Progress In Electromagnetics Research C, Vol. 129, 273-287, 2023

Textile Dual Band Antenna Printed on Artificial Heart Bag
for WBAN Communications

Walaa M. Hassan”

Abstract—This article presents a textile dual band antenna printed on an artificial heart (AH) bag
for various Wireless Body Area Network (WBAN) communications. The textile dual band antenna
operates at two different operating frequencies 2.4 GHz and 5 GHz. The two operating frequencies are
reserved for IEEE 802.11b/g/n/ax and IEEE 802.11) WLAN standard. The designed antenna has a
frequency bandwidth of (2.3642-2.5375 GHz) for the lower frequency of 2.4 GHz and (4.598-5.1683 GHz)
for the upper frequency of 5 GHz. The dual band antenna is integrated with the proposed AH bag that
is made from textile material. The effects of both different materials and dimensions of the proposed
AH bag in the characteristics of the proposed antenna are investigated. The effect of the human body
on the electrical performance of the proposed antenna integrated with the AH bag is presented. The
amount of electromagnetic absorbed energy through the human body is also determined in terms of
the specific absorption rate (SAR). The obtained SAR value is less than 0.12 W /Kg. This value meets
the IEEE standards. Experimental verification for antenna integrated with AH bag and human body
is presented.

1. INTRODUCTION

Recently, heart diseases have been a predominant cause of death. The numerical values of 23 million
patients around the world who suffer from heart disease [1] are shown. Heart disease is expected to rise
steadily in Japan as the population grows, reaching 1.3 million people by 2030. In 2006, 5.8 million
persons in the United States had heart failure (HF'), with 0.2 million having end-stage HF. In Russia,
mortality from cardiovascular diseases is more than 50% of the total mortality. Artificial hearts (AH)
are necessary to keep patients alive while they wait for a heart transplant, or if they are not eligible for
a heart transplant [2]. Transplantation of donor and implantation of AH have been the best therapy
of choice for many HF patients. Due to the scarcity of natural hearts, the “gold standard” is a donor
heart transplantation [3]. Artificial hearts should have low profile, high reliability, low power density,
and light weight [3,4]. “Wearing Your Heart on Your Back” is the most interesting announcement for
a portable AH device which provides the patients freedom whilst they wait for a donor and transplant.
This wearable system is referred as Freedom portable driver [5-7]. It serves a greater essential purpose
of circulating the blood of heart failure patients until a transplant becomes available. AH system is a
13.5 pound pack that connects with the aid of two tubes. Examples of actual portable AH devices are
shown in Fig. 1.

Wireless Body Area Network (WBAN) has acquired a vital interest due to its many uses in health
care, sports, battlefield, emergency operations, and care of the aged and underprivileged youngsters [8—
10]. In WBAN, the presence of the human body poses an enormous challenge to the wearable antennas.
By wearing these wearable devices, humans or animals can communicate directly. At the same time,
they can communicate with other remote devices through wireless systems, which incorporate a sensor,
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Figure 1. Examples of portable AH devices.

microcontroller, and an antenna unit. The most demand for wireless communications technology with
wide BW is achieved using miniaturized planar antennas to assist wireless devices, such as Industrial
Scientific Medical (ISM) and Wireless Local Area Network (WLAN) [11-14]. Several factors should be
considered in designing wearable antennas [15-20]. Several kinds of printed antennas can be used as
wearable antennas [21-25]. The most widespread WLAN protocols are IEEE 802.11b/g, which utilizes
the 2.4 GHz ISM band (2.4-2.485 GHz), and IEEE 802.11a, which employs the 5 GHz U-NII band and
ISM band (5.15-5.825 GHz) [26, 27].

This paper presents a dual band antenna printed on the AH bag for different WBAN
communications. The remaining parts of the paper are organized as follows. In Section 2, the proposed
dual band antenna is designed on a textile material, and the electrical properties of the proposed antenna
are studied In Section 3. Integration of the dual band antenna with the proposed AH bag made from
textile jeans material is depicted. The effects of the change in the materials and dimensions of the
AH bag on the electrical performance of the proposed antenna are studied in Section 3. The effect
of the patient body on the electrical performance of the proposed antenna is studied in Section 4. In
Section 5, the specific absorption rate (SAR) is calculated to show the effect of antenna radiation on the
human body and to determine the amount of the electromagnetic energy absorbed inside the patient.
Experimental verification of the designed dual band antenna integrated with a textile jeans bag and a
human body is reported in Section 6.

2. DESIGN OF A DUAL BAND ANTENNA ON A TEXTILE SUBSTRATE

Textile antennas are quite suitable for wearable applications. A textile jeans substrate is used in the
proposed antenna. This material has a suitable nature of the proposed AH bag. Textile jeans are
the most wearable cloths because they are an ideal choice for all ages and more appropriate for the
current lifestyle. Fig. 2 shows the geometry of the proposed dual band antenna. The dual band
antenna consists of a radiating patch antenna mounted on a textile jeans fabric substrate with relative
permittivity e, = 1.6 and dielectric loss tangent tan d = 0.02 [21]. This patch antenna is fed by using a
50 €2 microstrip feed line. The radiator is a square patch with dimensions Lp = W), = 19.25mm. The
thickness of the textile jeans fabric substrate is 1 mm. The dual band operation is acquired by means
of using two rectangular slot rings which are etched on the ground as shown in Fig. 2. The dimensions
of different parts of the proposed antenna are presented in Table 1.

Figure 3 shows the reflection coefficient of the designed antenna as a function of frequency. It
can be seen that the antenna resonates at 2.4 GHz and 5 GHz with reflection coefficients less than
—20dB. The designed antenna has a frequency bandwidth of 173.3 MHz for the lower frequency
of 2.4GHz and 570.3 MHz for the upper frequency of 5GHz. The two bands have sufficient
bandwidth to cover the operating frequencies for IEEE 802.11b/g/n/ax applications and IEEE 802.11j
WLAN applications [28,29]. Two simulation software packages are used for the antenna design
verification, High-Frequency Structure Simulator (HFSS) and CST [30, 31]. Good agreement between
the two simulation techniques is shown in Fig. 3. Fig. 4 shows the current distributions for the proposed
dual band antenna at three different frequencies within the operating band, 2.4 GHz, 4.9 GHz, and
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Figure 3. Reflection coefficient of the designed antenna.
Table 1. The dimensions of the proposed antenna.
Variable | Value (mm) | Variable | Value (mm) | Variable | Value (mm)
L 43.75 Lo 35 Lpag 200

\%\% 43.75 W, 35 Whag 80
Lp 19.25 L; 21 Hpag 100
Wp 19.25 W; 21 Thag 1.8
Wy 1.75 to 1.75 S1 4.375
tsub 1 t; 1.75 S2 17.5
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Figure 4. The current distributions along the proposed antenna at different operating frequencies
(a) 2.4 GHz, (b) 4.9GHz, (c) 5 GHz.
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Figure 5. (a) The geometry of the dual band antenna integrated with AH bag. (b) Reflection coefficient
of the dual band antenna integrated with the textile jeans AH bag.
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Figure 6. Reflection coefficient of the dual band antenna integrated with different materials of the AH
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5 GHz. The maximum gains at broadside direction are 2.39, 3.12, and 3.29 dBi for the three frequencies
2.4 GHz, 4.9 GHz, and 5 GHz, respectively.

3. DUAL BAND ANTENNA INTEGRATED WITH AH BAG

In this section, the dual band antenna is integrated with the proposed AH bag. The AH bag is made
of jeans material. The antenna is integrated with the AH bag as shown in Fig. 5(a). The reflection
coefficient of the proposed antenna integrated with the textile jeans AH bag is shown in Fig. 5(b).
There is a slight difference between the proposed antenna in free space and the antenna integrated
with the textile jeans AH bag. Different materials can also be used in this back bag as leather, cotton,
nylon, or Cardura. The dielectric constants for leather, cotton, nylon, and Cardura are ¢, = 1.8 [32],
er = 1.7¢, = 1.9, and ¢, = 1.4, respectively. The corresponding loss tangents for these materials are:
tand = 0.02, tand = 0.025 [33], § = 0.0098, and tand = 0.0001 [35], respectively. The effects of these
different materials of the AH bag on the characteristics of the proposed antenna are negligible as shown
in Fig. 6. The AH bag dimensions have significant effects on the performance of the designed antenna.
Parametric study is presented for different sizes of the AH bag as shown in Fig. 7.
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Figure 7. Reflection coefficient of the dual band antenna integrated with different sizes of the AH bag
at (a) Different AH bag widths (Wbag). (b) Different AH bag lengths (Lbag), and (c) Different AH
bag heights (Hbag).
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4. THE EFFECT OF THE DUAL BAND ANTENNA ON THE PATIENT BODY

When the patient wears the AH bag, the wearable antenna is in proximity of the human body which
is a lossy dielectric. The electromagnetic waves which are absorbed inside patient’s body can have
adverse health effects if the exposure limits are not observed [36]. It is important to study the amount
of radiation inside the human body. The power density distribution inside the human body after
adding the dual band antenna integrated with the AH bag to the human body is shown in Fig. 8.
The specific absorption rate (SAR) levels are numerically investigated using the hugo voxel model in
CST simulator [31] a body safety level. The reference power of 0.5 W is excited for the simulation in
the SAR study. The most frequently used SAR limits are those of IEEE [37] which is 1.6 W /kg for
any 1g of tissue and ICNIRP (International Commission on Non-Ionizing Radiation Protection [38])
which is 2 W /kg for any 10g of tissue. Fig. 9 shows the calculated SAR distribution along the human
body after adding the dual band antenna with the AH bag at different WLAN frequencies 2.4 GHz,
4.9GHz, and 5 GHz. The obtained maximum SAR value for the dual band antenna integrated with
the AH bag at 2.4 GHz is 0.12 W/Kg average over 10g of tissue. For frequencies 4.9 GHz and 5 GHz,
the maximum SAR values are the same value 0.106 W/Kg average over 10 g of tissue. It can be noted
that the absorbed power in human body is less than 0.12 W/Kg average over 10 g of tissue for the three
operating frequencies, whose values are much smaller than the allowable limits of SAR.

(a) (b)

(©)

Figure 8. The AH bag antenna integrated with the human body. (a) Patient carrying an AH bag.
(b) Simulation of AH bag on the back of the human body.

5. THE EFFECT OF THE PATIENT BODY ON THE DUAL BAND ANTENNA
CHARACTERISTICS

The human body also has effects on the electromagnetics properties of the dual band antenna. The
radiation efficiency and gain of the antenna are reduced due to the absorbed power by the human body.
Fig. 10 shows the comparison of reflection coefficient of the dual band antenna integrated with textile
jeans AH bag and human body with the reflection coefficients of both the proposed antenna and the
proposed antenna integrated with the textile jeans AH bag on free space. In Fig. 10, it can be seen that
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Figure 9. SAR simulation for the dual band antenna integrated withAH bag and integrated with the
human body at different WLAN frequencies (a) f = 2.4GHz (b) f =4.9GHz (c¢) f = 5GHz.

1
(9]

—
o

1
—_
(9]

®)
S

Dual band ant. N

Reflection coefficient (S11) dB

251
= = Dual band ant.+Jeans bag
------ Dual band ant.+Jeans bag + Human
_30 1 1 1 1
1 2 3 4 5 6
Frequency (GHz)

Figure 10. Reflection coefficient of the dual band antenna integrated with textile jeans AH bag and
human body.

a little shift occurs in the resonance frequencies. The radiation patterns for the dual band antenna for
the different cases including single antenna, antenna with textile jeans AH bag, and antenna with textile
jeans AH bag on a human body are presented in Fig. 11. It can be noted that the maximum gains of the
dual band antenna at 2.4 GHz, 4.9 GHz, and 5 GHz are 2.39dBi, 3.12dBi, and 3.29 dBi, respectively.
The integration of the textile jeans AH bag and the human body with the dual band antenna has
additional effects on the gain of the proposed antenna. The maximum gains for the dual band antenna
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Figure 11. 3D radiation patterns for the dual band antenna, dual band antenna integrated with
textile jeans AH bag, and dual band antenna with textile jeans AH bag and human body at different
frequencies (a) f =2.4GHz. (b) f =4.9GHz. (¢) f = 5GHz.

integrated with AH bag at 2.4 GHz, 4.9 GHz, and 5 GHz are 2.05 dBi, 5.73 dBi, and 5.62 dBi, respectively.
The corresponding maximum gains are 2.21dB, 5.63dB, and 5.83 dBi, respectively for the dual band
antenna integration with the AH bag and human body. It can be noted that the gain is improved for
the case of integrated antenna with the AH bag and mounted on the human body at the frequencies
4.9 GHz and 5 GHz.

6. EXPERIMENTAL VERIFICATION OF THE DESIGNED DUAL BAND
ANTENNA INTEGRATED WITH TEXTILE JEANS AH BAG AND HUMAN BODY

Figure 12 shows the fabricated dual band antenna, dual band antenna integrated with the AH bag,
and dual band antenna integrated with the AH bag and human body. Top and bottom views of the
fabricated dual band antenna are shown in Figs. 12(a) and 12(b), respectively. The steps of building
up the wearable antenna and integrating it with the AH bag are shown in Fig. 12. The wearable dual
band antenna consists of three layers. The top layer is a square patch and microstrip line made of a
copper sheet cut by a CNC machine. The top layer is fixed on the textile jeans fabric substrate material
of thickness 1 mm by using adhesive double tape. This adhesive double tape has a negligible thickness
compared with the textile jeans substrate. On the other side of the textile jeans substrate, there is a
ground plane with two concentric square slots. The square slots on the ground plane are patterned also
by using a CNC machine. The ground plane is fixed on the bottom side of the textile jeans substrate
also by using adhesive double tape. The geometry of the proposed antenna is developed by using
AutoCAD which is directly exported to the CNC machine. The dual band antenna is then fixed on the
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Figure 12. The fabrication and measurements steps. (a) Front view of the dual band antenna.
(b) Bottom view of the dual band antenna. (c) Photographic of dual band antenna over the AH bag.
(d) Photographic of dual band antenna over the AH bag and integrated with human. (a) Front view.
(b) Bottom view. (c) Antenna + artificial heart bag. (d) Antenna + artificial heart bag + human.
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Figure 13. Comparison between measured and simulated of the return loss of the dual band antenna
integrated with textile jeans AH bag, and dual band antenna with textile jeans AH bag and human
body.
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(b)

Figure 14. Radiation pattern measurement setup of the fabricated antenna inside an anechoic chamber
Inc. Model (NSI) 7005-30. (a) The dual band antenna. (b) The dual band antenna over the AH bag.

= Ant. without bag Meas.
= = Ant. without bag Sim.
= Ant. with bag Meas.

= = Ant. with bag Sim.

Figure 15. Normalized measured and simulated radiation characteristic of the antenna with and
without AH bag at f = 2.4 GHz for two planes (a) phi = 0° (z-z plane) and (b) phi = 90° (y-z plane).

AH bag using foam spacing with a width of 3mm. The dual band antenna is fixed on the foam material
and then on the AH bag by using adhesive double tape. The electrical properties of the fabricated
wearable dual band antenna is measured by using a VNA Agilent N9918A. Comparison between the
simulated and measured results is shown in Fig. 13. A good agreement between the simulated and
measured results is achieved. It can be noted that the two operating bands shift slightly, but they
still cover the two design bands, which fulfill the WLAN operating bands frequencies at 2.4 GHz and
5GHz. The simulated and measured reflection coefficient magnitude Si; (dB) are below —10dB for
both operating bands frequencies at 2.4 GHz and 5 GHz. Radiation pattern measurement setup of the
fabricated antenna inside an anechoic chamber Inc. Model (NSI) 7005-30 for the dual band antenna and
the dual band antenna over the AH bag is shown in Fig. 14. Figs. 15, 16, and 17 show the normalized
measured and simulated radiation characteristics of the antenna with and without AH bag at three
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frequencies 2.4 GHz, 4.9 GHz, and 5 GHz, respectively. The radiation patterns are presented in x-z and
y-z planes. It is apparent that the pattern is almost omnidirectional in the y-z plane, while in the z-z
plane, the pattern is directional. It can be noted that the maximum measured gains of the dual band
antenna with the AH bag and without the AH bag at the frequency of 2.4 GHz are 2.8dB and 1.40dB
compared to the simulated values 2.39dB and 2.05dB, respectively. The measured gains are 5.52dB
and 3.48 dB compared to simulated gains 5.73 dB and 3.12dB at the frequency of 4.9 GHz for the dual
band antenna with AH bag and without AH bag. The measured gains at 5 GHz are almost the same
as those at 4.9 GHz.

== Ant. without bag Meas.
= = Ant. without bag Sim.
== Ant. with bag Meas.

= = Ant. with bag Sim.

240 120M

Figure 16. Normalized measured and simulated radiation characteristic of the antenna with and
without AH bag at f = 4.9 GHz for two planes (a) phi = 0° (z-z plane) and (b) phi = 90° (y-z plane).

= Ant. without bag Meas.
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Figure 17. Normalized measured and simulated radiation characteristic of the antenna with and
without AH bag at f = 5GHz for two planes (a) phi = 0° (z-z plane) and (b) phi = 90° (y-z plane).
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7. CONCLUSION

This paper presents the design of a compact dual band antenna integrated with an AH bag and a human
body to cover the WBAN applications. The most widespread WLAN protocols are IEEE 802.11b/g,
which utilizes the 2.4 GHz ISM band (2.4-2.485 GHz), and IEEE 802.11a, which employs the 5 GHz
U-NII band and ISM band (5.15-5.825 GHz). Textile jeans are used as a substrate in the design of
the proposed antenna. The designed dual band antenna operates at two center frequencies 2.4 GHz
and 5 GHz. A good matching for the proposed antenna is achieved. Reflection coefficients for 2.4 GHz
and 5 GHz are 22dB and 26 dB, respectively. Good bandwidths are obtained at the two frequencies.
The effects of integrating the proposed dual band antenna with the AH bag antenna are studied. It
can be noted that there is only a slight variation between the antenna in free space and the antenna
integrated with the textile jeans AH bag. The electromagnetic exposures into the human model from
the proposed antenna integrated with AH bag at the three frequencies 2.4 GHz, 4.9 GHz, and 5 GHz
are investigated and analyzed in terms of SAR. The SAR value of the antenna, when it is used with
human body is less than 0.12 W /Kg average over 10 g of tissue for the two operating frequencies, and
these values are less than the permissible limits. On the other hand, the effects of the human body on
the proposed antenna performance are reported. The radiation efficiency and antenna gain are changed
due to the absorbed power by the human body. This introduces a little shift in resonance frequencies.
However, the antenna still operates in the required bands. Thus, the proposed antenna characteristics
are suitable for a human body interface. Simulated results of the proposed antenna are tested and
verified by the experimental ones. A good agreement between the simulated and measured results is
obtained. The simulated and measured reflection coefficients are below —10 dB for both operating bands
frequencies at 2.4 GHz and 5 GHz. The maximum measured gains of the proposed antenna for the lower
cut-off frequency (2.4 GHz) and higher cut-off frequency (5 GHz) are 2.8dB and 3.48 dB, respectively.
With these remarkable features, the proposed antenna is useful for AH patients to be used in WBAN
applications.
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