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SAR Calculations of Novel Textile Dual-Layer UWB Lotus Antenna
for Astronauts Spacesuit

Mohamed I. Ahmed1, *, Mai F. Ahmed2, and Abd-El A. Shaalan2

Abstract—A novel dual-layer ultra-wideband lotus-wearable antenna is presented in this paper for
integration on astronaut’s flight jacket to monitor the vital signs of astronauts. The proposed antenna
is designed and fabricated on a leather material as a substrate to operate over a frequency band (2–
12 GHz). The dielectric constant εr = 1.79 and loss tangent tan δ = 0.042 of the leather material
are measured by using two different methods. The proposed antenna has three-strip lines in the 2nd

layer for performance enhancement. The stretching effect of the proposed antenna on its impedance
characteristics is studied. Furthermore, SAR calculations are performed in on-body environments to
ensure that it operates properly in the nearness of the human body. Finally, the proposed design is
simulated by CST simulator version 2016, fabricated using folded copper and measured by Agilent
8719ES VNA. The measured results agree well with the simulated ones.

1. INTRODUCTION

Ultra-wideband (UWB) antennas have received increasing attention in recent years. These antennas
are very attractive in modern and future wireless communication systems such as handheld devices and
body-worn communication systems. The main advantage of UWB antennas is that the use of one UWB
antenna is more efficient than the use of multiple narrow-band antennas, which can effectively reduce
the number of antennas [1–3].

A lot of applications include smart cloths with wireless communication devices for sports,
astronaut’s space suit, military suit, fire fighter’s uniform and emergency worker’s uniform [4–6]. From
an engineer’s point of view, antenna is an indispensable part of any wearable wireless technology. This
antenna must be flexible, lightweight, compact and low profile, and also at the same time, it should
be mechanically efficient with acceptable wide bandwidth and desirable radiation properties [7–9]. In
addition, it must be kept in mind that wearable antennas work very close to the human body, so it is
very important to study the effects of these antennas on the human body to ensure that the wearable
antennas performed well near human body [10, 11]. For this study, specific absorption ratio (SAR) must
be calculated, which aids in the quantitative study of power absorption issues to ensure that the SAR
value actually satisfies the international safety standards (FCC & ICNIPR). The SAR quantifies the
power absorbed per unit mass of tissue [12, 13]. This quantity is defined as

SAR =
σ|E|2

ρ
(1)

where σ is the electrical conductivity in Siemens per meter (S/m), ρ the mass density in kilograms per
cubic meter (kg/m3), and E the electric field intensity vector, with magnitude in volts per meter (V/m).
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In this paper, a novel dual-layer UWB lotus wearable antenna with three strip lines is simulated
and fabricated for integrating into a flight jacket of an astronaut to monitor the vital signs of astronauts
constantly. A leather flexible textile material is used as substrate material. This antenna is designed
to operate over a frequency band (2–12 GHz). In addition, this lotus wearable antenna may be exposed
to stretching due to pressure difference inside and outside the spacesuit. Therefore, the antenna
performance characteristics under the stretching conditions are also investigated.

2. MEASUREMENT OF DIELECTRIC CHARACTERISTICS OF LEATHER
TEXTILE SUBSTRATES

In order to design a microstrip wearable antenna on textile surface, the dielectric characteristics
(dielectric constant ε and loss tangent tan δ) of the substrate should be known. For this purpose the
dielectric constant and loss tangent of the leather substrate must be measured. A leather textile material
is chosen because it is more flexible to place within clothing, and it has high water resistance [14]. In this
paper the dielectric constant and loss tangent for leather material are measured by using two different
methods. The first is a microstrip ring resonator method. In this method, a ring resonator model
consists of a ring and two feed lines pasted on the top side of the leather substrate, and the ground
plane occupies the bottom side of the leather substrate. A small gap Δ is also included between the ring
and each feed line [15, 16]. The fabricated ring resonator model is shown in Fig. 1(a). By measuring S21

for this model, shown in Fig. 1(b), the peak in the S21 is recorded around each resonance and mentioned
in Table 1. The nth resonance occurs at [17]:

fn =
nc

2πr
√

εeff (f)
(2)

where r is the mean radius, c the speed of light in a vacuum, and εeff (f) the frequency dependent
effective dielectric constant.

(a) (b)

Figure 1. Fabricated ring resonator: (a) fabricated geometry, and (b) measured S21 with the frequency.

Table 1. The results of ring resonator method for characterization of leather textile substrate.

Substrate
Material

Mode
Resonant

Frequency (GHz)
S21 (dB)

dielectric
constant (εr)

loss tangent
(tan δ)

Leather n = 1 4.2 −16.68 1.788 0.041
n = 2 8.81 −13.91 1.72 0.0398

The insertion loss (S21 (dB)) is also introduced as [18],

IL = 20 log
(

1 − QL

Qu

)
(3)
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where QL is the loaded quality factor, and Qu is the unloaded quality factor.
(Hint: if QL and QU are similar, it means that this material is very lossy, so it must be Qu � QL

to avoid excessive losses).
Also, the loaded quality factor can be measured from S21 curve as [18],

QL =
f0

Δf
(4)

where f is the resonance frequency, and Δf is the difference between high frequency and low frequency
around f (Δf = fh − fl).

To calculate the loss tangent of any material, unloaded quality factor (Qu) must be firstly
determined from Eq. (3) and then applied it in Eq. (5) [19],

1
Qu

=
1
Qc

+
1

Qd
(5)

where Qd is the dielectric quality factor, and Qc is the conduction quality factor.
The conduction quality factor can be calculated by [19],

Qc = h
√

f0μ0πσc (6)

where h is the thickness of substrate, f the resonance frequency, μ the permeability of free space, and
σc the conductivity of conduction walls.

(Hint: the conductivity of copper σc = 2.7 × 107 s/m is a very large value, so according to Eq. (6),
1/Qc is a very small number which may be neglected).

From Eq. (5), the dielectric quality factor (Qd) can be determined by subtracting the conductor
quality factor (Qc) from the unloaded quality factor (Qu), and then the loss tangent can be obtained
as [19],

tan δ =
1

Qd
(7)

The second method is DAK (Dielectric Assessment Kit) equipment [20]. This method is used to
confirm the results obtained from the ring resonator method. The thickness of the leather material is
measured by using screw gauge. The measured dielectric constant, loss tangent and thickness of the
leather substrate are mentioned in Table 2.

Table 2. The characterization results of the leather textile substrate.

Substrate Material Dielectric constant (εr) loss tangent (tan δ) Thickness (mm)
Leather 1.79 0.042 1.3

From comparing the obtained results using the two methods, it can be observed that both of them
estimate much close values of leather material, but there are some slight differences between them, and
this is an inherent thing.

3. ANTENNAS DESIGN AND RESULTS DISCUSSION

A three-dimensional view of the proposed dual-layer UWB lotus wearable antenna with a three strip
lines pasted on the leather textile material as the substrate without any metallization is shown in Fig. 2.

In layer 1, a novel lotus patch is fed by a microstrip line that consists of two parts: 50 Ω line feed
and tapered feed to improve the impedance matching and achieve the best results as shown in Fig. 2(a).
In layer II, three microstrip lines are integrated and bounded the proposed antenna for eliminating
the surface waves and increasing the bandwidth and efficiency for performance enhancement as shown
in Fig. 2(b). Also, the ground plane with a small notch with angle 45◦ for improving the matching
impedance and also with a thin track for reducing the surface wave is pasted on the back side of the
bottom substrate as shown in Fig. 2(c). The optimized dimensions are mentioned in Table 3 according
to Fig. 2. The fabricated geometry of this antenna is shown in Fig. 3.
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(a) (b) (c)

Figure 2. The geometry of lotus antenna, (a) top layer: patch with tapered fed, (b) mid layer: three
strip, and (c) bottom layer: ground plane.

(a)

(b)

(c) (d)

Figure 3. (a) The fabricated geometry of lotus antenna, (b) top layer: patch with tapered fed, (c) mid
layer: three strips, and (d) bottom layer: ground plane.

Table 3. The optimized dimensions of the proposed antenna in mm.

Wt Lt Wf Lf Wb WL Sl Ss T Wn Ln Wg Lg S g Ws

5 12 3 12 12 27 4 2 2.8 4 6.3 54 54 3 2 5

The simulated and measured S11 for this antenna are plotted in Fig. 4. From these results, it
is found that the measured results agree well with the simulated ones. Also, one notes that in the
experimental results a fourth resonance appears at 6 GHz, but it does not appear on the simulated
curve. It becomes clear that this resonance comes due to termination of the feeder, which is relatively
bulky. In addition, the experimental matching frequency band as in the S11 curve has shifted relative to
the simulated one by about 0.6 GHz specially the resonance frequencies responsible for the lotus patch
part. Obviously, the experimental lotus part has come up with wider tolerance than expected, which
causes this large shift due to the bad chipping during manufacturing. These results are obtained on a
CST 2016 Simulator. CST MICROWAVE STUDIO is a computer system technology and is a numerical
simulator, which uses the finite integration technique (FIT) [21].

The proposed UWB lotus antenna with three stripes is also examined on the spacesuit material. As
the main goal is the integration of the lotus antenna on the spacesuit of astronauts, University of North
Dakota’s NDX-II spacesuit is considered as shown in Fig. 5(a) [22]. We must also keep in mind the
effect of antenna bending and crumbing on the performance characteristics. To reduce this influence,
the chest part of the spacesuit is considered to be the optimum place to integrate the Lotus antenna.
In addition, this antenna is small in size where the smaller textile antenna bends less.

The spacesuit consists of multi-layers; International Space Station EVAs use Ortho-fabric as the
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Figure 4. The experimental and simulated S11 for the proposed lotus antenna.

(a) (b)

Figure 5. (a) The NDX-II human spaceflight, (b) simulation model of the chest part of the spacesuit
with the UWB lotus antenna.

Table 4. The parameters of the spacesuit structure.

Dimensions Wu Lu hu Wb Lb S Wl Ll hl

value (mm) 100 20 20 240 130 3.6 240 20 20

outermost layer [23]. Also, the effect of stainless steel rings in the spacesuit is taken into account as
shown in Fig. 5(a) [24] and [25]. The simulated structure of the chest part of the spacesuit is shown in
Fig. 5(b), and parameters of the spacesuit structure are listed in Table 4.

The simulated S11 of the UWB lotus antenna alone and antenna on the spacesuit material are shown
in Fig. 6. The current distribution for the proposed lotus antenna is shown in Fig. 7. The simulated
E-plane and H-plane radiation patterns of the proposed UWB lotus antenna with and without spacesuit
material at four random frequencies 2.45, 5.8, 7, and 9 GHz are shown in Fig. 8 and Fig. 9.

From Fig. 6, it can be noticed that the impedance bandwidth of the antenna on spacesuit is reduced
by 0.3 dB compared to the antenna in free space. It can also be noticed from Figs. 8 and 9 that the
realized gain of the E-plane and H-plane of the antenna on spacesuit has about 0.5 dB increment
compared to the antenna in free space.

4. SAR CALCULATIONS

It is important to make sure that the astronauts are exposed to less electromagnetic waves, and the
UWB lotus antenna is safe for astronauts. For these reasons, the specific absorption ratio (SAR) is
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Figure 6. The return loss of the proposed lotus antenna in free space and on spacesuit.

(a) (b)

(c) (d)

Figure 7. The current distribution for the proposed uwb lotus antenna at four random frequencies,
(a) 2.45, (b) 5.8, (c) 7, and (d) 9 GHz.

Table 5. The peak SAR values for the proposed UWB Lotus antenna on spacesuit at a distance 10 mm
from antenna by FCC (1 g) & ICNIPR (10 g) standards.

Frequency (GHz)
SAR value (w/kg)
10 g 1 g

2.45 0.113 0.26
5.8 0.175 0.549
7 0.153 0.505
9 0.352 0.741

studied, which must be satisfies the international safety standards, FCC (SAR < 1.6 W/kg over 1 g)
and ICNIRP (SAR < 2W/kg over 10 g). Fig. 10 illustrates the SAR simulation results at four random
frequencies 2.45, 5.8, 7, and 9 GHz, and these results are mentioned in Table 5. From these results, note
that all the SAR values do not exceed unity.
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(a) (b)

(c) (d)

Figure 8. The radiation pattern for the proposed UWB lotus wearable antenna with/without spacesuit
material in E-plane (ϕ = 0◦) at (a) 2.45 GHz, (b) 5.8 GHz, (c) 7 GHz and (d) 9 GHz.

(a) (b)

(c) (d)

Figure 9. The radiation pattern for the proposed UWB lotus wearable antenna with/without spacesuit
material in H-plane (ϕ = 90◦) at (a) 2.45 GHz, (b) 5.8 GHz, (c) 7 GHz and (d) 9 GHz.
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(a) (b)

(c) (d)

Figure 10. SAR distribution on human voxel model (10 g) in distance 10 mm from Lotus antenna at
(a) 2.45 GHz, (b) 5.8 GHz, (c) 7 GHz and (d) 9 GHz.

5. EFFECTS OF ANTENNA STRETCHING ON ITS PERFORMANCE
CHARACTERISTICS

As a result of the pressure difference inside and outside the spacesuit, the fabric materials may be
exposed to stretch, and because the wearable antenna is made up of textile material, it is also exposed
to stretch. Studies have estimated that the expansion rate is estimated at about 3% of its original
size [13]. Fig. 11 illustrates the lotus antenna with stretching effect in three cases: length only, width
only, and length and width together. The simulated S11 for this antenna in different cases of stretching
are plotted in Fig. 12.

(a) (b) (c)

Figure 11. The UWB lotus antenna stretched by: (a) length only, (b) width only, and (c) length &
width together.
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Figure 12. S-parameter comparison for stretching in different cases.

From Fig. 12, it can be noticed that stretching in length does not cause significant changes in
the antenna performance. However, when the antenna is stretched in width, the performance drops
drastically. Similarly, stretching in both length and width causes a lot of deteriorating effects in the
antenna performance.

6. CONCLUSION

A novel dual-layer UWB lotus-wearable antenna is presented in this work. The proposed antenna is
simulated and fabricated to operate over a frequency band (2–12 GHz). Leather textile material is
used in the proposed antenna as a substrate. The dielectric constant (εr) and loss tangent (tan δ) of
Leather material are measured by two methods in this paper, microstrip ring resonator method and
DAC (Dielectric Assessment Kit) method. The second has been used to confirm the results determined
using the first. The proposed antenna is fabricated for integrating into a flight jacket of the astronaut.
Exactly, it is allocated on the chest part of the spacesuit to monitor the vital signs of astronauts.
Further, the SAR value is considered an important parameter. In our design, the SAR value is very
low, thus this antenna operates properly in the nearness of the human body. The effect of antenna
stretching on the performance characteristics is also studied.
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