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Experimental Complex Permittivity Characterization of Mixed Dielectric
Materials over a Broadband Frequency
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The complex permittivity of mixed organic materials that are widely employed for micro-strip
transmission lines is experimentally investigated. Micro-strip transmission line test patterns con-
sisting of two different dielectric materials are fabricated on an organic substrate. In order to extract
the complex permittivity over a broadband frequency, we determine the per-unit-length (PUL) ca-
pacitance and conductance with the S-parameters measured from 10 MHz to 40 GHz by using a
vector network analyzer (VNA). In order to show the physical validity of the determined complex
permittivity of mixed organic materials, we calculate the wave propagation factor and compare it
with nominal and measured values. The complex permittivity characterized in this paper is shown
to reflect accurately the loss of a transmission line at the high frequency.
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I. INTRODUCTION

As radio-frequency systems require several tens of GHz
of switching bandwidth [1], an accurate characteriza-
tion of the signal propagation characteristics of trans-
mission lines (TLs) over a broadband frequency is im-
portant. A typical micro-strip transmission line consists
of a signal metal, a ground metal, and dielectric ma-
terials. The signal propagation characteristics are con-
cerned with the physical transmission line structure (i.e.,
the physical dimensions) and the material characteristics
(metal conductivity, dielectric permittivity, and perme-
ability). Because the dielectric loss of a transmission line
on an organic substrate has a significant effect on the
high-frequency signal propagation [2,3], experimentally
determining the complex permittivity of the dielectric
material is crucial.

S-parameter measurements are essential in order to
understand the underlying physics of radio-frequency
components in a broad frequency band. For S-parameter
measurements, we designed test TLs and fabricated them
using a fine-pitched electronic package process, as shown
in Fig. 1. The inter-metal dielectric material of the test
TL is FR4 (low-cost organic material), which is mostly
used in electronic systems. Because the top layer of
practical micro-strip TLs is passivated, the test TL has
a dielectric-metal-dielectric-metal structure like a sand-
wich with two different dielectric materials and two metal

∗E-mail: eo@hanyang.ac.kr

Fig. 1. (Color online) Test patterns on an electronic pack-
age process.

layers. Therefore, for the investigation of the signal prop-
agation, the complex permittivity of the mixed dielectric
material has to be determined in a broad frequency band.
A dielectric material can be characterized using LCR

meters at frequencies below a few MHz [4, 5]. Dielec-
tric material characterization methods using resonator
structures or waveguides have been reported in the nar-
rowband frequency band below several GHz [6–8]. Be-
cause these studies cannot reflect high-frequency char-
acteristics, although useful, propagation characteristics
of transmission lines cannot be analyzed accurately. A
method of analyzing the broadband frequency charac-
teristics of dielectric materials by using an open S-
parameter [9] may lead to erroneous results in cases,
such as organic materials, where dielectric loss is sen-
sitive. Several methods [3,10] that use the Debye equa-
tion and a fitting algorithm over a broadband frequency
can be matched to an objective function, but the result-
ing parameters may be physically inaccurate. In this
research, the complex permittivity of mixed organic ma-
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Fig. 2. (Color online) Measurement set-up.

terials was experimentally investigated by combining the
S-parameter measured over a broadband frequency (up
to 40 GHz) with the theoretical circuit model of a micro-
strip transmission line [2].

II. EXPERIMENTS

The device under test (DUT) used in the experiment
consists of a contact pad and a transmission line covered
with two different organic materials (FR4, solder resist).
The transmission line in the micro-strip structure was
composed of a signal metal of 25 μm in width and 18 μm
in thickness and two dummy metals of 40 μm in width
and 18 μm in thickness. The signal metal was designed
between the two dummy metals, and the dummy metals
were connected to ground so that the electromagnetic
wave generated from the signal metal was stably formed.
The distance between the dummy metal and the signal
metal was 60 μm. The height of the FR4 material was 25
μm, and it served to separate the two layers between an
18-μm-thick ground plane and the signal metal. The sol-
der resist material used to protect the signal metal layer
from the external environment was designed to have a
height of 35 μm. The contact pad had an open structure
with a size of 100 × 100 μm2. For the contact pad, the
solder resist was removed because the microwave probe
tip had to be in contact. The organic material used for
FR4 was DS7406HGB, and the dielectric constant given
by the manufacturer was 4.6. The loss tangent was 0.011
at 1 GHz. The solder resist was PSR-4000 AUS308 with
a dielectric constant of 3.9 and a loss tangent of 0.029 at
1 GHz.

The measurement set-up is shown in Fig. 2. The DUT
was investigated at frequencies from 10 MHz to 40 GHz
by using a 2-port VNA (Anritsu MS46122A) at room
temperature. The microwave probe tip for direct contact
with the DUT is the Cascade ACP-40-GSG-150 tip. The
probe tip and the VNA were connected by a coaxial ca-
ble. The SOLT (“Short”, “Open”, “Load”, and “Thru”

Fig. 3. (Color online) Measured S-parameter for a 20-mm
TL.

patterns in the impedance standard substrate) calibra-
tion method was employed to eliminate the parasitic ef-
fect from the measurement instrument to the probe tip.
The influence of the contact pad on the DUT was re-
moved by using the Y-parameter de-embedding method
[11]. As an example, the de-embedded S-parameters for
a 20-mm TL are shown in Fig. 3.

III. RESULTS AND DISCUSSION

The dielectric material is mainly composed of bound
charges, which form electric dipoles through polariza-
tion when an electric field is applied from the outside.
Because the polarization property of the bound charge
(electric polarizability) cannot be calculated directly
without knowing the exact dimensions of the atoms or
molecules, the relative permittivity (εr) is used to inves-
tigate it indirectly. The Maxwell equation for the electro-
magnetic field in a dielectric material can be represented
as

∇× �H = �J +
∂ �D

∂t

= jω

(
ε0εr +

σ

jω

)
�E

= ε∗
∂ �E

∂t
, (1)

where

ε∗ = ε0ε
∗
r = ε0 (ε

′
r − jε′′r) = ε0εr + σ/jω. (2)

The relative permittivity (εr
∗) is defined as a complex

value. The real part (ε′r) is the polarization degree of
the bound charge whereas the imaginary part (ε′′r) is
related to the dielectric loss occurring in the polarization
process.
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When a time-varying field is applied, the electric
dipole oscillates to form a polarization wave that prop-
agates through the material [12]. Depending on the fre-
quency of the time-varying field, a phase difference will
occur between the radiated fields generated by oscillating
the electric dipole and the applied field. If the net field
(superposition of the two fields) is transferred to the elec-
tric dipole at the next position and the same procedure
is repeated for each dipole, the phase difference accumu-
lates, and finally the phase velocity is slowed. There-
fore, the polarization in the dielectric material exhibits
frequency-dependent characteristics, and ε′r gradually
decreases as the frequency increases. In addition, as the
frequency increases, ε′′r tends to increase due to the fric-
tional damping mechanism [13]. Therefore, the complex
permittivity is a function of frequency. The frequency-
dependent characteristic of the dielectric material is con-
ventionally modeled using the Debye equation [14]:

ε∗ = ε′∞ +
n∑

i=1

Δε′i
1 + j(ω/ωi)

= ε′∞ +
n∑

i=1

Δε′i
1 + j(ωτi)

, (3)

where ε′∞ is the relative permittivity at a very high fre-
quency, Δε′i is the change in the relative permittivity,
ωi is the natural frequency, and τi is the relaxation time.
The related parameters in the model can be found to fit
empirically the measurement data in the frequency range
below a few MHz or a narrowband frequency range of
several GHz [5, 14]. However, finding each value for a
broadband frequency is not simple. Furthermore, when
the dielectric is composed of mixed organic materials, de-
termining the frequency-variant characteristics of them
through the Debye equation is difficult.

Combining the theoretical micro-strip transmission
line circuit model [2] and the measured S-parameter in
the broadband frequency allows us to investigate the
(effective) complex permittivity by considering all the
properties of the mixed organic materials. The per-unit-
length (PUL) capacitance of the transmission line can
be represented by using the geometrical (or vacuum) ca-
pacitance (C0), the real part of the complex permittivity
(ε′r,eff (f)), and the vacuum permittivity (ε0) as follows
[15]:

C (f) =
C0

ε0
ε′r,eff (f) ε0 = Kgε

′
r,eff (f) ε0, (4)

where Kg is the geometrical-related parameter. Letting
the frequency characteristic of ε′r,eff (f) be Xeff (f),
from Eq. (4), we obtain

Xeff (f) = C (f) /C (flow)

= ε′r,eff (f) /ε′r,eff (flow) . (5)

To determine the material parameters that do not in-
volve the process variation effects of the dimension, we

Fig. 4. (Color online) Complex permittivity characteri-
zation results for mixed organic materials: (a) real and (b)
imaginary parts of the complex permittivity.

set flow to 1 GHz and calculate ε′r,eff (flow) by using
the nominal values [16]:

ε′r,eff (flow) ≈
m∑
i=1

viεr,i,

m∑
i=1

vi = 1. (6)

The value of ε′r,eff (flow) for the DUT, as calculated by
using the equation above, is 4.19. The real part of the
complex permittivity is determined from Eqs. (4) to (6):

ε′r,eff (f) = ε′r,eff (flow) ·Xeff (f). (7)

The PUL conductance of the transmission line can
also be represented by the frequency-variant PUL ca-
pacitance

G(f) = Kgωε
′′
eff (f) = ωC(f) tan δ(f), (8)

where the loss tangent tan δ (f) is

tan δ(f) = ε′′r,eff (f)/ε
′
r,eff (f). (9)

Therefore, the imaginary part of the complex permittiv-
ity can be determined by using the following equation:

ε′′r,eff (f) = tan δ(f) · ε′r,eff (f). (10)
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Fig. 5. (Color online) Wave propagation factor comparison
(20 mm TL).

In Fig. 4, the complex permittivity using Eqs. (7) and
(10) is compared with that determined using the Debye
equation, Eq. (3) [3]. Note the slight difference between
the two as shown in Fig. 4. This is because the Debye
equation does not reflect the metal loss effects. Further,
because the spurious lobes of the imaginary part are due
to parasitic resonances during the measurements, they
are eliminated by using a smoothening function. The di-
electric loss is a strong function of frequency and may
have a substantial effect on the high-frequency signal
transfer characteristics.

In order to study the effect of the dielectric loss differ-
ence, we investigated the wave propagation factor (e−γl)
by using the propagation constant of the transmission
line. The propagation constant is represented by the cir-
cuit model parameters as follows:

γ =
√
(R+ jωL)(G+ jωC). (11)

The PUL resistance, inductance, and the capacitance are
determined using the circuit model parameters in Ref. 2.
The PUL conductance is determined from Eq. (8).
Therefore, the wave propagation factors for the complex
permittivity obtained by (i) using the nominal value
(average value: tan δ = 0.02) and (ii) the value obtained
in this work are compared with the measured value [17]
in Fig. 5. The wave propagation factor calculated from
the nominal value given by the manufacturer begins to
differ from the measurement result at about 5 GHz and
shows an error of about 62% from the measured value at
40 GHz. On the other hand, the results obtained with
this work show a similar tendency as the measured val-
ues. Therefore, the considerable part of high-frequency
loss of the transmission line is due to the dielectric
loss. This makes an accurate estimate of the dielectric
loss at high frequencies by using the Debye equation
or the nominal values given by the manufacturer difficult.

IV. CONCLUSIONS

The complex permittivity of mixed organic materials
was investigated over a broadband frequency range by
using test micro-strip transmission lines that consisted
of mixed organic materials. This was done by using a
VNA to measure the S-parameter of the transmission
line at frequencies from 10 MHz to 40 GHz. The pro-
posed mixed organic materials characterization method
can be used to understand the physical characteristics of
the radio-frequency and the millimeter-wave frequency
components.
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