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Abstract—In this paper we present the design, measurements, 

simulation, and modelling of a flexible textile loop antenna. Using 
embroidering techniques, a stranded copper wire is integrated 
onto a textile substrate, which in turn can be part of a garment or 
wearable accessory. The targeted application is a textile antenna 
integrated into the sides of a messenger bag next to fully flexible 
a-IGZO TFT receiver circuitry. The carrier frequency is dictated 
by the relatively slow TFTs, which limit the operation frequency 
of the receiver. As a result, a compact antenna for frequencies in 
the range of 100 kHz to 10 MHz is required. For this purpose 
loop antennas are suited. They usually provide only a limited 
gain, yet they allow for a low profile. Since the performance of 
thin and organic large area electronics (TOLAE) technologies 
improves steadily, we also investigate their applicability for 
higher carrier frequencies, which will enable smaller antenna 
dimensions. Finally we present a fully flexible TFT circuit to tune 
the antenna characteristics. 

Keywords—Textile antenna, wearable antenna, inductor, 
electromagnetic simulation, modeling, bendable electronics. 

I. INTRODUCTION 
While improvements in the performance of electronics are 

typically measured in switching speed, power consumption, 
gain, and so on, full bendability is a comparatively new feature 
of electronics, which opens attractive fields of applications. 
Bendable electronics can be applied to curved surfaces or 
integrated into garments and accessories, while usually being at 
the same time ultra-thin. To go along with bendable electronics 
and to allow integration of full wireless systems, flexible 
antennas are also required. This, however, poses the challenge 
of changing antenna characteristics, because of varying 
geometries as well as the varying proximity to bodies. 

Textile and wearable antennas have been proposed for 
various fields of application such as military [1], medical [2], 
and RFIDs [3, 4]. Also, consumer wearable antennas for 
wireless communication [5] have been presented. Such a textile 
antenna can for example use a copper foil as well as conductive 
threads [1], or it can be printed using conductive polymers [6]. 
Such an antenna structure has to be very robust, because it will 
be bent back and forth frequently. Also, if integrated in a 
garment, such an antenna has to withstand washing cycles.  

While the wireless system targeted in this work requires 
carrier frequencies below 10 MHz, previous works focus on 

small antennas for frequencies of 500 MHz or above. This high 
frequency range allows for small antenna dimensions and 
enables many kinds of integration. However, the high carrier 
frequencies cannot be used for wireless systems that rely on the 
emerging bendable thin and organic large area electronics 
(TOLAE) technologies. Instead conventional rigid electronics 
are required. However, those conventional electronics cannot 
be easily integrated in the same way as a textile antenna. 

We aim at developing a fully flexible on-off keying (OOK) 
receiver in a bendable thin-film transistor (TFT) technology 
with a low data rate. The basic system architecture of the fully 
flexible receiver is shown in Fig. 1. Its dimensions and 
bendability enable the integration of the receiver, including its 
antenna, for example into a messenger bag. It will allow a 
transmitter to remotely trigger several actions in the bag. The 
range will be tens of meters. A suitable receiver circuit in an 
amorphous indium gallium zinc oxide (a-IGZO) TFT tech-
nology is presented in [7].  

Bendable electronics have low maximum frequencies of 
operation compared to conventional electronics. A peak transit 
frequency ft of 135 MHz [8] and an amplifier with a gain-
bandwidth product of 6.4 MHz [9] was reported for an avail-
able a-IGZO TFT technology. That means wireless commu-
nication systems with a carrier frequency of up to a few MHz 
can be realized. Therefore, in this work we aim at designing the 
textile antenna to allow carrier frequencies in the range from 
100 kHz to 10 MHz. 

To achieve a low profile in spite of the targeted frequency 
range, we chose a loop antenna. The performance of bendable 
electronics technologies will certainly be improved steadily. As 
a consequence we also investigate the usability of our proposed 
antenna for higher carrier frequencies, which will allow for 
longer communication distances and/or smaller antenna 
dimensions. Finally we will demonstrate how a bendable 
a-IGZO TFT channel-select circuit can be used to tune the 
antenna characteristics. 

 
Fig. 1.   System architecture of the target OOK-receiver (RX). 
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II. TEXTILE ANTENNA 

A. Materials and Layout 
The antenna substrate is a poly-cotton blended fabric that 

can have a polyurethane (PU) membrane transferred to one of 
its sides. This PU membrane increases the stability and 
durability of the textile. However, the membrane is not 
comfortable when worn directly on the skin. The electrical 
conductor is a stranded copper wire with 34 filaments of 50 µm 
diameter each. This wire was chosen because of its low 
resistivity and usability at 10 MHz. The skin depth in the 
targeted frequency range is above 15 µm and affects the 
effective resistance by less than 15 %. Therefore, in the 
remainder of this work we will not consider it further. The 
characteristics of the wire are shown in Table I. The wire is 
embroidered onto the substrate as shown in Fig. 2. The upper 
yarn is a transparent nylon thread, which optically exposes the 
stranded copper wire; the lower yarn is in polyester. Down to a 
pitch of 2 mm of the embroidered wire it can be assured that 
there is no short circuit between adjoining wires. Consequently, 
in this work we assumed the minimum allowable pitch to be 
2 mm. However, since each filament of the used copper wire is 
individually coated, a smaller pitch or embroidering two wires 
on top of each other are available options. Assuming the outer 
dimensions remain the same, this would improve the antenna 
performance over the results presented here. Yet, the durability 
of the antenna may be affected because of abrasion of the 
coating.  

The layout of the embroidered wire for the textile loop 
antenna is shown in Fig. 3. All parts of the embroidery, 
including the cross-over on the left, can be done on the same 
side of the textile without creating shorts, because the strands 
of the wire are coated. A main goal of this work was to allow 
integration into a messenger bag. For this purpose the outer 
dimensions of width W = 25.5 cm and length L = 35.5 cm were 
chosen for the antenna. The three different combinations of 
number of turns N and pitch p, which are listed in Table II, 
were investigated. All the listed configurations were designed, 
fabricated and tested. 

B. Measurements 
To measure antenna characteristics we employ a network 

analyzer to determine the S-parameter S11 and finally extract 
the relevant characteristics. Measurement results for the three 
flat antenna samples are listed in Table III. The real parts of 
their impedances are plotted in Fig. 4. The influence of bending 
the antenna along the “length”-axis (ref. Fig. 3a) for antenna 
sample A10-2 is shown in Fig. 5. Bending the antenna 
increases the resonance frequency fc, as expected. This is 
because bending reduces the effective area of the antenna, 
which reduces its inductance L and thus increases fc. This 
result shows that the antenna characteristics depend on the 
bending radius considerably. Those variations of the antenna 
characteristics have to be considered and mitigated by the 
system design of the receiver. 

C. Simulation 
To simulate the characteristics of the flat antenna before 

fabrication, we use a 3-D planar electromagnetic (EM) field 
solver. The wire is modelled as a solid with a rectangular cross-
section of 258 µm x 258 µm, which is equivalent to the actual 

area of the stranded wire cross-section. Using air as dielectric, 
the simulation results are shown in Table IV marked with air 
and as the dotted line in Fig. 6. As expected the dc-resistance 
RDC as well as the inductance L are close to the actual 
measurement results, while the self-resonance fc and resistance 
Rc at the self-resonance frequency differ significantly from the 
measurement results (compare Table III). This is because the 

TABLE I. CHARACTERISTICS OF THE STRANDED COPPER WIRE. 

Copper Alloy E-Cu 58 
Weight Composition in % Cu 99.95 

Oxygen 0.005 - 0.040 
Resistivity in Ω ∙ m 1.71 ∙ 10-8 
Resistivity per unit length in Ω / m 0.256 
Filaments 34, individually coated 
Filament diameter in µm 50 
Effective total diameter in µm 292 

    
 (a) (b) 

       
 (c) (d) 
Fig. 2. (a) Embroidered stranded copper wire using nylon thread, (b) 
backside of the same cloth, (c) embroidering dimensions, and (d) photo of 
bent textile antenna. 

         
 (a)  (b) 
Fig. 3. (a) Layout of textile loop antenna and (b) photograph of fabricated 
antenna with N = 30 and p = 2 mm. 

TABLE II. ANTENNA LAYOUT PARAMETERS FOR FABRICATION. 
Antenna Sample A30-2 A10-2 A05-5 
L in cm 35.5 
W in cm 25.5 
N 30 10 5 
p in mm 2 2 5 

 

2 mm

Stranded copper
wire

Stitches w/
nylon thread

4 
m

m

L 
...

 L
en

gt
h

W ... Width

N ... Number of 
turns

pp

p

p

Antenna +Antenna -



model for the EM simulation does not represent capacitances 
of the antenna structure well. The embroidering process presses 
the cross-section of the wire flat to varying widths and thick-
nesses. Due to manufacturing tolerances the wires are not 
embroidered completely straight. Consequently, the distance of 
adjacent turns varies along the circumference. These tolerances 
make it exceedingly difficult to precisely model the antenna 
when using a physically correct EM simulation setup. 

However, to dramatically improve the prediction accuracy 
for fc, we adjust the dielectric constant of the space surrounding 
the antenna in the EM simulation to fit the measurement 
results. For this purpose we chose εr = 18. The respective 
results are shown in Fig. 6 and Table IV. As can be seen 
adjusting εr improves the prediction of fc for all antenna 
samples alike. However, Rc is still overestimated by a factor of 
two. Since the value of Rc is less relevant during the design of 
the antenna layout, this is acceptable.  

D. Modeling 
For circuit design it is convenient to use a model consisting of 
few lumped elements to represent the antenna impedance. We 
model the antenna using the schematic shown in Fig. 7, which 
results in a modelled antenna impedance of: 

 Z(𝜔) = �1
𝑗𝑗 ∙ 𝐶𝑠𝑠𝑠𝑠� + 𝑅𝑟𝑎� ||(𝑅𝐷𝐷 + 𝑗𝑗 ∙ 𝐿). (1) 

It models the antenna impedance at frequencies below the 
second resonance.  

The loop antenna will be operated around its first resonance 
frequency fc. Therefore, the model is required to be accurate 
particularly at frequencies close to fc. The strategy to determine 
the parameters of the antenna model based on the measured 
impedance is as follows: a) L is extracted from the measured S-
parameters S11 at low frequencies (see Table III). b) Cself is 
calculated from the measured resonance frequency fc and the 
inductance L as stated in equation (2): 

 Cself = 1
𝜔𝑐
2∙L

 (2) 

with ωc = 2∙π∙fc. c) For parameter RDC also the measured value 
is used (see Table III). d) The resistance Rra is calculated such 
that the modelled antenna resistance R(ω) = real(Z(ω)) is equal 
to the measured antenna resistance Rc at frequency fc: 

 Rra = Rc + Rc2∙(RDC−Rc)
(𝜔c∙L)2+(RDC−Rc)2

 (3) 

The resulting model parameters for the three antenna samples 
are listed in Table V. A comparison of the modelled and the 
measured antenna impedances is shown in Fig. 8. 

E. Scaling of Dimensions and Frequency Range 
Along with the currently increasing performances of 

TOLAE technologies, the carrier frequency for wireless 
communication using flexible electronics of this kind will also 
increase. Therefore, in this Section we use the simulation 

TABLE III. ANTENNA MEASUREMENT RESULTS. 

Antenna Sample A30-2 A10-2 A05-5 
RDC in Ohm 7.0 2.4 1.3 
L in µH (@ f=100kHz) 392 80.0 20.2 
fc in MHz 1.75 4.41 9.00 
Rc in kOhm 331.2 103.0 18.3 

Maximum Q 85 
@620kHz 

85 
@1.0MHz 

65 
@1.4MHz 

 

  
Fig. 4. Measured antenna resistances. 

 
Fig. 5. Effect on fc of bending antenna A10-2 along its “length”-axis. 
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TABLE IV. RESULTS OF EM SIMULATION FOR εr = 1 (AIR) AND εr = 18. 

Antenna Sample A30-2 A10-2 A05-5 
Simul. Dielectric air εr = 18 air εr = 18 air εr = 18 
RDC EM in Ohm 6.4 6.4 2.5 2.5 1.2 1.2 
LEM in µH (@ 
f=100kHz) 18 18 74 76 375 397 

fc EM in MHz 3.14 2.17 7.21 3.68 17.55 8.75 
Rc EM in kOhm 841 785 289 199 88 46 

 
Fig. 6. Simulated antenna resistance of antenna A05-5. 

 
Fig. 7.  Antenna model of lumped components. 
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method described in Section II-C to determine characteristics 
of a smaller antenna layout that is suitable for higher 
frequencies. We choose three layouts of which the dimensions 
are shown in Table VI. The first antenna A04-2 is smaller than 
a credit card, the second is even more compact, and the third 
has only one turn and as such is a limiting case. Antennas of 
these dimensions can easily be integrated into garments and 
accessories in various locations.  

The simulation results are listed in Table VI. They indicate 
that this kind of antenna layout using the before described 
materials can cover frequencies up to about 400 MHz. 

III. A-IGZO TFT CHANNEL SELECT CIRCUIT 
We designed and fabricated two versions A and B of a 

channel selection circuit in the bendable a-IGZO TFT 
technology described in [10]. Regarding its bendability it could 
be integrated on the same textile substrate as the loop antenna. 
The schematic and the die photo of version A are shown in 
Fig. 9. The circuit can be used to select four different center 
frequencies. For that purpose it takes a two bit digital input 
word consisting of bits c1 and c2. Depending on c1 and c2 the 
capacitive load to the attached textile loop antenna is changed 
to the values listed Table VII.  

For the simulations of the a-IGZO TFTs we use the 
Rensselaer Polytechnic Institute-amorphous TFT (RPI-aTFT) 
model [11] fitted to the used a-IGZO technology. The 
presented results also include the effect of parasitics extracted 
from the layout. Table VII also shows the capacitances of the 

second version B of the channel select circuit which 
implements the layout shown in Fig. 9b twice, which because 
of parasitics does not precisely present twice the capacitive 
load. Fig. 10 shows simulation results how version B 
influences the antenna resistance of sample A30-2 depending 
on the digital input word. Depending on the input word the 
frequency fc changes from originally 1.75 MHz to 484 kHz, 
253 kHz, 190 kHz, and 159 kHz respectively. Circuit version A 
changes frequency fc to 813 kHz, 376 kHz, 276 kHz, and 
230 kHz. 

TABLE VII. SIMULATED CAPACITIVE LOAD OF CHANNEL SELECT CIRCUIT 
DEPENDING ON TWO BIT INPUT WORD. 

Input word Simulated capacitive load to antenna 
c1 c2 Circuit version A Circuit version B 
0 0 77 pF 250 pF 
0 1 369 pF 826 pF 
1 0 684 pF 1455 pF 
1 1 987 pF 2059 pF 

 

 
 (a) (b) 
Fig. 9.   Digital channel select circuit (a) schematic and (b) die photo. 
Transistor dimensions: T1 (W/L): 8 x 300 µm x 5 µm, T2: 4 x 300 µm x 5 µm. 
Capacitances: C1 = 606 pF, C2 = 303 pF. 

 
Fig. 10.   Effect of the channel select TFT circuit and different digital input 
words c1,c2 on the antenna resistance of antenna sample A30-2. 
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TABLE V. ANTENNA MODEL PARAMETERS. 

Antenna Sample A30-2 A10-2 A05-5 
L in µH 392 80.0 20.2 
Cself in pF 21.1 16.3 15.5 
RDC in Ω 7.0 2.4 1.3 
Rra in Ω 47.4 45.7 69.7 

 (a)   

 (b)   
Fig. 8.  Antenna sample A10-2. (a) Comparison of measured and modelled 
resistances in the frequency range from 100 kHz to 30 MHz. (b) Comparision 
of measured and modelled impedance in the frequency range from 100 kHz to 
10 MHz. 
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TABLE VI. SIMULATION RESULTS FOR SMALL ANTENNAS. 

Antenna Sample A04-2 A03-2 A01-2 
L in cm 7 4 4 
W in cm 4 4 4 
N 4 3 1 
p in mm 2 2 n.a. 
Simulation Dielectric εr = 18 εr = 18 εr = 18 
RDC EM in Ohm 0.17 0.10 0.03 
LEM in µH (@f=100kHz) 1.9 0.9 0.2 
fc EM in MHz 49.7 88.7 417 
Rc EM in kOhm 91.6 43.2 52.3 

 



IV. CONCLUSION 
In this paper we presented a flexible textile loop antenna for 

use with wireless receivers in emerging bendable TOLAE 
technologies. Considering the comparably low frequencies, it 
has a low profile. Its materials and small size enable its 
integration into the sides of a messenger bag or garments. It is 
designed for use with a fully bendable receiver in a-IGZO TFT 
technology. Since the frequency of operation of this 
technology, as well as of other emerging TOLAE technologies, 
are yet comparably low, the targeted frequency range for the 
antenna was from 100 kHz to 10 MHz. We fabricated three 
antenna samples with different geometric parameters and 
showed the respective measurements, simulations, as well as 
models for circuit simulation. With the developed EM 
simulations we are able predict that this kind of textile loop 
antenna could be used up to a frequency of the low hundreds of 
MHz. We also presented a bendable channel select circuit that 
was fabricated in a-IGZO TFT technology, which can be used 
to tune the antenna by a digital control word. Thanks to the 
bendability of the TFTs it could be integrated on the textile 
substrate with the antenna. 
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