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Abstract 

Over the last decade, the wearable electronics has 

greatly improved and the wearables market is 

expected to increase exponentially in the next 

years. UHF (Ultra High Frequencies) RFID 

(Radio Frequency IDentification) textile yarns 

represent one of the most relevant solutions for 

adding smart functionality into clothes and more 

generally for any object integrating a textile tag. 

Among the existing textile yarn solutions, the E-

Thread® technology consists on electronics 

embedded into textile yarn using a micro-

encapsulation method. This technology is the 

starting point of the work presented in this paper.  

One of the hardest constraints that the RFID yarn 

should overcome is the robustness against 

stretching. Thus, the antenna has to be tolerant to 

the deformation of the associated textile yarn. 

Unlike the half-wave dipole antenna used in the 

current E-Thread® yarn, the proposed solution is 

based on helical dipole antenna topology because 

its geometry naturally makes feasible an axial 

stretching.  

This study details the manufacturing process as 

well as the design methodology of the antenna 

taking into account the RFID context as well as 

the constraints imposed by the manufacturing 

process. The impact of the antenna’s physical 

parameters is highlighted in order to provide 

design guidelines. The helical dipole antenna 

enables until 16% of axial elongation while the 

dipole antenna would tear apart.  

Keywords: helical antennas, RFID tag, RFID 

yarn, smart textile.  

I. INTRODUCTION 

E-Textiles or electronics embedded into 

garments hold a great potential to revolutionize 

wearable smart objects. The main technological 

challenges are the extension of advanced 

garment’s functionality, including the 

introduction of new capabilities such as wireless 

communication, sensing, actuating, computing 

and energy harvestings1-2-3-4.  

Supported by well-established standards and 

already deployed in wide and various ranges of 

other applications5-6, the UHF RFID systems are 

of particular interest for contributing to the 

emergence of smart garments. Textile-based 

RFID tags have the advantage of the identification 

functionality and currently offer new 

functionalities such as sensing for monitoring 

applications.  

In addition to the methods to manufacture 3D 

and textile RFID tags7-11, the concept presented by 

Vera et al.12 is based on the industrial E-Thread® 

technology13. The antenna structure consists in a 

designed slender and comfortable RFID dipole 

tag within a wrapped textile wire. This solution 

re-invented the RFID tag form factor in terms of 

simplicity of manufacturing process as well as the 

comfort for users. However, a dipole antenna is 

fragile when exposed to mechanical constraints, 

especially to stretching that may lead to a 

disconnection between the two strands of the 

dipole and the RFID chip. In order to solve this 

issue, the presented study proposes to use a helical 

dipole antenna. Such antenna geometry should 

enable to keep the expected form factor (i.e., the 

linear form of a yarn) and be relatively tolerant to 

a limited stretching while maintaining proper 

electrical and electromagnetic radiation 

properties. This type of antenna is not new14. 

Helical dipole antenna recently gained interest: 

for example, in medical applications as the 

implantable devices15; in RFID field, notably for 

its advantages in terms of reduced physical size 

and high inductive impedance. From full-wave 
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simulations, the study presented by Liao et al.16 

shows design steps for a Normal Mode Helical 

Antenna (NMHA) highlighting the impact of the 

geometrical parameters of the antenna. An 

example is detailed for the frequency band 902-

928 MHz (i.e., UHF RFID standard in United 

States) and using a RFID chip with an input 

impedance equal to 27 – j201 . 

In this paper, the goal is to design a UHF RFID 

textile yarn that is robust in terms of stretching, 

i.e., a UHF RFID elastic textile yarn. The 

proposed solution relies on the use of E-Thread® 

technology and a helical dipole antenna. 

Compared to the study of Liao16, in our work the 

operating frequency band is narrower 865.5 - 

867.5 MHz (i.e., UHF RFID European frequency 

band). Moreover, the Monza M4 RFID chip17 

with input impedance of 15 - j150  is chosen. 

This impedance is more representative for current 

chips and the smaller value of the resistive part is 

more challenging from the impedance matching 

perspective.  

The paper is organized as follows: Section II 

presents the manufacturing process of the helical 

dipole antenna from the E-Thread® yarn. Section 

III details the design methodology taking into 

account the specificities to the RFID context and 

the constraints due to industrial manufacturing. 

The performance in terms of stretching is notably 

emphasized including the impact of using a 

dielectric core material. A comparative study in 

terms of read range between solutions based on E-

Thread® technology is also presented. In Section 

IV experimental results are presented and 

analyzed. Finally, conclusion and future work are 

given in section V. 

 

II. MANUFACTURING PROCESS 

OF THE HELICAL DIPOLE 

ANTENNA USING E-THREAD 

TECHNOLOGY 

A helical dipole antenna is composed of two 

strands of a winded conductive material (Fig. 1) 

and it is fully characterized by the following 

parameters: 

  D = diameter of the helical dipole antenna 

  a = radius of helical conductive material 

  s = spacing between turns (center-to-center) 

  N = number of turns 

  h = axial half-length 

 

Three main steps (Fig. 2) are required for 

achieving a textile helical dipole antenna based on 

the manufacturing process of the original E-

Thread® RFID tag12. The modification of the 

silicon IC (Integrated Circuit) geometry is firstly 

performed (Fig. 2a). A 3D structure is created at 

the wafer level by bonding an active wafer and a 

cover one, which were both specifically 

processed. After dicing, each E-Thread® IC has 

grooves on two parallel sides where antenna 

micro-wires can be inserted. The second step 

consists in the assembly of the chip onto the 

antenna wire. This is made on a fully automated 

special equipment that produces a continuous E-

Thread® filament made of two continuous 

conductive wires with ICs assembled at fixed 

interval. Then, a resin is used for mechanical 

reinforcement (Fig. 2b). The final step consists in 

the textile packaging that shapes the antenna as a 

spiral. A wrapping process is used here and the E-

Thread® filament is spun around a core yarn. 

Then, a second textile filament, typically nylon, is 

spun in the opposite direction to provide textile 

finishing (Fig. 2c and Fig. 2d). The speed of the 

core yarn and the rotation speed of the E-Thread® 

filament define spiral pitch (s), while core yarn 

dimensions impose the spiral’s inner diameter 

(D). The mechanical behaviour of the final yarn 

(elongation and spring force) is mainly given by 

the mechanical properties of the core yarn.  

III. DESIGN OF THE HELICAL 

DIPOLE ANTENNA 

All the presented simulations are performed 

using the electromagnetic commercial software 

CST Microwave Studio® 2018. 

In order to obtain a slender yarn that is 

guaranteeing the manufacturing constraints, the 



diameter of the helix and the radius of the 

conductive wire to form the helical shape are 

fixed to D = 1 mm and a = 0.1 mm. Consequently, 

the spacing between turns, s, the axial half-length, 

h, and the number of turns, N, are the geometrical 

parameters that have to be optimized in order to 

achieve the antenna’s resonance at UHF 

frequencies and the impedance matching with the 

RFID chip. Furthermore, the spacing between 

turns is assumed at least equal to 0.3 mm notably 

in order to respect realistic manufacturing 

process. 

A. Design Method 

 Although helical dipole antennas are largely 

used and theoretical developments exist (general 

theory on the helical dipole antennas18 and 

equations of Kraus14), there is a lack of reliable 

design methodology for this kind of antenna even 

if some tendencies are well-known. The helical 

dipole antenna’s impedance is strongly impacted 

by the spacing between turns s and its diameter D. 

The increasing of the number of turns decreases 

the resonance frequency while the input 

impedance is not strongly impacted, notably at the 

resonance frequency.  

Otherwise, a specific challenge in the RFID 

field is the matching impedance between the 

antenna and the chip. The 50  matching is not 

valid: the antenna input impedance has to be 

matched with the chip impedance. In order to 

reduce the manufacturing complexity, for a given 

RFID chip, the antenna has to be specifically 

designed. Note that the matching operation is 

more sensitive for smaller resistive part of the 

chip from where the chosen Monza M4 chip.  

Taking into account these remarks, from 

preliminary simulations the initially chosen 

geometrical parameters of the helical dipole 

antenna are: N = 60 and h = 18 mm. After this 

first dimensioning, the design approach is to start 

by achieving the impedance matching through the 

spacing s. The parameters 𝑁 and ℎ are varied in 

order to perform the impedance matching at the 

resonance frequency. Note that 𝑁 and ℎ are 

closely linked when s is fixed (ℎ =  𝑁𝑠), and 

they are varying reciprocally.  

The first step is to fix the matching impedance. 

For that, s is varied from 0.3 mm to 0.7 mm while 

N is constant. Fig. 3 shows the input impedance 

of the helical dipole antenna on the Smith chart 

(with the chip impedance as reference), when the 

frequency varies between 800 MHz and 1200 

MHz. The best reflection coefficient is achieved 

for s = 0.3 mm at a frequency of 1105 MHz. The 

second step is to retrieve the resonance frequency 

in the UHF RFID band. N is increased (while s 

constant and equal to 0.3 mm) until achieving a 

resonance frequency at 867 MHz. Fig. 4 

illustrates the shift in terms of resonance 

frequency when N increases from 60 to 80 (i.e., h 

increases from 18 mm to 24 mm). Finally, the 

optimal parameters of the helical dipole antenna 

are: s = 0.3 mm, N = 80, and h = 24 mm, such as 

the antenna input impedance is equal to 15 + 

j150 Ω at 867 MHz. 

B. Simulation Results  

Fig. 5 shows the reflection coefficient of the 

optimized helical dipole antenna. The impedance 

matching with the RFID chip is achieved at the 

resonance frequency of 867 MHz. The bandwidth 

(defined at -10 dB) is equal to 6.94 MHz, from 

863.54 MHz to 870.47 MHz.  

Fig. 6a and Fig. 6b shows the H-plane and E-

plane radiation patterns of the optimized helical 

dipole antenna. As expected, the radiation pattern 

is omnidirectional and similar to that of a dipole 

antenna. For the normal mode, the realized gain is 

equal to -1 dBi. The axial ratio defined as AR = E 

/E = 30 dB, shows an elliptical polarization. 

C. Robustness in Terms of Axial Stretching 

In order to evaluate the robustness of the 

helical dipole antenna considering an axial 

stretching, the half-length h is extended 

symmetrically for the two sides, from the initial 

value h = h0 = 24 mm up to 30 mm. In this case, 

the number of turns is kept constant. Table 1 

summarizes the considered lengths and highlights 

the corresponding relative stretching defined as: 



𝐸[%] =
ℎ − ℎ0

ℎ0
× 100%  (1) 

Fig. 7 shows the impact on the reflection 

coefficient when h increases. The resonance 

frequency is shifted toward lower frequencies. 

The absolute value of the reflection coefficient 

decreases with an enlargement of the bandwidth. 

For an axial stretching until 16%, the frequency 

bandwidth is large enough to ensure the RFID 

communication link in UHF European band. 

D. Impact of the Dielectric Permittivity of 

the Antenna Core 

In a more realistic context, the helical dipole 

antenna is manufactured around a material having 

a dielectric permittivity that could impact the 

antenna’s characteristics. Fig. 8 shows the 

variation of the reflection coefficient when the 

relative permittivity of the antenna core varies 

from 1 to 3. The resonance frequency decreases 

when the dielectric permittivity increases, and so, 

according to the application, with the same design 

method this parameter should be introduced 

during the design process. The dielectric 

permittivity of the antenna core could offer an 

additional degree of freedom for the design. This 

also enables to add a sensing capability to the tag 

if the permittivity of the antenna core is sensitive 

to the temperature or the humidity. 

E. Comparison in terms of Read Range with 

other RFID Yarns Based on E-Thread® 

Technology 

In RFID practice, one of the most important 

performance criteria is the read range, r. From the 

Friis transmission equation, 𝑟 can be calculated 

as: 

𝑟 =
𝜆

4𝜋
√

𝑃𝑡𝐺𝑡𝐺𝑟𝜏

𝑃𝑡ℎ
                                                     (2) 

where 𝜆 is the wavelength, 𝑃𝑡 is the power 

transmitted by the reader, 𝐺𝑡 is the transmitting 

antenna gain, 𝐺𝑟 is tag antenna gain, 𝑃𝑡ℎ is the tag 

activation threshold, and 𝜏 is the power 

transmission coefficient given by:  

𝜏 =
4𝑅𝑐ℎ𝑖𝑝𝑅𝑎𝑛𝑡

|𝑍𝑐ℎ𝑖𝑝+𝑍𝑎𝑛𝑡|
2                                                (3) 

where 𝑍𝑐ℎ𝑖𝑝 = 𝑅𝑐 + 𝑗𝑋𝑐 is the chip impedance 

𝑍𝑎 = 𝑅𝑎 + 𝑗𝑋𝑎 is the antenna input impedance.  

 Assuming that 𝐺𝑡,  𝑃𝑡 and 𝑃𝑡ℎ are constant,  it 

is worth noting that the read range only depends 

on 𝐺𝑟 and 𝜏 (𝜏 translating the quality of the 

impedance matching). 𝐺𝑟 and 𝜏 are two key-

parameters for the tag design and they contribute 

to the read range in an equivalent way in (2).  

From this point of view, the gain of - 1 dBi of 

the helical dipole antenna is a weakness compared 

to the 2 dBi gain of a dipole. In order to compare 

the performance in terms of read range, two other 

E-Thread® yarns are considered. The first one is 

the 172 𝑚𝑚 standard center-fed half-wave dipole 

with a gain of 2 dBi and an input impedance of 

73 + 𝑗 43 Ω at the resonance frequency; the 

second one is the improved version12 of the latter 

including a gamma matching technique to the 

detriment of 0.4 dBi for the gain. 

 Considering that the RFID reader has a 

𝐸𝐼𝑅𝑃 = 3.28 W (EIRP stands for Equivalent 

Isotropic Radiated Power; 𝐸𝐼𝑅𝑃 = 𝑃𝑡𝐺𝑡) and 

𝑃𝑡ℎ = −17 𝑑𝐵𝑚, the transmission coefficient 𝜏 

and the read range 𝑟 were calculated. The results 

are shown in Fig. 9, Fig. 10 and Fig. 11. The 

maximum read ranges for the three tags are 

summarized in Table 2. In terms of read range, the 

good impedance matching of the helical dipole 

antenna enables to compensate its low gain 

compared to the dipole solutions. The relative 

narrow frequency bandwidth also explains the 

observed result and can be seen as an 

improvement point for the future.  

IV. EXPERIMENTAL RESULTS 

A first prototype of UHF RFID yarn based on 

helical dipole antenna was manufactured 

according to the assembling process described in 

section II. The prototype shown in Fig. 12 is 

cascaded with other RFID tags and the overall is 

wound forming a spool. 



Using a commercial RFID test bench19, the 

estimated read range function of the transmitted 

frequency is extracted (Fig. 13). The maximum 

read range of 7.1 m is obtained at 1040 MHz while 

the read range in the UHF RFID frequency band 

is 1 m. Even if the prototype is operational, its 

performance is strongly degraded. The observed 

frequency shift is due to the manufacturing 

process, during the final step where a textile 

wrapping is used in order to obtain the spiral 

shape of the antenna. Indeed, considering our 

manufacturing process, it was not possible to 

obtain the spacing between the turns (s) smaller 

than 0.7 mm in order to have a high accuracy. The 

consequence was the decrease of the number of 

turns (N) and so the decrease of the effective 

length of the helical dipole antenna. Finally in 

practice, the resulting geometrical parameters of 

the antenna become: 𝐷 = 1.8 𝑚𝑚, ℎ = 24 𝑚𝑚, 

𝑁 = 34.5, 𝑠 = 0.7 𝑚𝑚. In addition, the dielectric 

permittivity of the yarn core and the textile 

packaging are 𝜀𝑟 = 3.6 and 𝜀𝑟 = 2.8 

respectively. In order to validate the design 

methodology, the fabricated prototype was 

simulated taking into account its real 

characteristics (Fig. 14). Fig. 15 shows the 

reflection coefficient that reveals a resonant 

frequency at 1040 𝑀𝐻𝑧.  

Finally, two improvement solutions are 

possible in order to reduce the resonance 

frequency to the UHF RFID band: 1) assuming 

the same manufacturing constraint (s  0.7 mm), 

it would be simply required to increase the 

antenna length (i.e., N); post-simulation shows 

that N = 42.4 will lead to the expected resonance 

frequency; 2) or obviously, having a 

manufacturing process that enables to respect the 

initial value of the spacing between the turns (i.e., 

s = 0.3 mm), value assumed realistic even in 

practice.  

V. CONCLUSION 

This paper presents the design of a UHF RFID 

elastic textile yarn. The proposed solution is an 

alternative to the RFID textile yarn based on E-

Thread® technology. The objective is to offer 

robustness in terms of axial stretching 

maintaining the form factor of a yarn by using a 

helical dipole antenna. 

Simulation results have shown good 

performance in terms of read range (~10 m) and a 

possible elongation of 16%. The length of the 

antenna is also reduced: 48 mm versus 172 mm. 

Due to manufacturing constraints, the resonant 

frequency of the fabricated prototype is shifted 

but the performance is validated by reverse-

engineering, i.e., simulations taking into account 

the real characteristics of the prototype.  

The proposed solution based on the 

combination of E-Thread® technology and well-

designed helical dipole antenna: i) enables to 

maintain the form factor of a yarn; ii) presents 

good performance in terms of read range for UHF 

RFID applications; and iii) seems to be a very 

promising solution when axial stretching 

constraints appear.  
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VI. TABLES 

h [mm] 24 26 28 30 

E [%] 0 8.3 16 25 

Table 1. Relative elongation for each considered length. 

Tag 
Simple 

dipole 

Matched 

dipole 

Helical 

antenna 

Maximum read 

range (meters) 
8.2 11.2 9.9 

Table 2. Maximum read range for the three configurations. 

 

VII. FIGURE LEGENDS 

Fig. 1.  Helical dipole antenna: (a) illustration 

of the design geometrical parameters; (b) full 

view of the antenna in CST Microwave Studio®; 

(c) zoomed view at the feeding point. 

Fig. 2. Manufacturing process of the helical 

dipole antenna: (a) E-Thread® IC on Impinj 

Monza; (b) E-Thread® IC assembled on stranded 

conductive antenna wires; (c) modified wrapping 

process for spiral E-Thread® yarn manufacturing; 

(d) X-ray image of E-Thread® filament after 

spiral process. 

Fig. 3. Simulated input impedance of the 

helical dipole antenna when the frequency is 

varying between 800 MHz and 1200 MHz for a 

spacing between turns varying from 0.3 mm to 0.7 

mm (note that the Smith chart is normalized to the 

chip’s impedance). 

Fig. 4. Simulated reflection coefficient 𝑆11 of 

the helical dipole antenna for different lengths 

values from 18 mm to 24 mm for achieving 

resonance frequency in the RFID UHF band. 

Fig. 5. Simulated reflection coefficient 𝑆11 of 

the helical dipole antenna after the design 

optimization with: h = 24 mm, s = 0.3 mm, D = 1 

mm, a = 0.1 mm. 

http://www.impinj.com/products/tag-chips/


Fig. 6. Simulated radiation pattern of the 

helical dipole antenna after the design 

optimization. The antenna is placed along 𝑧 axis: 

(a) H-plane for 𝛳 = 90°; (b) E-plane for 𝜑 = 90°. 

Fig. 7. Simulated reflection coefficient 𝑆11 for 

several values of the axial half-length keeping the 

spacing between turns fixed, simulating the effect 

of a stretching. 

Fig. 8. Simulated reflection coefficient 𝑆11 for 

several relative permittivity 𝜀𝑟  values of the 

dielectric material constituting the antenna core. 

Fig. 9. Simulated read range versus 

transmission coefficient for: simple dipole, 

gamma matched dipole and helical dipole 

antenna. 

Fig. 10. Simulated transmission coefficient 𝜏 

of the three UHF RFID yarn solutions: simple 

dipole, gamma matched dipole and helical dipole 

antenna. 

Fig. 11. Simulated read range calculated for 

the three UHF RFID yarn solutions: simple 

dipole, gamma matched dipole and helical dipole 

antenna. 

Fig. 12. Manufactured prototype of the helical 

dipole antenna for UHF RFID yarn cascaded with 

other RFID tags, the overall is wound forming a 

spool. Each RFID yarn is separated by cutting. 

Fig. 13. Measured read range of the helical 

dipole antenna. 

Fig. 14. Geometrical parameters of the 

simulated manufactured helical dipole antenna: 

(a) full view of the structure in CST Microwave 

Studio®; (b) sectional view of the structure; (c) 

front view of the structure. 

Fig. 15. Simulated reflection coefficient 𝑆11 of 

the manufactured helical dipole antenna. 

 



 

 

Fig. 1.  Helical dipole antenna: (a) illustration of the design geometrical parameters; (b) full view of the 

antenna in CST Microwave Studio®; (c) zoomed view at the feeding point. 

 



 

Fig. 2. Manufacturing process of the helical dipole antenna: (a) E-Thread® IC on Impinj Monza; (b) E-

Thread® IC assembled on stranded conductive antenna wires; (c) modified wrapping process for spiral 

E-Thread® yarn manufacturing; (d) X-ray image of E-Thread® filament after spiral process. 

 



 

Fig. 3. Simulated input impedance of the helical dipole antenna when the frequency is varying between 

800 MHz and 1200 MHz for a spacing between turns varying from 0.3 mm to 0.7 mm (note that the 

Smith chart is normalized to the chip’s impedance). 

 



 

Fig. 4. Simulated reflection coefficient 𝑆11 of the helical dipole antenna for different lengths values from 

18 mm to 24 mm for achieving resonance frequency in the RFID UHF band. 

 

Fig. 5. Simulated reflection coefficient 𝑆11 of the helical dipole antenna after the design optimization 

with: h = 24 mm, s = 0.3 mm, D = 1 mm, a = 0.1 mm. 



 

Fig. 6. Simulated radiation pattern of the helical dipole antenna after the design optimization. The 

antenna is placed along 𝑧 axis: (a) H-plane for 𝛳 = 90°; (b) E-plane for 𝜑 = 90°. 



 

Fig. 7. Simulated reflection coefficient 𝑆11 for several values of the axial half-length keeping the spacing 

between turns fixed, simulating the effect of a stretching. 

 

Fig. 8. Simulated reflection coefficient 𝑆11 for several relative permittivity 𝜀𝑟 values of the dielectric 

material constituting the antenna core. 



 

Fig. 9. Simulated read range versus transmission coefficient for: simple dipole, gamma matched dipole 

and helical dipole antenna. 

 

Fig. 10. Simulated transmission coefficient 𝜏 of the three UHF RFID yarn solutions: simple dipole, 

gamma matched dipole and helical dipole antenna. 



 

Fig. 11. Simulated read range calculated for the three UHF RFID yarn solutions: simple dipole, gamma 

matched dipole and helical dipole antenna. 

 

 

 

 

 

 

 

 

 

Fig. 12. Manufactured prototype of the helical dipole antenna for UHF RFID yarn cascaded with other 

RFID tags, the overall is wound forming a spool. Each RFID yarn is separated by cutting. 
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Fig. 13. Measured read range of the helical dipole antenna. 

 

Fig. 14. Geometrical parameters of the simulated manufactured helical dipole antenna: (a) full view of 

the structure in CST Microwave Studio®; (b) sectional view of the structure; (c) front view of the 

structure. 



 

Fig. 15. Simulated reflection coefficient 𝑆11 of the manufactured helical dipole antenna. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

  


