slot was dimensioned at Lr = 30 mm x Wr =4 mm,
with a spacing of 4 = 20 mm between them. They were located from the patch at a distance
of S3 = 18 mm and 54 = 19.49 mm, as depicted in Figure 8.

FEKO simulations of this antenna on a felt substrate produced a resonant frequency of
2.25 GHz; and this value was higher than the theoretical value of 2.06 GHz produced by the
formula (see Figure 9a). Next, using denim and RO4003C substrates, the difference between
the resonant frequencies from each respective step produced 230 MHz and 160 MHz, 11.14%
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and 9.20%, respectively, as shown in Figure 9b,c. Finally, for the Rogers 5880 substrate,
the difference between the proposed approach and the full-wave analysis was 200 MHz,
10.1%, as illustrated in Figure 9d. All calculated fr results from the two methods and
two patches (with CRS and PRS) using the four different substrates are summarized in
Table 7. The reason for the difference was due to several factors, as follow. Firstly, the
resulting resonant frequencies obtained were highly dependent on the surface wave. These
waves propagating through a finite antenna can be used to add another resonance to
the antenna system, thus, significantly improving antenna bandwidth. Besides that, the
ground /substrate dimensions relative to the patch caused variations in resonant frequency.
Typically, the length/width of the patch is about six times the height of the substrate.
Finally, the mesh size chosen in simulations significantly impacts the results. Therefore,
this work adopted the highest resolution of mesh sizes to analyze the antenna structure
and generate the data used to define the formula.
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o
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Figure 7. Characteristic angle and reflection coefficients of the patch with CRS on different substrates:
(a) felt (b) denim (c) RO4003C (d) Rogers 5880.

Table 7. Overall Results of CRS and PRSs Antennas.

Substrate Material WCA (mm) fr (Formula) (GHz) fr (Full Wave Analysis) (GHz)  Difference (MHz)/(%)
CRS 226 226 0
Felt PRSs 66.98 2.06 225 190/9.22
. CRS 217 218 10/0.46
Denim PRSs 72.52 1.95 218 230/10.55
CRS 1.78 1.84 60/3.37
RO4003C PRSs 92.28 1.66 1.82 160/9.63
CRS 2.02 2.08 60/2.97
Rogers 5880 PRSs 77 68 1.88 2.08 200,/10.63
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Figure 8. Patch with PRSs structure.

Table 8 compares the proposed approach with other methods available in the literature
concerned with designing RMSAs. It can be seen that this method provided a quick
estimation for the width of the radiator patch using only CMA, without considering the

effects of substrate and excitation.

Table 8. Comparison of the proposed method with other approaches in literature.

Required Parameters for

Ref Study Method Used . Parameters Estimated
Calculation
i Dielectric constant.
[20] g:tlccll;l I;itrlr(::nc;li::nljectangular Transmission line model. Substrate thickness. Patch length and width.
Operating frequency
Normalized substrate
[21-23] Calc}lll lajclon Of a rectangular Equivalency of designs. thickness. Patch length.
patch dimension. Electric length of the patch
(dictated by the required fr).
Calculation of a rectangular Curve fittingtechnique Substrate thickness. .
[24] patch dimension. & (CFT). & q Dielectric constant. Patch length and width.
Resonant frequency
Velocity of electromagnetic
Calculating the resonant . waves in free space. Resonant frequency of
(251 frequency of patch antenna. Taguchi method. Effective dielectric constant. rectangular antenna.
Effective length and width.
Integer values (m and n)
Dielectric constant.
[26,27] Calc}lll lgfﬂon of a rectangular Tterative process. Thickness of the substrate. Patch length and width.
patch dimension. Patch length and width.
Feed-point location.
(28] Calculation of a slot dimension . . . @ e model Width of the patch. Length and width of the
in the rectangular antenna ’ Substrate thickness. slot in the antenna
Dielectric constant.
This paper Calculation of a square/ Characteristic mode Width of the patch based on CMA. Patch width/length

rectangular patch dimension.

analysis.
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CA, Reflection coefficient [deg; dB] CA, Reflection coefficient [deg; dB]
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Characteristic angle (Mode index = 1)

- — — — Reflection coefficient
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Frequency [GHz]

CA, Reflection coefficient [deqg; dB]
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Figure 9. Characteristic angle and reflection coefficient of the patch with PRSs on different substrates:
(a) Felt (b) Denim (c) RO4003C (d) Rogers 5880.

3. Application to a Dual Band Slot Antenna

In this section, a new coplanar waveguide (CPW)-fed dual-band antenna was de-
signed using the proposed method. First, the dimensions of the rectangular patch were
estimated using the proposed empirical formula. The dimensions of the rectangular
patch were transformed from LCA = 58 mm x WCA = 44 mm (0.47 Ao x 0.35 Ao) to
LM-S =40 mm x WM-S = 30.2 mm (0.32 Ao x 0.24 Ao), using the formula derived and us-
ing the felt substrate at 2.45 GHz, as shown in Figure 10. The proposed antenna was then
designed on top of a textile substrate which had a er of 1.3, thickness (k) of 3 mm, and a
tand of 0.044 (see Figure 11). The patch was made of a ShieldIt SuperTM conductive textile,
with its dimensions summarized in Table 9.

Weca Wn-s

-+ > -+ -
r'y A
Transformation
< e
® =
- dn
Wnmr = (0.7Wca)-
0.6
Y Y
Figure 10. Transformation process of the patch dimensions.
Table 9. Dual Band Antenna Dimensions.
Parameter Value (mm) Parameter Value (mm)
Wi 920 L1 100
W2 78 L2 30
W3 4 L3 42
W4 5 L4 6

W5 39.5 L5 8
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(a) (b) (c) (d)

wi
h e
’ :
o !
L4 L3
o S
L5, | .= L1
---rille-— W3
L2
= 1
J =
w2

Figure 11. Layout of the dual band wearable antenna.

The proposed antenna was designed in four steps (see Figure 12) to achieve the target
operation at 2.45 GHz more accurately and to improve the antenna performance.

Figure 12. Dual band antenna design stages: (a) Step 1 (b) Step 2 (c): Step 3 (d) Step 4.

The conventional RMSA (denoted as Step 1 in Figure 12a) resulted in an impedance
bandwidth of 228 MHz with a minimum reflection coefficient of —10.55 dB at 2.25 GHz.
Next, several rectangular slots were integrated near the patch edges, which further extended
the size of the antenna, as shown in Figure 12b. The proposed method was shown to be
effective in estimating the dimensions of the antenna for operation at 2.45 GHz. This
was seen by the close-to-180° value of its CA at 2.45 GHz, as specified in the proposed
design procedure. The patch dimensions were 91.47 mm x 81.31 mm (0.75 Ao x 0.66 Ao),
as seen in Figure 13. These dimensions were then transformed to new values using the
proposed method to factor in the presence of the substrate and excitation, as depicted in
Figure 14. The resulting overall antenna size with slots upon this transformation process
was 63.43 mm x 56.32 mm (0.52 Ao x 0.46 Ao). Its bandwidth was enhanced to more than
760 MHz at 2.45 GHz, with an additional resonance at 3.44 GHz. Reflection coefficients of
the antenna from the first two steps are illustrated in Figure 15.
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Figure 13. CA of Step 2 of the proposed design (mode 1).

Wca Wws

Transformation

|
Wk = (0.7Wca)-
0.6

Figure 14. Transformation process of the patch dimensions at Step 2 of the design process.

First step

Second step

Reflection coefficient [dB]

20 22 24 26 28 30 32 34 36 38 4.0
Frequency [GHz]

Figure 15. Reflection coefficients of Steps 1 and 2 of the proposed method in designing the dual band
slot antenna.

The increasing complexity of the slot in the patch may excite other dominant modes,
instead of the fundamental modes, due to the changing current distribution along the
surface of the radiator caused by the additional slots. This can be seen in Figure 16, where
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the CA for mode 5 was close to 180° after steps 3 and 4 of the design process. Hence, the
patch dimensions could also be transformed at these steps using the proposed formula,
based on the CA results of this mode (see Figure 17a,b). The deviation values at steps 3 and
4 werel15 MHz and 20 MHz, 4.81% and 0.82%, respectively.

Step 3 Step 4

270
240

210

180
150

120

Characteristic angle [deg]

2.8 3.0 3.2 34 3.6 3.8 4.0
Frequency [GHz]

©
NS

o

N

N

B

N

o

Figure 16. CA results of Steps 3 and 4 of the proposed design—mode 5.

Wwm-s Wwss

Transformation

Wk = (0.7Wca)-
0.6

(a)
Wwms Wwms

Transformation

Wwmr = (0.7Wca)-
0.6

(b)
Figure 17. Transformation process of the patch dimensions (a) step 3 (b) step 4.

The satisfactory convergence of the reflection coefficient for steps 3 and 4 can be
observed in Figure 18, whereas Figure 19 shows the 3D realized gain of 3 dBi and 6 dBi,
respectively, for each step. The differences in realized gain were attributed to the modified
surface current, due to the additional slots on the patch.
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Step 3

Step 4

Reflection coefficient [dB]

2.0 2.2 2.4 2.6

2.8 3.0 3.2

Frequency [GHz]

Figure 18. Reflection coefficients of Steps 3 and 4 of the proposed method in designing the dual band

slot antenna.

Total Realised gain [dBi]

4.
.
-4
B

-12.
-16.
-20

l -24.
-28

coococoococooo

Total Realised gain [dBi]

6.0
3.0
0.0
-3.0
-6.0
-9.0
-12.0
-15.0
-18.0
-21.0
-24.0

Figure 19. Realized gain at 2.45 GHz for (a) step 3 (b) step 4.

(b)

Upon the connection of the feed line to the patch, the structure was analyzed in terms
of modal significance (MS), a normalized amplitude of the current modes. Using this
parameter, a mode was resonant when its modal significance was at least 0.7. The closer
the modal significance was to unity, the more efficiently the mode resonated and radiated
when excited. The resonant frequencies of the modes for each step of the antenna design

are shown in Figure 20 and are summarized in Table 10.

Table 10. Resonant Frequencies of modes for Each Design Step of The Dual Band Antenna Design

Using CMA.
Step Resonant Frequency (GHz)

2.63
Step 1 3.81
Step 2 29

2.48
Step 3 348
Step 4 2.33

3.42
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Mode index =2
Mode index =5

Mode index =4

Modal significance

20 22 24 26 28 30 32 34 3:6 3.8 4.0
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Figure 20. Cont.
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Mode index=3 — Mode index=6

Modal significance

20 22 23 2:6 28 30 32 34 36 38 4.0
Frequency [GHz]
(d)

Figure 20. Modal significance for each step of the dual band antenna design (a) step 1 (b) step 2
(c) step 3 and (d) step 4.

To validate this method, the proposed antenna was then fabricated, as shown in
Figure 21a. A manual cutting technique was used to dimension each antenna layer prior
to evaluation using a vector network analyzer (Anritsu model S362E), as depicted in
Figure 21b. Figure 22 shows the simulated and measured reflection coefficients for this
antenna prototype, which were in good agreement and had a reflection coefficient of less
than —10 dB. Differences between the measurement results and simulations were due to
factors such as the difference in material properties in practice, and inevitable movements
due to the flexibility of the structure. However, the desired operating ranges were achieved.

(b)

Figure 21. (a) Fabricated dual band antenna, (b) measured reflection coefficients.
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Figure 22. Simulated and measured reflection coefficients of the dual band textile antenna designed
using this method.

4. Conclusions

In this paper, a new procedure, based on the CMA technique, for quick estimation of
patch antenna dimensions on different substrates was presented. For every antenna type,
four steps were proposed to first introduce a curve-fitting formula to find the relationship
between the variables obtained at different resonant frequencies. This then enables the quick
estimation of the dimensions of the patch, using CMA, without including the substrate
and excitation. Only four steps are needed to apply these formulae in estimating the
dimensions of other more sophisticated designs. This supports the validity and simplicity
of the formula presented in this study for electrically thin and thick MSAs, compared
with other approaches in the literature. Furthermore, the proposed expression is suitable
to design slotted antennas, with an average difference of 10%. As a final validation, a
flexible CPW-fed antenna was designed based on this method. The dual-band antenna
designed using this approach operated at 2.33 and 3.42 GHz with a minimum reflection
coefficient of —35.1 and —19.2 dB, respectively. Its gains were improved by 6 and 3 dBi
at 2.33 and 3.42 GHz, respectively, with simulations and measurement results showing
satisfactory agreements.
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