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Abstract

This work explores the optimal mesh structure, stitch density and production
technique of stitched ground plane for microstrip patch antenna. Meshed
ground plane was used as a generic problem. A stitched ground plane is pro-
posed and designed using Matlab interface to computer embroidery. Using
the meshed or stitched ground plane as a case study, the resistance between
meshes was analysed and measured. The equivalent resistance between nodes
is a function of their distance apart. A finite resistive grid was simulated and
compared to measured sets of data. A microstrip patch antenna with stitched
ground shows comparable performance to the conventional etched ground of
the size in terms of bandwidth. The stitched ground plane has a higher band-
width than the etched copper ground plane because of the increased thickness
of the substrate. Thus, it can be concluded that the use of the interface method
shows the possibilities of controlling the stitch density and distances between
mesh nodes. The interface increases the stitching density and reduces the
electrical resistance between mesh nodes making the antennas flexible and
wearable. The functionality of these antenna samples has been tested and
validated using microstrip patch ground at 2.45 GHz and 5 GHz. Measure-
ment results on the proposed stitched ground planes were compared with the
theory of infinite resistive network that shows good agreement.

Keywords

Stitched Ground Plane, Matlab Interface, Method, Meshed Path,
Computer-Embroidery

1. Introduction

In today’s technological advancement, wearable antennas are becoming a major
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part of our daily paraphernalia. Wearable electronics is a fast-growing industry
across both civilian and military markets. Textile antennas have been designed
to be body-worn while in use for various applications. These textile antennas are
used in systems, since they are flexible, for detecting body motion during exer-
cise activity, monitoring heart rate and blood pressure [1]-[6]. The basic re-
quirements for wearable electronics include portability during operation, opera-
tion consistency, controllability and robustness that guarantee a good fitness of
the electronic to the human body application. Many commercial wearable de-
vices are currently fitness watches and heart rate monitors, but stitched antennas
are designed to be integrated into garments. Garment integrated wearables are
more challenging due to the unconventional materials used. The stitched anten-
na consists of a conductive element integrated into a non-conductive material
known as the substrate. These stitched antennas are lightweight, flexible, not ex-
pensive, easy to produce and can be easily and seamlessly integrated into cloth-
ing [7] [8] [9].

Textile structures are used for wearable antennas because they are lightweight,
long-lasting, flexible and conformable. This structure is also soft, deformable,
breathable, durable, and washable. The main challenges of intelligent clothes are
making it flexible and light with electronic functions [2]. Textile antenna has
been developed into flexible and light weight to be integrated into clothes. Thess
wearable antenna samples can be retrofitted into a garment for application of
mobile communication environment where antenna is used in vicinity of human
body.

Meshing renders antenna metallization transparent and transparency is eva-
luated based on the mesh antenna geometry. In the study carried out [10] [11]
meshed patch antennas have similar properties to conventional microstrip patch
antenna since uses less metal making them optically transparent. In [1] [2] non-
uniform meshed patch antennas (NMPAs) were compared to a copper equiva-
lent NMPA and embroidered NMPA, it is concluded that the antennas have
high antenna gain with reduced thread usage but meshing causes a decrease in
front to back radiation.

A stitch pattern is developed for the proposed antenna using the microstrip
patch antenna as the basis for evaluating the performance. Different stitch pat-
terns and densities on the proposed antennas are examined in this work. Solid
patch antennas with meshed ground are presented as a reference showing the
effects on the resonance frequency. Using these textile substrates makes the an-
tenna light, flexible and relatively inexpensive. For this application Amberstrand
66 is used as the conductive thread [4]. All fabricated textile antennas have been
designed to function within the 2.45 GHz industrial, scientific, and medical (ISM)
band and 5 GHz wearable wireless local area networks (WLAN) frequencies.

This paper proposes a new stitched ground plane that reduces the usage of the
conductive yarn for microstrip patch antenna and resistance between mesh

nodes. In Section 2 textile substrate dielectric parameters were characterized by
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using a split post dielectric resonator (SPDR). Stitch optimization for ground
plane is done in Section 3. Section 4 presents the design and simulation of mi-
crostrip patch antenna and production of the stitched ground plane. The analyt-
ical, simulation and measured results of the meshed ground plane are presented
in Section 5. In Section 6 it is concluded that the MATLAB interface to comput-
er embroidery could be used to create any meshed geometric pattern for fabric
antenna. The stitched ground mesh could equally be replaced with identical re-
sistor for the purpose of verification of approximate theoretical equivalent in in-

finite grids.

2. Measurement of Dielectric Substrate

The fabric materials under test (MUT) were cut according the dimension of cav-
ity that is 13 cm x 13 cm. The thickness of the textile samples was measured. The
Q was measured when the resonator was empty, then the MUT was placed in the
resonator and measured. The Q factor of the empty cavity, the thickness of sam-
ple and MUT inside the cavity was fed to the computer program. The measure-
ment setup of split post dielectric resonator (SPDR) [12] was used to extract
permittivity and loss tangent of felt and denim sample that is used for embroi-
dery of textile antennas in this study. See Figure 1. The dielectric measurement
result of the single layer denim is thickness 0.85 mm &, =197 tan5=0.07.
For a felt fabric of 1 mm, & =12 and tan§ =0.0013 measured. The Q meter
measures the S, results using split post dielectric resonator without a vector
network analyzer. The Q factor was measured at —3 dB bandwidth of S,, using Q
meter and computed using.

Split post dielectric resonator i’

Microwave | S 2 )

S

Q meter /: .}' » -\ ugi

Textile \

sample \

Figure 1. Measurement setup for dielectric parameters of textile samples.
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where f, is the resonant frequency while f, —f,  is -3 dB bandwidth.
From the measurement, it is observed that the two fabric samples have low

permittivity. Fabric samples are porous in structure.

3. Stitch Pattern Optimization

The study of different stitch pattern and sewing type for meshed patch antennas
results in different effects on embroidery accuracy and RF performances. Em-
broidery designs use several sewing types such as zigzag stitch, fill stitch, and
spiral stitch. The automated embroidery machines in Loughborough University is
used to transform the antenna designs into a stitching pattern for all the stitched
antennas [3]. Three different stitching types were created and generated using
MATLAB as indicated in Figure 2. When manufacturing a meshed conductive
surface, the embroidery machine is, ideally to traverse each branch of the mesh
only once. This gives gains in terms of production time as well as economy of
yarn use. Figure 2 shows three possible mesh patterns, two of which meet the
criterion of stitching each path only once. The mathematical solution to the
problem is not trivial, requiring the evaluation of the Euler path. The patterns
were created using a set of coordinates geometry and linear equation to actualize
the patterns. Stitches are formed by interlocking an upper and a lower yarn (loo-
per).

The stitch pattern for the antennas were created using MATLAB. The
MATLAB code is written to reproduce the required stitch pattern proposed. Per-
sonal embroidery machine (PE-NEXT) file format is in a -pes file and the instruc-
tions for creating pattern commands are “end”, “stop”, “jump” and “trim”. The
embroider Modder 2.00 software allows one to edit, scale and convert embroidery
files to other formats using the libembroidery library. This library supports writ-

ing and reading. CSV (comma separated values) format files. The file format can

i —> < \
T <
— —
T A <€
(a) (b) (c)

Figure 2. Three representative stitch patterns: (a) single stitched; (b) same path double
stitched; (c) Path single stitched.
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be viewed in Microsoft excel or Notepad since it is in a spreadsheet. The process
conversion from comma separated valves (CSV) to embroidery file format (.PES)
that contains embroidery instructions is shown in Figure 3. Once the conversion
is successful, the pattern is viewed in the embroidery software to check how the

pattern looks. The designed pattern is exported to the embroidery machine via a

USB port.

Develop antenna geometry

Run the MATLAB
script (saved as. CSV)
to generate mesh and
produce stitch file

|

Viewing file in Excel

Embroidermodder

Viewing Is conversion
Notepad or Excel successful?

Export the file

. pes

End

Figure 3. MATLAB interface to computer embroidery tech-
niques used for stitch pattern formation.

4. Antenna Description

The majority of the studied carried out onfabricantennas in the literature is cen-
tred around microstrip patch antennas as a result of its advantages of miniaturi-

sation, low profile, compactness, ease of integration in clothing materials and
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good radiation patterns. Fabric antennas consist of upper and lower conductive
layers of antenna patchs and ground plane and a middle layer of dielectric sub-
strate [1] [2] [3] [4]. A planar structure is a basic requirement for wearable tex-
tile antenna. A microstrip line-fed rectangular (square) patch as shown in Figure
4 was designed using the transmission line model considering the dielectric con-
stant (&), resonant frequency (£,) and height of substrate (A,) for calculating the
physical dimensions of the patch using Equations (2)-(10) [13]. The dielectric
constant is of a lower value to enhance fringing and radiation. The bandwidth of
the patch is a function of substrate height. Patch antenna dimension is W, in
mm and Z, in mm where A is the free space wavelength at 2.45 GHz and 5 GHz
wireless networking bands. The dimensions of the feed line are Z,x W,and feed
line inset (y;) for impedance matching. The dimension of substrate and ground
plane is given as (W, x L ;and A) and (W, x L, and ¢,) all in mm respectively.
The microstrip patch antenna has been designed for two applications.

|
- W, ——>

w, w.

fo \ fo
X, | (/
- —
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Wf

le— ~ —5
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(a)
€ e ]
M
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Figure 4. Geometry of proposed inset microstrip fed patch anten-
na: (a) Top conductor and; (b) Solid ground.
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The embroidery technique is used to place a conductive yarn onto Denim or
Felt substrate for the ground plane of patch antennas operating at 2.45 GHz and
5 GHz frequencies. The substrate dielectric constant and loss tangent are deter-
mined by measurement using split post dielectric resonators (SPDR) for the fa-
bric samples. The patch antenna is constructed on a two layer substrate having a
FR4 of relative permittivity &, of 4.3 loss tangent (tand) of 0.018 and relative
permittivity of Denim fabric of 0.7 mm, & of 1.97 and loss tangent (tand) of
0.0707 and and for a felt fabric of 1 mm, &, of 1.2 and (tand) of 0.0013. A copper
layer of thickness of 0.035 mm was used on the reference antenna.

Two types of conductive thread materials were used for the fabrication of the
prototype stitched antennas: Liberator-20 and Amberstrand 66 (metal clad po-
lymer). Liberator-20 consists of a yarn of 20 strands of diameter 0.22 mm. Each
strands has a Vectran fiber core with silver coating. The DC resistance of Libe-
rator-20 is 2 Q/ft which gives an effective conductivity of 4.5 x 10’ S/m. Libera-
tor-20 is created by Syscom Advanced Materials [2].

The following formulae for the antenna design are taken from Balanis [13]:

Effective dielectric constant

- y2
g, =St & 1{1+1211 2)
2 2 W
E et [ﬂ > l)
h
Effective length
Ly =L+2AL (3)

Normised extension length

(Zrn +o.3)M+o.2s4]

ATL =0.412 4)

&y —0.258 V—V+O.8
( reff ) h

Resonant frequency

1

(fr )010 - ZLEM (5)

There are various way of feeding the microstrip patch antenna which include
coaxial probe feed, microstrip line, inset fed, aperture coupling and proximity
coupling. Most designs of microstrip antenna are fed by simple coaxial probe
because of ease of fabrication. In this study the rectangular microstrip patch
antennas are fed by a microstrip line with inset feed. The inset feed is used for
microstrip patch antenna to improve the impedance match with planar feed
configuration. The input impedance of microstrip patch antenna depends on the
feed position for probe feed or the microstrip feed inset [14]. The transmission-line
model represent the patch as a low-impedance line whereby the width of the

patch determines the impedance and the effective dielectric constant. A microstrip
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patch consists of parallel plate radiation conductance and capacitive susceptance
that loads both the radiating edges of the patch Balanis [13] gives the radiation

conductance for a parallel-plate radiator as

G :ﬂ{l__“(“) } (6)
14, 24
1
R =50 ?)

The computed value of G'was 2.49 mQ and R, the input resistance at the edge,
is 200 Q with y; inset distance. The capacitive susceptance in relation to the

effective strip extension is given as

B-001668> W ()
H A

Microstrip antenna is fed from the edge using an inset line where the gap on
either side ofstrip line is equal to its width. The feed location y, was computed

from Equations (5)-(9) using a radian angle measure.

Ri:Resin“n—zO, 0< yos% 9)
ya
. R,
Yo _Lgin [—'] (10)
T R,

Computed values of 50 Q feed inset, y; for 5 GHz was 3.5 mm and for 2.45
GHz the value is given as 7.5 mm. The values were compared to the computed

values in [13].

Production of Textile Meshed Ground Plane

A digital embroidery machine at the Loughborough University model Brother
Pro PR1000e Entrepreneur was used to realize the fabrication of the stitched
ground plane for the Microstrip patch antennas. The thread used for this study
was a Multi-thread conductive yarn Amberstrand Silver 66. One single thread of
Amberstrand is made of 66 identical filaments. The diameter of the Amber-
strand filament is approximately 17 um [1] [2]. The stitching was performed
along the horizontal step and vertical step directions for antennas PA2, PA3,
PA4 and PAS5. The lock stitch method was used where two threads: conductive
thread and non-conductive thread for stitched formation. A stitch density of 4.5
lines/mm was used stitching of the ground plane. Current prefers to follow the
stitch direction rather jump from one yarn to another [4]. The number of stitches
for ground plane for antenna PA3 and PA4 was 449. The number of stitches for
antenna sample PA2 is 313 and PA5 is 1161. Stitching the ground plane on to
fabric material (felt or denim) first, the stitched ground plane is cut and attached
the stitched ground plane to the FR4 substrate using repositionable adhesive.

The patch antennas samples were designed of top (solid patch), ground plane
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conductive mesh and at the middle a dielectric substrate. Amberstrand was stitch
into nonconductive substrate (example felt and denim) to create conductive
mesh with equal mesh density in both orthogonal directions of the ground plane
using the process of embroidery. The stitching concept employed the principle
of lock stitch pattern. Stitched antennas always result in an anisotropic pattern
where the conductivity of the textile depends on the direction of the current
flow in the pattern, pattern geometry and the stitching density of the design
[4].

Antennas are named as follows, Antenna PA1 solid patch on solid ground
plane, antenna PA2 solid patch etched on FR4 and conductive thread is stitched
on felt material, antenna PA3 solid patch and meshed ground (using conductive
thread on felt material), antenna PA4 solid patch on FR4 substrate and conduc-
tive thread stitched on denim fabric, antenna PA5 solid patch on FR4 substrate
behind is a felt fabric material stitched triangular meshed formation, antenna
MGP1 meshed patch on mesh ground plane (2 mm x 2 mm) and antenna MGP3
solid patch on FR4 meshed ground similar (to PA2), antenna MGP2 meshed
patch on solid ground, antenna and antenna MGP4 solid patch on meshed ground

(2 mm x 2 mm).

5. Results

The reflection coefficients of the patch antenna with stitched ground plane were
measured using a 37397D network analyser. The structure and dimension of the
proposed microstrip patch antenna is shown above. The ground plane covers the
entire side of the substrate and is made of copper sheet of 0.035 mm thickness.
The radiating element is designed with the same thickness copper. The substrate
is FR4 (&, =4.3 and loss tangent ¢ =0.018) has a size of

W, x L, =70 mmx65 mm, substrate height h, =1.6 mm is used for all the an-
tennas. The size of the patch W, xL, =38 mmx28mm. The feedline has a
characteristic impedance of 50 Q) for maximum power transfer. The simulated
and measured reflection coefficient are shown in Figure 5. The reflection coeffi-
cient is at centre frequency of the Wi-Fi band (2.4 - 2.485 GHz). Measured S, is
—21.48 dB at 2.43 GHz, —10 dB Bandwidth 49 MHz and simulation S, is —25.81
dB at 2.46 GHz-10 dB bandwidth 87 MHz.

The reflection coefficient (S,;) of a solid patch antenna (PA1) with a copper
ground plane sample is shown in Figure 6. PA1 simulation S, result is —21.4 dB
at 4.97 GHz, —10 dB bandwidth of 200 MHz and measured S, is —25.6 dB at 4.92
GHz, —10 dB bandwidth 200 MHz. This sample (PA1) was used as a case study.
Several antenna samples were designed and fabricated using different substrates
such as denim and felt. Measurement results and simulation of the various
stitched patch ground at 5 GHz were compared to the solid patch antenna.

The measurements were carried using the point (0.0) indicated on Figure 7 as
the referenced node. Analogue meter (HP4328A milliohm meter) was used but

had its precision augmented by connecting a high impedance digital meter in
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parallel with the moving coil panel meter in the instrument. The digital meter
was calibrated however due to the normalisation this effect was cancelled out.
The theoretical value for Amberstrand(R) = 2 Q/foot = 6.54 Qm™". For example
the distance between two nodes of 7 mm = 46.04 mQ. This value is an approxi-
mation because across the meshes the distances look equal. Pressing down the
probe of the multimeter gives a better result when measuring between nodes

across a meshed-on fabric material.

-10

-15

S11 (dB)

— Measured

Simulated

04 1.4 24 3.4 4.4 5
Frequency (GHz)

Figure 5. Comparison between simulation and measurement of the proposed
microstrip patch (inset feed) at 2.45 GHz.

0
-10
o
°
= -20
(4]
= Solid patch Measured
-30
— Solid patch Simulation
-40
25 35 4.5 55 6.5 7

Frequency (GHz)

Figure 6. Simulated and measured S, curves of the antenna PA1 (solid ground
planes) at 5 GHz.
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Figure 7. Measurement referenced point of meshed ground plane.

The analytical, simulation and measured result of the meshed ground plane
are shown in Figure 8. The data are simulation, analytical and measurement re-
sults [15]. The meshed grid is simulated with a uniform conductor while the fab-
rication or embroidery is carried out with a non-uniform conductor. The meshed
grid point in the measurement across the points varies due to expansion of Am-
ber strand conductors. The difference in the results is a result of the distances
between meshed and the uniformity of the conductors across the grid. The
separation between two nodes is not equal because of manufacturing tolerance.
The meshed ground plane of the size 8 x 8 using an offset distance of 1/2 grid
was designed using the proposed stitching pattern. The first stitch patterns cre-
ated were not connecting properly at all node points when measured but to im-
proved connections between the vertical and horizontal sections, an offset grid
was generated. The simulation considering 7 points gives: 0.9869, 1.0002, 1.0606,
1.0871, 1.0361, 1.0871, 1.5638 and the measurement gives a 1.0968, 1.175, 1.3466,
1.427, 1.1316, 1.3119, 1.1487. The average error across the grid nodes (8 x 8) is
about 23.51%. Note the edge effect on the measurements, which are on smaller
array than the modelled mesh. Once the mesh is larger the measured result the
resistances across the mesh will be similar to the infinite meshed network. They
mesh that was simulated and stitched samples on felt and denim substrate was (8
x 8) which is small but using a larger mesh edge effects will be reduced. From
the results some errors in the values of resistance are seen across the edges [16]
[17].

Two types of feed were considered in the modelling of the microstrip patch
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Figure 8. Comparison of measured point with simulation and analytical results of
stitched ground plane.

antenna. The inset feed gives a better match and higher resonant frequencies
than the direct feed microstrip line because the input impedance is clearly de-
fined. The inset fed microstrip antenna has an efficiency of 91% while the mi-
crostrip line fed has an efficiency of 88% at the center operating frequency of
2.45 GHz [3]. From the results at —10 dB bandwidth for microstrip patch at 5
GHz, a bandwidth of 150 MHz was realized (see Figure 6) but the value of 861
MHz bandwidth was achieved using the triangular stitched ground plane pat-
tern. The rectangular stitched pattern used for the same microstrip patch anten-
na give a —10 dB bandwidth of 780 MHz. These results of the meshed stitched
antennas show a bandwidth broadening when the antenna is stitched on fabrics.
Meshed version of the antenna will be advantageous if applied because less ma-
terials is required, implying less weight and cost, they can equally be integrated
into clothing for wearable applications.

The stitched antenna was placed on a rigid substrate of FR4 and compared
with etched antenna PAL1 as in Figure 9. All the stitched pattern was fastened on
the FR4 substrate and the stitching were done 2 mm spacing based on the di-
mension of the Amberstrand. Amberstrand Silver 66 thread was used to actual-
ize the design. This antenna consists of three layers: the top patch, the dielectric
substrate (FR4) and a thin fabric material on which the stitching of the ground
plane. The same dimension of the ground plane (44 mm x 48 mm) was used for
the stitching the designs. Antenna PA3 is on a felt fabric ground plane with total
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thickness of the substrate (approximately 2.6 mm). Antenna sample PA4 is placed
on denim fabric.

The simulated and measured S;; of three samples of stitched antenna is de-
picted in Figure 10. Measured S, of PA3 —25.8 dB at 5.31 GHz 800 MHz -10 dB
bandwidth, Simulated S,, of PA3: —32.7 dB at 4.56 GHz 500 MHz —10 dB
bandwidth. The differences between the simulation and measurement due to
inaccuracy of thickness of the rigid substrate and fabrication errors. Measured
S,, result of PA3: —30.7 dB at 5.31 GHz 680 MHz —10 dB bandwidth while the
simulated S,, result —25.2 dB at 5.46 GHz 420 MHz —10 dB bandwidth, the si-
mulation and measurement agreed for the antenna sample PA4. However, PA3
has higher impedance bandwidth than PA4 as a result of the substrate thickness.
The antenna sample PA4 has a center frequency of —30.7 at 5.31 GHz compared
with PA3 —25.8 dB at 5.46 GHz. Antenna sample PA5 stitched on a denim sub-
strate in triangular geometry have —10 dB bandwidth of 861 MHz at —15.2 dB.
The difference between the measurement and simulated results may be attri-
buted to two reason, air gap between the FR-4 and fabric layer which was not
considered during simulation. The adhesive spray used for fixing the fabric to

FR-4 was not taken into consideration during simulation.

(b)
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(a) (c)

Figure 9. Representative examples of solid and stitched ground planes
for microstrip antennas (a) solid ground plane (PAl), (b) top patch,
(c) rectangular ground plane and (d) triangular stitched ground plane.
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Figure 10. Measured S,; results of antennas with different stitched ground plane on
different textile substrate.

Antenna PA3 was measured for the reflection coefficient (S;;) when placed on
body as shown in Figure 11. The measured were carried out considering a gap
of 3 mm between the body and antenna. The S,, off-body measurement is 5.18
GHz at —23.78 dB with —10 dB bandwidth of 0.651 GHz while on body mea-
surement 4.781 GHz at —15.26 dB and 5.316 GHz at —23.55 dB, with —10 dB
bandwidth of 0.86 GHz. The —10 dB bandwidths in free space and worn does not
change significantly. The on-body measurement shows a bandwidth broaden
and no change in resonant frequency except in two modes.

Antenna sample PA1 is a solid patch with solid ground plane and antenna
sample MGP1 a meshed patch with meshed ground plane both same dimen-
sions. They are fabricated on FR-4 substrate of 1.6 mm thickness. PAl simula-
tion S,; result is —21.4 dB at 4.97 GHz, —10 dB bandwidth 200 MHz and meas-
ured S,,-25.6 dB at 4.92 GHz, —10 dB bandwidth 200 MHz while MGP1 measured
S,;-24.2 dB at 4.70 GHz, —10 dB bandwidth 220 MHz and simulation at —26.9 dB
at 4.82 GHz, 240 MHz. The drop in frequency of meshed patch with meshed
ground (MGP1) is lower by 4.47% as compared to PA1 of the same dimensions
but higher impedance bandwidth. The discrepancies between the measured and
simulation as a result errors of substrate permittivity [3]. The radiation pattern
was stimulated at 4.82 GHz as shown in Figure 12 where the E-plane and H-plane
shown that leakages on the meshed ground plane. The pattern of the meshed
patch antenna does not change as compared with the solid patch result. Meshing
the ground plane of the patch does not change the radiation pattern. The solid
patch has a directivity of 7.03 dBi and the directivity of the meshed patch is 6.91
dBi. Both directivities show only a small change when antenna is meshed. The
maximum directivity of the patch antenna (PA1) to the directivity at the real is
given as FBRy; = 18.32 dB. For antenna MGP1 has a FBRy; = 10.63 dB which
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Figure 12. Stimulated radiation pattern of antenna samples MGP1 and PAI.
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shows leakage as a result of meshing the patch antenna and the ground plane.
The conventional microstrip patch antenna (PA1) and the microstrip patch with
meshed ground in H-plane and E-plane at resonant frequencies are demon-
strated in Figure 12. Meshing the ground plane does not change the shape of the
pattern for the patch antenna but only causes some back radiation where leakage
on the ground plane. The patterns are normalized to the peak gain at each fre-

quency.

6. Conclusions

The MATLAB interface to the computer embroidery method is used to control
the stitching techniques and stitching density of embroidery machine designs.
Three sets of geometric patterns were created include rectangular, square and
triangular mesh. These patterns were stitched onto denim and felt fabric mate-
rials to provide a microstrip patch ground plane. The rectangular and square
patterns use less yarn compared to the triangular patterns. However, the method
can be used to create any geometric pattern desired for any antenna ground
plane. The solid ground plane of the microstrip antenna was replaced with a
stitched ground plane for applications at 2.45 GHz and 5 GHz. This method has
proven successful based on results from the ground plane designs carried out in
this study. Measurement results on the proposed stitched ground planes were
compared with the theory of infinite resistive network that shows good agree-
ment.

The meshed ground plane of the size 8 x 8 using an offset distance of 1/2 grid
was designed using the proposed stitching pattern. The first stitch patterns
created were not connecting properly at all node points when measured but to
improved connections between the vertical and horizontal sections, an offset
grid was generated. Measurement results on the proposed stitched ground
planes were compared with the theory of infinite resistive network that shows
good agreement.

The method employed in this study shows the possibilities of compact stitch
spacing for ground plane of antennas and at the same time reducing the cost of
production of the stitched antennas. Full control of the stitch pattern is achieved.
A higher conductive path was achieved on the mesh designs. Current follows
along with the stitched patch of ground plane. This stitched ground was applied
to microstrip patch antennas. The patch antennas were designed at 5 GHz with
the same dimensions and with differing format ground planes of the same size.
A solid patch with solid ground plane was used for comparison with the stitched
ground planes. Closer stitched configuration was achieved which gives resonant
frequency at 5 GHz. A fabric patch design with stitched ground shows compara-

ble performance to conventional copper patch antenna of the same design.
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