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Abstract—A conductivity measurement technique applicable for highly conductive textile materials is 
presented in this work. We employ a microstrip ring resonator as a test fixture to ease sample 
preparation and to increase measurement sensitivity. With this, the conductivity of a thin textile can be 
measured up to 106 S/m at 2 GHz. The conductivity value is extracted by comparing the measured and 
simulated transmission coefficients in an active learning iterative solver based on the surrogate-based 
optimization. The conductive textiles under test were Zelt and silver-coated e-textile, and the resulted 
conductivities are 2.29x105 and 3.47x105 S/m, respectively. These values are close to the DC conductivity 
given by the manufacturers. 
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I. INTRODUCTION 

Conductive textiles have been progressively used for designing wearable antennas in Wireless Body Area 
Network (WBAN) communications and Internet of Things (IoT) applications [1]-[2]. They are highly flexible, 
durable and restorable, allowing direct integration onto clothing by ordinary sewing or embroidering techniques. 
They also offer low sheet resistance suitable for efficient current transmission without significant ohmic loss.  

The usual sheet resistance (Rs) of conductive textiles in the market ranges from 0.04~0.4 Ω/sq [3]. In other 
words, the conductivity (s) is 1.4x105 - 1.3 x 106 S/m based on the formula  = 1/(Rs t), where t is the thickness 
of the textile. These values are measured at DC using the well-known four-point-probe or Van der pauw method. 
For a wearable antenna application, however, it is necessary to acquire  or Rs in the microwave regime to 
promote accurate antenna modeling.  

In contrast to copious measurement techniques for the permittivity of dielectrics, there is considerably less 
reported for the conductivity measurement of highly conductive materials ( > 105 S/m) at microwave 
frequencies (> 1 GHz) [3]-[4]. In these methods, resonators are mainly used as a test fixture to capture a slight 
variation in the quality factor (Q-factor) of low conductive loss materials. Furthermore, the resonators are often 
in a planar form to ease the measurement of thin foil or textile samples. The material’s  is obtained by 
detecting the perturbation of Q-factor represented in a closed-form equation under the assumption that the 
radiation loss is trivial. However, in practice, the radiation loss of the half-opened planar resonator may mislead 
the extracted  and should not be overlooked. 

As an alternative, full-wave simulation data can be used instead of the approximate closed-form equation to 
estimate . In a full-wave simulation tool, a resonator identical to the measurement is modeled, and then the 
simulation data is collected by varying the material property (e.g., ) of a sample under test. Subsequently, the 
measured and simulation data are compared in an optimization algorithm to find the best fit. Recent reports have 
verified the effectiveness of this method for the measurement of the dielectric constant (r) and loss tangent 
(tan) of an antenna substrate [5]-[6].   

In this letter, we propose a conductivity measurement method employing a planar ring resonator. Due to its 
highly resonating nature at the GHz frequency band, the ring resonator has been previously used for the 
characterization of low-loss substrates [7]. As in Fig. 1, the planar ring is formed by the conductive textiles of 
interest. Besides, we use the surrogate-based optimization (SBO) [8] as an adaptive search algorithm to extract s 
of the ring from the measured and simulation responses. The material samples under test are aluminum foil, 
conductive Zelt fabric, and silver-coated e-textile. 
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Fig. 1.  Geometry of the microstrip ring resonator. The ring is made of conductive textile under interest. 
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Fig. 2.  Flow chart of the conductivity measurement process 

II. CONDUCTIVITY MEASUREMENT PROCESS  

Fig. 2 shows a flow chart of the conductivity measurement process. The microstrip ring resonator as in Fig. 1 
is fabricated on a substrate and modeled in a full-wave simulation tool. More specifically, the resonator is 
fabricated on a FR-4 substrate with h = 1.6 mm, W = 90 mm, and L = 136 mm. The transmission line in-between 
the ports and ring is made with copper. Otherwise, the ring is the material sample under interest. The radius of 
the ring is R = 25.9 mm, and the width of the ring and transmission line is wl = 3.2 mm to conform with 50 Ω 
impedance matching condition. The gap between the ring and transmission line is 0.64 mm.  

In the simulation, the transmission coefficients (S21) are collected by varying  of the ring. Figure 3 shows the 
magnitude of S21 by varying  from 105 to 108 S/m interval of 100.125. As can be seen, the peak is sharper and 
magnitude is higher (i.e., Q-factor is higher) as s increases. In the meanwhile, the measured S21 is compared with 
these sets of simulated S21 using SBO to efficiently search for the  value that estimates the error function 
minimum. SBO is widely used to find solutions of non-linear electromagnetic problems as it offers an efficient 
iterative scheme by intelligently choosing the best sampling and evaluation strategies. We use the Matlab 
toolbox provided by Ghent University, Belgium [9]. This toolbox generates kriging models (i.e., Gauss 
regression model) based on approximate mapping between variables and error functions. The first kriging model 
is created by four sample points at the upper and lower bounds in the optimization range incorporating the Latin 
Hypercube Design (LHD) scheme. Subsequently, an adaptive sampling strategy called Expected Improvement 
(EI) is used to determine the next sample points with and to update the model. 

In the SBO process, the error function should be carefully formulated to seek for an accurate result. The 
following four error functions are examined: 
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, where and are loaded quality factors. and are the transmission coefficients of simulation and measurement 
at the resonant frequencies and, respectively. In case of EF4, the arithmetic mean of S21 magnitude and phase 
over the observation bandwidth (i.e., 41 frequency points in 40MHz) are used as the variables. By this mean, h 
and l in EF4 are sample index numbers that are 20 MHz higher and lower than the resonant frequency. 
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Fig. 3.  S21 versus frequency as the conductivity of ring resonator changes 

 
Fig. 4. Error function values and corresponding kriging models for (a) EF1. (b) EF2, (c) EF3, and (d) EF4. 

 

5 5.5 6 6.5 7 7.5 8
0

4

8

12

16

20

E
F 1

 

 

Krigging model
EF

1
 values

log10 σ
5 5.5 6 6.5 7 7.5 8

0

0.5

1

1.5

2

2.5

3

3.5

E
F 2

 

 

Krigging model
EF

2
 values

log10 σ  
(a)                                                       (b) 

 

  

5 5.5 6 6.5 7 7.5 8
0

0.5

1

1.5

2

2.5

3

3.5

E
F 3

 

 

Krigging model
EF

3
 values

log10 σ   

5 5.5 6 6.5 7 7.5 8
0.2

0.35

0.5

0.65

0.8

0.95

E
F 4

 

 

Krigging model
EF

4
 values

log10 σ  
(c)                                                                  (d) 

ISSN (Print)    : 2319-8613 
ISSN (Online) : 0975-4024 Tien Manh Nguyen et al. / International Journal of Engineering and Technology (IJET)

DOI: 10.21817/ijet/2017/v9i2/170902067 Vol 9 No 2 Apr-May 2017 603



Fig. 4(a)-(d) shows the kriging models generated by using EF1, EF2, EF3, and EF4, respectively. In this 
simulation practice,  of the ring is assigned as 105.6 = 3.98 x 105 S/m, which is expected to be carried out at the 
end of the SBO process. The error function minima are located at  = 105.78 (6 x 105 S/m), 105.54 (3.47 x 105 S/m), 
105.65 (4.47 x 105 S/m), and 105.6 (3.98 x 105 S/m) for each error function. These results of indicate that EF4 is the 
most effective one to evaluate , implying the change in  affects both the magnitude and phase of S21.Thus, it 
is recommended to use the averaged S21 magnitude and phase together in the error function to enhance the 
search accuracy in SBO. In the next section, EF4 is used to obtain  of conductive textile materials along with 
the measured S21 magnitude and phase. 

III. MEASUREMENT OF E-TEXTILES 

Four microstrip ring resonator are fabricated on FR-4 substrate with the same dimensions as in the previous 
section. Figure 5 depicts the fabricated resonators and measurement set-up. Four different rings are made from 
copper, aluminum foil, Zelt fabric, and silver-coated e-textile, and then placed in-between the two transmission 
lines. 
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Fig. 5.  Fabricated ring resonators and measurement set-ups with different ring conductors 

Fig. 6 shows the measured S21 magnitude with the four materials. The peak of the copper sample is the 
sharpest with highest magnitude followed by the aluminum foil. Having known the conductivity of copper as  
= 5.8 x 107 S/m, we calibrate the other materials’ S21 against the copper’s S21 both in the measurement and 
simulation. With this, uncertainties due to connectors and test cables are calibrated out. 
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Fig. 6. Measured S21 magnitude with the four materials. 
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The calibrated S21 data is processed in the SBO toolbox. The resulting kriging models based on EF4 are 
shown in Fig. 7. For the aluminum foil, Zelt and silver-coated e-textile, the EF4 minima is located at  = 105.84 
(6.92 x 105 S/m), 105.36 (2.29 x 105 S/m), and 105.54 (3.47 x 105 S/m), respectively. It is noted that these 
measured conductivity values of the Zelt fabric and silver-coated e-textile are close to the conductivity provided 
by the manufacturers and previous works. The DC sheet resistance of the Zelt fabric is given by the 
manufacturer as Rs < 0.1 Ω/sq [10] indicating the DC conductivity is more than 105 S/m for a 0.1 mm thick 
sample. Another conductivity value of Zelt fabric shown in [11] is 1.749 x 105 S/m which is close to the result 
obtained by the proposed method. The conductivity value of the silver-coated e-textile is reported as 1.8 x 105 
S/m [12], which presents relatively large difference to our measurement result, (3.47 x 105 S/m). This may be 
caused by the structural difference of the samples. For example, the measured sample in [12] is a sparsely sewed 
straight line, otherwise the ring here is woven with more density. 

 
Fig. 7. EF4 values with their SBO models for (a) aluminum ring, (b) zelt textile ring, and (c) silver-coated e-textile ring. 

IV. CONCLUSION 

A conductivity measurement procedure was described and demonstrated. The proposed method employs a 
microstrip ring resonator, full-wave simulation data in conjunction with SBO technique to measure the 
conductivity of thin textiles at the microwave frequency. In the SBO process, four error functions were 
evaluated, and it was found that the error function formulated by the averaged S21 magnitude and phase was the 
most effective in extracting the conductivity value. The measured results of conductive Zelt fabric and silver-
coated e-textile at 2 GHz were close to the DC conductivity. Based on this, the conductive textiles composed of 
metal coated fibers can be regarded as non-dispersive, maintaining their high conductivity more than 105 S/m up 
to a few GHz, suitable to implement wearable antennas. 
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