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Abstract—In this paper, a wearable antenna on a textile 

substrate is designed and the effect of a realistic human wrist 

model on the antenna performance is investigated at 2.4 and 5.8 

GHz using the finite-difference time-domain (FDTD) method and 

CST. The antenna is re-tuned to mitigate the undesired effects 

caused by the wrist model and is optimized for on-wrist 

performance to operate at two frequency bands. Numerical results 

show that the effect of the wrist tissues on the antenna 

performance is less at 5.8 GHz than at 2.4 GHz and the antenna 

maximum gain decreases when it is placed on the wrist, but the 

radiation pattern is more directive. The simulation performance 

of the FDTD and CST are compared to show their simulation 

capabilities. 

Keywords—Dispersive tissue, FDTD method, textile antenna, 

wearable antenna, wrist model. 

I. INTRODUCTION  

Recently, wearable antennas have much attention by 
consumer electronics due to their capabilities to support 
applications in healthcare and military industries. In healthcare 
industry [1], wearable antenna sensors can monitor the health of 
patients by performing vital measurements such as heart rate, 
insulin level, blood pressure and body temperature. In military 
industries [2], a wearable antenna is integrated into military 
berets to know and control the position of soldiers in case of 
emergency. Since wearable antennas [3-4] work close to the 
human body, some of the radiated energy is consumed by the 
human body and  the performance of the antennas can be 
affected significantly.  

In this study, a dual-band textile antenna is designed and the 
effect of a realistic human wrist model on its performance is 
investigated at 2.4 and 5.8 GHz using the computational 
electromagnetics simulator (CEMS) [5] which is based on the 
finite-difference time-domain (FDTD) method [6] and the 
commercial software CST Microwave Studio [7]. The antenna 
is re-tuned to mitigate the negative impact from electromagnetic 
interaction between the antenna and the wrist model. The dual-

band performance and the deformable property of the substrate 
make this antenna a reasonable design integrated in the wearable 
hardware for wireless communication system. 

II. A HUMAN WRIST MODEL AND TEXTILE ANTENNA 

A. Realistic Human Wrist Model 

A realistic wrist model used in this work is generated from a 
whole-body model [8]. The resolution of the wrist model is 
originally 2 mm, but it is set to 0.5 mm in order to accurately 
represent the antenna geometrical parameters and to comply 
with the corresponding FDTD stability condition [6]. The left 
wrist model and its cross sections in y-z and x-z planes are shown 
in Fig. 1. The wrist model consists of six different dispersive 
tissues which are skin, fat, muscle, blood, bone cortical, and 
bone marrow. The three-term Debye parameters of these tissues 
are given in [9] for the frequency range from 2 GHz to 20 GHz 
and are also tabulated in Table I. These parameters are used in 
the dispersive FDTD method to obtain the results at a wide band 
of frequencies in a single simulation [10].  

                                       

 

Fig. 1. The realistic wrist model: (a) 3D view with antenna attached on the 
surface; (b) Cross-section view in x-z plane. 

B. Configuration of Textile Antenna 

A dual-band textile antenna consisting of M-shaped traces 
backed by a partial rectangular ground with a slot is designed on 
a 2 mm denim substrate with relative permittivity of 1.54 and 
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negligible loss. The original antenna is shown in Fig. 2. (a) with 
all dimensions in millimeter. Then, the original antenna is re-
tuned to improve its input impedance matching and to minimize 
the effect of backsacttering from the wrist. The re-tuned antenna 
is shown in Fig. 2. (b) with all dimensions.  

TABLE I.  THREE-TERM DEBYE PARAMETERS OF WRIST TISSUES 

Tissue �� ∆�� ∆�� ∆�� ��[	
] ��[	
] ��[	
] 

Skin 4.124 32.553 1.934 82.391 7.259 47.8 854.4 

Fat 2.796 1.666 0.858 3.261 5.823 20.01 547.8 

Muscle 6.706 35.825 10.71 92.328 6.184 17.4 883.7 

Blood 6.713 37.992 14.367 201.858 6.816 18.19 1183 

Cortical Bone  3.176 4.255 4.161 4.913 7.068 22.77 260.9 

Bone marrow  2.793 1.66 0.872 1.759 5.782 19.81 354.5 

 

Fig. 2. Geometry of the (a) original antenna and (b) re-tuned antenna for the on-
wrist performance. 

III. NUMERICAL RESULTS AND DISCUSSIONS 

The performance of the original antenna and the optimized 
on-wrist antenna are processed in CEMS, then, a realistic wrist 
model with six tissues calculated according to the corresponding 
three-term Debye parameters mentioned in Table I are imported 
into CEMS with the adjusted resolution of 0.5 mm. The co-
simulation for the on-wrist performance is operated by attaching 
the original and re-tuned antenna on the top surface of the wrist 
model at the position where one usually wears a watch as 
presented in Fig. 1.  

Fig. 3. S11 comparisons of the original and re-tuned antenna in free-space and on 
the wrist using CEMS and CST. 

Fig. 4. Relative gain comparisons at 2.4 GHz of the original antenna in free space 
and on the wrist using CEMS and CST in: (a) x-z plane; (b) y-z plane. 

Fig. 5. Relative gain comparisons at 5.8 GHz of the original antenna in free space 
and on the wrist using CEMS and CST in: (a) x-z plane; (b) y-z plane. 

Additionally, to verify the simulated results from CEMS, the 
commercial software CST is applied following the similar 
analysis process. The comparisons between CEMS and CST are 
presented in Fig. 3 for the input reflection coefficients (S11) and 
in Figs. 4-7 for the relative far-field gain in two main plane cuts 
at 2.4 and 5.8 GHz, respectively. Four different cases are 
involved in this comparison: the original antenna in free space; 
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the original antenna on the wrist; the re-tuned antenna in free 
space and the re-tuned antenna on the wrist. 

Fig. 6. Relative gain comparisons at 2.4 GHz of the retuned antenna in free space 
and on the wrist using CEMS and CST in: (a) x-z plane; (b) y-z plane 

Fig. 7. Relative gain comparisons at 5.8 GHz of the retuned antenna in free space 
and on the wrist using CEMS and CST in: (a) x-z plane; (b) y-z plane. 

The specification of the computer used in this work is Intel® 
Core™ i7-4790 CPU and 32 GB RAM. The problem space, 
which includes the antenna and the wrist model with 15 cells air 
buffer and 10 cell CPML layers, has 8,827,560 cells for CEMS 
simulation. The CST time-domain solver based on the finite 
integration technique (FIT) is also applied with similar modeling 
settings for the antenna as well 2 mm resolution for the posable 
human model named Hugo in the library [11]. 

As the black solid and blue dotted curves in Fig. 3, the 
original antenna resonant at 2.4 and 5.8 GHz in free space, 
however, when it is placed on the wrist, the antenna can’t work 
properly at those two frequency bands caused by the impedance 
mismatch. As a result of which the original design is retuned for 
better on-wrist performance. The comparison shows that S11 
from CEMS and CST behave consistently at lower frequency 
ranges but there is a slight shift at higher frequency around 5.8 
GHz which is caused by the different human models in CEMS 
[8] and CST [11], in which two models are from different 
countries, at different ages with different body types.  

Figs. 4 and 5 present the comparisons of relative far-field 
gain for the original antenna simulated by CEMS and CST in 
two plane cuts: x-z and y-z plane. It can be seen from the figures 

that the gain patterns of the antenna are significanly affected in 
the presence of the wrist model and the radiation pattern is more 
directive. As for the original antenna in the free space, high 
consistency is displayed between the two simulators; however, 
for the original antenna on the wrist, there exists pattern 
differences at some radiating angles, so it can be further verified 
that the performance difference is caused by the different human 
models but not the inconsistent simulation settings in CST and 
CEMS. Similarly, Figs. 6 and 7 discuss the relative gain patterns 
for the retuned antenna at 2.4 and 5.8 GHz. It is realized that the 
relative gain of retuned antenna simulated by CEMS and CST 
perform similar pattern in two cut planes at 2.4 GHz, while 
obvious difference occurs at 5.8 GHz. Additionally, comparing 
the resonance shift around 5.8 GHz for the retuned antenna on 
the wrist shown as the red dash and green dot-dash curves in Fig. 
3, it can be concluded that the retuned antenna is much sensitive 
to the input impedance at higher frequency range and that is why 
the S11 and relative gain pattern from CST and CEMS present 
more inconsistencies around 5.8 GHz than those at 2.4 GHz 
range.  

TABLE II.  COMPARISON OF GAIN AND S11 OF THE ANTENNA OBTAINED 

USING CEMS AND CST 

 

2.4 GHz 5.8 GHz 

S11 (dB) Gain (dB) S11 (dB) 
Gain 
(dB) 

 

CEMS 

 

original 
antenna 

in free-space -19.55 1.95 -25.52 4.40 

on wrist -10.84 -4.01 -6.10 -3.02 

re-tuned 
antenna 

in free-space -3.97 3.01 -11.25 5.66 

on wrist -18.85 -3.01 -15.69 4.40 

 

CST 

 

original 
antenna 

in free-space -19.33 1.94 -28.60 4.42 

on wrist -6.32 -4.32 -7.01 4.43 

re-tuned 
antenna 

in free-space -8.69 2.58 -8.65 6.28 

on wrist -21.52 -2.17 -8.49 6.83 

 

In order to show the effect of the wrist model on the antenna 
performance at 2.4 GHz and 5.8 GHz, the S11 and maximum 
gain of the antennas obtained using CEMS and CST are 
summarized in Table II. The results in the table show that good 
agreement was obtained by CST and CEMS. It is also realized 
from the obtained S11 and gain patterns of the antenna that the 
input impedance matching on the antenna is improved on the 
wrist model by re-tuning the antenna geometrical parameters, 
but this is not necessary a good indication that the antenna has a 
better gain characteristic. However, there is a significant 
difference for the gain of the original antenn on the wrist at 5.8 
GHz, which is -3.02 dB in CEMS and 4.43 in CST. According 
to the analysis from Fig. 4-7, the difference should be introduced 
by the discrepancy of the imported human models in CEMS and 
CST as the resonant property vary dramatically around 5.8 GHz. 
This difference will be the focus of our investigation in the 
future work.  

IV. CONCLUSION 

A wearable antenna on a denim substrate is presented and its 
performance is analyzed on a realistice human wrist model at 
2.4 and 5.8 GHz. The antenna is re-tuned to minimize the effect 
of the wrist model on the antenna performance. The 
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electromagnetic interaction between the antenna and the wrist 
model is investigated using CEMS and CST software packages. 

REFERENCES 

[1] M. El Gharbi, R. Fernández-García, S. Ahyoud, and I. Gil, “A Review of 
Flexible Wearable Antenna Sensors: Design, Fabrication Methods, and 
Applications,” Materials, vol. 13, no. 17, 3781, 2020. 

[2] H. Lee, J. Tak, and J. Choi, “Wearable Antenna Integrated into Military 
Berets for Indoor/Outdoor Positioning System,” in IEEE Antennas and 
Wireless Propagation Letters, vol. 16, pp. 1919-1922, 2017. 

[3] K. Wang and J. Li, “Jeans Textile Antenna for Smart Wearable 
Antenna,” 2018 12th International Symposium on Antennas, Propagation 
and EM Theory (ISAPE), pp. 1-3, 2018. 

[4] S. Li and J. Li, “Smart patch wearable antenna on Jeans textile for body 
wireless communication,” 2018 12th International Symposium on 
Antennas, Propagation and EM Theory (ISAPE), pp. 1-4, 2018. 

[5] V. Demir and A. Z. Elsherbeni, “Computational Electromagnetics 
Software package,” veysdemir@gmail.com, Version 4, April 2020. 

[6] A. Z. Elsherbeni and V. Demir, The Finite-Difference Time-Domain 
Method for Electromagnetics with MATLAB Simulations, second 

edition, ACES Series on Computational Electromagnetics and 
Engineering, SciTech Publishing, an Imprint of IET, Edison, NJ, 2016. 

[7] https://www.3ds.com/products-
services/simulia/?utm_source=cst.com&utm_medium=301&utm_campa
ign=products 

[8] T. Nagaoka, S. Watanabe, K. Sakurai, E. Kunieda, S. Watanabe, M. Taki, 
and Y. Yamanaka, “Development of realistic high-resolution whole-body 
voxel models of Japanese adult males and females of average height and 
weight, and application of models to radio-frequency electromagnetic-
field dosimetry,” Phys. Med. Biol, vol. 49, no. 1, pp. 1-15, Jan. 2004. 

[9] R. Lumnitzer, A. Tanner, and A. Z. Elsherbeni, “Debye Coefficients for 
Biological Tissues From 100 MHz to 100 GHz,” 2020 International 
Applied Computational Electromagnetics Society Symposium (ACES), 
pp. 1-2, 2020. 

[10] F. Kaburcuk and A. Z. Elsherbeni, “Temperature rise and SAR 
distribution at wide range of frequencies in a human head due to an 
antenna radiation,” ACES Journal, vol. 33, no. 4, pp. 367-372, April 20. 

[11] https://www.nlm.nih.gov/research/visible/visible_human.html  

 

 


