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Abstract
This paper presents two flexible monopole antennas implemented on cotton substrate as sensors designed for radar-based
microwave imaging and particularly breast imaging systems. The flexible antennas are basic building block of a radar-based
microwave imaging system that could be integrated in clothes. Thus, these low-cost textile sensors could be used bywomen for
self-monitoring and early breast cancer detection at an affordable price. The ultra-wideband fully textile sensors are designed
as rectangular and circular monopole antennas. Both sensors have an impedance bandwidth ≤ − 10 dB from 2.2 to 8 GHz
with an overall footprint of 50 × 50 mm2. Simulations for antenna in proximity to breast model with and without tumor as
well as bending capacity are performed. The simulations are complemented with fabrication of a breast phantom and a tumor
sample with parameters that mimic these of the human breast’s healthy and malignant tissue. Measurements are compared to
simulation results as well as the performance of antenna before and after subjected to washing. Finally, the specific absorption
rate is also calculated and measured to ensure safety for on-body deployment. The proposed work demonstrates the potential
to develop wearable microwave imaging system using fully textile antennas.
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Abbreviations

MI Imaging techniques
UWB Ultra-wideband
SAR Specific absorption rate
BCD Breast cancer detection
WHO World health organization
MRI Magnetic resonance imaging
PET Positron emission tomography
CT Computed tomography
LAR Lifetime attributable risk (LAR)
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1 Introduction

Breast cancer is expected to have around 11% percent death
rate in 2020, according to WHO Cancer Country profiles.
This putsBreast cancer as the second leading cause of cancer-
related death in Egypt after liver cancer [1–5]. According to
an analysis of breast cancer in 187 countries, the occurrence
of breast cancer has drastically increased from an average of
641,000 cases in 1980 to an average of 1,643,000 cases in
2010. Cancer is an asymptomatic disease in the early case,
in which the patient experiences no evident symptoms or
pain until the cancer progresses to an advanced stage [1].
These unsettling statistics demonstrate how early detection
and diagnosis of cancer can be crucial for improving sur-
vival rates. Regular and safe screening can be used to keep
track of this. Women over the age of 40 should get at least a
scan once a year as a good role of thumb. Mostly for young
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women, breast cancer is diagnosed at a later stage and at
higher grade with greater chance of recurrence [5]. Thus,
early cancer detection is critical for successful medical treat-
ment and cure [2]. There are plenty ofmethods are being used
for cancer screening such as: Mammography, breast ultra-
sound, thermography, magnetic resonance imaging (MRI),
positron emission tomography (PET), optical imaging, elec-
trical impedance based imaging, and computed tomography
(CT) [6, 7]. Mammography is a widely used imaging tech-
nique for detecting breast cancer. It is a combination of
ultrasound and x-ray imaging, where the malignant tissue
appears brighter. It helped decreasing the mortality rate in
screened women by 25% to 30%. Despite its undeniable suc-
cess, mammograms fail in detecting cancer in its early stages
and in denser breasts. It’s also an expensive technique that a
large portion of the population may find it difficult to access
regularly [7].

CT scans are another form of X-ray imaging. Because
they usually have low contrast, iodine injections are required
to create a brighter, clearer picture. However, CTs are not
suitable for routine scans, despite being mildly invasive [1].
Ultrasound imaging uses sound waves to form real-time
images. On its own, it causes unacceptable false positive and
false negative outcomes in asymptomatic women. MRIs, on
the other hand, are beneficial to women who are at a higher
risk of breast cancer and can be used to assess dense breasts.
Its downside is that it’s unable to detect early-stage cancer,
takes a long time to perform, not readily available in all
places, and is costly [2]. As more evidence accumulated, it
became clear that non-traditional imagingmethods for breast
cancer imaging were required. One that is non-ionizing,
cheaper and more accessible. Although Microwave imaging
techniques (MWI) is relatively recent, it showed competence
to fill this uprising need. The benefits of MWI include the
fact that it is non-ionizing, non-expansive, and non-invasive.
Microwave-based breast cancer imaging systems are promis-
ing low-cost sensing tools due to the high contrast between
normal tissue and tumors. It also balances the competing
requirements for resolution and penetration depth with high
potential to detect small tumor at short scanning time [1, 2].
It can reduce safety hazards due to its non-ionizing nature,
allowing women to receive regular breast cancer screening
compared to other existing techniques [2]. The basic idea
behind microwave imaging is to use one or more antennas
to illuminate the target object, and then use receive antennas
to capture the scattered field surrounding the target domain.
The scatter data is then processed to reconstruct a map of the
imaging domain.

Scattering data processing in MWI relies on the electrical
characteristics of normal and malignant breast tissues [10].
Microwave Imaging (MWI) restores the scanned image using
the reflectedwave from the internal breastwith tumor [6, 7]. It
observes changes in reflection or transmission and compares

the dielectric characteristics of normal and malignant breast
tissues [6]. Several research studies support using MWI as
an alternative to mammography in early diagnosis for breast
cancer [6–11]. In these systems, the antenna is positioned
in proximity with the human body as a single element or in
arrays [2, 12]. As a result, antenna development and opti-
mization are critical in determining the overall performance
of a detection system. In addition to the newly used flexible
and textile antennas, other antenna types have been described
in the above-mentioned imaging systems [1, 6, 7, 11–19].

Wearables have proven to be a valuable technology for
imaging systems due to its low cost, low profile, thinness,
and robustness, as well as its potential to be integrated into
human clothing [13, 14]. Development of wearable antennas
has increased due to increasing demand for continuous health
monitoring applications, rapid connectivity, and IoT decep-
tions. The developed wearable antennas are mostly planar,
specifically microstrip patch antennas, because they mainly
radiate perpendicularly to the planar structure and their
ground plane efficiently shields the human body [15]. Several
factors affect the performance of the flexible antenna/ sensor.
This includes chosen substrate, the fabrication technique as
well as frequency range [16]. Three types of substrates have
often surfaced in the fabrication of flexible antennas: thin
glass, metal foils, and plastics or polymer substrates [16].
Many conductors are suited and have previously been used in
the manufacture of flexible antennas. Silver conductor yarn,
Metal-nano particles (silver and copper), conductive poly-
mers, graphene-based materials and liquid metals [2].

Few numbers of research groups are working on develop-
ing wearable microwave imaging systems for breast cancer
detection or imaging with textile sensors [6, 7, 9, 13–19].
The wearable system from Montreal University reported in
[6, 7, 9] uses flexible microstrip antennas to easily develop
to a wearable system, and flexible substrate for the PCB that
provides all signal routing, system assembly and calibration.
The wearable flexible system consists of 16monopole anten-
nas arranged in an array that operates between 2 and 5 GHz
and is embedded in a bra [7, 9]. The antennas will be in con-
tact with the skin by placing it on the inner surface of the
bra. This placement excludes any uncertainty regarding the
breast position relative to the measuring system and sensors.
In [9], monopole antennas are fabricated on Kapton flexible
substrate to maintain adequate coverage of the breast and
allows elements to take the shape of the breast.

In [13], a compact UWB purely textile monopole antenna
is developed that is applicable to be embedded in wear-
able microwave imaging systems. Polyester fabrics serve as
the substrate, with conductive copper polyester taffeta fabric
serving as the radiating elements and ground. The antenna
structure in [13] shows two triangles and a fewparallel slots to
increase the current path. This results in an UWB range from
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1.198 to 4.055 GHz (109%). In [13], measurements in con-
tact with tissue-mimicking phantoms with little effect on the
operation of the antenna are conducted. In [14], an embroi-
dery triangular textile antenna with shorting pins is proposed
at 5.8 GHz with bandwidth 210 MHz. Under bending con-
ditions, the antenna in [14] maintains safe SAR values and
stability. Though the antenna in [14] acquires 4.1 dBi gain,
it acquires only 3.8% bandwidth which does not fit imaging
applications. Moreover, the effect of washing cycles on the
antenna performance was not addressed. Textile substrates
are increasingly being used for wearable antennas and sen-
sors since they provide comfort and flexibility at a low cost
[13]. Thus, the designed textile antennas combine traditional
textile materials with new technologies and acts as interface
of the human-technology-environment [13].

In [17], an UWB antenna designed on a denim substrate,
a Shield It conductive textile with thickness of 0.17 mm and
fed through a substrate integrated waveguide (SIW) transi-
tion and ground coplanarwaveguide (GCPW)with an overall
size of 60 × 50 × 0.7 mm is proposed. It realizes broad-
band impedance BW of 7–28 GHz and maximum gain of
10.5 dBi. The antenna’s performance in free space and in
proximity to breast to detect a tumor in different considera-
tions is tested. Reconstructed images in [17] proved that the
antenna can part of a wearableWBAN system for breast can-
cer monitoring and imaging. In [18], another wideband, low
profile, fully flexible, and all-textile-based slotted triangular
antenna loaded with a 2 × 2 textile-inspired artificial mag-
netic conductor to be worn on the wrist is proposed. Though
the proposed antenna in [18] realizes low SAR levels of 3.28
× 10−6 and 9.37× 10−7 W/kg at 3.5 and 5.8 GHz, it covers a
frequency band from 3.1 to 6.5 GHz and maximum realized
gain of 7.82 dBi with a footprint of 36 × 18 × 3 mm.

In this paper, a fully textile UWB monopole antennas
with size 50 × 50 × 2 mm are presented and proposed in
several shapes as shown in Fig. 1. The proposed antennas
are designed with the potential of integration into women’s
clothes formonitoring breast and detecting any abnormalities
in its tissues. Reflection |S11| and Transmission |S21| coeffi-
cients are collected and compared for the proposed sensor
with and without tumor inserted in a breast phantom model.
This paper is extension to the work published in [19] which
included rectangular shaped monopole only. The study in
[19] only include simulations of rectangular monopole in
proximity to breast phantom with and without tumor as well
as measurements in air (wet & dry). In [19], The flexible
antenna uses cotton as substrate with low dielectric loss, rel-
atively lowpermittivity, lowcoefficient of thermal expansion,
and high thermal conductivity where a conductive thread or
fabric had been used.However, in this paper, breast and tumor
phantom models are synthesized, fabricated and character-
ized. Measurements in proximity to breast phantoms with
and without tumor are also added and presented. Moreover,

a comparative study of shape of radiator either rectangular
or circular in terms of sensing over body is included as well
as comparison with similar structures in literature. The pro-
posed antenna offers easier fabrication routine compared to
textile-based antennas presented in [17, 18] with comparable
performance.

The organization of the paper after an introduction is as
follows: Section II presents design and simulation of pro-
posed textile antennas in both rectangle and circular shapes
for radiators. Section III demonstrates the measurements of
the proposed textile antennas. Section IV shows the simula-
tions of proposed antennas including breast phantommodels.
Section V presents the measurements of proposed textile
antenna in proximity to breast phantom model. Finally, con-
clusions show in section VI.

2 Methods/experimental

In this paper, textile technology is chosen to build all pro-
posed structures. This implies that radiator, ground and
substrate are composed of textile materials. Regarding the
substrate, Cotton is favoured among other textile alternatives
[18]. This owes to its good properties in terms of comfort-
able, absorbing human sweat, no allergy, easy fabrication,
low price as referred to in [9, 15, 19]-[20–25]. Data of several
textile materials that can be used as substrate is reported in
[18] as well as fabrication challenges. Among these, effects
of washing cycles on fabric, developing a precise pattern,
controlling accuracy of dimensions as well as some fabrics
are not suitable enough to develop wearable antenna [20,
25]. Cotton substrate has rated electrical properties: dielectric
constant (εr) of 1.4–1.8 and loss tangent (tan δ) of 0.05–0.08
with height of 2mm [21–23]. Two proposed textilemonopole
antennas are studied and compared in FCC band from 2.2 to
8 GHzwith dimensions width (Ws) of 50mm and length (Ls)
of 50 mm for the substrate.

The first monopole acquires a radiator with rectangular
shaped with width (W ) of 17 mm, length (L) of 22 mm.
While the ground plane has width (Ws) of 50 mm, and length
(Lg) of 17 mm. On the other hand, the second monopole
antenna with circular shape has radius (R) of 14 mm, feed-
ing length (Lf) of 16 mm. Ground plane for circular-shaped
monopole has width (Ws) of 50 mm, and length (Lg) of
14.7 mm. A 50 � transmission feeding line (Wg) of 3 mm is
shown in Fig. 1a for rectangular patch while 3.2 mm for
circular one as shown in Fig. 1b. Two types of conduc-
tors were assigned in simulations for radiators and ground
plane. The first one is copper clad conductor with thick-
ness 0.5 mmwhile the second one is sliver conducting fabric
with sheet resistance of 0.5 �/square. The given dimensions
and simulations are chosen after optimization through two
different electromagnetic field simulators; CST studio suite
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Fig. 1 Configuration of the
proposed monopole antennas
a Rectangular and b Circular
shaped (Color figure online)

Fig. 2 Simulated reflection coefficient in dB for the two antennas using copper clad and Sliver conducting fabric for monopole antenna a rectangular
and b circular (Color figure online)

Ver. 2020 and high frequency structure simulation (HFSS)
ver. 17. From the reflection coefficient results, comparable
performance is recorded with both types of conductors for
rectangular and circular monopole antennas at Fig. 2a, b,
respectively.

Moreover, the gain of the proposed shaped antennas using
both conductors are simulated and compared in Fig. 3a, b.
Figure 3 shows that the simulated gain for both proposed
monopole antennas using copper clad conductor is higher
than textile fabric for frequencies less than 3 GHz. While in
the frequency range from 3 to 5 GHz rectangular monopole
antenna acquire similar gain values, while the other antenna
shape has 4 dBi gain difference. Thus, textile conductors
could be used in building radiators and ground for the pro-
posed antennas.

3 Measurement results

The two proposed antennas are fabricated as shown in Fig. 4a
and Fig. 5a. Both figures show the front and back view of

the antennas. Both antennas are tested and measured using a
vector network analyzer (AnritsuMS4647A). Themagnitude
of reflection coefficient (|S11| in dB) for both measured and
simulated data for both antennas are shown in Figs. 4b, 5b.
The rectangular monopole antenna has measured reflection
coefficient of − 29 dB, − 40 dB at 2.5 GHz and 6.3 GHz
while− 20 dB,− 18 dB at 3.1 GHz and 5.5 GHz for circular
monopole antenna. As the proposed antennas are anticipated
to be embedded in clothes as on-body sensors, the effect
of wetting conditions is also included in the study. This is
realized by recording the response of the fabricated antennas
at dry, immersing the antenna in tape-water container (wet
condition) and after getting dry. The wet response for both
proposed prototypes (rectangular and circular) are shown in
Fig. 6a, b.

From measurements, both antennas preserve its response
after immersing in water and dry out. Thus, they could be
embedded in clothes to act as on-body sensors tomonitor vital
signs or for cancer screening. Though the proposed structures
act as wearable sensors, the far field radiation properties are
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Fig. 3 Simulated gain versus frequency for the two antennas using copper clad and Sliver conductive fabric for monopole antenna a rectangular
and b circular (Color figure online)

Fig. 4 a Fabricated rectangular monopole antenna showing front & back views, b Reflection coefficient ((|S11| in dB) of the prototype (Simulated
and Measured) and c photo of setup measurements of rectangular monopole antenna (Color figure online)
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Fig. 5 a Fabricated circular monopole antenna showing front & back views, b Reflection coefficient ((|S11| in dB) of the prototype (Simulated and
Measured) and c photo of setup measurements of circular monopole antenna (Color figure online)

Fig.6 Antenna reflection coefficient at wet and dry condition a rectangular monopole and b circular monopole (Color figure online)
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Fig. 7 The 2D polar radiation pattern of rectangular monopole antenna a Φ = 0°, b Φ = 90°, and c θ = 90° at 2.5 GHz, proposed antenna in free
space (solid red) and on body (dash black) (Color figure online)

Fig. 8 The 2D polar radiation pattern of circular monopole antenna a Φ = 0°, b Φ = 90°, and c θ = 90° at 2.5 GHz, proposed antenna in free space
(solid red) and on body (dash black) (Color figure online)

recorded in Fig. 6 and Fig. 7 at phi= 0°, 90° and theta= 90°.
The radiation patterns for proposed monopole antennas with
rectangular and circular are recorded in both free space and
when mounted on body are shown in Fig. 7a–c and Fig. 8a–c
at resonant frequencies 2.5 GHz and 3.1 GHz. Though, there
are many repels created when the antennas are placed on
body, omnidirectional operation are still maintained.

Given that textile antennas are flexible and conformal, the
effect of bending antennas in both X- and Y- directions are
simulated and recorded. Different bending angles of 0°, 45°,
75° and 90° are used in simulations and presented in Figs. 9,
10. From given figures, it could be concluded that rectan-
gular shaped antennas maintain its operation after subjected
to bending in either X- or Y-directions compared to circular
one.

4 Simulations of textile antenna in proximity
to breast phantommodel

The basic composition of a human breast is glandular tis-
sue, adipose tissues (fat), fibrous tissues covered with a skin
layer [23]. A survey for the most suitable phantoms for imi-
tating human breast is listed in [23–27]. Breast are classified
into four classes according to their density where: mostly
fatty, scattering fibro glandular, heterogeneously dense and,
extremelydense [24, 25].Breast densitywill affect the dielec-
tric properties as it simply represents the amount of fat or
fibro glandular tissues. The ideal microwave breast phantom
should mimic the electromagnetic properties of the hetero-
geneous breast tissues, its geometry, provide an easy way to
insert the tumor phantom and it should be durable for long
periods. Three major classes are found for such phantoms
as chemical phantoms (oil in gelatin mixtures can mimic the
four types of breasts by varying the percentage of oil in the
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Fig. 9 The effect of bending on X axes monopole antennas performance a Rectangular shaped and b Circular shaped (Color figure online)

Fig.10 The effect of bending on Y axes monopole antennas performance a Rectangular shaped and b Circular shaped (Color figure online)

mixtures), numeric phantoms (provided by different simula-
tion programs prove to be the most accurate in mimicking
breast tissues, as CST) and 3D printed phantoms.

The performance of the two proposed antennas (rectan-
gular & circular monopoles) in contact to breast tissues with
and without tumor will be studied. The dimensions and elec-
trical properties of the four-layer phantom model embedded
in simulation are presented in [19, 26] and shown in Fig. 11.
The tumor size used in the simulation is 10 mm diameter
with electrical properties as reported in [9] and shown in
Fig. 11. The tumor is placed at distance 60 mm approxi-
mately in the center of the phantom. In the given study, two
simulation scenarios were adopted. The first scenario starts
by placing one sensor/ antenna in contact to breast phantom

as shown in Fig. 11awhile the second scenario using two sen-
sors/ antennas at two opposite sides of the breast model as
shown in Fig. 11b. These two scenarios will allow recording
the reflection coefficient (S11) and transmission coefficient
(S21). In all simulations, the antenna is positioned above the
breast with 2 mm filled with cotton substrate as illustrated in
Fig. 11b. Results shown in Figs. 12–15 are the simulations
using breast tissue models with and without tumors [8, 27].

Figures 12, 13 show magnitude and phase of reflection
coefficient for both rectangular and circular monopoles with
and without tumor, respectively. Figure 12 shows that the
tumor increased themagnitude of the reflection coefficient by
1 dB and induced a shift of 100 MHz at lower resonant band
at 1.1 GHz for rectangular monopole. At higher resonant
frequency at 5 GHz, it changes the magnitude of reflection
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Fig.11 Three layers model of breast in [15] with and without tumor tested using a one antenna and b two antennas (Color figure online)

Fig.12 Simulated |S11| of rectangular monopole antenna with and without tumour |S11| a magnitude in dB and b phase in degrees (Color figure
online)

Fig.13 Simulated |S11| of circular monopole antenna with and without tumour |S11| a magnitude in dB and b phase in degrees (Color figure online)
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Fig. 14 Simulation of two rectangular monopole antennas with breast model a magnitude |S11| in dB, b |S11| phase in degrees c magnitude |S21| in
dB and d |S21 |in degrees (Color figure online)

coefficient by 10 dB and reduced the resonant by 500 MHz.
For circular monopole, the tumor increased the magnitude
of the reflection coefficient by 3 dB and induced a shift of
50 MHz at lower resonant band at 3.7 GHz. At higher res-
onant frequency at 5.5 GHz, it changes the magnitude of
reflection coefficient by 2 dB and reduced the resonant by
50 MHz as shown in Fig. 13. In Fig. 14, using two rectangu-
lar antennas and embedding the tumor model induced a shift
of 500 MHz in resonant frequency, reduced the reflection by
8 dB and induced around 300° phase shift. On the other side,
same previous tests are done for circularmonopole, the tumor
induced a shift of 300 MHz in resonant frequency, reduced
the reflection by 10 dB and induced around 100° phase shift.
Thus, using two monopole antennas on the breast sides pro-
videsmore data required to detect tumors as shown inFigs. 14
and 15. The given simulations in this paper show that it is
very difficult to detect tumor with diameter less than 5 mm.

Given that the proposed sensors are designed to be embed-
ded inwomen’s clothes or in contact to human body, the SAR

values are calculated using CST simulator, Ver. 2020. SAR
or the specific absorption rate is defined as the amount of
power absorbed per unit mass of tissue as reported in [19].
The simulated SAR is calculated by placing the antenna
model on the phantom tissue model as shown in Fig. 16.
The numerically safe SAR values at resonance frequency at
1 g and 10 g of tissue based on the IEEE C95.3 standard
for a device are1.6 W/Kg and 2 W/Kg respectively. For the
rectangular monopole, it realizes calculated SAR values of
2.32 W/Kg and 0.98 W/Kg as shown in Fig. 16. However,
circular monopole antenna is 3.66 W/Kg and 0.98 W/Kg,
respectively at 100 mW transmitted power. Safety SAR lev-
els could be maintained for the proposed textile antennas
as long as transmitted power do not exceed 100 mW. Thus,
the proposed antenna could be embedded in wearable appli-
cations. From given results, the simulated SAR values of
rectangular monopole antenna is less than the circular shape.

In addition, in order to study the effect of the breast density
on detecting tumors as well as the dielectric properties, the
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Fig. 15 Simulation of two circular monopole antennas with breast model a magnitude |S11| in dB, b |S11| phase in degrees c magnitude |S21| in dB
and d |S21 |in degrees (Color figure online)

Fig. 16 SAR Simulation of textile monopole antennas with breast phantom model over 1 g of tissue based (Color figure online)
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Fig. 17 a The volume loss density for rectangular monopole antenna without & with tumor and b the average SAR for circular monopole antenna
without & with tumor (Color figure online)

current density and volume loss density in case of a healthy
tissue and malignant tumor tissue is calculated and presented
as shown in Fig. 17. The given results show that a little
increase in the gain values occurred in the presence of tumor
compared to the case of normal tissues as shown in Fig. 17.

5 Measured of textile antenna in proximity
to breast phantommodel

The proposed antennas are tested in the presence of breast
phantom with and without tumour. The response of the
antenna is measured while placing the phantom in glass
and plastic containers. This could be related to gelatinous
nature of phantom that don’t tolerate high temperature nor
was it mechanically durable during measurements. Gelati-
nous phantom representing breast is composed of 150 ml
corn oil, 50 ml deionized water, 30 ml neutral detergent and
4.5 g agarose as per the recipe in [27]. On the other hand,
tumor phantom is composed of 100 ml deionized tri-distilled

water, 60 ml ethanol, 1 g NaCl and 1.5 g agarose [28, 29].
All prepared mixtures for breast and tumor phantoms are let
to cool down and set to a gelatinous constancy. All contain-
ers carrying phantoms are sanitized to avoid any impurities
and keep the electrical properties of the fabricated phan-
toms. The electrical properties of all phantoms (breast &
tumor) are characterized using Dielectric probe DAK-3.5-
TL2: 200–20 GHz. The measured dielectric constant (εr),
loss tangent (ε”) and conductivity for both breast and tumor
phantoms are shown in Fig. 18a–d. The given measured data
is highly comparative to data published in literature for elec-
trical properties of breast and tumor [19].

The proposed antennas are tested in the presence of fabri-
cated breast phantom with and without tumor. The measured
reflection coefficient results are shown in Fig. 19 for both
rectangular and circular monopoles. Figure 19 and Table
1 shows the comparison of the two proposed monopoles
shaped (rectangular/ circular). In spite of this measurement
method, it yields the expected desirable results. From the
given results in this work and Table 1, Circular monopole
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Fig.18 Breast phantom and tumor measured dielectric properties by using DAK (Color figure online)

Fig. 19 Measured monopole antennas with inserted photo of breast phantom with and without tumor a Rectangular- shaped antenna and b Circular-
shaped antenna (Color figure online)
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Table 1 Comparison of two proposed monopoles shaped (rectangular/
circular)

Shape Rectangular
monopole

Circular monopole

Comparison

Bandwidth 2.2 to 8 GHz 2.5 to 9 GHz

Gain 2.5 dBi 5 dBi

Power required Low High

Measured SAR (10 g) 0.161 0.174

Fabrication Easy to
fabricate

Hard to fabricate

Practical results Better
detection

Decent detection

acquires higher gain compared to rectangular monopole. On
the other side , rectangular monopoles acquires better detec-

tion results compared to circular monopole in same band,
require less power and lower SAR levels. Moreover, the
proposed textile monopoles are compared to textile anten-
nas reported in literature [29–31] and presented in Table.2.
Finally, SAR values are measured in SAR Lab (Electronics
Research Institute) for both proposed monopoles as shown
in Table 3 at 1 g and 10 g. Table 3 shows that the rectangular-
shape monopole is better in terms of SAR vales than circular
shape. These results match simulation results and validate
the adopted models for the proposed sensors in simulations.

6 Conclusion

This paper present two low-cost, conformal fully textile
antenna-based sensor operating within the band of 2.2 to
8 GHz. The proposed monopole antennas with rectangular
and circular shapes are fabricated using cotton substrate and

Table 2 Comparison of proposed
antennas with similar structures
in literature

Ref Bandwidth
(GHz)

Gain (dBi) Dimensions (W
× L × h) mm3

Fabrications SAR (W/Kg) in
10 g

[30] 2.38–2.58 NM 70 × 70 × 3 Difficult (four
layers)

0.23

[17] 7–28 Peak 10 60 × 50 × 0.7 Moderate (two
layers)

1 in average

[31] 8–12 Peak 5.6 37.5 × 44.33 × 1 Easy (one layer) 0.72

Proposed 2–8 Average 4 50 × 50 × 2 Easy (one layer) 0.16

NM (not mention in the paper)

Table 3 Comparison of measured SAR levels for the two proposed monopoles (rectangular/ circular)

Power level (dBm) Rectangular monopole Circular monopole

1 g 10 g 1 g 10 g

5 0.099 0.041 0.103 0.043

10 0.123 0.05 0.132 0.057

15 0.323 0.124 0.384 0.15

20 0.372 0.161 0.414 0.174
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textile conductor with overall size 50 × 50 mm2. The pro-
posed textile sensor retains its operation after subjected to
washing and dryness. The rectangular and circular monopole
antennas are fabricated and tested. Recorded results using
one and two sensors in contact with breast model verify the
ability of the proposed sensor to differentiate between normal
and malignant breast tissues. The proposed monopole anten-
nas provide measured SAR value of 0.161 and 0.174 W/Kg
for rectangular and circularmonopoles andwithin safety lim-
its with 100 mW transmitting power or less. Both proposed
designs (rectangular and circular shaped) provide promising
tumor detection capabilities.However, rectangularmonopole
shows higher sensitivity to tumor than circular monopole
through recording phase shift, magnitude, and location at
designed resonant frequencies. The proposed sensors are lim-
ited to detect tumors of diameter greater than 5 mm. Full
parametric study representing varying tumor size and loca-
tion will part of future publication. Moreover, further work
to improve sensitivity of detection will be studied by using
an array of sensors instead of only. Fully textile sensors are
a step towards developing wearable microwave breast imag-
ing system. This will help women to receive low-cost safe,
regular breast cancer screening at the comfort of their homes.
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