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ABSTRACT

The proposed wearable antenna should have flexible, planar, and low-profile structure in order to fulfill
the wearable antennas requirements applying for both wireless area body network and breast cancer
imaging. The proposed wearable antenna consists of a layer of denim (11x11 mm?) as substate and Shieldit
conductive material. The antenna is combined with eighteen metamaterial (MTM) unit cells consuming
an altered rectangular split ring resonator (SRR) to expand BW, increase the directive gain, and maintain
the Specific Absorption Rate (SAR) value below 2 W/Kg. It works within a frequency range of 5.2-22.2
GHz and offers a maximum directive gain of 5.85 and radiation efficiency of more than 78%. The
outcomes proved that only a little discrepancy exists between the simulated and measured results of the
proposed antenna. Besides, it shows that the antenna elements can detect tumor with radius of 2 mm in a
breast with maximum diameter of 320 mm. The results credibly demonstrated the ability of the proposed
wearable UWB antenna system for both wireless body area network (WBAN) and breast cancer imaging
applications.
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1. Introduction

Several applications such as embedded smart systems, communications, and health monitoring purposes were
benefited using wearable and flexible antennas have been produced for various applications. The current fast expansion
of wearable wireless devices and WBAN has drew several researchers to get involve in the similar area of study. The
current chaotic conditions in the hospitals and its standard operational procedures (S.0.P.) because of the COVID-19
pandemic challenges had forced the healthcare specialists aware about the necessity of growth in contactless medical
procedures to shun the infection to spread rapidly. There should be an innovation to prevent the patients to contact with
others, especially the staff nurse can carry out their vital checkup remotely [1, 2]. This could be a perfect way to publicize
and ease the WBAN usage [3]. Most of the designed on-body devices having miniature dimensions, light, and sometimes
robust. For instance, the stretchable antennas that can simply provide a consistent and high-performance communications
[4]. Since the WBAN communication devices are worn on-body, they are vulnerable in bending condition or when they
touch the skin directly. This may disintegrate the antennas’ radiation characteristics and disturb the impedance matching.
Besides, it reduces the system’s radiation efficiency and received signals. The wearable devices might be crammed or
fixed on body and so their performances affected by body movements. The body conditions such as temperature and
sweating also alter the system’s performances. Consequently, to face and resolve these challenges, this paper introduces
a cost-effective miniaturized and flexible antenna which can be worn easily as compared to previous works [5-10]. These
wearable antennas as a part of WBAN commutation system recommend higher solution and conformability in detection
of patients remotely without any need of going to the hospital for checkup, especially during the COVID-19 pandemic
when the social distance is required by SOP. As well as in the absence of the pandemic, to avoid mixing with other sick
people.
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Figure. 1. A setup for health monitoring system [3]

An antenna is known as a vital component in a WBAN communication system [11]. Wearable antennas integration
with different electronic components and systems needs more focus on decreasing the on-body conditions detuning on
antennas performances. The antenna detuning effects depend on the antenna form-factor, its distance from the skin, and
the body shape. These impacts can be suppressed by applying different structures improvements such as defected ground
or truncated structures. Due to their flexibility and simplicity in integration, the antennas use flexible textile materials
considered as good candidates for the WBAN communication systems [8]. Copious single, dual, and multiband flexible
wearable antennas have been proposed offering excellent performance [12-29]; even when remote controlling in hospitals
were important [30-33]. Besides, based on the consumption factor theory, the power efficiency improves with bandwidth
(BW) and extra efficient energy is attainable when higher frequency band is used. Additionally, if an antenna
demonstrates a high directive gain even with small physical dimensions, the attenuations can be suppressed. Although it
can extend array integration using less printing area [34].

The wearable antennas should be designed carefully not to disturb the human body when they are worn. Therefore,
the Specific Absorption Rate (SAR) should be considered during the designing procedure (should be less than 2. The
meta surface, metamaterial integration with antenna, and can maintain the SAR value in the acceptable standard range.
Numerous techniques applied to attain high directivity and gain using meta-surface, large intelligent surfaces (LIS) [35-
37], at different frequency bands [38-39].

Several UWB antennas with capability of being worn were designed to operate at various bands such as 3.1-11.3
GHz [40], 2.9-11 GHz [41], 3-12 GHz [42], and 2.7-10.26 GHz [43]. For instance, a fractal patch mounted on a textile
substrate to operate at 1.4-20 GHz for WBAN application [44] and for ISM applications [45]. A flexible planar quasi-
Yagi UWB antenna designed for WBAN with the BW of 7.4 GHz and dimensions of 34x30 mm? [46]. In addition to
those, more wearable UWB antennas devised for WBAN communication and breast cancer detection [47-49].

2. Antenna Design

Figure 2 and Table 1show the proposed antenna’s prototype and its dimensions. An ordinary elliptical shape patch
antenna was designed initially, and it was fed using a transmission line (TL). It designed on a denim substrate with &,.=
1.2 and h= 0.67 mm. The initial dimensions of the antenna substrate are defined by applying the microstrip antenna
equations presented in [50].

When the conventional antenna’s outcomes attained, some stop-bands were seen over the working bandwidth of the
antenna. Consequently, the examination of surface current distribution (SCD) is helpful at the working bands (Figure 3).
Based on Figure 3 the SCD shows more density around the TL and the modified patch and it says both affect the lower-
end and higher-end of the band. Thence, the GND was cut into staircase shapes to improve the antenna’s BW and suppress
the stop-bands around 8.5 GHz. Besides, it expanded the BW, up to 21 GHz. After that, an arrow shape slot was etched
from the patch to eliminate the stop-band around 12 GHz. Likewise, two slots with the shape of rectangular were removed
to suppress the unwanted notches further and enhance the S1; at 18 GHz.

Not all the designing parameters affect the BW dramatically. These parameters can be listed as dimensions of patch
(a, b) , the width and length of TL (L¢, W), the arrow wings (L), and the staircase dimensions (Ls, L7, Lts). For instance,
Ls and b shift the BW, a and Ws affect the input impedance BW. Also, Le.rs improve and expand the BW too. A
metamaterial (MTM) structure was integrated to enhance the overall performance of the proposed antenna in terms of
the BW, the radiation characteristics like gain and directivity.
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Figure. 2. The antenna’s prototype: a) front view, b) back view, and (c) metamaterial single element

Table 1. Antenna dimensions

Parameters | Dimensions (mm) | Parameters | Dimensions (mm)
Ls 11 L 1
Ly 2 Lg 1.5
Ly 5.28 Lo 1.25
L> 2.83 Ws 11
Ls 1.83 Wi 2
L4 1.25 a 4
Ls 0.5 3.5
Le 6.5 S 1.25
Ly 1.75 t 0.25

(18 GHz)
Figure. 3. The antenna’s SCD without metamaterial arrays

(12 GHz)
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The single element MTM structure consists of a modified rectangular shape SRR [51-52]. It magnetically resonates
and produces the magnetic permeability by the perpendicular magnetic field [53-54]. It should be mentioned that any
slits establish a capacitance which controls the structure’s resonant specification. Also, the modified SRR was etched by
a split to expand the SRR’s series capacitance and lessen mutual coupling [51], [55]. Besides, the integration of the
structures introduces a simultaneous electric (E) and magnetic (H) fields.

The MTM unit cell shown in Figure 1(c) was devised on a flexible textile 'denim' substrate with a ¢, and h of 1.2
and 0.7 mm, respectively. The finite integration technique (FIT) was used in CST Microwave studio to assess and the
reflection and transmission coefficients of the antenna. To do so, magnetic/electric boundaries and two waveguide ports
set around the MTM structure as both x-axis and y-axis considered as perfect magnetic and electric conductors,
respectively. Likewise, an open space assumed towards the z-axis considered same as the MTM feeding. The MTM
structure should be devised in a way to offer a negative index where the antenna is not operating. Plus, Nicolson-Ross-
Weir (NRW) method reported in [56] was performed to examine the proposed MTM unit cell’s electromagnetic (EMT)
specifications. | EMT used to analyze and get the ¢, |, and n utilizing the simulated Si1 and Sy as presented Figure 4 and
5. The operating BW range of ¢, p, n is summarized in Table 2. The Sy result indicates a peak around 17.5 GHz. The
antenna is integrated with the MTM arrays to enhance the antenna’s radiation characteristics like impedance matching,
radiation efficiency, etc.
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Figure. 5. S-parameter results of single MTM structure
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Table 2. Negative index frequency regions of the MTM unit cell
Factors &) (D) (n)
Functional BW (GHz) | 5-18,22-30 | 17-22 | 11-30

3. Results and Discussion

The antenna performance should be evaluated for both conditions of on and off-body, with and without MTM
structures applying the simulation setup presented in Figure 6. In the simulation setup, a woman body voxel is used for
the imaging environment.
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Figure. 6. The simulation setup of the imaging environment

When eighteen elements of MTM were used and incorporated with the antenna, improved outcomes were achieved
as revealed in Figure 7. Interestingly, the performance of the antenna had enhanced more when the third row of MTM
arrays were separated by S distance. Additionally, the reflection coefficient results were analyzed and compared when
incorporated with and without MTM elements as presented in Figure 7. Essentially, the analysis was preceded by an
investigation on the impacts of the element numbers on the performance of the antenna. The reflection coefficient results
shown in Figure 6 present an improvement after adding the MTM elements for both on and off-body conditions.
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Figure. 7. Reflection coefficient results with and without MTM for both on and off-body conditions

As the results revealed in Figure 8, a narrower — 3 dB beam and significant enhancement in the directivity is
obtainable only when the antenna is integrated with the MTM arrays.
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Figure. 8. The on-body radiation pattern of the antenna integrated with MTM structure

The gain of the antenna has been greatly improved by the MTM arrays about 2.5 dBi within its operating frequency
band compared to the one without MTM structure. Similarly, the radiation efficiency has been enhanced about 10 % after
incorporation with the MTM elements. Overall, it offers a outmost gain and radiation efficiency of 5.85 dBi and 94 % at
the frequency of 18 GHz, respectively. Besides, the result shows that the radiation efficiency is higher than 78 % from 7
GHz to 23 GHz. Table 3 represents the performance of the proposed antenna compared with recent similar works in terms
of gain, bandwidth, and dimensions. Favorably, as it is observable from Table 3, the proposed antenna has smaller size
and high gain within its frequency bandwidth compared to the other antennas presented in Table 3. The results verified
the capability of the proposed technique applied in this work to improve the overall performance of its antenna to suit
both WBAN and breast imaging applications.

Table 3. Antenna performance comparison

Reference | Dimensions (mm?) | BW (GHz) | Max Gain (dBi)

571 20 x 20 2-18 >-2.65

(58] 28.6 x 28.6 2-27 -

[59] 16 x 16 26 - 40 7.44

[60] 50 x 40 22-25 45

[61] 26 x 16 18-44 1.45

[62] 50.8 x 62 1.3-20 10
Proposed 11x11 5.1-23.5 5.85

Figure 9 depicts both simulated and measured Si; results of the antenna with MTM arrays on-body conditions are
shown in. Finally, the simulated and measured results empirically yielded good agreement. All the operating poles were
attained in the measurement. However, the band shifted slightly when it contacts the arm and the breast. Nonetheless, the
S11 level was lessened by -5 dB roughly in comparison with the simulation outcomes. Besides, the reflection coefficient
results on the chest were shifted down more than on the arm. Reasonwise, it might be due to different composition of the
skin layers and structures whereby the skin maybe is thicker around the chest as compared to the arm [63-64].

-25 --- Meas in air \ '\“\ /
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—Sim on breast
-40
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Figure. 9. Simulation and measurement in air, on breast, and arm
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Another important factor that should considered for flexible wearable antennas is the SAR value. Based on the
principles, it should be less than 2 W/Kg for both standards of 1g and 10g. Figure 10 and Table 4 present the result of
SAR values on the layers of skin, breast fat, muscle, and bone at the working BW of the proposed antenna. The results
showed that the SAR values met the standard requirements mentioned.

18 GH, 1g 18 GHz, 10g 21 GHz, 1g 21 GHz, 10g
Figure. 10. SAR variation on body for both 1 g and 10 g at different frequencies

Table 4. SAR values at different frequencies

Frequency (GHz) 1lg 10g
5.6 0.497 0.29
7 0.911 0.698
18 1.995 1.16
21 2.011 1.02

3.1 Investigations in the breast media

It would be informative to assess the antenna characteristics in both time (TD) and frequency domain (FD). Unlike
the wide-band and UWB antennas, the narrow-bands are usually depicted in the FD. Likewise, the radiation
characteristics and properties are considered constant over few percentages of the BW. A UWB structure is usually
recognized in an impulse-based formation. Hence, the TD impacts and characteristics should be noticed and assessed.
The FD system is presumed that uses a transmitter antenna which is triggered with a continuous wave. On the other hand,
the TD description is excited using an impulse signal. The transient response of an antenna mostly alters on time, along
with the departures and arrivals angles and polarization. The process of transmitting and receiving a pulse between every
two UWB antennas in TD is depicted in Figure 11.
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Figure. 11. Sending and receiving process of two UWB antennas
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Before starting the construction an image of a tumor in the breast using the simulation data, several significant factors
that should be examined. Figure 12 shows the simulation setup of the antenna array elements around the breast media
and the tumor within it. The received signals should be considered first due to its important role in image reconstruction
of the tumor. Array one (A1) is assumed as transmitter and the other array elements are considered as receivers. Based
on what presented in Figure 13, the received signals’ shape did not change dramatically but the signal’s amplitude altered
and shifted slightly.

Antenna

/ Al .
Breast fatm Skin m

(a) (b)

Figure. 12. The simulation setup of the breast model and the antenna elements
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Figure. 13. The recipient signals from different arrays of the antenna on the breast model

Al sends a UWB pulse and other antenna elements receive it. The received signals shown in Figure. 13 received
from four array elements (A3, A4, A7, and A8) at the presence of tumor and they were shifted due to the delay and
distance between every two array elements. They were located differently to demonstrate how distance and angle change
the signal reception (Figure 12). Thus, signals have the same shape but with changes in amplitude that are specific for
each array position. The fidelity factor (FF) is to depict the signals similarity and distortion level in signals [65]. The
result in Figure. 14 illustrate that similarity of more than 90% achieved using both simulation and measurement data.
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The mutual coupling between every antenna array element is another essential parameter to be considered in imaging.
Figure 15 shows how the mutual coupling and isolation factor are around the breast media and he tumor. Since the
transmission coefficient level of the antenna array elements showing a level of less than— 15 dB at most of its working
BW. It can be concluded that a very decent mutual coupling and isolation exist among the antenna arrays.

-10

5 10 15 20 25
Frequency / GHz

Figure. 15. The transmission coefficient results from four arrays of on-body

3.2 Image reconstruction tumor in breast

All the received signals presented in Figure 13 are obtained from CST and then imported to MATLAB to reconstruct
the image of the tumor with a 2 mm radius by applying the simulation output data. The robust time-reversal (RTR)
algorithm presented in [66] was used to recreate the image utilizing three assumptions such as number of arrays around
a target (tumor), two off-centered tumors, and a breast sample with larger diameter. Figure 16 signifies the reconstructed
image the central tumor using different number of array elements as three, five, and eight (the breast and tumor have the
radius of 60 mm and 2 mm, respectively). The results offer a correct detection and localization of the tumor with radius
of 2mm and a range resolution an approximate 6.5 mm based on the operating BW of the antenna as 17 GHz [67-69].
Therefore, a 2 mm radius tumor was selected for investigation to confirm whether the antenna elements are capable of
detecting a tumor smaller than that dimensions. In addition, the images are the clearest when eight antenna array elements
are used. It shows that the unwanted effected of the clutters produced by other array elements and the skin layer are
completely suppressed.
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Figure. 16. The image of detected tumor utilizing RTR algorithm and different number of array elements (a) three, (b) five, and (c)
eight array elements
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One central and one off-center tumor are considered in breast with the same diameter to assess the antennas ability
further. The RTR algorithm is applied again to detect the tumor through image reconstruction. Figure 17 shows both the
central and the off-center tumors are detected properly with some insignificant clutters around the tumor.

60

1

0.8 O %

0.2 Q 0

-60

Figure. 17. Two tumors detected within the breast

Apart from considering more than two targets in breast, assuming a larger breast with diameter of 320 mm is also
can help to evaluate the system capabilities in detection of tumor (2 mm radius). Figure 18 indicates that the antenna
elements in the system detect and reconstruct the tumor even considering a larger breast media in simulation process.
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Figure. 18. Detected tumor within a larger breast with diameter of 320 mm
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4. Conclusion

A metamaterial-based wearable staircase UWB antenna is integrated with eighteen MTM arrays for breast cancer
imaging and WBAN applications. The MTM single cell comprises a modified SRR. Thence, the refraction index,
permeability, and permittivity were computed for the single unit cell of MTM structure. After optimization of all the
effective parameters of antenna, the improvement of antenna’s performance in terms of gain, directivity, and BW were
presented. The results show that less discrepancy exists between the simulated and measured results in different
environments such as breast, arm, and free space with acceptable value of SAR (less than 2 W/Kg for both standards of
1 g and 10 g). The antenna obtained more than 78% radiation efficiency and maximum directional gain of 5.85 dB over
at the operating frequency band. The proposed antenna elements system depicts an ability to sense a tumor with a radius
of 2 mm inside the breast in different considerations such as two tumors and breast with larger size. Finally, the proposed
wearable UWB antenna is a suitable economical candidate for both applications of WBAN and breast cancer imaging.
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