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Abstract: In this paper, an epidermal antenna operating at UHF range of 860-960 MHz is presented. The proposed design is a 
slot antenna with total patch size of 66.10 x 45.95 mm2. The substrate material considered in this design is cotton textile 
pertaining to the basic requirement of the epidermal antenna to be flexible, comfortable on skin, easily available and 
inexpensiveness. Use of tapered terminals for proper impedance matching with the RFID chip and the effect of its width 
optimization on the performance parameters are discussed. The proposed design is simulated on different body tissue layers to 
test its behaviour on different dielectric properties. In addition, effect of bending with different radius is also studied to determine 
the response of antenna for conformism. 
Keywords: UHF, RFID, epidermal antenna, slot antenna, human tissues. 

I. INTRODUCTION 
Wearable technology in the recent years has gained popularity worldwide and has encouraged researchers to initiate studies in field 
of material science, electromagnetics, electronics and communication and so on. Wireless body area network (WBAN) has attracted 
many such applications be it a body worn device [1]–[4] or implanted [5]–[8]. The major challenges faced by the antennas in this 
technology are high dielectric losses offered by the antenna platform which is a human body in this case. Many wearable antennas 
have successfully overcome the issue with the use of multi-layer antennas which significantly increased the gain and also improved 
the Front-to-back ratio.  
On the contrary, epidermal antenna being a specific area of wearable application doesn’t encourage the use of multi layer for its 
requirement to be in contact with the skin and maximum allowable thickness as 1mm. In such cases, use of single layer antenna is 
observed in many research works mainly dipole antenna [9]–[11], loop antenna [12]–[14] and slot antenna [15], [16] . It can be 
observed in all these works that the gains obtained with the use of single layer structures are negative. The effect of human body 
tissues on the gain of the antenna is discussed in [17] . 
The integration of wearable antenna with RFID to produce wearable tag has further opened discussions about the matching 
techniques [18] in order to match the antenna impedance with chip impedance. The most popular techniques are T-matching 
techniques, nested slot and inductively coupled loop. For the use of such devices in compact spaces the antennas are required to be 
miniaturized in a way that supports its application.  
The behaviour of the epidermal antenna is majorly governed by the human body tissues and the materials used to make them 
pertaining to their requirement of flexibility, stretch-ability, conformism and breathablilty. In case of more intimate application the 
materials are also required to be bio-compatible in nature. The most common materials with the aforementioned properties are 
textile materials [19] and silicon based polymers [20]. 

II. ANTENNA DESIGN 
The design of the tag antenna is carried out by considering the various factors like the dielectric constant of all the tissues and the 
operating frequency of 900 MHz. Hence, calculations are carried out accordingly. All the performance parameters obtained were 
designed in association with tag IC chip (considering Impinj Monza 5 IC [21] with chip impedance ZIC = 33- j *113 ohm and PIC = -
17.8dBm) for the frequency range of 860-960MHz which is considered to be worldwide range for RFID applications.The layout of 
the tag antenna designed in this project is a single-layer hexagonal shaped slot antenna.The dielectric material considered for the 
design is cotton textile with thickness of 0.05mm and permittivity of 1.6 F/m and loss tangent of 0.04. 

A. Determining the effective Permittivity of Tissues 
Designing an antenna for epidermal application requires the study of dielectric properties of the bio-tissue layers (human body). To 
initiate any design it is important to determine the wavelength for a particular frequency which is affected by the relative 
permittivity of the tissues. To start with, a stratified tissue model 200 x 200 x 168 mm3 was considered which constitutes four layers 
namely (in order from top to bottom) skin and fat, muscle, bone and viscera. The thickness and the electrical properties of the layers 
are mentioned in the TABLE I [22] 
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Fig. 1 Representational layered model of human tissue 

Consider the direction of E-field as shown by the arrow in Fig. 1. If two sides of the model is considered to be plates of a capacitor 
parallel to each other and the distance (d) between them is 200mm, the area (A) of the two sides as (168mm x 200mm) (the area of 
sides of each layer depends on thickness of individual tissues); then the equivalent relative permittivity can be found following 
equations [23]: 
 
  

   

 

 

TABLE I 
Physical And Geometrical Parameters Of The Layered Anatomical Model At 900 Mhz  

Layers Relative Permittivity (εr) Conductivity (S/m) Thickness (mm) 
Skin + fat 14 0.25 26 

Muscle 55.032 0.94 37 
Bone 12.45 0.14 21 

Internal organ 52.1 0.91 84 
 
Following the equations the permittivity of the layered model is found to be εphantom = 43 F/m. Also, the conductivity of the model is 
assumed to be 0.9 S/m [24]. Now, with the obtained permittivity of the phantom along with that of air, effective permittivity (εeff) as 
sensed by the antennas when installed on the model, is given by (4) 
 
 
 

Hence, effective wavelength (λeff) is given by (6), 
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B. Antenna Design Evolution Stages 
The antenna designed for 900 MHz was initially developed in its first stage with the dimension as theoretically calculated in the 
previous section. Consequently, changes were made by optimization of the structure using CST Studio SUITE 2019 to obtain 
desirable performance characteristic of the antenna. All stages were simulated on the layered tissue model and corresponding 
outputs are presented. The very first aim to make such antenna perform well is the impedance matching of the tag antenna (ZA=RA+ 
j*XA) with the tag chip (ZIC=RIC+ j*XIC) as mentioned in equation (7). 
  

that is, 

 

 

1) Stage 1: A simple hexagonal structure with slots was first designed with the obtained wavelength for the radiating element. Fig. 
2 shows the structure of stage 1. The realized gain presented in Fig. 4 can corroborate to the lossy nature of human tissues and 
hence the negative gain. The stage 1 antenna clearly fails to perform in terms of impedance matching which is evident from the 
S11 parameter shown in Fig. 3. Hence further changes were necessary to obtain a desirable outcome. 

 

 

 

 

 
Fig. 2 Stage 1 antenna structure 

 
 

 
 

 

 

 

 
Fig. 3 Stage 1: S11 parameter 

 

 

 

 

 

 
Fig. 4 Stage 1: Realized Gain 
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2) Stage 2: The terminals were tapered (Fig. 5) and its width was optimized to obtain a proper impedance matching with the chip 
in this stage. The effect of tapering was not only observed in the impedance matching (Fig. 6) but also it improved the gain 
(Fig. 10) by a margin of 2dB, though it was not still satisfactory. 

 
 
 

 

 

 

    (a)   Taper width = 4.54 mm                                                        (b) Taper width = 7.51 mm 
Fig. 5 Stage 2: Taper width optimization 

 
 

 

 

 

 

 

 

 Fig 6 Stage 2: Impedance upon taper width optimization 
 

The stage 2 antenna was not only tested for tapering width but also its trace width was optimized. It has been observed that the trace 
width has insignificant influence on the gain of the antenna; however it did have effect on the impedance of the antenna. The effect 
on simulated gain and impedance of the antenna upon trace width optimization can be observed from the following figures 
respectively: 
 
 
 
 
 

 

 

 

 

 

 
Fig. 7 Stage 2: Maximum Gain upon trace width optimization 
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 Fig. 8 Stage 2: Impedance upon trace width optimization 

With trace width of 1mm and taper width of 7.5mm the obtained impedance can be observed as 34.6+j*111.2 ohm which can be 
considered to be an effective match between the antenna and the RFID chip and with a simulated maximum gain of -18.4 dB. The 
S11 parameter of both the antenna structures is shown in Fig. 9 and the realized gain of the stage 2 antenna is shown in Fig. 
10.Though the impedance achieved by stage 2 was satisfactory but the gain obtained was not impressive. 

 

 

 

 

 

 

 
 

Fig. 9 S11 parameter comparison Stage 1 and 2 
 

 

 

 

 

 
 
 
 
 
 
 

Fig. 10 Stage 2: Realized Gain 
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3) Stage 3: Though the resonance and the impedance matching were obtained in stage 2 of the process, there was scope for 
improvement for the gain which is discussed in stage 3 of antenna. Four patches of similar shape (hexagonal) as that of the 
antenna mentioned in earlier stages were added to stage 2 antenna with the purpose of improving the gain.The overall size of 
the radiating element (Fig. 11) after addition of the patches was 6.6 cm x 4.59 cm, a size which can be considered very optimal 
to be used as on skin antenna. 

 

 

 

 

 

(a)                                                                                 (b) 
Fig. 11 Stage 3 antenna structures 

Significant changes can be observed in stage 3 once the patches were added which can be confirmed with the comparison made 
between the realized gain (Fig. 12), Impedance (Fig. 13) and S11 parameter (Fig. 14) of stage 2 and stage 3. The impedance 
matching can be seen to improve further to 33.5+j*111.8 ohm and significant shift in the realized gain from -23.34 dB (stage 2) to -
15.74dB (stage 3) that is by the margin of 8dB. The radiation pattern of the antenna when simulated over the layered tissue model 
shows that the direction of the maximum radiation is on the frontal direction (Fig.15), i.e. perpendicular to the model, which is 
desirable for this application. 

 

 

 

 

 

 

 

Fig. 12 Realized gain comparison between stage 2 and 3 
 

 

 

 

 

 

 

Fig. 13 Impedance comparison between stage 2 and 3 
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Fig. 14 S11 comparison between stage 2 and 3 

Using the layered model has given a perspective on how an epidermal antenna behaves on bio-tissue layers of human body which is 
the main reason of the obtained negative gain. Also, the nature of antenna structure being a ’single layer’ one the improvement in 
the gain using another layer (EBG or ground plane) is out of scope. 

 

 

 

 

 

 

Fig. 15 Stage 3: Radiation pattern 
 

III. SIMULATION RESULTS OVER DIFFERENT BODY REGIONS 
The composition of human body is not homogeneous all through. The body we see from the outside which appears symmetrical 
from a distance is not the same on the inside. The skin being the outermost layer is the largest organ of the body stretching from ‘tip 
to toe’ is also not uniform all over with the presence of pores, hair, curves and bumps on it. Tissues in different regions of the body 
are versatile and also the organs within each region have different dielectric properties. The permittivity and the loss tangent of 
certain organs and tissues used in this paper are mentioned in the graph given in TABLE II. The stage 3 design that was simulated 
over the layered model was also tested on four layered models of different body regions with their corresponding properties. 
 

TABLE II 
Reference Tissue Layer Thickness Of Different Body Regions 

 
. 
 

 

 

 

Tissues Limb (mm) Abdomen (mm) Thorax (mm) Forehead (mm) 
Skin 2.6 2.6 2 2 
Fat 8 11 - 2 

Muscle 24 20 4 - 
Bone 12 - 10 8 
Dura - - - 1.5 
CSF - - - 2 

Viscera Bone Intestine Lungs Brain 
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TABLE III 
Relative Permittivity And Loss Tangent Of Tissues [22] 

 

 

 

 

 

 

 

Four layered tissue model of different regions namely the abdomen, thorax, limb and forehead as shown in Fig. 16 was taken into 
consideration owing to the fact that the nature of tissue composition and different organs underneath provided versatile platform for 
the antenna. Not only the dielectric properties but also the thickness of the layers was considered (TABLE III) to make their 
respective models. 
 

 

 

 

 

 

(a) Limb    (b) Forehead 
 

 

 

 

 

 

 
 

(c) Abdomen                     (d) Thorax 
Fig. 16: Model of different body districts 

The body regions considered can be classified based on that that limb and abdomen are high in water content while the thorax and 
skull sees significant presence of bone. Fig. 17 shows the realized gain of the antenna on the body regions mentioned above. It can 
be observed that there is a difference of 2-3dB between the gain of the aforementioned two classifications. 
 

Tissues Relative permittivity (F/m) Loss Tangent 
Bone 12.45 0.23 
Brain 48.30 0.29 

Cerebrospinal fluid (CSF) 68.64 0.70 
Dura 44.40 0.43 
Fat 5.46 0.19 

Viscera 52.09 0.35 
Intestine 59.49 0.73 
Lungs 36.70 0.33 
Muscle 55.03 0.34 

Skin 41.40 0.39 
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Fig. 17 Realized gain of antenna placed over different body regions 

Of the two classifications, it can be seen that the one with more water content i.e. the limb and the abdomen have good performance 
as compared to the other class i.e. the forehead and the thorax region. Fig. 18 shows the antenna impedance of the antenna. All the 
performance parameters mentioned in the section shows the sensitivity of the tag to the specific parts of the body. The power 
transmission coefficient (τ) listed in TABLE IV for different body regions was theoretically calculated for various body regions 
used in this simulation using the equation given below (10). 
 
 

 

 where,                 RA = Resistance of the antenna 
RIC=Resistance of RFID chip 
ZA=Impedance of antenna 

    ZIC=Impedance of RFID chip 
 

TABLE IV 
 Power Transmission Coefficient Of Antenna Over Different Body Regions 

 

 

 

 

 

 

 

 

  

Fig. 18 Impedance of antenna placed over different body regions 

Body Districts Power Transmission Coefficient (τ) 
Abdomen 0.88 
Forehead 0.89 

Limb 0.9 
Thorax 0.95 

14
2 


ICA

ICA

ZZ
RR

 (10) 
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IV. SIMULATION RESULTS OVER DIFFERENT BODY MASS 
In order to test the effect of bending of the epidermal antenna on curved surface, a finite cylindrical model (as shown in Fig. 19 (b)) 
with different radius representing the characteristics of arm is considered which is constituted of different layers like the skin, fat, 
muscle and the cortical bone with their respective values of permittivity (TABLE III) and is simulated for 900 MHz. The cross 
section of cylindrical layer model of arm is shown in Fig 19 (a). .Three different models of varying dimension of the arm tissues 
were considered which are stated in the TABLE IV. 
 

TABLE IV 
 Radius Of Three Cylindrical Phantom Model 

 
 

 

 

 

 

 

 

 

        
   (a) Cross section                                                                                       (b) Arm model 

 Fig. 19 Cylindrical Phantom model 

 

 

 

 

 

 

  
 
 

Fig. 20: Radiation pattern of antenna on three cylindrical phantom model 

The impedance and realized gain obtained by bending the antenna to three different models are shown in Fig. 21 and Fig. 22 
respectively. Power transmission coefficient (τ), FBR and efficiency of three models are listed in TABLE V. As expected model (A) 
with the smallest radius has the best gain and FBR of all the three models and is favorable to establish the RFID link. The gain 
radiation pattern (Fig. 20) shows that the radiation takes place perpendicular to the tag in all the three cases which is desirable for 
the application. 
 

Model R skin (mm) R fat (mm) R muscle (mm) R bone (mm) 
Small (A) 38 35 27 15 

Medium (B) 48 45 37 15 
Large (C) 64 61 53 15 

Skin 

Fat 

Muscle 

Bone 
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TABLE V  
Performance Parameters 

Model Power transmission coefficient (τ) FBR Efficiency 
Small (A) 0.94 5.9 4% 

Medium (B) 0.93 2.3 5% 
Large (C) 0.92 5.2 3% 

 

 

 

 

 

 

 

 

Fig. 21 Impedance of antenna on three cylindrical phantom model 

 

 

 

 

 

 

 
 
 

Fig. 22 Realized gain of antenna on three cylindrical phantom model 

V. CONCLUSION 
It was evident that the antenna performance parameters were severely affected by the permittivity and losses of the antenna platform 
i.e. bio-tissue layers. The use of textile material (cotton as substrate material) encouraged to design this antenna was chosen 
pertaining to its flexibility, conformism, availability, inexpensiveness and its ability to allow the skin to breathe which all the 
required characteristics to design epidermal antenna. The design of the proposed antenna was motivated by the single layer structure 
of slot antenna. The addition of hexagonal patches to stage 2 design has resulted in significant increase in the gain and the use of 
tapered terminal has resulted in a good match of the antenna impedance with the chip impedance. The effect of trace width 
optimization is not significant in case of gain whereas notable effects were observed in the impedance of the antenna. Simulations 
demonstrated that the proposed antenna on cotton textile substrate provide a realized gain of -15dB to -21dB when placed on 
different body regions whereas when tested for conformism on different bending radius the obtained realized gain ranges from -
13.7dB to -15.7dB. The maximum radiation occurred at the frontal direction i.e. perpendicular to where it is placed over the body. 
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