
ACTA IMEKO 
ISSN: 2221-870X 
June 2025, Volume 14, Number 2, 1 - 5 

 

ACTA IMEKO | www.imeko.org June 2025 | Volume 14 | Number 2 | 1 

Establishment of measurement traceability of dielectric-
constant measurement using contact and non-contact 
methods 

Satish1, Rajendra S. Meena1, Reva Singh2, Priyanka Jain1, Joges C. Biswas1  

1 LF, HF Impedance and DC Metrology, CSIR-National Physical Laboratory, New Delhi, India  
2 Delhi Technological University, Delhi, India 

 

 

Section: RESEARCH PAPER  

Keywords: Dielectric constant; metrological traceability; parallel-plate-capacitor method; uncertainty in measurement  

Citation: Satish, R. S. Meena, R. Singh, P. Jain, J. C. Biswas , Establishment of measurement traceability of dielectric-constant measurement using contact and 
non-contact methods, Acta IMEKO, vol. 14 (2025) no. 2, pp. 1-5. DOI: 10.21014/actaimeko.v14i2.1739  

Section Editor: Laura Fabbiano, Politecnico di Bari, Italy  

Received December 26, 2023; In final form May 26, 2025; Published June 2025 

Copyright: This is an open-access article distributed under the terms of the Creative Commons Attribution 3.0 License, which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original author and source are credited. 

Funding: This work was supported by CSIR-National Physical laboratory, New Delhi, India. 

Corresponding author: Rajendra S. Meena, e-mail: meenars.nplindia@csir.res.in  

 

1. INTRODUCTION 

The demand for high-value and low-value dielectric materials 
has increased exponentially along with the progress in 
microelectronics technology. Dielectric materials play a vital role 
in the performance of electronic equipment widely used in 
communication, navigation, power generation & distribution 
systems, instrument control systems and microwave & optical 
sensors. They are also used in electronic circuits, power 
transmission lines and capacitors. Hence, dielectric materials are 
the essential part of any electronics circuit. Capacitors are also 
used for energy storage due to dielectric polarization (re-
orientation of charge particles and electric dipoles under the 
influence of an external electric field) [1]. Currently, many 
research groups are working on high temperature dielectric 
materials for electrical energy storage [2]-[3].  

The quality of dielectric materials governs its applications in 
specific industrial sector. Different types of reference materials 
are utilized in food industry, pharmaceutical, healthcare, 
semiconductor and power plant industries. The quality of the 
reference material plays a crucial role to control the output of 

product [4]. The structural, compositional, and other properties 
may be manipulated according to requirements and applications, 
but prior to this, a detailed investigation of properties such as 
dielectric constant and losses must be conducted [4]-[14].  

Majority of the dielectric materials are strong function of 
frequency and sensitive to the environmental conditions such as 
temperature and relative humidity. Thus, it is important to 
characterize the dielectric materials with good precision, 
especially for space and military applications.  

A number of techniques are used to measure the dielectric-
constant over the spectrum [5]-[16]. The resonance and 
transmission or reflection methods are the two commonly used 
dielectric-constant measurement methods. Resonance methods 
are highly accurate but limited to a narrow frequency band while 
transmission or reflection methods require waveguide which 
further needs a sample with waveguide cross-section [13]. The 
low-loss dielectric substrate materials reduce the attenuation and 
heating in ac circuits and devices. They also reduce the crosstalk 
between the signals in the printed-circuit-boards. Low-dielectric-
constant materials are used for the development of antennas 
using micro-strip and co-planar waveguide structures. 
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On the other hand, materials with a high dielectric-constant 
are also used to miniaturize electrical and electronic systems and 
to realize high-value capacitors [17]-[20].  

Here, we propose dielectric-constant measurement by using 
contact and non-contact methods using capacitance-based 
techniques at audio and radio frequencies. The dielectric test 
fixture used to measure the dielectric-constant is in compliance 
with ASTM D-150 [8]. The real-part of the dielectric-constant of 
solid dielectric materials is computed from capacitance that is 
measured using precision LCR meter (Keysight, 4980A) where 
dielectric material is placed in a dielectric-test fixture (Keysight, 
16451B, Electrode Type B). Poly-Tetra-Fluoro-Ethylene (PTFE) 
is used as reference dielectric material while fiberglass reinforced 
epoxy laminates (FR4), quartz and alumina are used as sample 
dielectric materials. FR4 is a low cost (compared to PTFE) with 
good mechanical properties, and it is used as a substrate material 
from audio to microwave frequencies [21] whereas PTFE is the 
very low loss dielectric material with relatively low dielectric 
constant. 

2. THEORETICAL BACKGROUND 

Dielectrics are the insulating materials which transmits 
electrical effect without actually conducting electricity. They get 
polarized in the presence of an external field and are classified as 
polar and non-polar dielectric materials. Basically, they have few 
free-charge carriers, which are bounded as compared to metals 
and semiconductors which are responsible for conduction 
current [18]. The complex dielectric-constant provides 
information about the electric energy storage and loss factor in 
the dielectric material, and it is also the function of frequency and 
temperature mainly [22], [23]. 

The dielectric-constant, 𝜀r is a complex quantity; real part (𝜀r
′) 

represents the electrical energy storage capability of the material 
in the presence of an external electric field while the imaginary 
part) represents the loss in the material. The imaginary part is a 

function of dielectric loss mechanism 𝜀d
′′ and free charge 

conductivity 𝜎 as depicted in equation (1): 

𝜀r = 𝜀r
′ − j 𝜀r

′′ = 𝜀r
′ − j (𝜀d

′′ +
𝜎

𝜔 𝜀0

) . (1) 

The accurate measurement of the reference dielectric material 
is necessary for the reliable, better performance and 
miniaturization of electronic circuits/ systems. The selection of 
dielectric measurement techniques depends on the type and 
shape of sample and frequency of interest. The dielectric-
constant may be calculated as per the user manual [24] for the 
circular disk electrodes 

𝜀𝑟
′ =

𝑡 ∙ 𝐶m

π (𝑑 2⁄ )2 𝜀0

 , (2) 

where 𝑡 represents thickness of the dielectric sample, 𝐶m 
represents parallel capacitance measured using precision LCR 

meter and 𝑑 represents diameter of the guarded electrode. The 
uncertainty in dielectric-constant measurement is dependent on 
the uncertainty contribution from the thickness, parallel 
capacitance and diameter of the dielectric sample as in equation 
(2). The dielectric sample is assumed to have a good surface 
finish, flatness and electrodes of dielectric test fixture are parallel 
to each other. While, in the proposed work, method based on 
equation (4) is adopted for the measurement of the real part of 
dielectric constant of solid dielectric materials for contact 
method instead of equation (2).  

3. CONTACT METHOD 

Generally, a capacitance-based technique is employed to 
compute the dielectric-constant up-to radio frequency (RF) [25]. 
The capacitance-based techniques are simple, accurate, reliable 
and low-cost technique to measure the dielectric-constant of 
solid, soft and liquid dielectric materials at low to RF [7], [10], 
[26], [27]. The capacitance-based techniques are affected by the 
fringing fields and electrode polarization especially at low 
frequencies [18]. 

The parallel-plate capacitance as shown in Fig. 1 can be 
defined as: 

𝐶𝑚 =
𝜀r
′  𝜀0 𝐴

𝑡
 , (3) 

where 𝜀0 is the absolute permittivity of free space, A is the area 
of the cross-section of the plates and d is the separation between 
the plates as shown in Figure 1. (When there is no air-gap 

present, 𝐷 = 𝑡).  
The proposed work for the determination of dielectric-

constant is based on the ratio of capacitance in the presence of 

dielectric material (𝐶m) and reference capacitance without 

dielectric material (𝐶0) as shown in equation (4). Where 𝐶1 and 

𝐶2 are the sensitivity coefficients while 𝑢(𝜀r
′ ) represents the 

standard uncertainty in dielectric measurement using the contact 
method as shown in equation (5), (6) and (8).  

𝜀r
′ =

𝐶m

𝐶0

 (4) 

𝐶1 =
𝜕𝜀r

′

𝜕𝐶m

=
1

𝐶0

 (5) 

𝐶2 =
𝜕𝜀r

′

𝜕𝐶0

=
−𝐶m

𝐶0
2  (6) 

𝑢(𝜀r
′ ) = √(

𝜕𝜀r
′

𝜕𝐶m

∆𝐶m)

2

+ (
𝜕𝜀r

′

𝜕𝐶0

∆𝐶0)

2

 (7) 

𝑢(𝜀r
′ ) = √(

1

𝐶0

∆𝐶m)
2

+ (
−𝐶m

𝐶0
2 ∆𝐶0)

2

 . (8) 

4. NON-CONTACT METHOD  

Non-contact method may also be used for solid materials, but 
it is especially useful for the characterisation of soft and flexible 

dielectric materials as shown in Figure 2.  

 

Figure 1. Capacitance technique with contact method.  
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The effective capacitance 𝐶e may be seen as the series 
combination of capacitance due to air dielectric with thickness 

(𝐷 − 𝑡) and dielectric material with thickness 𝑡 as shown in 

Figure 2. Thus, the effective capacitance 𝐶𝑒 for non-contact 
method may be written as  

1

𝐶e

=
1

𝐶t

+
1

𝐶D−t

=
𝑡

𝜀r
′ 𝜀0 𝐴

+
𝐷 − 𝑡

𝜀0 𝐴
 . (9) 

Then, the dielectric constant, 𝜀r
′  may be computed in terms of 

𝐶0, 𝐶e, 𝐷 and 𝑡 with the following expression: 

𝜀r
′ =

1

1 −
𝐷
𝑡

[1 − (
𝐶0

𝐶e
)]

 , (10) 

where 𝐶0 is the measured capacitance between the plates when 
there is no dielectric material placed in between the plates (where 

𝐷 is the separation between the plates). It can be expressed as 

𝐶0 =
𝜀0 𝐴

𝐷
 , (11) 

where 𝐶e is the measured capacitance between the plates when 

there is a dielectric material with dielectric constant 𝜀r
′  of 

thickness 𝑡 placed in between the plates (where 𝐷 is the 
separation between the plates) as shown in Figure 2. It can be 
expressed as: 

𝐶e =
𝜀r

′ 𝜀0 𝐴

𝐷
 . (12) 

The standard uncertainty 𝑢(𝜀r
′ ) for non-contact method may 

be written as: 

𝑢(𝜀r
′ )

= √(
∂εr

′

∂Cm

∆Cm)
2

+ (
∂εr

′

∂C0

∆C0)
2

(
∂εr

′

∂D
∆D)

2

+ (
∂εr

′

∂t
∆t)

2

 . 
(13) 

The dielectric-constant measurement is traceable to the 
national/reference standard of impedance (capacitance) and 
length which are being maintained at CSIR-National Physical 
Laboratory [28], [29]. 

5. MEASUREMENT SETUP 

The measurement setup for the determination of the 
dielectric-constant includes the precision LCR meter, which is 
traceable to the National standard of capacitance and a dielectric 
test fixture. Dielectric test fixture (Keysight, 16451B, Electrode 
Type B) with guard electrode is used to minimize the uncertainty 
due to fringing field effect in parallel plate electrodes. Guarded 
electrode is used as high-potential electrode as shown in Figure 3 

[26]. Type B electrode allows samples with thickness ≤ 10 mm 
and diameter from 10 mm to 56 mm whereas Type A electrode 
can accommodate the sample with diameter from 40 mm to 
56 mm only.  

The measurement-automation program for the dielectric-
constant measurement is developed in LabVIEW programming-
environment and IEEE 488.2 interface is utilized as a 
communication interface between PC and precision LCR meter. 
The measurement-automation program configures and controls 
the functionality of precision LCR meter, computes dielectric-
constant, guides the user throughout the measurement 
procedure. 

6. COMPUTATION OF DIELECTRIC CONSTANT 

The fixture compensation is performed using an OPEN-
SHORT method which includes cable compensation as well. An 
LCR meter is used to measure the capacitance with and without 
the dielectric material and thereafter dielectric-constant and 
associated uncertainty are computed. The uncertainty-in-
measurement is computed as per the “Guide to the expression 
of uncertainty in measurement” [30]. 

Initially, the Teflon sample is used as a reference material for 
dielectric-constant measurement for contact and non-contact 
techniques. The computed dielectric-constant for Teflon sample 
is in agreement with previous work [18] as shown in Table 1. 

Thereafter, dielectric-constants of FR4, quartz and alumina 
(Al2O3) samples are measured and compared using both above 
mentioned methods. The detailed uncertainty budget for Al2O3 

dielectric sample material at 1 MHz is shown in Table 2. The 
measured dielectric constant of Al2O3 is 9.311 with standard 
uncertainty (± 0.513).  

7. SUMMARY AND DISCUSSION 

The factors contributing to the uncertainty-in measurement 
of dielectric-constant are as follows: 

 

Figure 2. Parallel plate capacitance technique with non-contact method. [19].   

Figure 3. Measurement setup for dielectric-constant measurement facility.  

Table 1. Dielectric-constant of Teflon sample as reference using contact and 
non-contact techniques. 

Freq. in 
kHz 

Contact Non-contact 

𝜀𝑟
′ ± 𝑢(𝜀r

′ ) 
∆𝜀𝑟

′

𝜀𝑟
′

 in % 𝜀𝑟
′ ± 𝑢(𝜀r

′ ) 
∆𝜀𝑟

′

𝜀𝑟
′

 in % 

1 1.969 0.008 6.24 1.971 0.006 6.14 

10 2.000 0.008 4.76 1.967 0.006 6.33 

100 1.995 0.008 5.00 1.961 0.006 6.62 

1000 1.998 0.009 4.86 1.964 0.006 6.48 
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• Surface roughness: The surface roughness of the sample 
contributes to the uncertainty-in-measurement. It creates 
an airgap between sample and electrode which forms the 
parasitic capacitance. The repeatability of dielectric 
constant measurement is also affected due to surface 
roughness of the sample material. 

• Parallelism: Parallelism between the electrodes and 
sample material is the essential requirement for dielectric-
constant measurement. Any deviation in the parallelism 
of electrodes will degrade the repeatability of dielectric-
constant measurement. 

• Uncertainty of the LCR meter  

• Temperature-coefficient of sample dielectric material 

• Stability of measurement setup (includes test-fixture and 
LCR meter) 

The temperature-coefficient of dielectric material and stability 
of the measurement setup is found to be in-significant in the 
frequency range of interest as compared to the surface roughness 
of sample materials and parallelism between the electrodes of test 
fixture. The linearity of the test fixture is analysed by measuring 
the change in capacitance between the guarded and un-guarded 
electrodes as a function of displacement. The linearity is one of 

the critical parameters which may contribute to the uncertainty-
in-measurement of dielectric-constant. The linearity of the test 
fixture is analysed, and the correlation coefficient is found to be 
close to unity in the desired frequency range.  

Table 3 shows a comparison of dielectric measurement results 
obtained using contact and non-contact methods, while Table 4 
summarizes the results from both methods. 

8. CONCLUSION 

The metrological traceability of dielectric-constant of solid 
dielectric materials is established using the contact and non-
contact methods up-to 1 MHz. The uncertainty-in dielectric-
constant measurement is computed as per the GUM document. 
The factors affecting the uncertainty in measurement are 
analysed and discussed. The computed dielectric constant and 
their uncertainties are compared for contact and non-contact 
method and are in good agreement with each other. The 
uncertainty achieved using non-contact method is higher than 
the contact method as it is dependent on uncertainties due 
thickness of sample and air gap between the guarded electrode 
and sample. The dielectric test fixture maybe further modified to 
improve the uncertainty in dielectric-constant measurement. 

Table 2. Uncertainty budget for alumina sample material for non-contact method. 

Al2O3 Material @ 1 MHz 

Quantity Estimate 
Relative Standard 

Uncertainty 
Probability 
Distribution 

Sensitivity 
Coefficient 

Unit 
Uncertainty 
Contribution 

Unit 

Cm, F 2.28·10-13 7.45·10-17 Normal 5.27·1011 1/F 1.54·10-9 Unitless 

C0, F 7.41·10-14 1.46·10-16 Normal -1.62·1012 1/F 5.61·10-8 Unitless 

t, m 0.002 0.00001 Normal -4.09·104 1/m 9.58·10-2 Unitless 

D, m 0.003 0.00001 Normal 3.10·104 1/m 1.68·10-1 Unitless 

𝜀𝑟
′  9.311 k = 1  ± 0.513  

Table 3. Comparison of dielectric-constant computed using contact and non-contact methods from 1 kHz to 1 MHz and their standard uncertainty 

Dielectric Material Frequency in kHz 

Contact Non-contact 

𝜀r
′ ± 𝑢(𝜀r

′ ) 
∆𝜀r

′

𝜀r
′

 in % 𝜀r
′ ± 𝑢(𝜀r

′ ) 
∆𝜀r

′

𝜀r
′

 in % 

FR4 

1 4.751 0.006 -- 4.837 0.160 -- 

10 4.756 0.006 -- 4.872 0.163 -- 

100 4.742 0.006 -- 4.887 0.164 -- 

1000 4.753 0.007 -- 4.893 0.164 -- 

Quartz 

1 3.585 0.007 -- 3.651 0.064 -- 

10 3.593 0.007 5.94 3.646 0.064 4.55 

100 3.585 0.007 -- 3.681 0.065 -- 

1000 3.592 0.006 5.97 3.686 0.065 3.51 

Alumina 1 9.138 0.019 -- 9.284 0.510 -- 

10 9.117 0.018 3.83 9.204 0.501 2.91 

100 9.144 0.021 -- 9.253 0.507 -- 

1000 9.119 0.020 3.40 9.311 0.513 1.37 

Table 4. Comparison of contact and non-contact methods for measurement of dielectric constant. 

Parameters Contact Method Non-Contact Method Comments 

Sample material requirements 
Solid dielectrics with homogeneous, 
flat, smooth surface finish 

Soft, flexible and brittle solid 
dielectrics with homogenous, flat and 
good surface finish 

Uncertainty in non-contact method is 
the function of four parameters 
(Capacitance with or without 
dielectric, thickness of dielectric 
sample and total separation between 
plates) 

Complexity Low Medium 

Accuracy High Medium 

Uncertainty Low Medium 
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