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A B S T R A C T

A comparative study of Quarter-wavelength λ4 stub and ring resonator techniques for the characterization of four
(4) different textile materials (Kente-Oke (M1), Sanya (M2), Alaari (M3) and Etu (M4)) are presented in this work
for the first time. The materials characterized in this work are locally made handwoven textile called “Aso-Oke” in
South-west, Nigeria. The simulation and measurement results are presented. The dielectric parameters of mate-
rials were found to be 1.68, 1.46, 1.32, 1.51 for M1, M2, M3, and M4 respectively, and corresponding loss tangent
of 0.049, 0.061, 0.019, 0.059 using Ring resonator. In the same light, the permittivity of the material M1, M2, M3,
and M4 are found to be 1.75, 1.75, 1.5, 1.5 respectively, and corresponding loss tangent of 0.5, 0.6, 0.2, 0.6 using
Quarter-wavelength open end Stub resonator. Using the parameters extracted from characterization, the materials
are used as the substrate for wearable antenna to validate the measured dielectric properties of the material under
test (MUTs). The results of this work show that, stub technique is more accurate than the ring resonator tech-
niques. This is because of the complexity of ring resonator technique which makes it prone to fabrication error
compared to the simplicity of the stub resonator technique. However, stub resonator technique can be time
consuming due to the manual adjustment of the relative permittivity of the material during simulation. It is
observed from the results of this research that, the stub resonator results are comparable to the Ring resonator-
based results. Hence, combining the two techniques by using the ring resonator to predict the region of the
relative permittivity and then using the stub resonator technique to optimize the accuracy by varying the
permittivity around the predicted region provided by ring resonator technique shall reduce the time consumed by
Stub-resonator and increases the accuracy of the measurement.
1. Introduction

Wearable devices have become part of human life [1]. They are pri-
marily worn either on the body called On-body application or placed
inside the body called In-body application [2]. These devices are usually
built as part of wearable material such as clothes, wristwatch, shoes and
so on. A wearable device should be of lightweight, conformal, not
harmful to human tissues [3]. Wearable antennas are antennas that are
suitable for wearing either on-body or in-body [4,5]. Textile materials
could be conductive or non-conductive. The non-conductive textiles are
usually used as the substrates of wearable antennas to reduce the weight
and the profile of the antenna when compared with the standard sub-
strates [6]. Antennas’ profile is generally dependent on the permittivity,
thickness and loss tangent of the substrate used [7].
.O. Abolade).
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Therefore, before any textile can be used for wearables, it must be
characterized to extract these parameters (relative permittivity, thick-
ness, and loss tangent) [6–10]. Several techniques have been proposed by
the authors in the literature such as, Coaxial Probe technique [11–14],
Split-ring resonator technique [15], complementary split-ring resonator
[16], ring-resonator [6,17], quarter-wave open end stub resonator
among others.

Among these techniques, ring-resonator technique and quarter-wave
open end stub resonator technique are commonly used due to their ease
of fabrication and low cost of measurement [ [15–18]]. They are cate-
gorized under resonator-based material characterization techniques.
Even though these are commonly used by researchers, comparative study
of these two techniques has not been performed in the literature. Hence,
this work focuses on the comparative analysis of the two techniques.
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Fig. 1. The configuration of the: (a) Ring resonator (b) Quarter-wavelength open end stub.

Table 1
The design parameters of the ring and stub resonators.

Parameter Wr ws Lr ls Rext Rin G Wt Lt l

Value (mm) 50 3 50 14 10 7 1 53 53 26.5

Fig. 2. Implementation of (a) Ring resonator and (b) Stub resonator on M1, M2, M3, and M4.
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Aso-Oke are locally made handwoven fabric which originated from
the southwestern region of Nigeria. They are made locally by weaving
and are made of different thickness and material such as cotton, flax,
fiber and wax [19]. These materials are generally being used for cover-
ings due to its durability, reliability and thickness. It was commonly worn
by the aged people in the southwestern region of Nigeria in the 50s.
Kente-Oke (M1) is made from silk, wax and cotton. Anaphe wild silk
along with cotton yarns are used in woven Sanya (M2); locally spurned
silk yarn Alaari (M3) and the Etu textile material (M4) is woven from a
locally grown wild silk fibre [20]. The spurning thickness of silk fibre is a
major distinction among the material under test. The detail process of the
making of these materials is provided by the authors in Ref. [19].

Though, these materials (Aso-Oke) started locally, it has become a
global textile material. As part of the contribution of this work, the
electrical and electromagnetic characterization of Aso-Oke is presented
in this work for the first time.
2

2. The design of ring and stub resonators for textile
characterization

The ring resonator and the λ4 stub resonator is presented in Fig. 1a
and b respectively. The values of the parameters in Fig. 1a and b are given
in Table 1.

Wr and Lr are the width and length of the ring resonator substrate
respectively, ws and ls are the width and the length of the ring resonator
feedline respectively, Rext and Rin are the radius of the outer circle and
the inner circle respectively, G is the width of the gap between the
microstrip feedline and the ring, Wt and Lt are the width and length of
the quarter-wavelength resonator substrate respectively, and l is the
length of the stub which is λ4. Fig. 1a and b are replicated in on the textile
materials for characterization as shown in Fig. 2a and b respectively on
each of the materials. The material used are all plain-woven material
(Aso-Oke) with different texture. The Green, yellow, Wine and Blue
colors are called Kente-Oke (M1), Sanya (M2), Alaari (M3) and Etu (M4)
respectively.



Fig. 3. The S21 of the MUT using Ring resonator technique.

Table 2
Ring Resonator Technique for wearable material Characterization.

Material n fo (GHz) S21 (dB) -3dB (BW) εr tanδ Average
εr

Average

tanδ fl

M1 1 4.35 �30.86 4.27 4.46 1.67 0.041 1.68 0.049
2 8.61 �27.22 8.42 8.94 1.70 0.057

M2 1 4.69 �39.15 4.52 4.88 1.43 0.074 1.46 0.061
2 9.22 �29.14 9.15 9.62 1.48 0.048

M3 1 4.92 �29.20 4.89 4.99 1.30 0.018 1.32 0.019
2 9.69 �14.40 9.52 9.77 1.34 0.02

M4 1 4.53 �39.22 4.45 4.47 1.54 0.062 1.51 0.059
2 9.19 �24.91 9.02 9.58 1.49 0.056

Fig. 4. Simulation configuration of the quarter-wavelength open end
stub resonator.

Table 3
λ

4
open end stub Resonator Technique for wearable material Characterization.

Material Measurement Optimized Parameters Simulation

f o
ðGHzÞ

S21
ðdBÞ

εr tanδ f o
ðGHzÞ

S21
ðdBÞ

M1 2.15 �23.24 1.75 0.05 2.15 �19.56
M2 2.17 �21.40 1.75 0.06 2.17 �18.20
M3 2.36 �38.93 1.5 0.02 2.36 �26.71
M4 2.26 �23.18 1.5 0.06 2.32 �18.94
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Fig. 5. The measurement and simulation S21 of the stub resonator.
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The thickness of M1, M2, M3 and M4 are 0.8 mm, 0.5 mm, 0.7 mm,
and 0.6 mm respectively. The thickness of the adhesive copper used in
this work is 80 μm.

The design of the ring resonator is based on the modelling equation
[17] presented in Eqns. (1)–(6)

fn ¼ nCo

2πRm
ffiffiffiffi
εr

p (1)

where fn is the band-stop (Peak value of S21) frequency of nth mode, Rm
is the average of the sum of Rext and Rin and it is referred to as mean
radius, Co is the free space velocity (3 � 108 m/s), and εr is the relative
permittivity of the material under test (MUT).

It is clear that, εr can be determined from Eqn. (1), once the trans-
mission coefficient (S21) at the nth mode of the ring is known through
measurement.

The loss tangent of the material can be calculated using Eqn. (2) [6].

tan δ¼ 1
Qd

(2)

where Qd is the quality factor of the dielectric. In order to determine Qd,
the unloaded quality factor must be determined. These two are related as
shown in Eqn. (3)
4

1
Qu

¼ 1
Qd

þ 1
Qc

(3)
where Qu is the unloaded quality factor, and Qc stands for the quality
factor due to conduction which is determined by using Eqn. (4)

Qc ¼ hðfoμoπσcÞ0:5 (4)

where fo is the resonance frequency, μo and σc are free space permeability
and conductivity of copper respectively.

In other to determine Qu the insertion loss (S21 dB) formula [21] is
recalled and given in Eqn. (5)

IL¼ 20 log
�
1�QL

Qu

�
(5)

where QL is the loaded quality factor and it can be determined by using
Eqn. (6)

Q¼ fo
fh � fl

(6)

where fh and fl are the upper and the lower frequencies at 3 dB around fo.
Therefore, from Eqn. (5), Qu can be determined. Hence, loss tangent

(tanδ) can be calculated through Eqn. (2).



Fig. 6. The configuration of a wearable rectangular patch antenna.

Table 4
The dimension of the wearable patch antenna.

Parameters Wsub wf wp Lsub lf lp lin g

Values (mm) 50 3 30 65 10 45 5 1
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For quarter-wavelength open stub resonator technique, the length of
the stub is designed to be λ4 That is,

l¼ λ

4
(7)

Where λ is the wavelength in meter (m). The microstrip line is
designed to be 2l i.e. half-wavelength. The transmission coefficient (S21
(dB)) is extracted from measurement and the same configuration is
simulated with a substrate of an arbitrary permittivity using HFSS®. The
value of the permittivity is then varied to achieve a simulation S21 that is
Fig. 7. The fabricated wearable antenna on ma
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close to the measured S21.

3. Results and discussion

3.1. εr and tanδ using ring resonator technique

The measured transmission coefficient (S21) of the material M1, M2,
M3, and M4 using R&S ZVA 50 VNA are presented in Fig. 3a, b, c and
d respectively. The adhesive copper tape of a 0.08 mm thickness is used
for the resonators and the ground plane. It can be observed from Fig. 3
that the all the material has two distinct peaks each. The extracted pa-
rameters from Fig. 3 and the calculated εr and tanδ using Eqns. (1)–(6)
are presented in Table 2.

It can be seen from Table 2 that Material M1 has the highest
permittivity with relatively lowfh tan δ. It is worthy of note also that
material M3 has the lowest permittivity as well as the tan δ. Material M2
andM4 are approximately the same in both permittivity and loss tangent.
With these properties, material M1 is suitable for compact wearable
antenna due to its high permittivity and thickness, but when gain and
radiation efficiency are of importance, material M3 is more suitable
because of its thinness and low tan δ.

3.2. εr and tanδ using quarter-wavelength stub resonator technique

The configuration presented in Fig. 2b are connected to the VNA and
S21 for each of the materials are extracted. Then, the same configuration
is designed in HFSS® for each of the material as shown in Fig. 4.

After several variations of the permittivity of the simulation substrate,
the permittivity of each of the materials are presented in Table 3 and the
results of the transmission coefficient for both measurement and simu-
lation for material M1, M2, M3, andM4 are presented in Fig. 5 a, b, c, and
d respectively.

It can be observed that with the permittivity of M1 and M2 equal to
1.75, and that of M3 and M4 equal 1.5, the results of simulation agree
well with the measurement results. It can be observed from Fig. 5 that the
measured S21 are generally low compared with the simulation result.
This could be due to the boundary conditions imposed during simulation.
It is worthy of note that the permittivity and loss tangent of the material
M1, M2, M3 and M4 by using the stub resonator technique are compa-
rable to the values from the Ring resonator technique.

4. The design of a wearable antenna for validation

In order to validate our characterization, the same configuration of a
rectangular patch wearable antenna has been simulated, and fabricated
using each of the materials presented in the previous section. The
structure of the wearable antenna is as shown in Fig. 6 and its dimensions
terial (a) M1, (b) M2, (c) M3 and (d) M4.



Fig. 8. The comparative S11 results of the measurement, stub-based simulation and Ring-based simulation.

Table 5
The Resonant frequency and the corresponding S11 of the wearable antenna using MUT.

Antenna Substrate M1 M2 M3 M4

Parameter Freq (GHz) S11 (dB) Freq (GHz) S11 (dB) Freq (GHz) S11 (dB) Freq (GHz) S11 (dB)

Measurment 2.41 �26.58 2.44 �29.336 2.71 �4.23 2.48 �21.79
Ring εr 2.42 �13.31 2.69 �18.67 2.84 �6.11 2.68 �17.75
Stub εr 2.49 �14.03 2.46 �19.06 2.73 �6.09 2.65 �17.55
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are given in Table 4.
The configuration proposed in Fig. 6 is fabricated on all the MUT to

verify the characteristic parameters presented in the previous section.
Fig. 7a, b, c, and d are the fabrications of the proposed structure on

M1, M2, M3, and M4 respectively. It should be noted that a full ground
plane is used in this work.

The measurement results and Simulation results using materials’
properties given by the ring resonator (presented in Table 2) as well as
stub resonator (given in Table 3) are presented in Fig. 8a, b, c and d for
material M1, M2, M3 and M4 respectively.

It can be observed from Fig. 8 that the simulation results agree with
the measurement results. Notwithstanding, the simulation result of Stub-
based parameters are more in agreement with the measurement than that
of Ring resonator based parameters as shown in Table 5. This can be
traced to the complexity of the ring resonator which required extraor-
dinary carefulness to minimize the fabrication error [16]. Though,
Stub-based is simple, but it is time consuming to actually get the exact
permitivity of the MUT. This is because after measuring the S21, the
6

entire simulation is based on trial and error. Therefore, seeing that, from
the result herein presented, the stub-based material characteristics are in
the neighborhood of that of Ring resonator based, the ring resonator can
be used to determine the neighborhood of the textile permittivity and
then use the stub resonator technique to tune the permitivity to the actual
value. This will minimize the time consumption of the stub resonator
technique and enhances the accuracy of the material characterization.

5. Conclusion

A comparative analysis of the two commonly used textile character-
ization techniques is presented for the first time. It has been demon-
strated that the two techniques are suitable for material characterization.
Even though stub resonator demonstrated higher accuracy, its adjust-
ment is time consuming. Based on the results of this analysis, the hy-
bridization of the two techniques has been proposed for time
management and accuracy. The characterization of four (4) new hand-
woven textile materials in the group of Aso-Oke, (a locally made textile in
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Southwestern region, Nigeria, West Africa) is another contribution of this
work to the existing literature. The prototype antenna fabrication and
measurement have shown that the extracted characteristics of the Aso-
Oke are accurate and can be used to design wearable antennas for
medical and remote sensing applications among others.
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