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ABSTRACT This paper presents a new set of analytical equations to calculate the impedance bandwidth
of electrically thin and thick proximity-coupled square microstrip patch antenna (PC-MSPA). The proposed
mathematical model uses the relationship among different antenna parameters, material, and antenna
dimensions to estimate the percentage impedance bandwidth with high accuracy. The proposed model
was validated with rigorous full-wave solutions, and experimental antenna prototypes implemented for
different thicknesses, patch dimensions, frequencies, and different substrates. The theoretical bandwidth
results of S-, C- and X-band PC-MSPA antennas obtained using the new model are in very good agreement
with simulations and the experimental results. Errors between the proposed analytical model and both
simulation and measurement are less than 3.1%. These equations are mostly valid for permittivities
between 2.2 and 6.15, and with feed substrate thickness less than 0.1λr. The PC-MSPA is a candidate
element for integration with MMIC devices and wireless communication applications.

INDEX TERMS microstrip patch antenna, proximity coupling feed, wide bandwidth, multi-layer
structure, non-linear curve-fitting technique.

I. INTRODUCTION

MMICROSTRIP patch antennas were first proposed by
Deschamps in 1953 [1] and patented by Gutton and

Baissinot in 1955 [2]. However, practical microstrip patch
antennas were developed by Munson [3] and Howell [4]
in the 1970s. Microstrip patch antennas have several well-
known advantages over other conventional antennas; low
cost, light weight, ease of manufacture, rugged, low radar
cross-section, conformability, low production cost, compat-
ibility with microwave integrated circuits, and capability
to be easily formed into arrays [5]–[8]. These advantages
make the microstrip patch antennas suitable for high perfor-
mance aircraft, missiles, radars, satellite and mobile com-
munication, radio frequency identification (RFID), global
positioning system, space craft, and biomedical applications.
However, a well-known inherent disadvantage of microstrip
patch antennas is their narrow impedance bandwidth that

is typically a few percent because they are highly resonant
structures. One of the important aspects of microstrip patch
antennas is the variety of feeding techniques applicable
to them. The comparison between those common feeding
techniques is presented in [5]–[8]. The PC-MSPA is one
of the printed antennas that provide a broadband, efficient
solutions to integrating antennas with MIMIC circuits.

The proximity-coupled feeding technique, one of non-
contact feeding methods, provides large bandwidth (as high
as 13%) compared to other feeding techniques where there is
a direct contact between the feed line and the radiating patch
like a probe-fed and edge-fed methods [5]–[8]. In contrast
to the direct contact methods, which are predominantly
inductive, this feeding mechanism is capacitive in nature.
This capacitive loading significantly affects the obtained
impedance bandwidth, thus providing a wider bandwidth. In
addition, this simple feeding technique provides enhanced
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bandwidth without undesired radiation caused by the dis-
continuities and asymmetry of direct contact feed methods
[5]–[8].

The modeling and analysis of a proximity-coupled mi-
crostrip patch antenna is difficult due to the complex
electromagnetic interaction involved between the feed line
and the radiating patch. Over the past decades, microstrip
patch antennas have been analyzed extensively, employing
a wide variety of analytical techniques, which are simple
intuitive models with different levels of approximation as the
transmission line model, the cavity model and segmentation
model [9]–[13]. These models work well for thin, low
dielectric constant substrate, but exhibit less accuracy at the
substrate thickness and/or the dielectric constant increases.
Some of the feed configurations such as proximity-coupled
microstrip feed is difficult to model using the analytical
techniques because the effect of the coupling capacitor
between the microstrip feed line and the patch as well as
the equivalent R-L-C resonant circuit representing the patch
with two-layered substrate should be taken into account
when designing the antenna. However, most of the analytical
models’ limitations can be overcome in the full-wave tech-
niques. In [14]–[17], the most popular full-wave techniques
such as the method of moments (MoM), the finite-element
method (FEM), the spectral domain technique (SDT), the
finite-difference time domain (FDTD) method have been
used to analyze and design a proximity-coupled microstrip
patch antenna. Although these numerical techniques main-
tain accuracy, completeness and versatility at the expense of
numerical simplicity, they are difficult to implement due to
extensive computational procedures.

In [18], graphical guidelines for design of proximity-
coupled square and circle microstrip patch antennas are
given. These graphical design curves are obtained by using a
rigorous moment method formulation, employing the Green
function for the double-layered structure. To the authors
knowledge, there appears to be no overview on how to
achieve broad impedance bandwidth for a double-layered
proximity-coupled microstrip patch antenna and how its
parameters affects the antenna bandwidth.

This paper proposes a mathematical-based analysis and a
alternative design procedure that provides a solution for a
PC-MSPA design. Therefore, the organization of this paper
is as follows: A brief review of PC-MSPA is presented in
Section II . Then, in Section III, described the proposed
model in detail. In Section IV, four antenna prototypes
were developed and tested to validate the proposed model.
Section V, shows an error analysis of proposed model
and comparison with other analytical expressions used for
bandwidth estimation of conventional MS patch antennas.

II. PROXIMITY-COUPLED MICROSTRIP PATCH
ANTENNA (PC-MSPA)
The double-layered proximity-coupled square microstrip
patch antenna shown in Fig. 1 is called electromagnetically
coupled (EMC) microstrip patch antenna. This type of
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FIGURE 1: Geometry of the proximity-coupled square mi-
crostrip patch antenna (PC-MSPA). (a) Top view. (b) Mid-
section of PC-MSPA, and (c) Stack-up definition of PC-MSPA.

feeding technique comes under non contacting scheme as
there is no physical contact between the radiating patch
and the feed line. As shown in Fig. 1, two substrates are
used such that the feed line terminated with an open circuit
is between the two substrates, the radiating patch with
dimensions Lp and Wp is on top of the upper substrate
and the lower (feed) substrate is grounded. The microstrip
feedline of width Wf is centered with respect to the patch
width, and is inset a distance L0 from the the edge of the
patch.

Since no direct contact between the microstrip feed line
and the radiating patch in this feeding mechanism, the
radiating patch on the upper substrate (patch layer) is excited
by an open-ended microstrip feed line printed on the lower
substrate (feed layer) through capacitive coupling. Matching
can be achieved by controlling the length of the feed line
(feeding stub) and the width-to-line ratio of the patch. The
coupling increases with feed inset reaching a maximum
when L0=Lp/2. The coupling is symmetrical with respect
to the center of the patch and can be increased by decreasing
the patch width [19].

The main advantage of this feed technique is that it
provides high bandwidth and eliminates spurious feed ra-
diation, due to overall increase in the thickness of the
microstrip patch antenna. In addition, this technique gives
option to independently select the two dielectric substrates
to further optimize both feed line performance and patch
performance. However, the fabrication is bit complex which
is a disadvantage.

Different approaches have been found in the state of tech-
nique that aims to analyze and optimize different parameters
of microstrip patch antennas, such as the bandwidth, the
cross-polarization level and the gain, based on full-wave
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solutions. Apart of the simulation-based techniques, two-
layer PC-MSPA modeling has been approached in the state
of art, although its challenges and limited close models
available so far. Considering the average permittivity [20]
and its effective value, Parrikar and Gupta [21] developed
a multi-port model making the two substrates be equivalent
to a one-average substrate, which average electrical relative
permittivity was calculated as follows:

εav =
ε1ε2(h1 + h2)

ε1h2 + ε2h1
(1)

Besides, diverse studies have analyzed the microstrip patch
antenna with different feeding strategies, seeking for an
analytical expression of the bandwidth. Starting from dif-
ferent expressions of the bandwidth based on the VSWR
[22], [23], Jackson and Alexopoulos [24] derived a closed
form of the bandwidth for one-substrate microstrip patch
antennas. This formula becomes increasingly inaccurate for
thicker or multiple substrates. A different expression for
calculating the percentage bandwidth of the rectangular MS
patch antenna in terms of its dimensions and substrate
parameters is described in [25]. In [26], another simplified
relation for quick calculation of BW (in MHz) for VSWR
= 2 of the MS patch antenna operating at frequency f
(in GHz), with h expressed (in cm) is derived. However,
this simple formula does not take in account the dielectric
constant of the patch antenna substrate and it can be only
used for low-Q MS patch antenna with thin substrate.

Considering the average substrate permittivity expression
in Eq. (1), Kumprasert et al. [27] developed a closed-form
expression for the bandwidth in a prob-fed microstrip patch
antenna. Following the bandwidth behavior, Parizi [28]
described techniques to improve the bandwidth in MSPA.
Among them, the intrinsic techniques aim to modify the
antenna geometry, i.e. substrate thickness (h) and dielectric
constant (εr), according to what was discussed in the prior
paragraph. However, the author mentions that the counter-
part of making an increase of h and decreasing εr affects
the gain, increase the cross-polarization level and the spuri-
ous radiations. Therefore, not only geometry optimizations
would be necessary to usefully increase the bandwidth, but
also selecting the appropriate feeding technique and material
dimensions that support the feeding. Referring particularly
to the PC-MSPA, Parizi describes that the typical bandwidth
ratio is about 8%, and an increase of this parameter can be
obtained if increasing the thickness of the feeding layer, but
being aware that more spurious radiation can be released.
Another way to increase the bandwidth suggested is to
make a matching structure in the port, i.e. a quarter-wave
transformer between the input and the section that makes the
coupling with the patch. In addition, other techniques have
been used to enhance the bandwidth of electromagnetically
coupled microstrip patch antennas by utilizing a tuning stub.
In [19], a small tuning stub is connected in shunt with
the feed line of the proximity coupled microstrip patch
antenna to improve the impedance bandwidth. The similar

approach with a dual-stub design has been used to increase
the bandwidth from 4.8 to 8.4% in [29].

III. PROPOSED DESIGN MODEL FOR THE PC-MSPA
This section describes a new set of equations derived
based on non-linear regression procedure to estimate the
bandwidth of the PC-MSPA, shown in Fig. 1. The antenna
PC-MSPA is designed to operate at fo, where the MS
transmission line is used to excite the MS patch is located
between the patch substrate and the feeding substrate. From
Fig. 1, the respective thickness and relative permittivities are
h1, ε1, h2 and ε2, from which the rest of dimensions can be
obtained. From these dimensions, and assuming ε1=ε2=εr,
the following variables are also defined in terms of guided
wavelength (λr=λo/

p
εr), h1�r

=h1/λr, Rh=h2/h1, and
Rp=L0/Lp, which will be used in the model equations
following later in this section. The following new model
equations (3-29) of Rp, Rh and %BW are obtained by
applying the non-linear curve-fitting technique [30] to the
full wave solutions.

A. GEOMETRY OF THE PC-MSPA
The PC-MSPA design procedure aims to get the complete
antenna geometry (substrates thicknesses, patch and feed
transmission line dimensions) from the knowledge of the
material (relative permittivity εr) and desired central fre-
quency (fo).

1) Feed transmission line
It is known that the impedance matching is produced by hav-
ing a feeding transmission line with the appropriate width
and length, since these dimensions are directly related to the
characteristic impedance and electrical length, respectively.

The transmission line width Wf can be set following the
microstrip line design procedure [31] to get characteristic
impedance Z0 of 50 
, as Z0=f (Wf/h1,εr).

On the other hand, the length Lf can be calculated as:

Lf =0.5(Lg � Lp) +RpLp (2)

The antenna matching can be set around the operating
central frequency fo if the length portion of the feeding
transmission line L0 is a certain fraction of the patch length
Lp. In that sense, the fraction Rp can be calculated through
the equations bellow and according to Fig. 1. These equa-
tions are illustrated in Fig. 2(a) with HFSS-simulated data
and using the materials: Rogers™ 5880 Duroid (εr=2.2),
Rogers™ 4350B (εr=3.66) and Rogers™ 6006 (εr=6.15).

Rp =x1 h
3
1�r

+ x2 h
2
1�r

+ x3 h1�r
+ x4 (3)

where x1, x2, x3 and x4 can be obtained using:

x1 =73.75ε2
r � 834.9εr + 3129 (4)

x2 =� 149.9� 257.1e�0.1708ε2r (5)

x3 =0.2772ε2
r � 2.489εr + 8.502 (6)

x4 =0.89 (7)
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FIGURE 2: Comparison between the estimated and simu-
lated values of: (a) Rp, and (b) Rh.

These equations are mostly valid for permittivities be-
tween 2.2 and 6.15, and with feed substrate thickness less
than 0.1λr (265 mils in Rogers™ 5880 Duroid, 205 mils
in Rogers™ 4350B, and 158 mils in Rogers 6006™ all at
3 GHz). In all the cases, it has been verified that Wf<Wp

and Wf<0.25λr when simulating the antenna geometry at
S-band (2-4 GHz).

From the above equations and Fig. 2(a), it is found that
the length of the feeding transmission line is more than half
of the antenna length, and it tends to reduce as thicker are
the substrates. It is also observed that the slope, thus Rp
change per h1λr length unit, is decreased as the permittivity
is increased. In order to eventually work in a dual port with
differential feeding, Rp should be less than 0.5, that can
happen at thicker substrates as lower permittivities have the
feed substrate.

2) Total substrate thickness

The total thickness hT=h1+h2 of the antenna in its optimum
configuration can be calculated as:

hT = h1

�
1 +

h2

h1

�
= h1(1 +Rh) (8)

Where the ratio Rh, which quantifies the relationship be-
tween the patch substrate thickness (h2) and the feed
substrate thickness (h1) for maximizing bandwidth, can be
modeled through the equations bellow. Fig. 2(b) provides
an illustration of these equations.

Rh =y1 + y2 tanh (y3(h1�r
� y4)) + y5 cos (y6 h1�r

)
(9)

where y1, y2, y3, y4, y5 and y6 can be obtained using:

y1 =1.379e�0.7εr + 0.3682 (10)

y2 =0.5182e�0.4078εr + 0.6912 (11)

y3 =128e�0.925εr + 25.4 (12)

y4 =� 0.0446e�0.6077εr + 0.05295 (13)

y5 =0.2694e�0.15εr + 0.2903 (14)

y6 =96.43e�0.9577εr + 16.98 (15)

Regarding the variations of this ratio over different rel-
ative permittivities, it is noticed that the majority of cases
get the best coupling as Rh<1, thus h2<h1. Notice that the
actual h2 used in a design may be more or less than h1, Rh,
but the coupling would be reduced, affecting mainly the
bandwidth. Besides, this ratio can get a maximum value, and
this peak is inversely dependent on the permittivity, but once
again, these cases where h2>h1 are only possible if εr<5.38,
according to the presented equations. It is important also to
observe that it can get a value equal to one (thus, h2=h1) as
lower permittivities have both layers, which may be helpful
in fabrication and logistics. As it is observed so far, this
work contributes with the completion of the design of a
PC-MSPA through the closed forms of the patch substrate
thickness and the feeding structure dimensions.

3) Patch dimensions

The square patch can be initially designed from the rectan-
gular patch dimensions (Lpo,Wpo) as a start point. These
initial dimensions can be obtained from [5] considering
the total thickness hT from Eq. 8, and then, the patch
dimensions can be squared by making Wp=Lp=Wpo.

B. CLOSE FORM FOR THE PC-MSPA BANDWIDTH

The impedance bandwidth is normally defined as the range
of frequencies fl (lower freq.), fu (upper freq.) over which
the return loss is acceptable (typically more than 10 dB
(jS11j<-10 dB)). However, the percentage (fractional) band-
width is determined by the ratio between the impedance
bandwidth and the central frequency fc. Then, the percent-
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FIGURE 3: Bandwidth model and its side view projections, from where the terms ABW , Y8 and K8 are illustrated.

age bandwidth is defined as:

%BW = 100
fu � fl
fc

= 200
fu � fl
fu + fl

(16)

It can be estimated from the substrates thicknesses and rel-
ative permittivities, considering that the patch and the trans-
mission line feed are set to match the designed frequency
(L0=Rp Lp, fc�f�). Then, the percentage bandwidth of the
PC-MSPA with linear polarization can be predicted to be:

%BW = ABW

s
1� Y 2

8

K2
8

��%BW (17)

Considering that the design assumes feed substrate with
thickness h1 and patch substrate with thickness h2d , where
h2d/h1 can be different from Rh of Eq. (9), and assuming

equal permittivities (ε1=ε2=εr). Then, each term of Eq. (17)
is expressed as:

ABW = a1

"
h2

1�r
�

1

2

�
1 + tanh

h1�r
� a2

10�3

�
(h1�r

� a2)2

#
(18)

where a1, a2, K8 and Ka can be obtained using:

a1 =98840e�2.145
p
εr + 533.6 (19)

a2 =� 0.3252e�0.8037
p
εr + 0.1231 (20)
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FIGURE 4: Antenna response for the PC-MSPA with different materials: Rogers™ 5880 Duroid (top row), Rogers™ 4350B
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K8 = log2 KBW = log2

"
Ka

Rh
+

r
4 +

�Ka

Rh

�2
#
� 1

(21)
Ka = k1 + k2 tanh(k3(h1�r

� k4)) + k5 cos (k6 h1�r
)
(22)

where k1, k2, k3, k4, k5, k6, and Y8 can be obtained using:

k1 =0.7682e�0.3526εr + 0.4086 (23)

k2 =2.299e�0.5975εr + 0.2538 (24)

k3 =80.32e�1.028εr + 42.36 (25)

k4 =� 0.06715e�0.771εr + 0.04963 (26)

k5 =1.271e�0.5736εr + 0.07257 (27)

k6 =311.6e�1.406εr + 18.96 (28)

Y8 = log2

�h2d/h1

Rh

�
(29)

The equations expressed above for estimating the percentage
bandwidth of the PC-MSPA can be summarized in three
components: bandwidth amplitude ABW , substrate allow-
able range K8, and normalized substrate thickness ratio
Y8. The graphical representation of these equations are
illustrated in Fig. 3. Also, there is a term of error �%BW ,

which is analyzed with more detail in Section V.

As a consequence, the formula of the bandwidth of Eq.
(17) could be modeled as family of semi-elliptical curves,
where the families are conformed by h1�r

variations and
each semi-ellipse has a height ABW , a width 2K8, and they
are centered in Y8.

Further than the mathematical representation, the equa-
tions may be physically interpreted as the permittivities and
substrate thickness change. As the permittivity increases,
the bandwidth tends to reduce, and it is observed in the
ABW term, which also has a quadratic-linear growth as the
feeding substrate becomes thicker. Meanwhile, K8 which
mathematically is interpreted as a shape parameter repre-
sents the range of substrate thicknesses ratio where a band-
width can exist. Lastly, but not less important, Y8 represent
the deviation of substrate ratio from Rh. Therefore, if an
antenna with certain feeding substrate thickness h1 has
patch substrate thickness h2d=h1Rh, then it would have
the maximum bandwidth, as Y8=0. Notice that K8 and Y8

are in logarithmic space (octaves) and not in arithmetic
progression.
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IV. IMPLEMENTATION, MEASURED RESULTS AND
VALIDATION
Full wave simulations of the antenna of Fig. 1 were per-
formed at fo=3 GHz, considering three different materials
and changing h1 from 0.002 λr to 0.1λr, h2 from 0.275h1 to
2h1. The transmission line length was calculated according
to Eq. 2, where Rp was obtained and calculated in Eq. 3.
The results are shown in Fig. 4, as follows: the first column
describes the normalized central frequency (fc/fo) that in
the best case should be 1; the second column shows the
return loss at the simulated value of fc=(fu + fl)/2 where
[fl; fu] is the interval where jS11j<�10 dB; and then the
third and fourth columns display the simulated and modeled
percentage bandwidth of Eq. (16) and Eq. (17), respectively.
For the three different materials, the model results of the
percentage bandwidth in Fig. 4(d) are in good agreement
with the corresponding simulated ones shown in Fig. 4(c).

On the other hand, four antenna configurations have been
fabricated and measured, using two different materials and
different design frequencies in the S, C and X bands. These
cases have been labeled as ‘Case 1’, ‘Case 2’, ‘Case 3’ and
‘Case 4’, which specifications are listed in Table 1, noticing
that Rh=1 in all the cases. The simulated and measured
reflection coefficients in (dB) of these antennas are shown in
Fig. 5. The antenna in Case 1 and Case 4 has a ground plane
size of λo/2 x λo/2 where λo is the free space wavelength
of the design frequency. However, it is important to mention
that the ground plane in the antennas of Case 2 and Case
4 has been extended to 5 cm (λo/2 at 3 GHz), in order
to facilitate the connections for measurements. From Fig.
5, it is clear that the measured results mostly agree and
validate the results produced via simulations for all cases.
A small discrepancy between the simulated and measured
results may be caused by the error of the fabrication and
assembling of the antenna.

Furthermore, an analysis of model errors is presented
through the plots in Fig. 6. The plot in Fig. 6(a) shows
the percentage RMSE error of the central frequency in
the simulation results with respect to the intended central
frequency, which is expressed as �fc/fc. Meanwhile, Fig.
6(b) shows the bandwidth error term in Eq. (17), which
is calculated as �%BW=j%BWmodeled �%BWsimulatedj
from Fig. 4.

.

TABLE 1: Fabricated antennas’ specifications.

Parameters Units Case 1 Case 2 Case 3 Case 4
fo GHz 3 6 6 10
ε1, ε2 - 2.20 3.48 3.48 2.20
h1, h2 mm 3.175 1.524 1.524 0.790
Lp,Wp mm 29.40 11.82 11.80 9.070
Lg,Wg mm 50.00 50.00 2.000 50.00
Rp - 0.686 0.687 0.721 0.760
Lf mm 27.87 13.27 12.68 11.50
Wf mm 10.00 3.350 3.350 2.420
Ls mm 1.800 1.500 1.500 1.500
Lo mm 20.56 7.680 7.100 4.530

V. ERROR ANALYSIS
Table 2 quantifies the errors between simulated, measured
with calculated results using the proposed method described
in Section III. For all cases this error analysis was performed
using the central frequency (fc) and frequency band (BW )
for each prototype.

TABLE 2: Errors between the proposed model and both
simulation and measurement.

Case fc
%(�fc)/fc �%BW

Measured Simulated Measured Simulated

Case 1 3 GHz 0.17 0.04 1.41 0.18
Case 2 6 GHz 1.91 0.99 0.80 0.98
Case 3 6 GHz 0.09 0.76 0.15 1.46
Case 4 10 GHz 1.00 1.30 0.65 0.39

The central frequency in all simulated cases are around
the design operation frequency, having an root mean square
error (RMSE) less than 5% (1.34% in Rogers 5880, 1.45%
in Rogers 4350, and 2.76% in Rogers 6006), as noticed
in the color space in the first column of Fig. 4. This
high agreement is due to the accurate design from Eq. (2).
However, in the same figure, it is seen that for very thin
antennas (h1<0.03λr, h2d/h1<0.75), the normalized central
frequency fc/fo is less than 0.95 (dark blue colored in the
first column that are not in the other columns), reflecting
also in the higher RMSE as shown in Fig. 6(a). These
fluctuations are primarily due to the numerical simulation
errors for very thin substrates. On the other hand, as the feed
thickness h1 increases (h1>0.03λr), the percentage RMSE
go down to less than 5%. Meanwhile, according to Table 2,
the measured central frequency in the four cases also have
a very good agreement, having slightly more errors in Case
2 and Case 4, due to fabrication imperfections.

The maximum return loss, and maximum predicted band-
width, are obtained when the parameter Y8=0 in Eq. (17),
which means h2d=h1Rh. This has been verified through the
comparison between the simulations of Fig. 4(b) and the
frequency responses of Fig. 5. Considering Case 1 and Case
3, which do not have a ground plane extension, the values
of jY8j are 0 and 0.17, meaning that the return loss would be
stronger in Case 1 than in Case 3. This behavior is clearly
observed in the simulation and experiment as shown in Fig.
5(a) and Fig. 5(c).

Regarding the antenna bandwidth, the RMSE of the
term %�BW is less than 2, as observed in Fig. 6(b),
showing high accuracy of the model in comparison with
the simulation. These errors remain the same over h1�r

, but
they represent a bigger relative error when h1�r

is small,
i.e. less than 0.03λr, being observed, e.g in the dusty area
in the bottom-left image corners in the Fig. 4(b), where the
predicted bandwidth is zero. Due to numerical fluctuations
in the simulations, the term �%BW may be higher at
Y8 � K8, where the expected percentage bandwidth goes
to zero. In addition, from the experimental results, it is
observed in Table 2 that the bandwidth has an error term
up to 1.46%. Overall, the expression of the bandwidth can
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FIGURE 5: Measured and simulated S11(dB) over frequency for: (a) Case 1: S-band PC-MSPA, (b) Case 2: C-band PC-MSPA,
(c) Case 3: C-band PC-MSPA, and (d) Case 4: X-band PC-MSPA.

get a good estimation of the bandwidth, but it should be
considered only as a reference value, as it may differ from
measured values due to fabrication errors and limitations, as
well as numerical errors especially in very thin antennas.

Those results mean that the proposed model of Rp allows
to have a PC-MSPA with an stabilized central frequency and
around the design frequency of the antenna. The maximum
return loss and bandwidth results show that the model and
prediction have good agreement with results, but the model
errors may increase as more modifications the antenna has,
and as h2d/h1 is far away from the Rh, affecting the
maximum return loss and bandwidth as well. In that sense,
in order to increase the bandwidth, it is observed that feed
substrates with higher thickness would allow to reach this
purpose, as long as the patch substrate has the appropriate
dimension related to Rh in order to maximize coupling.

In addition, the proposed model is compared with other
models available in literature [24], [25], [26]. The calculated
percentage bandwidths for electrically thin and thick PC-
MSPA antennas with different physical dimensions and
substrates are compared with those from HFSS simulations
and other models. Four cases of study are used and listed in
Table 3, considering the simulated value of the PC-MSPA
bandwidth as a reference. It is seen from Table 3 that when
the substrate electrically thickness like Case 2 and Case 3,
the error between the simulated and predicated bandwidth is
less than 0.1% using the new model. However, as expected
other models have higher errors; in some of them, the error

FIGURE 6: RMSE model errors over h1�r : (a) Central fre-
quency fluctuations, (b) Percentage bandwidth term %�BW .
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