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a b s t r a c t

This article proposes a low profile planar monopole antenna on flexible substrate. The antenna is
designed with an elliptical slot inserted in a rectangular patch by utilizing the coplanar waveguide
(CPW) feeding technique on a polyimide substrate. The proposed antenna operates within 7–14 GHz
(S11 < � 10 dB) with a minimum return loss is observed as low as – 58 dB by simulation, whereas the
entire X-band is covered by the – 20 dB bandwidth while maintaining an excellent VSWR of almost 1.
Also, the antenna exhibits an average gain of 4 dBi while the average radiation efficiency is 92%. The max-
imum SAR of the proposed antenna for 1 g mass is below 1.0 W/Kg throughout the entire bandwidth. To
observe flexibility, four different bending conditions of the antenna have been analyzed. For experimen-
tation, the antenna has been realized as a prototype by using a low-cost fabrication process. The measure-
ment reveals that the prototype has a �10 dB bandwidth of 5.4 GHz. During In-Vivo test, over the
variation of 0 � 3 mm distance between the antenna-prototype and the human chest/chicken breast tis-
sue, the best performance is obtained at 3 mm in terms of the return loss. One of the significant features
of the proposed design is its measured average and peak gain of 4.4 dBi and of 6.33 dBi respectively with a
measured average efficiency of 65%. The proposed antenna has a compact size of 13 � 13 mm2

(0:35kg � 0:35kg), and its performance remains nominally constant even under different bending condi-
tions which makes the antenna suitable for biomedical imaging applications. A new figure-of-merit has
been introduced to evaluate the overall performance based on different antenna key parameters. The fab-
ricated antenna would contribute to the future biomedical research by utilizing X-band frequencies.
� 2022 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Antennas are mostly employed as fundamental components in
wireless communication systems as it is the front-end device of
it. It plays vital role for transmitting and receiving electromagnetic
wave in free space. The modern communication system shows dif-
ferent us of antenna for different applications rather than only for
communication purpose like, portable wireless device [1,2], radar
application [3], biomedical application [4] and so on. Throughout
the recent time, antennas are widely used for different biomedical
applications in two different ways - either implanted in human
body or placed on the body surface e.g. biomedical imaging [5,6].

To deal with the concern in human health while avoiding expen-
sive devices for medical diagnosis, antennas are employed for
biomedical Electromagnetic Imaging (EMI) in Microwave and
Millimeter-wave (mm-wave) frequencies where imaging systems
mostly depend on the antenna-sensor and its operating band-
width. In EMI, the electromagnetic (EM) wave is transmitted from
an antenna which travels through the medium of interest and
received by another antenna (for bi-static) or antennas (for
multi-static) on the other side.

When the travelling wave passes through an object in the med-
ium of different dielectric properties, a change occurs in the wave-
response. In biological objects, such phenomenon happens because
of discontinuities in dielectric properties of biological tissues.
Incident-waves scatter back and backscattered-waves are collected
by a receiving antenna or antennas. Thus, observing the received
signal responses due to different dielectric properties between
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the normal and the malignant tissue is the basic concept of the
biomedical EMI.

Unlike the conventional X-ray mammography that requires ion-
izing radiation and uncomfortable compression, non-ionizing radi-
ation is utilized by Microwave Imaging (MWI) for Brest Cancer
Detection (BCD). Also, MWI requires less expensive devices than
that of the other two conventional techniques (MRI and ultrasound
echograph). In overall, MWI is harmless, portable and accessible
with transmitters and receivers based on low-cost components
[7]. Several research works related to the microwave imaging for
breast cancer detection have been presented in [6,8–12]. Mostly,
S-band and C-band have been utilized by MWI systems for BCD.
In [6], an 18 � 18 mm2 monopole antenna designed on a flexible
Polyimide substrate has been utilized by constructing an antenna
array of 16 elements to perform a multi-static radar imaging for
BCD. With the same monopole antenna, a wearable prototype
(wearable medical-bra) embedded with 16 elements antenna array
has been proposed in [8]. The imaging system has been proposed
for S-band frequency with a 2 GHz operating bandwidth. However,
no electromagnetic performance is reported except the antenna
geometry. While in [9], a flexible monopole antenna has been pro-
posed for BCD at C-band frequencies to embed with wearable
medical-bra. The proposed antenna has achieved 2 GHz (4 –
6 GHz) operating bandwidth with a minimum return loss of
�27 dB, an average gain of 1 dBi and an average radiation effi-
ciency of 70%. Since in lower microwave frequencies, it is easy to
penetrate highly dense fatty tissues of the breast, this frequency
range is mostly utilized by breast cancer imaging techniques. Also,
the image resolution depends on the operating bandwidth and
working frequency ranges of MWI systems. Whereas, in previously
described works, the operating bandwidth of proposed MWI sys-
tems is only 2 GHz. On the other hand, MWI systems with wide
operating bandwidth in the higher frequency range can result in
high-resolution images. Therefore, some researchers have pro-
posed MWI systems for BCD with high profile travelling-wave
Vivaldi antennas of wide-bandwidth in ultra-wideband (UWB) fre-
quencies [10–12]. For example, a directive-featured side slotted
Vivaldi antenna (SSVA) has been proposed for BCD with size reduc-
tion and gain improvement features in [10]. The return loss of the
proposed antenna is found as �38 dB at 4.4 GHz with a wide �
10 dB bandwidth of around 5.25 GHz (3.9 – 9.15 GHz). An average
gain of the antenna is 4.9 dBi with an average radiation efficiency
of 88%. However, there is a noticeable lack of gain flatness over the
entire bandwidth although the antenna occupies a small area of 45
� 37 mm2. With the same design method, another SSVA antenna
has been proposed to improve antenna performance for BCD in
[11]. An increase of 2 dBi in the gain, 250 MHz in the bandwidth
and 4% in the efficiency have been achieved at the cost of a large
antenna dimension of 88 � 75 mm2. To reduce this additional
dimension, a balanced slotted antipodal Vivaldi antenna (BSAVA)
has been designed on 40 � 40 mm2 FR-4 substrate in [12]. The
antenna bandwidth has been increased to 8 GHz (2.5 GHz more)
while antenna gain, and efficiency have been decreased to 5 dBi
and 75% respectively. In fact, Vivaldi antennas are suitable for
monostatic and bi-static MWI systems due to their bandwidth,
gain and efficiency. However, their rigid and voluminous struc-
tures make them less suitable for multi-static MWI systems for
BCD. Recently, a CPW-fed antenna has been proposed in [13] for
bi-static MWI systems. Although the antenna has a bandwidth of
4.5 GHz with an average gain of 5 dBi and radiation efficiency of
82%, its large dimension of 76 � 44 mm2 makes it unsuitable for
a multi-static MWI that require multiple compact antennas to cre-
ate high resolution images.

For early breast cancer-detections, image resolutions are
increased in the higher frequency-range because the wavelength
becomes shorter. This provides an extra advantage in contempo-

rary biomedical applications by utilizing mm-wave imaging
(mm-WI) techniques [14]. As a result, no deep skin-penetration
is required by the cancer margins detection during the surgical
removal in [15], corneal hydration sensing in [16], dental diagnosis
and treatment in [17], and early skin cancer detection in [18]. In
fact, mm-WI for BCD is possible since breast cancer imaging
(BCI) concepts for different frequencies like mm-wave, THz and
even infrared frequency spectrum are already introduced [19–
21]. Yet, dielectric characterizations of the breast tissues are avail-
able up to 20 GHz and more than 150 GHz [22–25]. Therefore, in
[26], the dielectric properties of the malignant and healthy
breast-tissues have been characterized for 0.5 – 50 GHz. Accord-
ingly, in [27], a breast cancer imaging system with a bandwidth
of 13.5 GHz (26.5 – 40 GHz) is proposed by employing the WR28
waveguide to excite the array of 32 flexible antennas. An array of
32 flexible antennas have been used; but no information about
the geometry, parameters or performances of the antenna has been
reported. Therefore, a printable monopole antenna on flexible sub-
strate has been proposed in [28]. Where, the proposed antenna has
achieved – 10 dB bandwidth of 18.7 GHz, operates from 21 GHz to
39.7 GHz. The antenna has a compact size of 5 � 5 mm2 in the area
with an average antenna gain of 4 dBi and antenna efficiency of
more than 80%. However, the system requires expensive
components-based transmitters, receivers and RF switch-
matrixes (for multi-static BCI). Meanwhile, the X-band frequency
spectrum can be an optimized selection for electromagnetic BCI
in terms of low-cost wearable devices for biomedical and futuristic
5G applications. Like in [29], a flexible inkjet-printed monopole
wideband antenna (7 – 13 GHz) has been recently proposed for
5G communication. Despite the antenna has an average gain of 5
dBi, it has a poor efficiency of 31% and a large dimension of 60 �
75 mm2 on a flexible Polyethylene Terephthalate (PET) substrate.
Another flexible antenna with a small size of 36 � 32 mm2 and a
decent efficiency of 62% has been proposed for skin cancer identi-
fication in [30] by maintaining an average gain of 1.4 dBi over its
4 GHz bandwidth. Although flexible antennas struggle with gain
and radiation-efficiency compared to non-flexible antennas, mod-
ern biomedical applications need flexible antennas to perform sat-
isfactorily at different bending conditions. Thus, some major
challenges remain in flexible antenna design for biomedical appli-
cations by making a suitable trade-off among different parameters.

In this article, a very low-profile flexible planar monopole
antenna has been proposed for biomedical applications. Besides,
a new Figure of Merit has been introduced to assess the overall
antenna performance. The proposed antenna has been designed
on a flexible 125l m thin Polyimide substrate that operates from
7 GHz to 14 GHz. The dielectric constant and loss tangent of the
substrate are 3.5 and 0.0027, respectively. The antenna is compact
and has a quasi-omnidirectional radiation pattern that offers free-
dom of placing the antenna in both ways on the body surface from
the front and the back.

2. Antenna development

2.1. Antenna synthesis

Unlike the conventional Rectangular Ring Slotted Planar Mono-
pole Antenna (RRSPMA) and Circular Ring Slotted Planar Monopole
Antenna (CRSPMA) as shown in Fig. 1(a) and Fig. 1(b), respectively,
the proposed antenna is designed with an elliptical slot by follow-
ing the hierarchical step as illustrated in Fig. 2.

Although RRSPMA and CRSPMA typically have wideband char-
acteristics on rigid substrates, these conventional designs still have
limitations in improving the overall antenna performances on flex-
ible substrates. Thus, in this work, a parasitic slot other than those
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conventional shapes is designed though a hierarchical design pro-
cedure. At first, a conventional Microstrip Rectangular Patch
Antenna (MRPA) is designed which typically has a narrow band-
width. To convert the MRPA into a wideband antenna, a Planar
Monopole Antenna (PMA) is designed by removing the ground
plane from the MRPA and a new ground plane has been designed
on the same plane (top plane) with the radiating patch by adopting
the CPW feeding technique as shown in Fig. 2. Geometrical design
of the conventional MRPA and PMA antennas are shown in Fig. 2(a)
and Fig. 2(b), respectively. As depicted in Fig. 2(b), two rectangular-
shaped ground planes have been designed with a gap (G) from both
sides of the feedline, and then both ground planes have been con-
nected by surrounding the radiating patch with the spacing (S)
between the patch and the ground to make a symmetrical and
common ground-line. For the ERSPMA geometry shown in Fig. 2
(c), the inner radius for the x-axis, rin xð Þ = 2 mm and for y-axis,

rin yð Þ = 1.5 mm, and the outer radius for the x-axis,
rout xð Þ = 2.5 mm and for y-axis, rin yð Þ = 2 mm. Thus, the slot width
is equally maintained by 0.5 mm throughout the ERS geometry. In
same directions, the slot width is denoted as Dr ¼ rout � rinð Þ to
ease the further discussion. These hierarchical designs are based
on flexible Kapton Polyimide films with a dielectric thickness (h)
of 0.125 mm and a dielectric constant (er) of 3.5 for the resonant
frequency (f r) at 10 GHz that is also the center frequency of the
X-band. Rectangular patch dimensions (patch width,Wp and patch
length, Lp), and microstrip feedline width (Wf ) are calculated by
utilizing antenna design formulae [31,32] with CST Microwave Stu-
dio (MWS).

The space (S) between the patch and the ground plays a vital
role in controlling the bandwidth as shown in Fig. 3(a). With the
increase of S, bandwidth of the antenna decreases. On the other
hand, Dr of the ERS significantly improves the impedance matching
of the antenna as shown in Fig. 3(b). Thus, bandwidth and impe-
dance matching of the antenna are controllable by the proposed
design without making any change in the gap G and the length
of elliptical circumference. As observed from Fig. 3, there are two
resonant frequencies of the proposed ERSPMA. From the theoreti-
cal perspective, these two resonant frequencies of the proposed
ERSPMA can be approximated by the modified equation (1) and
(2) for the first and second resonance, respectively [33], since the
lower and the upper resonance points are controlled by the width
of the patch (wp) and the inner circumference of the elliptical slot
(Ce), respectively.

f r1 � #0

2wp

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1

er þ 2

s
ð1Þ

Fig. 1. Conventional designs (a) RRSPMA, (b) CRSPMA.

Fig. 2. Antennas design steps and geometry. (a) MRPA, (b) PMA and (c) proposed
ERSPMA.

Fig. 3. Effects with the changes of S and Dr on the proposed ERSPMA (a)S and (b) Dr.
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f r2 � #0

Ce
ffiffiffiffiffiffiffiffiffiffiffiffiffi
er þ 1

p ð2Þ

Ce ffi 4 aþ bð Þ p
4

� � 4ab
aþbð Þ2 ð3Þ

Here, the circumference of ellipse is approximated by (3) [34] as
the #0 denotes the speed of light for free space.

Since the ERSPMA is symmetrically constructed, capacitances
due to the electric gap-coupling are symmetrically distributed
throughout the ERSPMA. Although the capacitance due to any
space, gap or slot of a CPW-fed antenna is weakly formed by the
effective dielectric properties of air and the antenna substrate,
yet it has significant contributions to the overall antenna perfor-
mance depending on the antenna design technique. Based on the
proposed technique, the ERSPMA is designed and optimized by
using CST MWS. Parametrically, the proposed design performs sta-
bly on different flexible substrates within a range of thicknesses (h)
from 50lm to 250lm and dielectric constants (er) from 2.3 to 3.5.
As per Fig. 4, the ERSPMA is designed on three substrates of differ-
ent thicknesses and dielectric properties. Corresponding dimen-
sions of the proposed ERSPMA on three different substrates are
given in Table 1.

A multilayer human tissue-mimicking breast phantom is
designed by CST MWS to calculate the average specific absorption
rate (ASAR) as illustrated in Fig. 5. Relative permittivity and con-
ductivity of the tissue are extracted for 7–14 GHz [35] while the
mass density is reported in [6] for different breast tissues. Physical
parameters of the simulated breast model are provided in Table 2.

2.2. ERSPMA analysis

Based on the antenna performance simulated in CST MWS, the
ERSPMA has achieved improved results compare to the PMA,
RRSPMA and CRSPMA that can be observed form return loss
(S11) and VSWR as comprised in Fig. 6. The PMA has achieved a
minimum return loss of – 33 dB, while, the ERSPMA has achieved
as low as – 58 dB. There is a decrease of 25 dB has been achieved
with deep sharp notch with the ERS o the radiating patch that also
leads a good impedance matching of the ERSPMA as seen in Fig. 6
(b). Whereas RRSPMA and CRSPMA have achieved minimum
return loss of – 10 dB and – 4 dB respectively with the RRS and
CRS on the radiating patch. In fact, both RRSPMA and CRSPMA have
poor impedance matching as seen in Fig. 6(b). From the analyses in
Fig. 6, it is obvious that the proposed ERSPMA design is more stable
than that of the conventional PMA in terms of their impedance
matching.

Stability in impedance matching is further observed from return
loss (S11) and VSWR of the proposed ERSPMA on three different
substrates as shown in Fig. 7.

In case of Paper and PET, bandwidths are found similar as
ERSPMA on Polyimide substrate. However, ERSPMA on Polyimide
offers more stable response than other two. In fact, the entire X-
band is covered by return loss lower than – 20 dB by the proposed
ERSPMA both on Polyimide and PET substrates. On Paper substrate,
the X-band is covered by the return loss lower than – 15 dB of the
ERSPMA. Hence, ERSPMA offers stable impedance matching that is
also justified by its minimum VSWR value (close to 1 within X-
band) for all three substrates. Significance of the ERS can be visu-
alized from the surface current distribution on the radiating patch.
On Polyimide substrate, as shown in Fig. 8, surface current is more
accumulated on the radiating patch of the ERSPMA (435 A/m) than
that of PMA (173 A/m), RRSPMA (123 A/m) and CRSPMA (132 A/m).

Increase of surface current in the radiating patch and stability in
impedance matching of the ERSPMA improve the antenna gain and
radiation efficiency as shown in Fig. 9. In fact, peak gain is
increased by 0.4 dBi and average gain is increased by 0.75 dBi from
PMA to ERSPMA. Peak gain and average gain of the ERSPMA are 4.2
dBi and 3.95 dBi respectively, whereas peak gain and average gain
of the PMA are 3.8 dBi and 3.2 dBi, and both RRSPMA and CRSPMA
have average gain of 3.7 dBi with peak gain of 4 dBi.

The average radiation efficiency of the PMA and ERSPMA are
85% and 92% respectively. Because of the good impedance match-
ing and accumulated surface current on the radiating patch, an
increase of 7% in the average radiation efficiency has achieved with
the ERS on patch. However, the RRSPMA and CRSPMA have very
low average efficiency of 56% and 44% with maximum radiation
efficiency of 82% and 58% respectively. Meanwhile, there is a
decrease of 29% and 41% radiation efficiency with the RRS and
CRS on the patch respectively than that of PMA. A comparison of
antenna gain and radiation efficiency is shown in Fig. 10 for
ERSPMA on three substrates where flat-gain characteristics are
observed over the entire X-band.

Fig. 4. ERSPMA (a) final design (b) substrate specifications.

Table 1
ERSPMA dimensions on different substrates.

Parameters in mm (kg) Polyimide Paper PET

W 13 13 13
(0.65) (0.55) (0.65)

L 13 13 13
(0.65) (0.55) (0.65)

Wp 8 8 8
(0.4) (0.33) (0.4)

Lp 6 6.5 6
(0.3) (0.27) (0.3)

Wf 0.28 0.6 0.2
Lf 4.7 3.6 4.7
G 0.4 0.5 0.4
S 1 1 1
h 0.125 0.230 0.100

Fig. 5. Human tissue-mimicking breast phantom.
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Table 2
ERSPMA dimensions on different substrates.

Tissue Skin Fat Gland Muscle

Thickness (mm) 2 8 120 8
Inner radius (mm) 68 60 0 0
Outer radius (mm) 70 68 60 0
Mass Density (Kg/m3) 1010 928 1035 1040

Fig. 6. Performance analysis of PMA, RRSPMA, CRSPMA and ERSPMA (a) return loss
(b) VSWR.

Fig. 7. ERSPMA analysis (a) return loss (b) VSWR.

Fig. 8. Surface current at 10 GHz (a) PMA (b) ERSPMA (c) CRSPMA and (d) RRSPMA.

Fig. 9. Performance analysis of PMA, RRSPMA, CRSPMA and ERSPMA (a) gain (b)
efficiency.
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Peak gain of 4.2 dBi, 4.15 dBi and 4.25 dBi are obtained by the
ERSPMA respectively for Polyimide, Paper and PET substrates. An
average efficiency of 92 % over the antenna bandwidth and 95%
over the X-band are found for ERSPMA on Polyimide substrate.
Compared to PMA, the ERSPMA has 7% and 4% more antenna effi-
ciency for the antenna bandwidth and smart bandwidth (X-band)
respectively. However, because of the low loss characteristic of
the material, ERSPMA on Paper substrate has achieved highest effi-
ciency compared to the ERSPMA on Polyimide and PET substrate.
On three substrates, ERSPMA has achieved an average efficiency
above 85% with a quasi-omnidirectional radiation pattern.

The polar (linear omnidirectional cut) and 3D radiation pattern
of the ERSPMA have been illustrated in Fig. 11. It is clearly visible
that the level of cross polarization is least for the antenna on Poly-
imide substrate than others while cross polarization is found high-
est on Paper substrate. Paper substrate is not suitable for
biomedical applications like breast cancer imaging. Again, ERSPMA
on PET substrate exhibits low radiation efficiency. Thus, further
analysis of the ERSPMA is presented only for the Polyimide sub-
strate. Radiation pattern (Polar and 3D) of ERSPMA on the poly-
imide substrate over the human tissue-mimicking 3D breast
phantom is shown at the bottom of Fig. 11. It is seen from the pat-
tern that radiated power of the antenna is slightly reflected due to
the material dissimilarities. However, the penetration of power
still continues to work because of the dielectric properties of the
biomaterials. This phenomenon will be more obvious while
observing the SAR distribution to the breast model. The average
antenna efficiency is more than 40% and maximum efficiency is
around 50% while the antenna is placed on the phantom.

A multilayer breast tissue phantom is designed in CST MWS.
The SAR distribution in the breast model is illustrated in Fig. 12
(a). The maximum SAR over the model is found way below
1.6W/Kg for 1 g body model (IEEE C95. 1–1999 standard) as shown

in Fig. 12(b). With different distance dð Þ from 0 to 3 mm between
the antenna and the breast tissue model, the maximum SAR is
approximately found as 1 W/Kg for 1 g tissue-mimicking phantom.
The input power used in the SAR simulation is 0.5 W.

The average cup size for middle-aged women is from 50 mm to
70 mm. Therefore, the proposed ERSPMA antenna has been bent in
the radius between 50 mm and 70 mm with steps of 5 mm in four
different ways i.e. XZ-plane Downward, XZ-plane Upward, YZ-
plane Downward and YZ-plane Upward. The bending effects on
the antenna parameters are carried out in terms of return loss,
antenna gain and radiation pattern. Return losses of the antenna
at four different bending conditions is stable enough as observed
from Fig. 13.

While bending along XZ- plane upward and downward, a little
change in the minimum return loss and bandwidth is found. On the
other hand, while bending along YZ-plane upward and downward,
some frequent changes in the antenna frequency and bandwidth

Fig. 10. ERSPMA analysis (a) gain (b) efficiency.

Fig. 11. Radiation pattern at 10 GHz (a) polar (b) 3D.
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are observed in terms of the return loss. Nevertheless, the – 10 dB
bandwidth covers the entire 7 GHz bandwidth for all cases except
for the bending along YZ-plane upward for the radius 50 mm and
55 mm. In fact, if the antenna is bent more, its performances

decrease at a negligible level. Meanwhile, the peak antenna gain
is increased at the bending conditions as shown in Fig. 14. For
the bending along XZ-plane and YZ-plane, the antenna peak gain
reaches around 5 dBi and 4.8 dBi respectively at around
10.5 GHz which is the middle frequency of the bandwidth (7 –
14 GHz) for all four conditions.

The radiated power is distributed uniformly for the entire band-
width at the normal condition. However, in bending conditions, the
radiated power is accumulated around the bending axis at the cen-
ter frequency of the bandwidth. This can be better understood by
observing the radiation pattern from Fig. 15 while the antenna is
bent. It is found that the radiation pattern is dented while the
antenna is bent. Both the e-field and h-field of the proposed
ERSPMA is dented because the radiating power concentrates
around the bending axis. However, even in bending conditions,
the antenna works efficiently with similar radiation patterns of
normal conditions.

2.3. Prototype fabrication

Although the design is primarily considered for fabrication by
using the inkjet printing on a flexible substrate with silver/copper
nanoparticle conductive ink, such a fabrication process is not easily
available and the ink itself is expensive. To ensure low-profile attri-
butes in the fabrication process, an optimized prototype has been
developed by the widely available etching process. For the precise
resolution in the etching process, only the feedline of the proposed
antenna has been optimized from 0.28 mm to 0.50 mmwhile other
dimensions are unchanged. It is so because the etching process is
performed to the conductive tape pasted on a flexible substrate
which may encounter a risk of feedline decay due to the over-

Fig. 12. (a) ERSPMA with breast phantom with 3 mm distance (b) maximum SAR
for different distances.

Fig. 13. Return loss of ERSPMA with bending (a) XZ-plane (b) YZ-plane.

Fig. 14. Antenna gain of ERSPMA with bending (a) XZ-plane (b) YZ-plane.
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reaction in chemical process. The prototype fabrication process is
briefly shown in Fig. 16.

The optimized design is printed on a single-sided glossy paper
(on the glossy side) by a laser printer. A copper tape is pasted on
the polyimide Kapton film to make the one-sided copper-
cladding flexible polyimide substrate. Then, the printed design is
transferred on the Polyimide substrate by a heat-press machine.
The transferred design on the substrate is etched by a chemical
solution of Hydrogen Peroxide (6% w/v) and Acetic Acid with a
quantity ratio of 1:2. The etching is done by keeping the trans-
ferred design drowned into the chemical solution for about 1.5 h
to remove bare coppers. As polyimide films can sustain tempera-
ture over 400 0C, an SMA port is soldered to attach the CPW-
feeding.

3. Experimental results and performance Evaluation:

3.1. Experimental results

The developed prototype has been measured for its practical
performances. Return loss (S11), VSWR, antenna gain, and radiation

pattern have been measured by using Keysight E5071C ENA VNA,
N9020A MXA Signal Analyzer, horn-antenna and anechoic cham-
ber as in Fig. 17.

Measured return loss and VSWR are presented in Fig. 18. The
developed prototype offers a – 10 dB bandwidth from 8.6 GHz to
14 GHz with minimum return loss below – 37 dB. Bandwidth is
decreased due to the fabrication process as discussed in section
2.2. Due to the manual fabrication of the proposed antenna as in
Fig. 16, there were some deformities around the rectangular patch
that controls the first resonant frequency. As a result, there is a
slight change in the antenna bandwidth for the fabricated proto-
type. Yet, the second resonant frequency is not much affected by
the manual fabrication. However, it can be forecasted from the
trend of measurement results that the proposed antenna with a
better fabrication will overcome this issue. Nevertheless, the

Fig. 15. Radiation pattern of ERSPMA with bending (a) XZ-plane (b) YZ-plane.

Fig. 16. Prototype Fabrication (a) printed design (b) copper tape and polyimide Kapton
film (c) chemical ingredients (d) transferred design (e) final prototype.

Fig. 17. Measurement setup and experimental environment.

Fig. 18. Measurement results (a) return loss (b) VSWR.
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antenna has a wide bandwidth with a minimum VSWR (close to 1)
that validates its stable impedance matching characteristics.

Within the capacity of signal generator, measured gain of the
antenna prototype is presented in Fig. 19.

The measured radiation patterns at three different frequencies
of the X-band are presented in Fig. 20. A typical omnidirectional
radiation pattern is generated at the H-plane (azimuth) for planar
monopole antenna. Radiated power can drop of zero at the E-plane
(zenith) with the change in the elevation angle which exactly hap-
pens with the prototype. The antenna prototype offers an average
flat gain of 4.4 dBi and a peak gain of 6.33 dBi in the horizontal
position. The main-lobe directions are at 00 and 1800 as expected
for lower frequencies despite some ripples are found in higher fre-
quencies due to the fabrication error. However, these ripples are
expected to be removed by fabricating the antenna by ink-jet

Fig. 19. Antenna gain for the vertical and horizontal position.

Fig. 20. Radiation pattern of the prototype (within laboratory scale) at (a) 8.6 GHz
(b) 10 GHz (c) 12 GHz.

Fig. 21. In-Vivo measurement setup (a) with Human chest (b) on Chicken breast
and (c) inside Chicken breast.

Fig. 22. Measured return loss of the prototype (a) with Human chest and (b) with
Chicken breast.
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printing. Yet, in terms of E-plane and H-pane co-polarization, both
meet a good agreement.

In-Vivo test has been carried out to evaluate the antenna perfor-
mances. Therefore, the return loss measurement of the developed
prototype has been done with a chicken breast and Human chest.
The measurement setup and measured return loss of the proposed
antenna have shown in Fig. 21 and Fig. 22, respectively.

The return loss of the developed prototype shows good agree-
ment with the Human body as presented in Fig. 22(a). In both cases
(Free and with Human Chest), the – 10 dB bandwidth covers from
8.6 GHz to 14 GHz with the distance of 3 mm between the antenna
and the Human skin. Fig. 22(b) shows that the antenna return loss
in three different positions like in Free space, on the Chicken breast
tissue with four different distances (0, 1, 2 and 3 mm), and inside
the Chicken breast tissue (Implanted). Closer the antenna to the
bio-tissue interaction, more the antenna performance degrades
due to the dielectric lossy characteristic of the bio-tissue. Accord-
ing to the In-Vivo test, it is found that the antenna-prototype exhi-
bits its best performance from 3 mm distance with both Human
chest and Chicken breast tissue.

3.2. Performance evaluation

Particular parameters i.e., fractional bandwidth, average gain,
radiation efficiency, physical dimensions etc. determine the overall
performance of an antenna. The average gain over physical aper-
ture area is one way of evaluating the antenna performance as Gain
over Area (GoA),

GoA ¼ GA=Ag ð4Þ
Here, GA is the average realized gain (in terms of peak realized

gain), and Ag is the physical aperture area (in terms of the guided
wavelength,kg). However, the evaluation in (4), other parameters
i.e., average radiation efficiency, fractional bandwidth, wavelength
etc. are absent. Again, from [36], realized gain is found as,

GA ¼ 4p� Ag

k0
2 � 1� Cj j2

� �
ð5Þ

Here, C is the reflection coefficient which becomes negligible
when peak realized gain is achieved. In that case, if the realized
gain of an antenna is considered as the first index (X1) of perfor-
mance assessment, then (5) can be expressed as follow,

X1 ¼ 4p� Ag

k0
2 ð6Þ

It is evident from (6) that increasing the physical aperture area
enhances the gain, whereas, increasing the wavelength (or
decreasing the frequency) decreases the gain. On the other hand,
for any specific applications like biomedical imaging, increasing
the fractional bandwidth improves the antenna performance. Nev-

ertheless, an antenna with wideband characteristics can still fail to
improve its overall performance if the radiation efficiency
decreases. Thus, the product of average radiation efficiency (gRA)
and fractional bandwidth (FBW) is considered as the second index
(X2) of performance assessment,

X2 ¼ gRA � FBW
100%� 100%

ð7Þ

As expressed in (7), for the same FBW , one antenna performs
better than the other by increasing the gRA. Similarly, for the same
gRA, one antenna performs better than the other if the FBW is
increased. Now, by combining (6) and (7), a unified Figure of Merit
(FoMA) is obtained to represent a common quantifying term of
assessing the overall antenna performance,

FoMA ¼ 10� log10
X2

X1

� �
ð8Þ

As a result, from (8), for a particular application, different
antennas can be compared for their common parameters through
the following formula,

FoMA ¼ 10� log10
gRA � FBW

100%� 100%

� �
=

4p� Ag

k0
2

� �� �
ð9Þ

Following the discussion above, it is obvious that the overall
performance of an antenna improves when the Figure of Merit
(FoMA) in (9) is increased. Therefore, while each antenna parameter
used here has its individual significance, to compare the overall
performance of different antennas for their common application,
FoMA in (9) can be utilized and verified only for planar types. For
the biomedical application, the developed prototype of the pro-
posed ERSPMA is compared with some of the most relevant works
as presented in Table 3.

4. Conclusion

A new flexible antenna with wide bandwidth, high gain and
high efficiency has been proposed for biomedical applications in
X-band frequencies. The proposed printable ERSPMA offers a wide
bandwidth of 7 GHz that operates from 7 GHz to 14 GHz with a
minimum return loss of – 58 dB and a minimum VSWR of nearly
1. The proposed antenna exhibits stable operating bandwidth
while working on three different flexible substrates. More than 4
dBi average gain with over 92% radiation efficiency for all three
substrates have been achieved by the proposed design. Moreover,
the antenna shows stable performances while bending it along four
different directions. An optimized prototype of the proposed
antenna has been implemented by utilizing the low-cost manufac-
turing process. Within the laboratory scale, the measurement
results show that the antenna prototype offers a wide bandwidth
of 5.4 GHz with a minimum return loss of – 37 dB and a minimum

Table 3
Comparative evaluation of antenna performances.

Ref. Antenna Type Flexible Size L � W (mm2) Ag (k2g ) Range
(GHz)

FBW
(%)

GA

(dBi)
gRA (%) GoA (dBi/

k2g )

FoMA(dB)

[4] Monopole No 6 �8:8 0.29 � 0.43
(approx.)

2–12 143 � 56
(Array)

� �

[9] Monopole Yes 24 � 14 0.40 � 0.25 4 to 6 40 1 70 10 �30
[13] Monopole No 76 � 44 0.89 � 0.52 3.1 to 7.6 84 5 82 10.8 �34.28
[29] Monopole Yes 60 � 75 1.25 � 1.00 7 to 13 60 5 31 4 �49.72
[30] Monopole Yes 36 � 32 1.20 � 1.01 8 to 12 40 1.4 62 1.15 �48.34
[37] Monopole Yes 58 �40 1.52 � 1.05 4.1–4.3 4.76 3.6 � 2.26 �
[38] Monopole Yes 30� 30 0:63� 0:63 3.4–7.2 71 5 � 12.6 �
[39] Monopole Yes 30� 30 1:09� 1:09 5.71–5.99 4.8 3.08 80:5 2.6 �51.67
This

Work
Monopole
(Prototype)

Yes 13 � 13 0.35 � 0.35 8.6 to 14 48 4.4 65 35.92 �37.38
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VSWR of nearly 1. The measured average gain of the antenna pro-
totype is 4.4 dBi while the peak gain is found as 6.33 dBi. Perfor-
mances of the proposed antenna can be further increased by
implementing it through ink-jet printing. The proposed antenna
has a quasi-omnidirectional radiation pattern that allows it to be
placed on the body surface both with front and back positions.
In-Vivo test exhibits suitable performances with Human and
Chicken Breast tissues. Thus, the antenna is applicable for low-
cost biomedical imaging systems. The proposed antenna occupies
a compact area of 13 � 13 mm2 on a flexible material which makes
it suitable for utilizing in implantable systems and wearable gar-
ments for different biomedical applications.
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