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Abstract—This communication presents an analytical frame-
work that combines transmission line models for the design of
electromagnetically coupled microstrip patch antennas for the
2.45 GHz industrial, scientific and medical band. It provides
initial values for all dimensions of the antenna, with measured
resonance frequency errors below 6%. The initial design is
optimized in two subsequent phases to center the resonance
frequency and to increase the impedance bandwidth (BW),
obtaining measured resonance frequency errors below 0.6% and
BW enhancements of more than 1.2 times the original ones, re-
spectively. The model has been validated with antenna prototypes
based on rigid and textile materials, exhibiting excellent free-
space measured BW of 4% and 5.12%, maximal measured gains
of 4.28 dBi and 7.33 dBi, and radiation efficiencies of 63.4% and
71.8%, respectively. Moreover, very stable on-body performance
is obtained, with minimal frequency detuning when deploying the
textile antenna on the human body. The measured maximum on-
body gain for the textile antenna equals 5.5 dBi, with a simulated
specific absorption rate of 0.323 W/kg at 2.45 GHz.

Index Terms—Design methodology, electromagnetic coupling,
flexible structures, microstrip textile antennas, transmission line
models.

I. INTRODUCTION

M ICROSTRIP patch antennas (MPAs) have been exten-
sively developed for military [1] and civil [2] applica-

tions. Their main characteristics of light weight, planar profile,
robustness, ease of fabrication and conformability make them
suitable for textile material implementations in body-centric
wireless communication (BCWC) systems [3].

Recent work has focused on three of the main challenges
associated with textile MPAs used for BCWC: (i) widening
their inherent narrow impedance bandwidth (BW) [4], [5], (ii)
increasing their front to back ratio (FTBR) to avoid the degra-
dation of their normal operation due to body proximity [1], [2],
[6], and (iii) realizing them in a comfortable and aesthetically
pleasing manner.
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The electromagnetically coupled microstrip rectangular
patch antenna (EMCMPA) offers a good performance trade-
off in terms of these three challenges [4], [7]–[11]. Never-
theless, the implementation of analytical prediction models
to accurately fix the substrate thickness and the dimensions
of the radiating patch, the feed line and the ground plane of
an EMCMPA is complex due to the electromagnetic coupling
between the feed line and the radiating patch.

There are several design models for EMCMPAs, which can
be categorized in two groups: simple analytical models and
rigorous full-wave models. The latter involves extensive com-
putational processing, which in most cases does not account
for fabrication tolerances or other modifications to the realized
prototypes compared to the simulated designs [12], [13]. On
the other hand, simple analytical models can provide a good
and intuitive understanding of the EM performance of the
EMCMPA, combined with a reasonably accurate mathematical
formulation. These models typically use the transmission line
(TL) model to predict the initial dimensions of at least one
part of the EMCMPA, but they do not provide all antenna
dimensions.

In [8], only the radiating patch of a textile EMCMPA
is modeled based on equations from [14], and they do not
analyze the deviation between model and measured resonance
frequency. However, excellent impedance BW and FTBR
values are achieved for the 2.45 GHz industrial, scientific
and medical (ISM) band, even though the antenna’s radiation
efficiency is not simulated nor measured. In [4], a partial
analytical model is presented for a dual stub feed line of an
EMCMPA in the 10 GHz band, but the deviation in resonance
frequency between model and measurements is not specified.
Yet, an excellent BW of 8.4% is achieved, although the
radiation efficiency and FTBR values are not provided. In [15],
a partial model is presented for a non-textile RT/Duroid-
based EMCMPA, which obtains a maximum deviation in
resonance frequency of 7.7%. However, the frequency band
is not centered at the 2.45 GHz ISM band, and the gain and
radiation efficiency values are not available. In [7] and [9],
novel textile EMCMPAs are presented. No analytical models
are applied in the design phase, but their performance can be
considered as a reference for EMCMPAs. [9] shows very good
BW and FTBR values, although the overall thickness is high
and the BW is not centered at the 2.45 GHz ISM band. Finally,
[7] presents a textile EMCMPA for the 2.45 GHz ISM band,
with a relatively small thickness. Gain and radiation efficiency
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Fig. 1. Perspective view of the electromagnetically coupled microstrip patch
textile antenna structure. For clarity, all the antenna layers have been separated
and labeled at the side.

values are a good reference for textile EMCMPAs in this band,
although no FTBR values are given.

Therefore, this communication presents an analytical design
instrument that approximately fixes all dimensions of an EM-
CMPA, with a given substrate, in the 2.45 GHz ISM band, and
with an error lower than that reported in previous publications.

II. ANTENNA DESIGN

A. Antenna Topology and Principle of Operation
As shown in Fig. 1, the EMCMPA is composed (top to

bottom) of a radiating patch (Wp × Lp × hcond), a first
dielectric layer (Wsub × Lsub × hsub), a feed line (Wline1 ×
Lline1 × hcond), a second dielectric layer (Wsub × Lsub ×
hsub), and a ground plane (Wg × Lg × hcond).

The EMCMPA is excited by the microstrip feed line, which
is electromagnetically coupled through the top substrate to the
radiating patch. The feed line is located between the ground
plane and the radiating patch, such that any radiation from
the feed line is shielded and potentially re-radiated by the
patch, leading to a good cross-polarization [4]. This topology
places the radiating patch further away from the ground plane
(Fig. 2(a)), which leads to enhanced BW and efficiency values,
while the feed line is closer to the ground plane to reduce its
parasitic radiation.

B. Analytical Model
The aim of the proposed analytical model is to easily obtain

all the dimensions for the preliminary design of an EMCMPA,
yielding a resonance frequency as close as possible to the
desired value. Moreover, the model also attempts to maximize
BW without increasing the overall thickness. The model is
suitable to design both rigid and textile based EMCMPA,
providing high radiation efficiencies and good antenna per-
formance in close body proximity.

The analytical model combines several TL model equations.
First of all, the conventional TL model represents the MPA
by two radiating slots (Fig. 2(a)), each described by a parallel
equivalent impedance Zr (with resistance Rr and capacitance
Cr), as shown in Fig. 2(b) [14], and separated by a low-
impedance transmission line (TL1 and TL2) of total length
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Fig. 2. a) Physical and effective lengths, and b) equivalent circuit model of
electromagnetically coupled microstrip patch antennas [16].

Lp. The dimensions Lp and Wp of the rectangular microstrip
patch are obtained using [14]

Wp =
c

2fr
√

(εr + 1)/2
(1)

Lp =
c

2fr
√
εreff

− 2∆Lp, (2)

where fr is the antenna’s desired resonance frequency, ∆Lp

is the extension of the patch length at each end caused by the
fringing effects of the radiating slots, and εreff is the effective
relative permittivity [14].

Second, the feed line of an EMCMPA can be modeled as
a microstrip line (MLIN) [15], which is buried under TL1, as
shown in Fig. 2(b). C1 represents the coupling capacitance
between the feed line and the radiating patch, modeled as
two capacitors of equal value on either side of MLIN [16].
The feed line exhibits fringing fields, whose effect results in
a small increase in its length. This creates extra capacitance,
modeled by C2, from the open-ended MLIN to the ground, and
C3, from both sides of MLIN to the radiating patch, which
modifies its input impedance, yet the resonance frequency
remains constant [16]. The 50Ω SMA connector is represented
in the EMCMPA’s equivalent circuit model by an inductive
reactance XL connected to MLIN.

As reported in [12], [17], [18], the optimum electromagnetic
coupling is obtained when the patch is centered over the end
of the feed line and located above it, if the overall thickness
2·hsub is at a certain critical value [17]. In this communication,
the overall thickness is fixed and below the critical value.
Therefore, the feed line and patch are over-coupled, which
slightly decrements its matching performance [17]. Yet, in
these publications, the radiating elements are half-wavelength
long dipoles, which leads to quarter-wavelength feed lines, as
described in [17]. Therefore, our model suggests a quarter-
wavelength feed line using

Lline1 =
c

fr
√
εreff · 4

(3)
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Fig. 3. Proposed feed lines for the electromagnetically coupled microstrip
patch antennas. a) Quarter-wavelength feed line. b) Ram-horn shaped feed
line [4].

with the open-end at Lp/2 and equal substrate thicknesses,
as shown in Fig. 2(a). In this communication, the feed line’s
fringing fields are neglected, since the input impedance’s
variation is negligible, mainly due to the substrate’s small
thicknesses and low permittivities. Nevertheless, they should
be considered if different dielectric substrates are chosen.

The characteristic impedance of the feed line is set to
Z0 = 50Ω, as shown in Fig. 3(a). It is approximately
calculated using (4) and (5) reported by [19] on page 773,
where Z0

√
εreff ≤ 89.91.

Wline1 =
2 · hsub
π

·

(
B − 1− ln(2B − 1) +

εr − 1

2εr

·
(

ln(B − 1) + 0.39− 0.61

εr

)) (4)

B =
60π2

Z0
√
εr

(5)

Employing a quarter-wavelength feed line allows to cover
the desired bandwidth, although in a tight way (2.4 -
2.485 GHz) in the case of the proposed antenna prototypes due
to their small substrate thickness. Resonance frequency shifts
up to 50 MHz in textile antennas have been reported due to
manual Sub-miniature version A (SMA) connectorization and
inhomogeneities in the substrate’s dielectric properties [20].
Therefore, to better guarantee that the textile antennas cover
the entire 2.45 GHz ISM band, a ram-horn shaped feed line is
proposed as an alternative design to enlarge the EMCMPA’s
BW [4]. The ram-horn feed line is a combination of quarter-
wavelength feed line and two symmetric half-wavelength
open-ended stubs connected at Lp/2, as shown in Fig. 3(b),
that use impedance transformations to achieve greater BW. The
initial dimensions of the ram-horn shaped line are obtained
from [4], where LLine1 is a quarter-wavelength long with
characteristic impedance Zo1, and L2 is a half-wavelength long
with characteristic impedance Zo2. The input impedance Zline

of the ram-horn shaped feed line is

Zline ' jZo1

{
2 · Zo1

Zo2

}
· tan(β · L2)− cot(β · Lline1). (6)

The ground plane dimensions are modeled using
Xg = Xp + 12 · hsub, where Xg and Xp correspond to

either the width (W ) or length (L) of the ground and patch,
respectively. To ensure that the resonance frequency of the
antenna remains almost identical as in an infinite ground
plane scenario, the ground plane dimensions must also fulfill
the design rule d ≥ λ0/20 [21], with d being the ground
plane extension, as illustrated in Fig. 2(a). In case of conflict
the later takes precedence.

The substrate dimensions are obtained by adding 12 mm
to the ground plane, to ease the layer-alignment process.
Nevertheless, it has been verified that the antenna performance
remains identical when the ground and substrate dimensions
are equal.

C. Antenna Materials
The proposed analytical model is validated for both rigid

and textile materials. The rigid antenna uses FR4 as dielectric
layer because its loss tangent is similar to that of textile
substrates, and manufacturing with this material is fast and
cost-effective by means of a milling-machine [22]. Therefore,
a rigid antenna implemented with this material serves as a
good validation prior to constructing the textile antennas. The
conductive layer is a 35 µm-thick annealed copper sheet. Both
dielectric layers are assembled using plastic nuts and screws.
All computer-aided FR4 antenna design models include air-
gaps and extra FR4 removal gaps to model the removal process
of the anneal copper. The extra FR4 removal gaps depend on
the prototyping machine’s accuracy, which in some cases could
be negligible. The textile antenna uses felt as dielectric layer
and pure copper polyester taffeta fabric (PCPTF) as conductive
layer with a thickness of 80 µm and a surface density of
80 g/m2. Table I summarizes these parameters.

TABLE I
MATERIAL PROPERTIES OF THE TWO PROPOSED ANTENNAS

Code Substrate Thickness
(mm)

ε′r Loss
T.

Conductor Sheet Res.
Ω/sq

RIGx FR4 1.43 4.08 0.01 Annealed
copper

0.0005

TEXx Felt 1.2 1.25 0.003 PCPTF 0.05

ε′r : optimized relative permittivity at 2.45 GHz.

The preliminary values for the permittivity and loss tangent,
shown in Table I, are measured using the Agilent 85070E
Dielectric Probe Kit, and the substrate parameters are obtained
after a conventional design, simulation and measurement pro-
cess [23], [24].

The textile antennas are constructed according to the process
explained in [20]. A total of four double-sided thermally
activated adhesive sheets (approximate thickness of 20 µm,
εr = 1.74 and tan δ = 0.015) are required to assemble all the
EMCMPA layers, as shown in Fig. 1.

III. ANTENNA IMPLEMENTATION

The proposed analytical model is the first step in a three
step process to obtain the desired antenna design in a single
construction attempt, where the third phase is only necessary
if the desired BW is not fully covered. It provides the initial
dimensions of all EMCMPA layers for a given resonance
frequency, input impedance and dielectric materials. This
initial design is optimized in two subsequent phases to center
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the resonance frequency and increase the BW to the desired
band. These two optimization steps are performed using the
time-domain solver of CST Microwave Studio. Although the
proposed design process is intended to avoid manufacturing
prototypes until all three steps are completed, in this work the
antennas are simulated, manufactured and measured after each
phase to see the error evolution between the analytical model
and each of the prototypes.

A. Model Implementation
The proposed analytical model is applied to design an

antenna with a resonance frequency of 2.44 GHz, an input
impedance of 50Ω and the material parameters described in
Table I. The initial dimensions obtained for rigid and textile
antennas are shown in Table II, which are designated as RIG1

and TEX1. The first three letters are denoted by the dielectric
layer of the antennas (RIG1 stands for the FR4-based rigid
antenna and TEX1 stands for the Felt-based textile antenna),
and the following number by the design phase (1 - 3).

TABLE II
ANTENNA DIMENSIONS PROPOSED BY ANALYTICAL MODEL

Code Wp Lp Wg Lg Wsub Lsub Wline1 Lline1

RIG1 38.57 29.49 55.73 46.65 67.73 58.65 2.89 16.07

TEX1 57.96 52.45 72.36 66.85 84.36 78.85 5.2 27.75

Units: mm

The resonance frequency errors between proposed model
and simulation, simulation and measurement, and proposed
model and measurement are shown in Table III, using (7).

Model vs. Meas. (%) =

∣∣∣∣ (frmodel − frmeas.)

frmodel

∣∣∣∣ (7)

In addition, there are two effects derived from the construc-
tion process that are considered in the simulation, although
their influence on the results is minimal. The first effect is
the influence of hair in rigid antennas, which represents the
air layer between the FR4 dielectric layers and the copper
conductors due to the tolerance of the milling machine. This
air layer (0.1 mm) causes a decrease of 0.3 to 0.5 dB in
the |S11| due to the difference in permittivity between FR4
and air. The second effect is due to the adhesive sheet layer
hglue that is used in textile antennas to assemble all layers.
This layer causes an amplitude variation of about 1 to 3 dB
and a frequency shift between 2 and 4 MHz, due to the
higher permittivity of the adhesive and the increase of the
total thickness, respectively.

TABLE III
PROPOSED MODEL, SIMULATION, AND MEASUREMENT ERROR RATIOS

Code Model vs. Sim. Sim. vs. Meas. Model vs. Meas.

RIG1 4.92% 0.43% 5.33%
TEX1 2.25% 0.63% 2.87%
RIG2 0% 0.05% 0.05%
TEX2 0% 0.41% 0.41%
RIG3 0.37% 0.04% 0.33%
TEX3 0.57% 0.24% 0.33%
TEX3(Onbody) 0.45% 0.16% 0.62%

The error between simulation and measurement in both
antennas is below 0.63%, which validates the fabrication
process reliability for both FR4 and textile antennas [20]. The
error ratios between the analytical model’s center frequency
and the measured resonant frequency in the RIG1 and TEX1

antennas are 5.33% and 2.87%, respectively, with a measured
BW (|S11| < −10dB) of 3.08% and 3.32%, respectively. The
error ratios achieved with the proposed analytical model are
better than those reported in literature [15], [16], providing a
good first design approach for EMCMPA.

B. Design Optimization
A first optimization step is necessary to better adjust the

resonance frequency to the desired band. This work proposes
to modify only the length of the antenna patch (Lp) in order
to tune the antenna to the desired resonance frequency. The
new dimensions of Lp for the RIG2 and TEX2 antennas are
27.8 mm and 51.1 mm, respectively, which cause a resonance
frequency shift of 120 MHz and 60 MHz, respectively, center-
ing the peak at 2.44 GHz. Slightly modifying the length of the
radiating patch does not alter the EM performance of the an-
tenna significantly, yielding a similar BW and |S11| amplitude.
The RIG2 and TEX2 antennas are simulated, manufactured
and measured, where a measured BW (|S11| < −10dB) of
3.29% and 3.49% is achieved, respectively. The proposed one-
step one-variable optimization process provides a maximum
resonant frequency error below 0.41%. Nevertheless, as the
2.45 GHz ISM band is tightly covered, a third optimization
step is required.

C. Bandwidth Enhancement
A ram-horn shaped feed line is proposed to enhance the

antenna’s BW, as shown in Fig. 3(b). The line widths and
lengths of the quarter-wavelength feed line and of the two half-
wavelength open-ended stubs are calculated to match Zline to
the 50Ω input impedance [4]. Afterwards, a computer-aided
optimization of the ram-horn shaped feed line is performed us-
ing CST Microwave Studio. Applying the design procedure [4]
on the RIG2 and TEX2 prototypes, should yield a BW of 1.4
and 1.6 times the original 3.29% and 3.49% BW, respectively.
Yet, slightly lower measured BW increments of 1.2 and 1.5
are obtained in RIG3 and TEX3, respectively, which are
in line with the measured increments obtained in [4]. The
resonant frequency of RIG3 and TEX3 antennas is centered
at 2.44 GHz and the BW fully covers the 2.45 GHz ISM band,
as shown in Fig. 4. The optimized ram-horn shaped feed line
dimensions of the antennas are shown in Table IV.

TABLE IV
RAM-HORN SHAPED FEED LINE DIMENSIONS

Code W1 W2 Lline1 Lline2 Lline3 Lline4 Lline5 Lline6 Langle

RIG3 3.06 4.1 38.57 29.49 55.73 46.65 67.73 58.65 5.79

TEX3 3.68 7.43 57.96 52.45 72.36 66.85 84.36 78.85 10.4

Units: mm

IV. FINAL EXPERIMENTAL VALIDATION

The electromagnetically coupled ram-horn shaped fed mi-
crostrip patch antennas are fabricated and tested under free
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Fig. 4. Simulated and measured reflection coefficient results in free space for
RIG3 and TEX3 electromagnetically coupled microstrip patch antennas,
using FR4 and felt dielectric layers.

space and on-body conditions to validate their EM perfor-
mance. The antenna measurements are performed with an
Agilent N5242A PNA-X Microwave Network Analyzer, with
the antennas placed in an anechoic chamber.

A. Free Space Performance
The simulated and measured reflection coefficients of the

rigid and textile antennas are shown in Fig. 4. Excellent agree-
ment is observed between simulated and measured values.
Both RIG3 and TEX3 antennas are centered at 2.44 GHz
and cover the entire 2.45 GHz ISM band (2.4 - 2.4835 GHz),
with a measured BW (|S11| < −10dB) of 4% and 5.12%,
respectively.

Cross sections of the radiation pattern of the antennas in
the E- and H-planes are measured in the anechoic chamber
at 2.45 GHz, as shown in Fig. 5. Again, there is an excellent
agreement between the measured and simulated results. The
maximum measured co-polarization gains for the RIG3 and
TEX3 antennas are 4.11 dBi and 7.33 dBi, respectively. The
cross-polarization is very small, both in simulations and mea-
surements. Their deviations are due to effects by the mounting
fixtures of the measurement system and to positioning and
measurement errors.

The simulated and measured maximum antenna gain and
the total antenna efficiency between 2.4 GHz and 2.5 GHz are
plotted in Fig. 6. The maximum measured antenna gains for
the RIG3 and TEX3 antennas equal 4.28 dBi and 7.33 dBi,
respectively. The maximum measured antenna efficiencies for
the RIG3 and TEX3 antennas equal 63.4% and 71.8%,
respectively. There is a good agreement between the measured
and simulated RIG3 antenna results, while the textile antenna
has a difference of less than 10% due to slight variations in
the felt dielectric properties.

B. On-Body Performance
The TEX3 textile antenna is simulated and measured on

the torso of an average adult person. The simulation uses
a three layer (skin-fat-muscle) body phantom. The dielectric
properties of the phantom layers are obtained from the Hugo
voxel model from the CST material library. The two main
phantom thickness setups [2], [25] are simulated to obtain a
better accuracy, with overall thicknesses of 22 and 70 mm,
respectively. The measurement is performed with a person of
size 1.75 m and weight 85 kg inside the anechoic chamber.
In both cases, the antenna is placed 2 mm away from the
simulated phantom and measured body. The simulated and
measured reflection coefficients in on-body and free space
scenarios are compared in Fig. 7. The reflection coefficient

Fig. 5. Simulated and measured co- and cross-polarization patterns in free
space for a) RIG3 and b) TEX3 electromagnetically coupled microstrip
patch antennas, using FR4 and felt dielectric layers, respectively.
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Fig. 6. Simulated and measured maximum gain and total antenna efficiency
results in free space for RIG3 and TEX3 electromagnetically coupled
microstrip patch antennas, using FR4 and felt dielectric layers.

remains below -10 dB in the entire 2.45 GHz ISM band and
the simulation and measurement differences between on-body
and free-space scenarios are negligible.

The 3D measurement of the antenna performance on the
torso of a person inside the anechoic chamber is not possible.
Therefore, the antenna is reoriented to measure the far-field
radiation patterns in the E- and H-planes at 2.45 GHz. Fig. 8
shows the co- and cross-polarization results, where the maxi-
mum gain is 5.5 dBi. The measured cross-polarization in the
E- and H-plane remains below -13.2 dBi. The patterns in the
E- and H-planes at 2.45 GHz agree well both in shape and
absolute values when placed on the body, which means that
the proposed design method provides also a good performance
for BCWC applications.

Finally, the specific absorption rate (SAR) values are sim-
ulated using the proposed phantom properties and thick-
nesses [2], [25], obtaining maximum SAR values at 2.45 GHz
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Fig. 7. Simulated and measured on-body reflection coefficient results for
the TEX3 electromagnetically coupled microstrip patch antennas, using felt
dielectric layers.

Fig. 8. Simulated and measured on-body co- and cross-polarization patterns
for the TEX3 electromagnetically coupled microstrip patch antenna, using
felt dielectric layers.

of 0.199 W/kg and 0.323 W/kg, respectively, which are
well below the limit of 1.6 W/kg, according to standard
IEEE C95.3, with an input power of 0.5 W (rms), and averaged
over 1 g of biological tissue. These results are coherent with
the values shown in Fig. 8, which indicate that most of the
radiation is directed away from the body, owing to the presence
of a ground plane and a shielded feed line.

V. CONCLUSION
The analytical model proposed in this communication

quickly and reliably yields the initial dimensions of an EM-
CMPA. Two subsequent simulation phases which modify a
single design variable in each phase are presented, achieving
a centered resonance frequency and BW enhancement, respec-
tively. This design instrument enables the realization, in a
single attempt, of an EMCMPA antenna for the 2.45 GHz ISM
band on both rigid and textile materials. The textile antennas
designed with this procedure have a high flexibility owing to
their small thickness, and an excellent radiation performance
in BCWC applications, with antenna gains and efficiencies of
7.33 dBi and 71.8%, respectively, and SAR values lower than
0.4 W/kg.
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