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Abstract 

 

A 7-mm open-circuited coaxial line (OCL) 

sample holder has been constructed to 

measure the complex permittivity of liquid 

material including human head tissue 

simulating liquids. Results are presented at 

mobile telecommunication frequencies and 

they show good agreements with the ones 

obtained by another method. 

 

1. Introduction 

 

Material parameters at rf and microwave  

frequencies are of importance in many 

fields such as the design of passive and 

active electrical devices, and research on 

biological effects of electromagnetic fields. 

People in modernized societies have been 

using mobile phones over decades for 

telecommunications. In order to 

quantitatively describe the extent of human 

exposure to electromagnetic fields radiated 

from the mobile phones, a parameter, 

specific absorption rate (SAR), has been 

introduced and globally regulated for 

safety purposes [1]. For the SAR test, 

human head and body tissue simulating 

liquids (TSLs) are commonly used. 

Various methods to measure the complex 

permittivity of liquids have been 

developed [2]. In this paper, a 7-mm open-

circuited coaxial line (OCL) sample holder 

[3] is constructed. The complex 

permittivity of a couple of liquids 

including the head TSLs is measured using 

the sample holder at mobile 

telecommunication frequencies and 

measurement  results  are  compared  with 

 
 

Figure 1. The dielectric OCL sample holder 

with a bead section of no grooves. 

 

the results obtained by another method. 

 

2. Theory 

 

Assume that liquid materials under test 

(MUT) are homogeneous and isotropic. 

Figure 1 shows the dielectric OCL sample 

holder. Since there are no grooves in the 

bead section as shown in Figure 1, the line 

impedance of the sample holder varies 

from section to section [3]. In Figure 1, 𝐿3 

is the effective length of section 3 while 𝐿1 

and 𝐿2 are the physical lengths of section 1 

and 2, respectively. Length corrections 

have to be made to the length of the inner 

conductor 𝐿𝐼  as follows [4]. 

 

𝐿3 = 𝐿𝐼 + 𝐿3
′                                (1) 

𝐿3
′ = (𝑏 − 𝑎)(0.6304 + 0.9464𝑥2 +       .                                   

18.19𝑥5.127                                   (2) 



𝑥 = 𝑏√𝜀𝑟(3)
′ /λ                                        (3) 

 

where 𝐿3
′  is a frequency-dependent 

correction to the length of the inner 

conductor accounting for the fringing 

capacitance as derived in [4], λ is the free 

space wavelength, and 𝜀𝑟(3)
′ is the dielectric 

constant of the liquid MUT. Eq. (2) is 

valid as long as x < 0.3. It is assumed that 

the operating frequency is chosen so that 

TM01 mode is below cutoff in the 

cylindrical waveguide formed by the 

extension of the outer conductor [3]. The 

other correction due to the shape of the 

inner conductor tip is 𝐿𝐼 = 𝐿𝑝 − 0.42𝑎 for 

a hemispherical end of a 50 ohm line and 

𝐿𝐼 = 𝐿𝑝 for a flat end shown in Figure 1.  

   Assuming that only the dominant 

transverse electromagnetic (TEM) wave 

propagates in the three sections and 

enforcing boundary conditions on the 

interfaces, a transcendental equation of the 

permittivity and permeability of the MUT 

can be obtained [3]. The authors related 

the reflection coefficient of the OCL 

sample holder to the complex permittivity 

and permeability. The boundary conditions 

are (a) tangential components 𝐸𝜌  and 𝐻𝜑 

are continuous at 𝑧 = 0  and 𝑧 = 𝐿2 , (b) 

𝐻𝜑  approaches zero at 𝑧 = 𝐿2 + 𝐿3 , i.e., 

the effective position of the open circuit. 

The resultant reflection coefficient at the 

lower interface of section 1 is [3] 

 

Γ = 𝑒−2𝛾1𝐿1
(𝑎2𝑎3+𝛽2)−𝛽1(𝛽2𝑎2+𝑎3)

(𝑎2𝑎3+𝛽2)+𝛽1(𝛽2𝑎2+𝑎3)
       (4) 

𝑎2 = tanh(𝛾2𝐿2),  

𝑎3 = tanh(𝛾3𝐿3),  

𝛾𝑖 =
𝑗𝜔

𝑐
√𝜀𝑟(𝑖)

∗ 𝜇𝑟(𝑖)
∗  ,  

𝜀𝑖 = (𝜀𝑟(𝑖)
′ − 𝑗𝜀𝑟(𝑖)

′′ )𝜀0 = 𝜀𝑟(𝑖)
∗ 𝜀0, 

𝜇𝑖 = (𝜇𝑟(𝑖)
′ − 𝑗𝜇𝑟(𝑖)

′′ )𝜇0 = 𝜇𝑟(𝑖)
∗ 𝜇0, 

𝛽1 =
𝑍1

𝑍2
, 𝛽2 =

𝑍3

𝑍2
, 

𝑍𝑖 = √ 𝜇𝑟(𝑖)
∗ /𝜀𝑟(𝑖)

∗  , 

where 𝑒−2𝛾1𝐿1 is an electrical length 

correction for section 1. In (4),  𝑐  is the 

speed of light in the free space, 𝜔 is the 

angular frequency, 𝑍𝑖  is the characteristic 

impedance of each section, 𝜀𝑟(𝑖)
∗  and 

𝜇𝑟(𝑖)
∗  are the complex relative permittivity 

and permeability of section 𝑖 of the sample 

holder, and  𝜀0 and 𝜇0 are the permittivity 

and permeability of the free space. To 

obtain the solution, the transcendental 

equation (4) can be solved by a numerical 

method such as Newton-Raphson method 

using derivative.  
 

3. Measurement  

 

The OCL sample holder consists of a 

dielectric bead and an airline of which the 

outer conductor is physically longer than 

the inner conductor as depicted in Figure 1. 

A liquid to be tested is loaded into section 

3. Note that the dielectric bead is resistant 

to the liquids to be tested. The dimensions 

of the sample holder constructed are as 

follows: 𝐿1 = 5.77 mm, 𝐿2 = 3.17 mm, 

𝐿𝑝 = 21.09 mm. The bead is made of 

Teflon. The material parameter of the 

Teflon bead was measured using a coaxial 

transmission-line method. The measured 

complex permittivity of Teflon bead is 

(2.004 ~ 2.007) – 𝑗 (0.008 ~ 0.003) at (835 

~ 1800) MHz. Using the OCL sample 

holder, we measured for three different 

liquids at telecommunication frequencies, 

835 MHz and 1800 MHz; the deionized 

(DI) water and human head TSLs for 835 

MHz and 1800 MHz. To measure the 

reflection coefficient at the lower interface 

of section 1 in Figure 1, a calibrated vector 

network analyzer (VNA) was used. For 

comparison purposes, the same material 

parameters were measured using a 

commercial software HP 85070D and a 

VNA. The VNA was calibrated by a 

manufacturer-provided short, open (the 

probe left in a lab), and load (the probe is 

immersed in the DI water). The room has 

been maintained at a temperature of (23 ± 

1) ℃. After measuring a liquid material, 

the OCL sample holder has to be 

appropriately cleaned and an ultrasonic 



cleaner may be used to remove quite sticky 

liquids such as human head TSLs to 

properly measure a subsequent liquid 

MUT. For the DI water, just drying the 

sample holder is enough to obtain reliable 

results. 

 

4. Results 

 

Measured results for the DI water are 

shown in Table 1. The uncertainty of the 

material parameters obtained by the 

commercial software is ±0.05 |𝜀𝑟
∗|  for the 

real and imaginary parts of the complex 

permittivity [5]. Uncertainty of the present 

method is arbitrarily assigned the one of 

the commercial software. It is noted that 

the imaginary part of the complex 

permittivity is converted to conductivity. 

As observed in Table 1, measurements of 

low loss material using the commercial 

dielectric measurement software make 

accuracy worse.  

Table 2 shows the measured results of 

human head TSLs at 835 MHz and 1800 

MHz. It is interesting to verify if x < 0.3 is 

satisfied in the calculation of (2). Figure 2 

shows frequency dependence of x for the 

three liquids measured in this paper. Note  

 
Table 1. The measured dielectric constant 
and conductivity of the DI water at 22.3 ℃. 
 

Method

/  

f(MHz) 

𝜀𝑟
′  𝜎(= 𝜔𝜀0𝜀𝑟

′′) 

Present HP 

85070D 

Present HP 

85070D 

835  76.74 

± 3.84 

79.17  

± 3.96 

0.162 

± 0.178 

0.166 

± 0.184 

1800  76.32 

± 3.83 

78.51 

± 3.94 

0.707 

± 0.384 

0.754 

± 0.395 

 

Table 2. The measured dielectric constant 

and conductivity of human head TSLs for 

835 MHz and 1800 MHz.   
 

Method 

/ 

f(MHz) 

𝜀𝑟
′  𝜎(= 𝜔𝜀0𝜀𝑟

′′) 

Present HP 

85070D 

Present HP 

85070D 

835  40.06 

± 2.22 

41.53 

± 2.29 

0.902 

± 0.103 

0.899 

± 0.106 
1800  

 
37.40 

± 1.98 

38.09 

± 2.01 

1.380 

± 0.198 

1.298 

± 0.201 

 
Figure 2.  Frequency dependence of x. 

 

that x is greater than 0.3 at 1800 MHz for 

the DI water. The results measured by the 

OCL sample holder and by the commercial 

measurement software are in good 

agreement within measurement uncertainty. 

Uncertainty evaluation of the present 

method using the constructed OCL sample 

holder is one of the future works. 

 

5. Summary 

 

The    complex    permittivity    of    liquid 

materials was measured using a 7-mm 

OCL sample holder constructed. The 

results using the sample holder for human 

head TSLs at 835 MHz and 1800 MHz 

show a good agreement with results 

obtained by another method. The 

uncertainty will be evaluated in the future. 

In summary, the OCL sample holder can 

be a candidate to measure the material 

parameters for SAR applications.  
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