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ABSTRACT Frequency detuning issues in antenna operation due to structural deformation have become
a concern, especially for flexible devices such as a textile antenna. Under deformed conditions such as
during bending, the antenna might not operate at the desired frequency, causing performance degradation.
Therefore, a 1.575 GHz textile antenna for GPS tracking application with defected ground structure is
proposed in this paper to alleviate the frequency detuning issues and is demonstrated under two bending
conditions, H-plane and E-plane. The implementation of DGS is expected to minimize the frequency
detuning by increasing the bandwidth. Hence, the frequency detuning effects could be minimized under
bent conditions with broader bandwidth and acceptable antenna performance. In this paper, a planar textile-
based antenna with the dimension of 90mm (L) × 100mm (W ) was designed, and three rectangular slots
were applied at the ground to create DGS. A self-developed electro-textile and polyester were used as
the antenna conductive material and substrate. Through the study, a detailed analysis was conducted for
both antennas, with and without DGS. The significance of DGS in the proposed design is evaluated and
clarified by comparing electric and magnetic field intensities in non-radiating and radiating edges. The
detailed performance comparison were observed and analyzed through S-parameter, gain, radiation pattern,
and current distribution. The technical performance of the proposed technique is validated through simulation
and measurement. DGS implementation has improved the antenna bandwidth from 4.04% to 12.20%, with
1.45dB gain and 23.75% radiation efficiency. As a result, the antenna can operate at the desired frequency
under both bending conditions. DGS method provides simplicity in its design, and this method has been
widely used in conventional antennas previously. However, the detailed behaviour of field intensity around
the non-radiating and radiating edges have not been demonstrated and analyzed. Therefore, the validation
of the proposed design through a detailed analysis of E-field and H field intensity concerning antenna
configurations; with and without DGS becomes the main contribution of this paper. In addition, the study of
bending on different bending radius is also conducted in this paper.

INDEX TERMS Textile antenna, wearable antenna, bending, defected ground structure (DGS).

I. INTRODUCTION
In wearable technology, smart clothing shows great potential
in enhancing life value by improving clothing functionality

The associate editor coordinating the review of this manuscript and

approving it for publication was Derek Abbott .

through a combination of fabrics and electronics. The rev-
olution of smart garments enables the wearer to experi-
ence wireless on-body communication for many applications,
including wireless medical, health care, mobile communica-
tion [1], entertainment, sports, navigation [2], and tracking
through global positioning system (GPS) [3], and for some
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specialized occupations such as firefighters and military
personnel [4]–[7].

An antenna is crucial for wearable devices as a radio wave
transmitting and receiving medium to support many wireless
communication aspects such as in-body communication, on-
body communication, and off-body communication [8]. The
wearable antenna must be lightweight, flexible, and easily
embedded in the garment [9]. Thus, for this emerging tech-
nology, the conventional antenna type is no longer relevant
to wearable applications due to its rigid and non-flexible
characteristics. Therefore, the use of a more flexible material,
such as fabric-based material, is encouraged.

The conventional textile-based wearable antenna is usu-
ally fabricated using a regular fabric and then integrated
with a radiating element such as copper foil, copper tape,
copper powder, conductive spray, or adhesive sheets such
as ShieldItTM and Zelt R© [10], [11]. Integrating these radi-
ating elements into the antenna is usually done through
gluing, spraying, and ironing. These methods provide an easy
fabrication of the textile antenna; however, there is also a
drawback, specifically on sustainability issues. The antenna
can be easily detached from the fabric after being worn or
washed several times [12], which will cause a reduction in
antenna efficiency and influence the antenna performance
due to the dissolution of conductive material from the textile.
Therefore, a more durable conductive textile that is more
structurally practical and comfortable was developed in this
study, as shown in Figure 1.

The movement of a human body consists of a superpo-
sition of bends in arbitrary directions. In textile antennas,
mechanical deformation such as bending is unavoidable. It is
known that the effect of bending will degrade the antenna
performance, such as its gain, bandwidth and may shift its
resonant frequency for the intended application [13]–[15]
due to the change in impedance characteristic when bending
occur [16]. In a worst-case scenario (significant E-plane bent
condition), the frequency can be drifted from the intended
application due to the input matching that is no longer effec-
tive (mismatch). Thus, the S11 will be less than−10 dB at the
application frequency [17]. Due to this scenario, the antenna

FIGURE 1. Warp and weft of the manufactured conductive textile. The
conductive yarn is a mixture of copper and polyester, and the
non-conductive yarn is polyester.

might not work and radiate for the designated application.
Thus, a wideband operation is suggested to alleviate these
effects and maintain the antenna performance under bending
to ensure that the resonant frequency remains within the
operating region even after bending [18].

Previously, an ultra-wideband antenna has been used to
minimize the frequency detuning during bending; however,
the analysis is limited to the H-plane bent condition [19].
Similarly, in [20]–[22], the bending effects under various
bending radius and angles were presented, yet the antenna
performance on E-plane bent was not discussed. A study on
the wideband antenna concerning H-plane and E-plane bent
conditions was performed by [23]. Nevertheless, the material
used was not textile-based; thus, the accuracy shall be vali-
dated further. As in [24], simulation and analysis on H- and
E-plane bent conditions were performed, but the data was not
validated with the measured data. The most related work was
shown in [25]. The observation on the UWB textile antenna
in H-plane and E-plane bent condition is performed, and
the simulation analysis was verified with the measured data.
However, a detailed analysis of the antenna gain, radiation
pattern, and current distribution on both H-plane and E-plane
bent conditions was not shown.

This paper proposes wider bandwidth to mitigate the fre-
quency detuning issue in the GPS textile-based wearable
antenna. Many techniques have been used to enhance antenna
bandwidth in wearable applications, such as slots and slits
in [26] and modified octagonal patches [27]. However, this
technique is not suitable or practical to this project due to
the high possibility of the yarn being detached from the
fabric during fabrication, especially for the self-developed
conductive textile, which may contribute to the antenna per-
formance degradation. Shorting pin technique by [28] is also
identified to increase the bandwidth of the textile antenna.
Yet, its practicality is still an issue due to the complexity of
the shorting pin for a flexible structure. Similarly, in [29],
the bandwidth was improved using a stacked technique, and
multiple bands were achieved. However, the combination of
jeans fabric and foam as the antenna substrate is not practical
in wearable applications. Several bandwidth enhancement
techniques have been presented in [30] and [31]. In the
papers, multiple design methods are implemented on a single
antenna, such as stub, AMC, metallic walls, printed strip,
shorting walls, and air gap, making it complex and thick
in structure. Therefore, the proposed technique is not suit-
able for textile antenna materials. Based on the analysis
in [32]–[34], the bandwidth could also be improved by using
Defected Ground Structure method (DGS). This method is
one of the most suitable methods for the proposed design
since the etched slots or defects are done on the ground.

Therefore, in this paper, a planar antenna with bandwidth
enhancement using defected ground structure (DGS) was
designed to solve the frequency detuning problem. The analy-
sis was conducted by studying the antenna characteristics due
to bending, including gain, resonant frequency, and radiation
pattern on H-plane and E-plane bent conditions. A cylindrical
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foam with a radius of 42.5 mm and bending angle of approx-
imately 135o, was used, representing the bending condition
around the human arm. A self-developed conductive textile
and polyester fabric was used as a radiating element and
substrate of the antenna with the dielectric constant, εr of
1.05×104 and 1.36 respectively. Here, the studywas on bend-
ing conditions only without considering the dielectric loading
effects due to the human body. The antenna was designed at
1.575 GHz frequency for GPS application. All the simulation
works were done using 3D electromagnetic software, known
as CST, and the validation of results was done through labo-
ratory measurement. The achieved S-parameters (at different
bending angles), the currents and fields distributions of both
the radiating elements and the ground plane with different
slots are all numerically and experimentally measured in the
field of free space. Figure 2 shows the example of GPS
tracking system that can be used to trace a child location.

FIGURE 2. Example of a GPS tracking system using wearable textile
antenna integrated with children school attire.

II. METHODOLOGY
This section describes the methodology related to the devel-
opment of conductive textile and antenna design.

A. DEVELOPMENT OF CONDUCTIVE TEXTILE
The development of conductive textile started with the
production of conductive yarn, also called hybrid yarn,
a combination of copper and polyester yarn. By using the hol-
low spindle spinning method, copper-covered yarn was pro-
duced [35]. The copper yarn of 0.14mm diameter was twisted
around the polyester yarn during the production, as shown in
Figure 3. Based on the previous study in [36], [37], copper
covered-yarn design structure is chosen because it contains a
higher ratio of copper-to-polyester thread than copper core-
sheathed yarn, which contributes to the higher value of textile
conductivity. This hybrid yarn alignment is better than the
conventional copper core-sheathed yarn, where the copper
yarn is kept as the core and is wrapped around with the
polyester yarn.

After that, the process continued with the production of
conductive textile using SULZER TEXTILE G6300 rapier

FIGURE 3. Copper covered yarn.

FIGURE 4. (a) Satin weaving structure (b) Satin conductive textile.

TABLE 1. The physical and electrical properties of conductive textile.

weaving machine, as shown previously in Figure 1. The satin
weaving technique was chosen as it provides better antenna
gain performance due to its interweaving ratio arrangement,
as reported in [38]. The conductive yarns were interlaced
with non-conductive yarns to make the textile comfy and
suitable to be worn. The conductivity of the conductive textile
was measured using a stripline measurement technique [39].
Figure 4 and Table 1 show the woven conductive textile and
its electrical properties, respectively.

B. ANTENNA DESIGN
A circular-shaped planar textile antenna was chosen in this
paper to provide a more stable gain and less frequency detun-
ing effect during bending as compared to a square and edgy
flower patch shape [40]. The feeding technique used was
coaxial feed to minimize the fabrication error that may hap-
pen during antenna fabrication contributing to the impedance
mismatch and other performance degradation [41]. Three
rectangular slots were designed on the ground plane to
increase the antenna bandwidth. A simple rectangular shape
design is proposed to simplify the analysis as a rectangular
shape is symmetrical. The location of slots was chosen based
on the location of feed, where it shall be at the same plane
beside the transmission line in the co-planar waveguide [42]
or under the transmission line [43]. It is because the current
flow is the strongest around the feed. Following the quasi-
static principle of DGS [44], the quasi-transverse electromag-
netic mode (TEM) propagates under the microstrip filament
(where the current and electromagnetic field is confined)
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and the infinite ground plane in a conventional microstrip
transmission line. The return current on the ground plane
represents the negative image of the current distribution on
the microstrip line. In the presence of DGS, the current return
path is disturbed as the current is confined to the periphery
of the perturbation. It will return to the underneath of the
microstrip line once the perturbation is over [45]. The distur-
bance of current distribution on the ground plane may change
the characteristics of a transmission line (or any structure)
by including some parameters such as slot resistance, slot
capacitance, and slot inductance to the line parameters (line
resistance, line capacitance, and line inductance) [46]. There-
fore, the changes in the current distribution due to DGS will
be demonstrated in the next section.

The geometry of the proposed antenna design, without
and with DGS, labeled in this manuscript as Antenna 1
and Antenna 2, respectively, is shown in Figure 5. Table 2
shows the antenna dimensions. To demonstrate the ability
of the proposed design to mitigate the frequency detuning
issues, bending condition along E-plane and H-plane was
shown through simulation and measurement as shown in
Figure 6 and 7, respectively.

C. PARAMETRIC ANALYSIS OF ANTENNA DESIGN
A parametric analysis is performed to investigate the charac-
teristics of the proposed antenna when the antenna’s ground
structure is modified through the implementation of defected
ground structure (DGS). The modification of the ground
layer is done to increase the bandwidth in order to min-
imize the detuning effects. Theoretically, the metallic part
of the microstrip antenna is the combination of resistance,
inductance, and capacitance. So, when DGS is integrated on

FIGURE 5. Geometry of the fabricated antenna design (a) without DGS
(Antenna 1) (b) with DGS (Antenna 2).

TABLE 2. Parameters and dimensions of the fabricated antenna.

FIGURE 6. Side view and top view of bending condition (a) H-plane
(b) E-plane.

FIGURE 7. Measurement of antenna under bending conditions
(a) H-plane (b) E-plane.

the ground plane under the transmission line, the defected
region will disturb the ground plane’s current distribution.
In other words, by adding slots on the ground plane, the
transmission line characteristics, specifically the effective
capacitance, inductance, and resistance values will change.
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This working principle is employed in the antenna design as
it is known to increase the antenna bandwidth [47]–[49]. The
parametric analysis in this section is done to identify the most
optimum DGS structure that will solve the frequency detun-
ing problems. The study parameters are the slot’s locations,
the number of slots, the slot’s thickness, and the slot length
and width.

1) SLOT LOCATIONS
The slots at the ground plane are placed underneath the
patch concerning the coaxial probe position. The current is
significantly higher at the coaxial probe point to intentionally
disturb the shielded current distribution on the ground plane.
As a result, the excitation and propagation of the electromag-
netic wave through the substrate layer can be controlled [50].
The location of the slot is as shown in Figure 8. The effects of
the slot position on the coaxial probe location at the ground
plane are studied in the S11 graph and current distribution as
shown in Figures 9 and 10.

Based on Figure 9, when a slot is placed vertically on the
left and the right side of the coaxial probe, it has resulted
in the same pattern with a slight reduction in S11 and the
same resonant frequency. However, when the slot is placed
horizontally above and below the coaxial probe, the S11 is
degraded by almost half as compared to the original (with-
out a slot). The resonant frequency is also shifted, and the
shifting is more significant when the slot is placed above the
coaxial probe. Meanwhile, Figure 9 shows that even though
the current distribution on the ground plane is disturbed, the
bandwidth remains the same when only one slot is applied.
Implementing one slot is not sufficient to disturb the current
distribution on the ground plane and change the bandwidth.
The changes only show a slight shift in resonant frequency
and degradation in S11. Hence, the investigation was contin-
ued with the implementation of more slots

2) NUMBER OF SLOTS
In this experiment, the number of slots is increased to improve
the antenna bandwidth. The conducted study is as shown
in Figure 11.

FIGURE 8. Slot locationss (a) No slot (b) Left slot (c) Right slot (d) Upper
slot (e) Lower slot.

FIGURE 9. Effects of slot locations on the ground plane to the S11
performance.

FIGURE 10. Current distribution at the ground plane concerning the slot
locations (a) No slot (b) Left slot (c) Right slot (d) Upper slot (e) Lower
slot.

Figure 12 shows that the bandwidth is increased when
two slots are placed vertically between the coaxial probe.
By referring to the current distribution in Figure 13(a), it can
be observed that the addition of slots has created another
disturbance in the current flow, hence, creating another S11
operational band and increasing the bandwidth. However,
the antenna is less efficient since the S11 is above −10 dB.
Then, another trial is done using two slots placed horizontally
between the coaxial probe. The result indicates no changes
to the bandwidth as the bandwidth remains narrow. This is
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FIGURE 11. Number of slots on the antenna (a) Double slot (vertical)
(b) Double slot (horizontal) (c) Double slot (vertical) with third slot above
the port (d) Double slot (vertical) with third slot below the port.

because, as seen in Figure 13(b), the current flow shows that
the disturbance in the surface that happened in both slots
seems to combine and form one circular current. The current
concentration of two slots became one in the horizontal posi-
tion; hence the results are more significant than the one slot
results. The outcome of the two vertical slots is more promis-
ing as the bandwidth widens. Thus the third slot is applied to
the ground plane for better bandwidth performance.

The addition of a third horizontal slot produces three
current circulations on the ground plane, as shown in
Figure 13(c) and (d), and increases the bandwidth. However,
the antenna operates in dual-band mode and the frequency is
shifted to the left. Next, the third slot is located to be under the
coaxial probe. This modification resulted in wide bandwidth
with S11 values of below −10 dB. Hence, the requirement is
satisfied.

Typically, the slots can be represented by purely reactive
impedance and a network of impedance, which can also
be designed to give a broadband response and increase the
antenna bandwidth [51]. When DGS is applied on the ground
plane, the fringing field increases; thus parasitic capacitance
is introduced. Due to parasitic capacitance, the coupling
between the conducting patch and the ground plane increased,
which enhanced the bandwidth. Whenever any slot is cut on
the ground, the longitudinal current flow is interrupted, and
the direction of the current is changed, causing an increase in
bandwidth [52]–[54].

3) DISTANCE OF SLOTS
In this investigation, the distance of slots is studied to obtain
wider bandwidth results. The experiment begin by varying the
distance of vertical slot, dv first, and then the horizontal slot,
dh as shown in Figure 14. Coaxial feed was indicated as the
reference point to the position of slots. Figure 15 represents
the S11 by varying the dv with respect to the coaxial probe,
while Figure 16 shows the results of varying the dh. The
current distribution is shown in Figure 17 and 18 accordingly.

FIGURE 12. Effects of number of slots to the antenna bandwidth.

FIGURE 13. Current distribution at the ground plane concerning the
number of slots (a) Double slot (vertical) (b) Double slot (horizontal)
(c) Double slot (vertical) with third slot above the port (d) Double slot
(vertical) with third slot below the port.

Through this experiment, the sizes of horizontal and vertical
slots have been unchanged.

As observed in Figure 15, the distance of 4mm to 8mm
shows a narrow bandwidth. Due to the small distance between
both slots, the current intensities are added up. The current
is circulated at the center of the antenna and forms a single
current disturbance (as shown in Figure 16(a), (b) and (c)).
It is also observed that as the distance of slots increases (from
4mm to 10 mm), the resonant frequency shifts to the right.
The increment in distance or gaps has increased the effective
inductance; hence the frequency is shifted to the higher fre-
quency [55]. Changes in bandwidth are established at the slots
distance of 10 mm and 12 mm. These separations provide
adequate space for the current to circulate on its periphery,
eventually making the current field on the slot stronger and
disturbing the current distribution. Thus, the condition shown
in Figure 16(d) and (e) produce wider bandwidth. However,
as the slot is located too far from the coaxial feed, the current
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FIGURE 14. Optimization of slot position by varying the horizontal slot,
dh and vertical slot, dv.

FIGURE 15. S11 of the optimization of slot position with respect to the
distance of horizontal slot, dh.

distribution became weaker (as in Figure 16(f), thus unable
to produce wide bandwidth. Therefore based on the perfor-
mance of S11 and current distribution, the optimum distance
for vertical slots is 10 mm.

Next, the distance of the horizontal slot concerning the
coaxial probe is varied, where at the same time, the verti-
cal slots are maintained at the 10 mm distance. By varying
the distance of the horizontal slot, it can be seen that the
bandwidth is almost similar, but the S11 shows differences.
Here, the analysis focuses on reducing the peak at the center
of the bandwidth (as shown in Figure 17). From the graph,
as the distance increases, the rising peak shown by the circle
area increases and approaches −10 dB. This phenomenon
is related to the current distribution on the ground plane
(as shown in Figure 18). The current circulating the slots
becomes weaker as the horizontal slot moves away from the
coaxial feed. Hence the S11 becomes the lowest. Thus, the
optimum distance of the horizontal slot is chosen to be 5 mm
because the S11 is the better. The optimized dv = 10 mm and
dh = 5 mm are used for antenna 2.

4) LENGTH OF SLOTS
In this section, the analysis was based on the lengths of the
vertical slots (L1 and L2) and the horizontal slot (L3) as shown
in Figure 19. Figure 20 shows the optimization results of the
length of the vertical slots (L1 and L2). The length of the slots
is varied from10 mm to 50 mm.

Figure 20(a) shows a significant observation at 30 mm and
40 mm, where the dual-band operation occurs. Meanwhile,

FIGURE 16. Current distribution at the ground plane with respect to the
distance of horizontal slot, dh (a) 4mm (b) 6mm (c) 8mm (d) 10mm
(e) 12mm (f) 14mm.

FIGURE 17. S11 of the optimization of slot position with respect to the
distance of vertical slot, dv.

at 50 mm, the S11 is narrowed. The graph shows a trend,
starting from the length of 30 mm; as the size increased, the
dual-band frequency became narrow, and simultaneously, the
S11 at the rising peak between the two bands became lower.
Thus, towards approaching 50 mm length, the probability of
achieving a wide bandwidth is high. Therefore, the scale is
narrowed to half of the length between 40 mm to 50 mm.
The length of vertical slots is simulated at 45 mm and with a
tolerance length of 1 mm. So three new lengths are simulated
at 44 mm, 45 mm, and 46 mm, as represented in Figure 20(b).
Based on Figure 20(b), the length of 44 mm is not qualified
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FIGURE 18. Current distribution at the ground plane with respect to the
distance of horizontal slot, dh (a) 4mm (b) 5mm (c) 6mm (d) 7mm
(e) 8mm.

FIGURE 19. Optimization of slots length.

as it shows a dual-band operation. Then, for 46 mm, a wide
bandwidth is achieved, but it is not the optimum bandwidth.
The highest bandwidth obtained is at the length of 45 mm.
The graph also shows a trend, as the length of the slot
increases, the bandwidth decreases.

Next, the length optimization is conducted for the horizon-
tal slot, L3. The effects of the length of the horizontal slot
are studied in Figure 21. These results show a slight decrease
in bandwidth as the slot length increases. However, the main
changes in the L3 slot can be observed at the rising peak
of the S11. The S11 value at the peak became lower as the
length increased. Two potential widths of 8 and 9 mm, are
evaluated since the S11 at the peak is below −10 dB. In this
situation, both dimensions show wideband characteristics,
and the difference in bandwidth is only 1%. Both lengths
are then compared in terms of the S11 value. Based on the

evaluation, 9mm length is the optimumvalue of the horizontal
slots. Thus, the optimum length of the vertical slots and the
horizontal slot are verified.

From the analysis of slot length, the presence of slots has
interrupted the current flow as shown in the current distribu-
tion diagram in Figure 16 and 17. Increasing the slot length
has increased the path length of the surface current around
the slot, thus is increasing the reactive loading and changing
the resonant frequency [51]. An increment in reactive loading
also affects the Q factor of the RLC circuit, which corre-
sponds to the bandwidth, as shown in Equation (1) and (2).
By increasing the length of the slot, the effective inductance
is increased. An increase in the effective inductance causes
an increase in the Q factor of the RLC circuit; hence the
antenna bandwidth is decreased [56], [57]. The relation of
bandwidth, BW, center frequency, Fc and Q factor, Q of
the resonant circuit is shown by Equation (1), where Q is
directly proportional to X , the capacitive or inductive reactant
at resonance, and inversely proportional to R, the resistance
as shown by the Equation (2) and (3) [58]–[60].

BW =
Fc
Q

(1)

Q =
X
R
=
Xc
R
or

XL
R

(2)

Xc
R
=

1
ωRC

or
XL
R
=
ωL
R

(3)

FIGURE 20. Optimization of vertical slots length L1 and L2 (a) with
multiplier of 10 mm (b) at minimize range.
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FIGURE 21. Optimization of horizontal slot length L3 at 7mm to 11mm.

5) WIDTH OF SLOTS
In Figure 22, the widths of the three slots are varied simulta-
neously, and the results are analyzed in Figure 23.

As the width of slots increases, the bandwidth is reduced.
At the width of 3 and 4 mm, the antenna has achieved
wide bandwidth. However, the optimum was 3mm because
the bandwidth was larger. Even though the S11 for 4 mm
width is high, the main objective is to get the optimum
bandwidth. Hence, the width of 3 mm is the suitable width
in the design. The increment in the slot width will decrease
the effective capacitance. The decrease in capacitance will
increase the Q factor; hence, the antenna’s bandwidth will
decrease [56], [57]. The fundamental concept of width is
the same as length, where optimizing the length and width
of the slots will result in the optimum bandwidth. The rela-
tion between the bandwidth and the Q-factor is as shown
in Equation (1), and the correlation between Q factor with
capacitance, C is shown in Equation (4).

Q =
1

ωRC
(4)

III. RESULT AND DISCUSSION
This section discusses the analysis of the antenna perfor-
mance in relation to S11 parameters, radiation performance,
and current distributions under normal (flat), H-plane and
E-plane bent condition.

A. S11 PARAMETERS
The implementation of DGS has improved the antenna band-
width from 74 MHz to 226 MHz. From the study, as the
antenna is bent, the resonant frequency shifts in both bend-
ing conditions due to the changes in the antenna’s effec-
tive length during bending [61]. It is also observed that

FIGURE 22. Optimization of slots width.

the resonant frequency is shifted to the left as the antenna
is bent (as shown in Figure 24). These scenarios can be
related to the increment in capacitive reactance and changes
in load impedance caused by bending [62], [63]. The rela-
tionship between the frequency and capacitive reactance can
be analyzed through the impedance versus frequency graph,
as shown in Figure 25 [64].

FIGURE 23. Optimization of horizontal slots width, w at 1mm to 5mm.

In theory, based on the graph in Figure 25, when there is
an increment of capacitive reactance in the antenna, the new
resonant frequency, f , will be shifted to the left (f < Fr).
Meanwhile, the frequency will be shifted to the right (f > Fr)
if there is an increment in inductive reactance in the antenna.
In this case, the resonant frequency Fr is 1.575 GHz, and the
f is shifted to the lower frequency as the antenna is bent; thus,
there is an increment in capacitive reactance to the antenna.
Equation (5) represents the relationship between capacitive
reactant, Xc, and frequency, f , where Xc is inversely pro-
portional to f . Therefore, adding a capacitive reactance will
decrease the resonant frequency [65].

Xc =
1

2π fC
(5)

The analysis also shows that the frequency detuning is
more significant when the antenna is bent along the E-plane
than H-plane. This is because when it is bent along the
E-plane, the affected bent area is at the radiating plane. The
effective length along the current flow is disturbed; thus,
the frequency shifting is apparent on E-plane compared to
H-plane. As presented in Figure 24(c), the frequency was
shifted for Antenna1, but as the bandwidth becomes larger
with the aid of DGS, the antenna can work at its operational
frequency with an excellent S11 value even though there is a
slight shift in the resonant frequency.

The significant discrepancy is observed in the measured
E-plane bent condition due to the multiple bending effects
on the antenna during the measurement. The same antenna
was used for measurement on the H-plane condition; and the
E-plane bent condition. Multiple uses of the same antenna for
measurement might also contribute to the change in the effec-
tive length of the slot and transmission line as the antenna is
bent, which eventually has detuned the input impedance of the
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FIGURE 24. S11 parameters of simulated and measured Antenna 1 and
Antenna 2 in (a) normal (b) H-plane and (c) E-plane bent conditions.

antenna [66]. Nevertheless, the antenna can still operate at the
desired frequency, proving that an improvement in bandwidth
has significantly solved the frequency detuning issues.

B. RADIATION PATTERN AND GAIN
Figure 26 and Table 3 show the radiation pattern and the
gain of antenna 1 and 2, respectively. The results of gain and
efficiency is also summarized in Figure 27. As observed in
Table 3, the gain of the antenna is increased when it is bent on
H-plane and decreased in E-plane bent condition. The effect
of bending can also be observed in the antenna radiation pat-
tern, where its relation to antenna gain is explained through
the current distribution in Figure 28 and Figure 29.

Figures 26(a) and (b) show that the antenna back lobe is
reduced as it is bent on H-plane. However, the back lobe
becomes bigger as it is bent on E-plane. This scenario hap-
pened because when the antenna is in a flat condition, the

current is equally distributed, as shown in Figure 28(a) and
Figure 29(a). As the antenna is bent on H-plane, the current
direction is on the same plane as the bending. Therefore, the
high current density is observed and accumulated at the center
of the antenna, which eventually contributes to high magnetic
fields in the antenna (Figure 28(b) and Figure 29(b)). Hence,
this has increased the antenna gain and reduced the antenna
back lobe.

FIGURE 25. Graph impedance vs frequency for series RLC resonance
circuit.

Meanwhile, as the antenna is bent on E-plane, the effec-
tive current length on the antenna is distorted. The surface
current disperses to both sides of the antenna and yields a
magnetic field on each side of the antenna (Figure 28(c) and
Figure 29(c)). Therefore, this has caused the radiation of the
antenna to disperse on the side, which has contributed towards
the increment of the antenna back lobe and side lobe and
caused gain degradation. The behaviour of the current during
bending for both Antenna 1 and Antenna 2 are similar. How-
ever, the implementation of DGS on Antenna 2 has slightly
degraded the antenna gain performance. This is due to the
increment in the antenna back radiation [67], [68], which is
observed through the radiation pattern in Figure 26(b).

From the axial ratio result shown in Figure 30, antenna 1
and 2 are linearly polarized. The simulated and measured
radiation pattern for both antenna co-polarization and cross-
polarization in flat and bending conditions are shown in
Figure 31, 32, and 33. As observed in Figure 31, 32 and 33,
the radiation patterns for antenna 1 and 2 are almost similar in
co-polarization conditions. However, in a cross-polarization
state, antenna 2 shows broader beam as compared to
antenna 1. Since the antenna is linear polarized, in this
case, it shows that the radiation of antenna 2 is wider at
the non-desired polarization direction. Therefore, the gain in
antenna 2 is slightly decreased as compared to antenna 1.
Further explanation on the antenna E-field and H-field is
discussed in the next section.

C. E-FIELD AND H-FIELD OF THE ANTENNAS
Figure 34 shows the electric field intensity of both designs
inside the antenna layer along the non-radiating edges
(y-axis). Theoretically, the graph accurately represents both
conditions, where the E-field intensity is zero at themid-patch
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TABLE 3. Simulated and measured gain of Antenna 1 and Antenna 2 in flat, h-plane and E-plane bending conditions.

FIGURE 26. Radiation pattern of the simulated and measured antenna in
flat, H-plane and E-plane bending conditions (a) Antenna 1 (b) Antenna 2.

FIGURE 27. Graph of gain and efficiency vs frequency for Antenna 1 and
2 in flat, H-plane and E-plane bent condition.

region. The antenna radiating element behaves as a per-
fect electric conductor at the surface, and hence, the edge.
By comparing Antenna 1 and Antenna 2 conditions, the
electric field intensity inside the antennas in DGS is around
the same values, except for in the centre, where the inten-
sity is slightly higher. Based on theoretical current-voltage

FIGURE 28. Current distribution of Antenna 1 (without DGS) in (a) flat,
(b) H-plane, and (c) E-plane bending conditions.

FIGURE 29. Current distribution of Antenna 2 (with DGS) (a) flat,
(b) H-plane, and (c) E-plane bending conditions.

relation, the observation shows that when a DGS is imple-
mented, more energy is absorbed or radiated to the back
of the antenna, which is not preferable, however, this does
not significantly reduce the radiated power as the magnitude
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FIGURE 30. Axial ratio of antenna 1 and antenna 2.

FIGURE 31. Simulated and measured antenna co-polarization at (a) Phi 0
(b) Phi 90 and cross-polarization at (c) Phi 0 (d) Phi 90 in flat condition.

difference remains low. This claim can also be verified based
on the simulated antenna gain in Table 3, where it is slightly
reduced when DGS slots are added. However, the antenna
efficiency does not show significant changes. The difference
in efficiency is only 0.34 %, 0.73 %, and 1.78 % for flat,
H-plane and E-plane bent respectively.

As shown in Figure 35, the current density on the ground
is high at the DGS slot; which is also demonstrated in Figure
36. Based on Figure 36, the magnitude surface currents are
almost uniformly distributed throughout the antenna surface,
with an average reading of 16.4 A/m and 15.8 A/m for
Antenna 1 and 2, respectively. It is crucial to ensure the
consistent behaviour of current to validate the correlation
between E-field intensity and Zin. Antenna 2 has a slightly
lower magnetic surface current along the radiating edges of
the antenna; however, the difference is very small and thus,
it does not affect the efficiency significantly. There is a slight
deterioration of current distribution in Antenna 2, which is
expected due to the presence of DGS slots. When the DGS is
implemented at the ground plane, the surface current is still

FIGURE 32. Simulated and measured antenna co-polarization at (a) Phi 0
(b) Phi 90 and cross polarization at (c) Phi 0 (d) Phi 90 in H-plane bent
condition.

FIGURE 33. Simulated and measured antenna co-polarization at (a) Phi 0
(b) Phi 90 and cross polarization at (c) Phi 0 (d) Phi 90 in E-plane bent
condition.

symmetrical; however, it shows a degradation of 6.1 A/m at
the exact positions where the vertical slots are located.

There was a back lobe radiation at the specific slot position,
which has resulted in the current reduction and, hence, gain
degradation. However, the antenna performance is consid-
ered acceptable as the gain reduction is not significant, and
the design provides more bandwidth to minimize frequency
detuning.
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FIGURE 34. Electric field intensity of Antenna 1 and Antenna 2 along the
non-radiating edges (y-axis).

FIGURE 35. Current distribution on the ground of (a) Antenna 1 (without
DGS) and (b) Antenna 2 (with DGS).

The comparison of the proposed design with the previ-
ous works specifically on bending for GPS applications are
shown in Table 4. As compared to the previous work, it is
evident that the self-developed electro textile has a compara-
ble performance with the established off-the-shelf materials,
considering its gain, efficiency, and antenna size.

From the summarized work in Table 4, researchers
in [69], [70] and [71] had studied the effect of bending
focussing on H-plane with various bending angles and radius,
however, it shows lack of attention is given to the E-plane
bent condition. While in [72], the investigation was car-
ried out primarily for E-plane bent conditions with vari-
ous bending angles. The antenna used which is a truncated
rectangular patch was able to alleviate the bending effect on
E-plane. However, this experiment was not validated through
measurement.

In [73], it is reported that the presence of AMC plane,
which was used to increase gain and reduce the antenna back
radiation, can alleviate the effects of bending. Yet, the focus
on producing a dual-band antenna with dual characteristics
has made the antenna design more complex. Based on the
previous papers, it is observed that many works have been
done to study the deformation effect, such as bending. How-
ever the justification through field intensities in E-plane and
H-plane configuration was not presented and correlated.

Therefore, in this paper, a textile antenna made of self-
developed material with bandwidth enhancement through
DGS was designed, simulated, and validated. Although the

FIGURE 36. Magnetic surface current of Antenna 1 and Antenna 2 along
the radiating edges (x-axis).

designmethod is not new, in this paper, the detailed behaviour
of field intensities around the antenna non-radiating and radi-
ating edges have been analyzed to study the effect of DGS.
Besides, the proposed antenna has solved the bending issues
as the antenna can still operate at the desired frequency during
bending along E and H-plane.

D. EFFECT OF BENDING ON DIFFERENT RADIUS
In this section, the antenna bending is characterized by the
bending radius and was investigated under H and E plane
bent conditions as shown in Figure 37. The simulated antenna
is bent on a cylindrical foam with εr of 1, and radius R is
varied from 42.5 mm to 72.5 mm. The bending effect is
studied on both antenna 1 and 2. The simulated results
of S-parameters, gain, and radiation pattern are shown in
Figure 38, 39, 40, and 41.

From the observation in Figure 38, there is no significant
effect on the frequency as the radius varies in both bending
conditions for antenna 1. However, there is a slight shift
in frequency and S11 of antenna 2, where the bandwidth
is also reduced under E-plane bent as the radius increases.
Nevertheless, the decrement is acceptable since the antenna
still operates at the desired frequency.
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TABLE 4. Previous work of textile wearable antenna for GPS application.
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TABLE 4. (Continued.) Previous work of textile wearable antenna for GPS application.

FIGURE 37. Antenna under (a) H-plane and (b) E-plane bent condition
with various R.

Bending on different radius also affects the antenna gain
and directivity performance. Data in Table 5 shows that the
increment in bending radius has increased the antenna gain
and directivity. However, the efficiency of the antenna is
slightly decreased. The result also agreed with the antenna
gain formula in Equation (6). The relationship of antenna

gain, G is directly proportional to the antenna efficiency, η
and directivity, D, while directivity, D is inversely propor-
tional to efficiency, η.

G = ηD ≈ D =
G
η

(6)

In the study, increment in bending radius also indicates
decrement in antenna bending angle. The relationship of
angle and radius can be described through the arc length,
S formula in Equation (7), where central angle, θ is inversely
proportional to the circle radius, R. Therefore, as the radius
increases, the bending angle is reduced; hence, the antenna
gain increased.

S = θR ≈
S
R
= θ (7)

Figure 39 represents the summarized graph for gain and
directivity of the antenna. The radiation pattern results in
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FIGURE 38. S11 parameter of antenna 1 at (a) H-plane bent (b) E-plane
bent and antenna 2 at (c) H-plane bent (d) E-plane bent under various
bending radius.

FIGURE 39. Gain and directivity of simulated antenna 1 and 2 under
various bending radius.

FIGURE 40. Radiation pattern of simulated antenna 1 and 2 at
(a) H-plane bent (b) E-plane bent under various bending radius.

Figure 40 also agreed with the claim, where it shows a
decrement on the side lobe and begins more directive as the
radius is increased; thus, the gain is increased. As shown
in Figure 41 and 42, this scenario can be clarified with the
antenna E-field and H-field intensity.
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FIGURE 41. Electric Field Intensity of (a) Antenna 1 and (b) Antenna 2
along the non-radiating edges (y-axis) under various bending radius.

Since the H-plane bent condition occurs at the y-axis
(which is the direction of the electrical field), the electric
field (E-field) distribution along the non-radiating edge of
the antenna, which is calculated inside the antenna substrate,
is observed, as shown in Figure 41. From the graph, the elec-
tric field density is zero at the patch surface, showing that the
antenna radiating element acts as a perfect electric conductor
at the surface. However, approaching the edge of the antenna,
E-field increases due to the increment of impedance. Derived
based on theoretical current-voltage relation, this E-field
observation correlates to impedance increment. Increasing
magnitude in E-field indicates more energy is trapped inside
the antenna. Therefore, the performance of the antenna will
degrade [74].

Based on the graph in Figure 41, both antenna 1 and 2
represent the same trend, where at radius 42.5 mm, the
E-field intensity is the highest, and as the radius increased
to 72.5 mm, the E-field intensity became lower. This sit-
uation indicates that at the highest electric field intensity,
more energy is trapped inside the antenna, the impedance is
high; thus, the conductivity of the antenna is reduced. As a
result, the gain of antenna 1 and 2 is the lowest at radius
42.5 mm, which is 1.96 dB and 1.81 dB, respectively. Mean-
while, at radius of 72.5 mm, which represents the smallest
bending angle, less energy is trapped inside the antenna.
Therefore, the conductivity of the antenna is high as the
impedance is reduced, which then presents the highest gain,
2.28 dB and 2.04 dB for antenna 1 and 2, at 72.5 mm radius.

FIGURE 42. Magnetic surface current of (a) Antenna 1 and (b) Antenna 2
along the radiating edges (x-axis) under various bending radius.

In Figure 41 (b), the center of the antenna is slightly higher
than zero due to the implementation of DGS, where more
energy is absorbed and radiated at the back of the antenna.

For antenna under E-plane bent condition, the magnetic
field intensity is observed since it occurs at the x-axis (the
direction of magnetic field). The magnetic field (H-field)
distribution along the radiating edge of the antenna is illus-
trated in Figure 42. As shown in Figure 42, it is observed
that the magnitude current surface is increased as the bending
radius increased in both antenna, with an average reading
of 9.06 A/m, 10.51 A/m, 12.07 A/m, and 12.89 A/m for
antenna 1, and 8.89 A/m, 9.28 A/m, 9.88 A/m and 10.45 A/m
for antenna 2, at radius 42.5 mm, 52.5 mm, 62.5mm and
72.5 mm, respectively. The magnitude of the current surface
along the radiating edge of the antenna indicates its magnetic
field. Therefore, the higher the magnetic surface current, the
higher the antenna gain. However, antenna 2 shows a slight
degradation at the center of the surface current due to the
implementation of DGS.

From the analysis, the effect of bending radius towards the
antenna is significant, especially to the antenna gain perfor-
mance. Study on the antenna E-field and H-field intensity had
proven that the antenna with a short radius and big bending
angle would reduce the antenna gain performance. This is
because more energy is trapped inside the antenna as it is bent
on the small bending radius. Hence, the shorter the bending
radius, the bigger the bending angle, thus producing lower
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TABLE 5. Simulated antenna 1 and 2 performance under various bending radius at 1.575 GHz.

antenna gain. In addition, the directivity of the antenna is also
reduced.

IV. CONCLUSION
This study focuses on minimizing the effects of bending
on the antenna’s operating frequency, where most of the
textile-based antennas are known to suffer from frequency
detuning under bent conditions. The application of DGS has
improved the antenna bandwidth from 4.04% to 12.20%,
with the antenna gain of 1.45 dB and radiation efficiency
of 23.75%, which has solved the frequency detuning issue.
The bending on E-plane is the worst condition since the cur-
rent deterioration happened at the antenna radiating element;
while in H-plane bent condition, the direction of current is
in the same direction as the bending condition. Hence the
antenna is less affected in H-plane bent condition. At the end
of the study, it is proven that by widening the antenna band-
width, the antenna is able to operate at the desired frequency
even under bent conditions. The experiment was successful,
and the results have been verified through simulation and
measurement.

Based on the electrical field intensity analysis, it is
observed that the implementation of DGS had caused more
energy to be absorbed or radiated to the back of the antenna,
which is not preferable. However, this does not signifi-
cantly reduce the radiated power as the magnitude differ-
ence remains low (only slight degradation in antenna gain
is shown). The analysis from the magnetic field intensity
also shows that magnetic surface current along the radiating
edges of the antenna with DGS is slightly lower than antenna
without DGS; however, the difference is very small and thus,
does not affect the efficiency significantly. The difference in
efficiency for Antenna 1 (without DGS) and Antenna 2 (with
DGS) is only 0.34 %, 0.73 %, and 1.78 % for flat, H-plane
and E-plane bent, respectively. Meanwhile, the difference in
gain for Antenna 1 and 2 is only 0.13dB. The study considers
the antenna performance acceptable as the gain reduction is
not significant, and the design provides more bandwidth to
minimize frequency detuning.

Meanwhile, the effect of bending towards the bending
radius does not have a significant impact on the antenna fre-
quency in H-plane bent condition. Only a slight shift in S11,
frequency, and bandwidth is observed on the E-plane bent
condition. However, a significant effect could be observed
on the antenna gain and directivity performance on both
antenna 1 and 2 at H and E-plane bent conditions. The inves-
tigation shows that as the radius angle increase, the bending
angle decrease. Therefore, the gain and directivity increased.
The study is also analyzed its E-field and H-field intensity to
prove the concept. From the analysis, as the radius is reduced,
the angle of bending increases, more energy is trapped inside
the antenna; hence reducing the antenna gain performance
and directivity.

From the study, a few considerations and recommendations
could be applied in future research to improve antenna’s
effectiveness in a real application. First is the location of the
antenna. The antenna can also be tested on the body area, such
as the chest, shoulder, and neck (shirt collar). In this study,
the bending radius can be varied depending on its location
and the effects can be observed. As for the antenna shape,
it is suggested to use a basic symmetrical shape to reduce its
impact due to bending. Another crucial parameter that can be
studied is the specific absorption rate (SAR) on the human
body.
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