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ABSTRACT This paper describes a novel method of characterizing complex permittivity using a comple-
mentary frequency selective surface (CFSS). The CFSS provides a passband behavior and the change in the
passband when a material under test (MUT) is placed adjacent to the CFSS has been used for retrieving of
the complex permittivity of the MUT. The complex permittivity of the MUT are determined based on the
measured bandpass resonant frequency and insertion loss of the CFSS with the MUT. This is an amplitude-
only method where phase measurements are not required. This technique offers a convenient, fast, low-cost
and nondestructive measurement that is not restricted by the sample size or shape.

INDEX TERMS Dielectric losses, dielectric measurement, frequency selective surfaces, permittivity.

I. INTRODUCTION
A material that has the capability of storing energy when
there is an external electric field applied is classified as
dielectric. Dielectric materials play an important role in var-
ious engineering fields and accurate measurement of their
properties is important to design the next generation of anten-
nas and radiofrequency (RF) components. There are numer-
ous studies on dielectric properties measurement methods.
Afsar et al. presented a review of the dielectric property mea-
surement methods including reflection, transmission, reso-
nant and free space over the frequency range from 1 MHz
to 1500 GHz [1]. Venkatesh and Raghavan analyzed the
perturbation techniques, waveguide/coaxial transmission line
methods, resonator methods, open-ended probe techniques,
free space transmission techniques and microstrip transmis-
sion line methods for dielectric property characterization
in [2]. Baker-Jarvis et al. summarized most commonly used
dielectric property measurement methods according to the
material category, specimen preparation, frequency band and
measurement accuracy in [3]. Jilani et al. discussed some of
the most popular dielectric property measurement methods
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including coaxial probe, transmission line, free space, reso-
nant cavity and parallel plate methods [4]. They concluded
that the resonant method was preferable at lower and medium
frequencies while transmission line, coaxial, resonant cav-
ity and free space methods were commonly used at higher
frequencies. For high loss materials, parallel plate, coaxial
probe and free space methods have shown good performance.
As for low loss materials, resonant cavity methods are chosen
because of their high accuracy. Generally, non-resonantmeth-
ods (like transmission lines, open coax probe, and waveg-
uides) offer wider band measurement frequency range but
less accuracy compared with resonant methods (like split post
resonator or dielectric resonator).

Apart from the measurement frequency range and accu-
racy, there are two facts which are also worth consider-
ing when choosing the appropriate measurement methods:
(1) sample preparation, and (2) cost of equipment setup.
Split post dielectric resonators (SPDR) [5] are a medium
cost and high accuracy measurement method that suitable for
dielectric substrates and thin films measurement. It can be
used with or without an expensive vector network analyzer
(VNA). However, there is a tradeoff in the required size of the
samples. They must be square and roughly half a wavelength
in size. There is also a limitation in the maximum thickness
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TABLE 1. Comparison of CFSS-waveguide and other common methods.

and only thin samples can be measured above 10 GHz (for
instance, 0.95 mm and 0.6 mm for 10 GHz and 15 GHz
measurements, respectively) [6]; the samples must have a
constant thickness. The coaxial/waveguide transmission and
reflection methods are easy to setup, but a VNA and phase
stable cables are required for the phase measurements [7].
In addition, the MUTs have to fit exactly inside the coaxial/
waveguides and the measurement accuracy is limited by the
air gaps between the sample edges and coaxial/waveguide
walls [8]. Open-ended coaxial probe methods are generally
limited to liquids and they do not require special preparation.
A large number of samples could be measured in a short
time after calibration [9]. However, the air gap is problematic
when measuring solid samples and the accuracy is sensitive
to the phase change due to the cable movement. In addition,
the cost of the equipment is substantially high due to the high
precision probe and VNA. The free space method is good for
high frequency, non-destructivemeasurements [10]–[12]. But
the downside of this method is that the MUT must be large
and flat. Small MUTs result in the diffraction effects at the
edge of the samples, which affects themeasurement accuracy.
Time-gating is also required to remove reflections off nearby
objects.

Recently, the microwave planar resonator structure has
been used for measurement of complex permittivity due to
its compact, low cost, and ease of integration with other
electronic components [13]. However, the poor Q factor and
low sensitivity restricted the technique from being widely
used. These drawbacks of traditional planar resonator sen-
sors were overcome by using different means like chang-
ing the materials [14], [15], and utilization of additional
structures [16]–[19].

An evaluation of four different complex permittivity mea-
surement methods including SPDR, rectangular waveguide,
TE01δ cavity resonator, and open resonator has been pre-
sented in [20]. It has demonstrated there were up to 10%
error in measured dielectric constant values compared with
the datasheet value when using these different techniques.
The variation was mainly due to the change in the geometry

of the MUT and the frequency range. Since the MUTs
had to be cut to the measurable dimensions, the machin-
ing tolerance resulted in inaccurate geometries. Therefore,
a non-destructivemeasurement method is highly desirable for
minimizing these tooling errors.

This paper introduces a novel CFSS-waveguide technique
for characterizing complex permittivity of dielectric sub-
strates. The most significant advantage of this technique
is the sample preparation is nondestructive as long as the
MUT covers the CFSS area and the MUT can be in arbi-
trary 2D shape. Therefore, no special sample preparation
is required. This CFSS technique is easier and faster than
the other waveguide based methods such as Nicolson-Ross-
Weir (NRW) [21], [22] and the frequency selective surface
(FSS) filter method described in [23] which both require
the MUTs to fit exactly inside the waveguide aperture.
The ability of allowing large substrate sheet measurements
makes the CFSS technique suitable for substrate quality
control by assessing the complex permittivity at different
locations of the same MUT without cutting or machining
the MUT. Furthermore, the CFSS is fabricated by using the
low-cost printed circuit board (PCB) technique with high
geometry accuracy thanks to the relatively simple CFSS
structure.

The CFSS design is scalable and can be adapted for con-
ventional waveguides at different frequency ranges. Last but
not the least, phase and reflection measurements are not
required in the CFSS technique. It only requires transmis-
sion amplitude measurement, and therefore, it can poten-
tially be setup without using a VNA (for instance, scalar
analyzer can be used). The calibration procedure is also
much simpler compared with the transmission/reflection-
based methods and no special calibration kits are required.
The comparison of the CFSS-waveguide method and other
common methods is shown in Table 1. When compared
with other common measurement methods, the advantages
of the CFSS-waveguide method are that the technique is non-
destructive; small or large samples of arbitrary 2D-shapes can
be measured; measurements are fast; no phase is required;
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and there are low equipment costs beyond standard facilities
available in a microwave laboratory.

The CFSS is a miniaturized bandpass electromagnetic res-
onator. The dielectric constant of the MUT is determined by
the bandpass resonant frequency when the MUT is placed
next to the CFSS and the loss tangent is obtained from the
measured insertion loss magnitude. Section II describes the
overview of CFSS measurement process. Section III shows
how to design the CFSS for the measurements including the
investigations of the CFSS geometry effect on the bandpass
resonant frequency and the Q factor optimization for a more
accurate determining of the bandpass resonant frequency.
Section IV explains how the MUT location when placed next
to the CFSS, MUT dielectric properties, thickness and the
air gap change the bandpass resonant frequency and insertion
loss. The extraction procedures and recommended measure-
ment setup are suggested due to those effects. Section V
presents the design of the CFSS and discusses the measurable
range of MUT size, dielectric properties and thickness. Then,
the practical measurement setup and the measured results
are presented in Section VI. The extracted dielectric constant
and loss tangent were validated by comparing these values
with the manufacturers’ datasheet. Lastly, the conclusions are
given in Section VII.

FIGURE 1. Schematic exploded view of generic CFSS.

II. OVERVIEW OF CFSS MEASUREMENT PROCESS
A. CFSS STRUCTURE
The CFSS measurement technique is a resonant method that
relies on the narrow passband resonance from the CFSS
structure. In an FSS, the periodic metallic elements (dipoles)
on a dielectric sheet behave as band-stop filters while slots
(apertures) in a metallic sheet act as band-pass filters
[24]–[26]. The CFSS is a hybrid of two closely coupled FSS
layers in which a layer of dipoles and a layer of apertures
were etched on either side of a thin in-between dielectric
material [27]. The schematic exploded view of the CFSS
structure is shown in Figure 1.

The CFSS is a compact structure (∼λ/10 depending on the
geometry) and made up of two complementary FSS layers

(dipoles and apertures layers) etched on either side of a thin
(�λ/100), low-loss dielectric in-between material (IBM).
The complementary structure of the CFSS can also be any
shape like closed loops [28], [29] and Jerusalem crosses [30].
The CFSS is a bandpass resonator based on the Babinet’s
principle which states that: ‘‘when the field behind a screen
with an opening is added to the field of a complementary
structure, the sum is equal to the field when there is no
screen’’ [31]. Although there is a thin dielectric in the CFSS
case between the two FSS layers, the general underlying the
Babinet concept still applies. Furthermore, the CFSS pro-
duces a lower passband resonance appearing at a frequency
that is much lower than that of a single layer array (either
apertures or dipoles) due to the strong fields in the IBM that
is produced by the capacitively coupled layers. As a result,
the CFSS realizes electrically large elements from physi-
cally small elements and creates a lower passband resonant
frequency.

FIGURE 2. Equivalent circuit model of CFSS.

The dipoles and apertures in the CFSS are complementary
(see Figure 1) and perpendicular to each other. The apertures
layer is perpendicular to the electric field and acts as pass-
band/inductive circuit, while the dipoles layer is parallel to the
electric field and acts as a stopband/capacitive circuit at the
same frequency if the dipoles and apertures dimensions are
the same [32]. The dipole layer adds a parallel capacitance
to the aperture layer, which results in the downshifting of
the bandpass resonance frequency. This has been demon-
strated by the equivalent circuit model presented in [33] as
shown in Figure 2. The aperture layer (being a pass band
structure) is represented by a parallel LC circuit, while the
dipole layer (which is a stop band structure) is represented
by a series LC circuit. Caperture, Laperture, Cdipole and Ldipole
are their respective capacitance and inductance values. The
coupling between the two layers is represented by a shunt
capacitance CIBM .
The CFSS can be presented by an equivalent parallel res-

onant circuit as a bandpass microwave resonator and the
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resonant frequency can be calculated by (1) [34]

f =
1

2π
√
LC

(1)

where L is the inductance and C is the capacitance.
The resonant frequency is inversely proportional to the

inductance and capacitance according to (1). Therefore,
the resonant frequency is expected to decrease when induc-
tance or capacitance was added.

In the CFSS-waveguide technique, the CFSS can be
excited by using conventional rectangular waveguides, and
due to the compact structure and low profile, the CFSS can fit
inside the waveguide to build low-cost and convenient mea-
surement setups. A CFSS structure with 2 rows of 5 elements
in both dipoles and apertures layers in the X-band (8.2 GHz
to 12.4 GHz) waveguide (22.86 mm × 10.16 mm) has been
simulated and compared to the individual dipoles or aperture
layers. The dipoles and the aperture layer are copper and the
dipoles and apertures lengths = 4 mm, widths = 1 mm and
thickness= 0.02mm. The IBM dielectric constant= 2.5, loss
tangent = 0.001 and thickness = 0.1 mm. Figure 3 shows a
representative transmission response of a CFSS compared to
the individual layers and hence demonstrates the miniaturiza-
tion achieved. The individual apertures layer or the dipoles
layer have the bandpass and bandstop resonant frequency
at 36.5 GHz. When they are placed either side of the IBM,
the bandpass resonant frequency of the CFSS was reduced
to 9.5 GHz. The CFSS bandpass resonant frequency is sen-
sitive to adjacent dielectric materials (e.g. the MUT), and
the high Q factor of the CFSS ensures a distinct resonant
frequency shift. This can be used for determining the permit-
tivity of a proximate dielectric to the CFSS.

FIGURE 3. Simulated waveguide transmission responses of the CFSS,
dipoles layer, and apertures layer.

B. MEASUREMENT OF MUT USING CFSS
The CFSS can be viewed as a parallel circuit as shown
in Figure 2. When an MUT is placed next to a CFSS (as a
bandpass resonator), it adds to the capacitance in parallel
and therefore, the bandpass resonant frequency decreases.
Meanwhile, the insertion loss increases due to less energy
passing through.

Further, the dipole dominant component is capacitance
while the aperture dominant component is inductance. There-
fore, when a dielectric is close to the dipoles layer, the change
in its behavior is manifested in the whole circuit capacitance.
Since this capacitance adds to the capacitance of the aper-
ture multiplied with a coupling factor, the change is more
noticeable and verified using simulations in Section IV.A.
However, there is a chance that the coupling might still be
too small to result in an obvious frequency shift, i.e. a thin
MUTwith low dielectric constant despite using high dynamic
range equipment and increasing the number of frequency
points. One easy way to overcome this is to stack up lay-
ers of the MUT to effectively increase the MUT thickness.
A thick MUT would increase the coupling and therefore
results in a more significant frequency shift. The effect of the
MUT thickness on the resonant frequency shift is discussed
in Section IV.C

Consequently, theMUT should be placed next to the dipole
layers as shown in Figure 4 to ensure the most obvious
frequency shift that is beneficial for determining the dielectric
properties of the MUT.

FIGURE 4. The MUT should be placed next to the CFSS dipoles layer.

Generally, the dielectric constant, ε′r , can be found based on
measurements of the resonant frequencies and the thickness
of the sample:

ε′r = 1+
fo − fs
F1(ε′r , t)

(2)

where fo is the resonance of the CFSS without the MUT,
fs is the resonance of the CFSS with the MUT, t is the
thickness of the MUT. F1 is the function of MUT dielectric
constant and thickness.

The loss tangent influences the bandpass resonant fre-
quency and could be part of F1. However, the effect is very
small and insignificant as will be demonstrated later in this
paper. Therefore, in practical terms, F1 is a function of only
the MUT dielectric constant and thickness.

The values of F1 are computed using simulations of a
number of known MUT dielectric constants and thicknesses,
then the F1 values are tabulated using (2) to form a database.
The MUT loss tangent, tan δ, can be extracted from the

measured insertion losses at the bandpass resonant frequency.
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The loss tangent can be found according to (3).

tanδ =
Ls − Lo

F2(ε′r , t, tanδ)
(3)

where Lo is the insertion loss of the CFSS, Ls is the insertion
loss after the MUT is placed next to the CFSS. F2 is the
function of ε′r , t and tanδ.

The CFSS technique requires three measurables: MUT
thickness, bandpass resonant frequency and the insertion loss
at the passband frequency. The thickness of the MUT con-
tributes to both the frequency and the insertion loss, however,
this can be easily measured and is known with a reasonable
degree of accuracy. Therefore, there are two remaining mea-
surable quantities (resonant frequency and insertion loss) and
two unknowns (dielectric constant and loss tangent), which
means that a two-dimensional parameter sweep of the two
unknowns stored in a database will provide a unique solution.

In order to quantify those results in terms of the dielec-
tric properties of the MUT, a database of simulated results
was created using Computer Simulation Technology (CST)
Microwave Studio Suite software. This database considered
different MUT thicknesses, dielectric constants and loss tan-
gents of the MUT. By matching the measured frequency and
insertion loss with the simulated database of the specific
MUT thickness, the dielectric properties can be extracted.
This is explained in further detail in Section IV.

III. CFSS DESIGN FOR MUT MEASUREMENTS
A. CFSS GEOMETRY AND IBM
The CFSS can be fabricated by using the low-cost PCB tech-
niques and should be designed to resonate at the upper end
of the waveguide frequency band because the presence of the
adjacent MUT would lower the bandpass frequency. In order
to ensure the CFSS structure operated at the desired resonant
frequency, simulations were carried out to investigate the
effect of the CFSS parameters (including dipoles/apertures
length and width, the IBM dielectric constant, loss tangent
and thickness) on the bandpass resonant frequency. This
section provides the design guidelines to show how the CFSS
can be designed for different frequencies or if different IBMs
are used.

In this paper, a CFSS that fitted in an X-band waveguide
was the key requirement. The simulated frequency range
was from 8 GHz to 20 GHz (Note: The range was extend-
ing beyond X-band waveguide frequency for the purpose of
demonstrating the trend of the effects more clearly). In this
section, there were 2× 5 arrays of both dipoles and apertures
layers as shown in Figure 4. The CFSS element dimensions
were: dipole length = aperture length = 2.5 mm, dipole
width = aperture width = 0.5 mm, and dipole and aperture
metal thickness = 0.02 mm. IBM dielectric constant = 4,
loss tangent = 0.01 and thickness = 0.05 mm. The changes
in bandpass resonant frequency of the CFSS due to differ-
ent IBM dielectric constants, loss tangents and thicknesses
together with the dipole and aperture lengths and widths are
shown in Figure 5.

FIGURE 5. Simulated bandpass resonant frequency of the CFSS with
varying: (a) IBM dielectric constant and loss tangent.; (b) length of the
dipoles and apertures, width of the dipoles and apertures and the IBM
thickness.

The coupling between the dipoles and apertures layers
was highly affected by the IBM. The coupling became larger
when the dielectric constant of the IBM was increased, and
therefore the bandpass resonant frequency decreased. This
is shown in red dashed line in Figure 5(a). Since the CFSS
structure acted as a bandpass microwave resonator, it could
be presented as an equivalent parallel resonant circuit. The
relationship between the loss tangent and bandpass resonant
frequency is shown in (4) [9], [34].

loss tangent =
1
Q
=

√
L

R
√
C
=

2π fL
R

(4)

where Q is the quality factor, L is the inductance, C is
the capacitance, and R is the resistance. According to (4),
an increased loss tangent resulted in an increased band-
pass resonant frequency as shown in the green dashed line
in Figure 5(a), but it is insignificant compared with the
change in resonant frequency due to changes in the IBM
dielectric constant.

When the IBM layer was thinner, stronger coupling
existed, which should lead to a lower bandpass resonant
frequency. This is shown in the dark blue dashed line in
Figure 5(b).
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Besides the IBM, the dipoles and apertures layers also
affected the coupling. The dipoles were capacitive and hence
added capacitance to the CFSS. The dipoles layer could be
considered as a partial parallel conducting plate and IBM and
apertures layer was the dielectric and the other conducting
plate. From the parallel-plate capacitor concept, the capaci-
tance was proportional to the surface area of the plate which
was the area of the dipoles of the CFSS. Increasing the
length of the dipoles expanded the surface area. Therefore,
the capacitance of the CFSS was increased. According to (1),
the increased capacitance resulted in decreased bandpass res-
onant frequency. Meanwhile, the aperture layer was inductive
and added inductance to the CFSS structure. The increasing
length of the apertures resulted in increased inductance and
therefore decreased the bandpass resonant frequency. As a
result, the bandpass resonant frequency decreased when the
length of dipoles and apertures were increased as shown in
the solid brown line in Figure 5(b).

The effect of bandpass resonant frequency from the width
of dipoles/aperture, on the other hand, was not a linear func-
tion, see solid light blue line in Figure 5(b). The lowest
bandpass resonant frequency occurred when the maximum
coupling in the CFSS structure took place. The maximum
coupling was found when the ratio between the width and the
length of the dipoles and the apertures was 0.55 [35]. There-
fore, when the length of the dipole/aperture was 2.5 mm,
the lowest bandpass resonant frequency should occur
when the width of the dipoles and apertures was 1.38 mm.

The simulated result of the lowest bandpass resonant fre-
quency was found when the width of dipoles and apertures
was 1.3 mm. This value verified the ratio of 0.55 between the
width and length could be utilized to obtain the maximum
coupling for the best miniaturization.

TABLE 2. Simulated resonant frequency effects from CFSS parameters.

The relationship between the CFSS parameters and its
bandpass resonant frequency is summarized in Table 2.
It gives the guidelines for the design of the X-band CFSS
structure using different PCB materials. For example, when
the IBM dielectric constant increases from 2 to 10, the res-
onant frequency decreases from 18.6 to 8.8 GHz. As a
result, when the resonant frequency is designed to be lower,
the length of dipoles and apertures should be longer; thewidth
of dipoles and apertures should be wider and approximately

0.55 times the length; and the IBM should be thinner with a
higher dielectric constant to achieve the maximum level of
capacitive coupling.

B. OPTIMIZATION OF THE Q FACTOR
The Q factor of the CFSS should be maximized for an
accurate and precise determination of the measured reso-
nant frequency and insertion loss since the frequency shifts
are critical for the extraction of the dielectric properties in
the CFSS-waveguide technique. The physical and dielectric
parameters in the CFSS structure has been studied for the
optimization of the Q factor in [36]. It concluded that in order
to obtain the highest Q factor, the dipoles should be longer;
the apertures should be shorter and narrower; the IBM should
be thinner with a lower loss and a higher dielectric constant.
Fewer rows of dipoles and apertures also resulted in a higher
Q factor which led to one row of five dipoles and apertures in
each layer in the CFSS structure was preferred for the highest
Q factor [36].

A further investigation for the Q factor effect from the
number of dipoles and apertures in one row has been
conducted in this section. In the simulations, the CFSS
structure geometry was as follows: dipoles and apertures
length= 2.2 mm, dipoles and apertures width= 1.2 mm, and
thickness = 0.02 mm. IBM dielectric constant = 3.54, loss
tangent = 0.005 and thickness = 0.05 mm. The number of
dipoles and apertures in one row was varied from 5 to 1 and
this meant the Q factor increased from 56 to 101 as shown
in Figure 6.

FIGURE 6. Simulated bandpass resonant frequency and Q factor from a
different number of dipoles and apertures in one row.

The surface area of the dipoles and apertures both increased
when the number of conductors and apertures in one row
increased from 1 to 5. Hence the capacitance and inductance
both increased. TheQ factor is proportional to the capacitance
but inversely proportional to the inductance according to (4).
Since the CFSS structure is a band pass resonator, the aper-
tures layer which acts as a band pass filter plays the dominant
role. The effect from the increasing apertures’ inductance
was stronger than the increasing dipoles’ capacitance and
therefore the Q factor was expected to decrease with more
elements.

VOLUME 8, 2020 7633



C.-K. Lee et al.: Complex Permittivity Measurement System for Solid Materials Using CFSSs

Based on the above theory and results in Figure 6,
the CFSS has a sharper pass band with a higher Q factor if
a 1 × 1 design is used. The simulation results have demon-
strated that the 1 × 1 element has the same general behavior
as the 5 × 2 array. The passband was observed as indicated
by Babinet’s Principle, albeit the insertion loss was increased
as the dimensions of the dipole and aperture are different.
However, the relative change in the S21 behavior is the only
concern in this paper and therefore the 1 × 1 element exhib-
ited similar behavior but is advantageous in terms of having
a higher Q factor. Therefore, this 1× 1 geometry was chosen
in the design and fabrication of the CFSS structure in this
paper. The 1× 1 design has the additional advantage that the
distance to the edge of the waveguide is less critical which
means the CFSS manufacturing and positioning errors cause
less of a shift in the frequency. Furthermore, the size of the
MUT can be smaller as the MUT only has to cover the area
of the single dipole and slot.

IV. EFFECTS OF MUT PROPERTIES AND SIZE
In this section, the effects of the MUT dielectric prop-
erties, size and position are investigated. The CFSS with
1 × 1 dipole and aperture layers were used to investigate the
effects from the MUT’s dielectric properties. The dipole and
the aperture layer were copper, and the dipoles and apertures
lengths = 4 mm, dipoles and apertures width = 2.2 mm and
thickness = 0.02 mm. The IBM dielectric constant = 3.48,
loss tangent = 0.0037 and thickness = 0.48 mm. The MUT
with the dimension of 24 mm× 13 mm× 0.5 mmwas placed
next to the CFSS structure. Electromagnetic simulations were
carried out to investigate the effect of the MUT and also the
air gap on the bandpass resonant frequency and insert loss.

FIGURE 7. Simulated effects on bandpass resonant frequency when the
0.5 mm thick MUT was placed next to the dipole and next to the aperture
layers for different dielectric constants.

A. MUT LOCATION WHEN PLACED NEXT TO THE CFSS
Capacitance is added to the CFSS when the MUT was placed
next to either the dipole side or the aperture side of the CFSS
structure. The bandpass resonant frequency was expected to
decrease according to (1). Figure 7 shows the simulation
results of the bandpass resonant frequency of the CFSS with-
out MUT (=11.67 GHz, blue solid line), MUT placed next

to the dipole side (red solid line with square markers) and
next to the aperture side (green dashed line with triangle
markers) when the MUT dielectric constant was varied from
2 to 10 with loss tangent 0.001. The difference between
the bandpass resonant frequency of the CFSS and the MUT
placed next to the dipole were larger than the difference
between the CFSS resonant frequency and the MUT placed
next to the aperture for all MUT dielectric constants.

For low MUT dielectric constants less than 3, if the shift
of the bandpass resonant frequency peak was larger, the data
collection became easier. For example, when theMUTdielec-
tric constant was 2, the bandpass resonant frequency was
11.28 GHz and 11.64 GHz when the MUT was placed next
to the dipole side and aperture side, respectively. The shift of
bandpass resonant frequency was 0.39 GHz when the MUT
was placed next to the dipole side and 0.03 GHz when the
MUT was placed next to the aperture side.

Meanwhile, the decreasing rate of the bandpass resonant
frequency was higher when the MUT was placed next to
the dipole side. The decreasing rate was calculated using
the shift of the bandpass resonant frequency divided by the
difference of the MUT dielectric constant. For instance, with
a varying MUT dielectric constant from 2 to 10, the bandpass
resonant frequency decreased from 11.28 GHz to 9.65 GHz
and 11.64 GHz to 10.66 GHz when the MUTwas placed next
to the dipole side and aperture side, respectively.

The shift of bandpass resonant frequency was 1.63 GHz for
the dipole side while 0.98 GHz for the aperture side. A bigger
change facilitated the extraction of the MUT dielectric con-
stant to be more accurate when using the measured resonant
frequency to match to the simulation database. Consequently,
the MUT should be placed next to the dipole side to ensure
the most significant frequency shift and better accuracy for
determining the dielectric properties of the MUT.

B. EFFECT OF MUT DIELECTRIC PROPERTIES
The MUT dielectric constant was varied from 2 to 10 that
represented the typical value of dielectric substrates. Three
loss tangent values were considered when varying the MUT’s
dielectric constant: of 0.001, 0.01 and 0.02.

When the MUT was placed next to the dipole layer of
the CFSS structure, the capacitance was increased with the
increased MUT dielectric constant value, and therefore the
bandpass resonant frequency was reduced. This is shown
in Figure 8(a), there is a clear correlation between the dielec-
tric constant and the bandpass resonant frequency, which
allows the dielectric constant to be extracted by measuring
the bandpass resonant frequency of the CFSS after placing
the MUT next to the CFSS.

Figure 8(a) also shows that the curves of three different
loss tangent values are almost identical. This indicated that
the loss tangent has an insignificant effect on the resonant
frequency, and the bandpass resonant frequency is affected
primarily by the MUT dielectric constant and thickness.

The effect of varying the dielectric constant on the insertion
loss from theMUT is shown in Figure 8(b). The insertion loss
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FIGURE 8. Simulated effects on bandpass (a) resonant frequency (the
3 lines overlap) and (b) insertion loss due to varying MUT dielectric
constant from 2 to 10 with loss tangents (tanδ) of 0.001, 0.01 and 0.02.

was increased with the increased MUT dielectric constant.
This demonstrates that the insertion loss is affected by the
MUT dielectric constant and the effect was larger when the
MUT loss tangent was higher.

The MUT loss tangents were varied from 0.001 to 0.019.
Three dielectric constants of the MUT were considered:
εr = 2, 6 and 10. Figure 9(a) shows that the bandpass
resonant frequency was the same when the MUT loss
tangent was increased from 0.001 to 0.019 in all three
scenarios. The change in resonant frequency could be con-
sidered as insignificant, which confirmed the conclusion from
Figure 8(a). Meanwhile, Figure 9(b) shows that the insertion
loss increased by 0.51 dB, 1.04 dB and 1.42 dB for the dielec-
tric constants of 2, 6, and 10 respectively when the MUT loss
tangent increased from 0.001 to 0.019. This demonstrated the
insertion loss was increased by the MUT loss tangent and
the effect was larger when the MUT dielectric constant was
higher.

The above studies show that the MUT’s dielectric con-
stant and loss tangent can be distinguished from the band-
pass resonant frequency and insertion loss, respectively. The
optimal complex permittivity measurement procedure was to
first determine the MUT dielectric constant by measuring the
bandpass resonant frequency because the resonant frequency
was not significantly affected by the MUT loss tangent, then
secondly the loss tangent can be found from the extracted
dielectric constant and the measured insertion loss.

FIGURE 9. Simulated effects on bandpass (a) resonant frequency and
(b) insertion loss due to varying MUT loss tangent from 0.001 to 0.019
with dielectric constants (εr ) of 2, 6 and 10.

C. MUT THICKNESS LIMITATION
The MUT thickness was varied from 0.01 mm to 4.51 mm
with loss tangent= 0.001. Three relative permittivities of the
MUTwere considered: εr = 2, 6 and 10. The capacitance was
increased more when the MUT became thicker. Therefore,
the bandpass resonant frequency was expected to decrease
when the MUT thickness became larger. It was verified by
simulations as shown in the solid lines in Figure 10(a) and the
patterns from three different MUT dielectric constants also
showed the bandpass resonant frequency converges when the
MUT thickness increased. The convergence was clearer when
the MUT dielectric constant was lower. However, the peak of
the bandpass resonant frequency became hard to determine
whenMUT thickness was thicker than 3.51 mm and 2.51 mm
for MUT dielectric constant = 6 and 10, respectively.

Additional simulations using MUT loss tangent = 0.02
with dielectric constants of 2, 6 and 10 when varying the
thickness from 0.01 mm to 4.51 mm were conducted, and
the bandpass resonant frequency results were the same as the
MUT loss tangent was 0.001, see dashed lines in Figure 10(a).
It indicated the bandpass resonant frequency was not affected
by MUT loss tangent no matter what the MUT thickness was
which also confirmed the conclusion from Figure 8(a).

The insertion loss was expected to increase when the
MUT thickness increased since less energy passed through.
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FIGURE 10. Simulated effects on bandpass (a) resonant frequency and
(b) insertion loss due to varying MUT thickness from 0.01 mm to 4.51 mm
with dielectric constants (dk) of 2, 6 and 10.

The simulated results as shown in the solid lines
in Figure 10(b) demonstrated the insertion loss increased
when the MUT thickness increased. The change in the inser-
tion loss became larger when the MUT dielectric constant
was higher. As the MUT became lossier (loss tangent= 0.02
instead of 0.001), the insertion loss became larger as shown
in the dashed lines in Figure 10(b).

D. EFFECT OF AIR GAP
The air gap between the CFSS structure and the MUT is a
source of measurement uncertainty. The presence of the air
gap increases the bandpass resonant frequency, which leads to
a lower measured dielectric constant. To quantify this effect,
different air gaps including 0, 0.1, 0.2 and 0.3 mm between
the CFSS structure and MUT were simulated. The same
CFSS in the previous section and a MUT CER-10 (dielectric
constant = 10; loss tangent = 0.0035) with the dimension
of 24 mm × 13 mm × 0.59 mm were used to investigate the
effects of air gap. The bandpass resonant frequencies of dif-
ferent air gaps are shown in Figure 11. The bandpass resonant
frequency became higher when the air gap increased.

A 0.1 mm air gap between the CFSS dipole and MUT
resulted in a bandpass resonant frequency of 10.65 GHz
while no air gap resulted in 9.51 GHz. Hence, the extracted

FIGURE 11. Simulated bandpass resonant frequencies due to different air
gaps including 0, 0.1, 0.2 and 0.3 mm between the CFSS and MUT.

relative permittivity of the MUTwas lower than the datasheet
value due to the air gap effect. For example, the extracted
relative permittivity ofMUTCER-10was 9.16 instead of 9.51
(extracted value with no air gap) if there was a 0.1 mm air
gap between the CFSS structure and the MUT. Therefore,
the minimization of the effects of the air gap is required for
an accurate measurement result. Two possible solutions were
considered to achieve this objective: 1) The area of the CFSS
dipole that the MUT touched needs to be flat and solid to
avoid any air gap when the MUT was pressed onto the CFSS.
2) The waveguide sections could be positioned vertically to
allow the MUT to be pressed onto the CFSS tightly. Both
solutions were considered for the measurement setup in next
section.

V. CFSS DESIGN AND MEASURABLE MUT RANGE
A. DESIGN OF THE CFSS
A single dipole and single aperture CFSS were used for
maximizing the Q factor and the dimensions were optimized
to have the resonant frequency at the upper end of the X-band
frequency range. The CFSS structure was designed using
Rogers RO4350B [37] (dielectric constant = 3.48; loss
tangent = 0.0037 and thickness = 0.48 mm) as the IBM.
The CFSS geometry were dipole length = aperture length =
4 mm, dipole width = aperture width = 2.2 mm and metal
thickness = 0.02 mm.

B. MEASURABLE MUT SIZE, DIELECTRIC
PROPERTIES AND THICKNESS
Simulations for the designed CFSS were conducted to verify
the minimum MUT size where accurate dielectric properties
can be extracted. The minimum size of the MUT for practical
measurements needed to be larger than the smallest dimen-
sion of the X-band waveguide aperture (10.16 mm) to allow
the waveguide to press onto the CFSS to minimize the air
gap effects. To investigate the minimum measurable sample
size, the MUT (11 mm in Z axis and thickness 0.5 mm) was
simulated while the width (Y axis) was varied from 1 mm
to 11 mm with four different dielectric constants: 2, 6, 10
and 20. The bandpass resonant frequency maintained the
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FIGURE 12. Simulated effects on bandpass resonant frequency due to
varying MUT width (in blue) from 1 mm to 11 mm with length 11 mm,
thickness 0.5 mm and dielectric constants (dk) 2, 6, 10 and 20.

same value when the MUT width was greater than 6 mm as
shown in Figure 12.

Therefore, the MUT can be any size and shape as long as
the area approximates the required size of 11 mm × 6 mm
for this specific design of CFSS. The reduced minimum
measurable sample size is an advantage compared to a multi-
element CFSS. It is worth noting that the technique is not
limited to rectangular shapes and the MUT can have any
shape. However, the MUT should have the same thickness
and be flat surfaces on both sides. This freedom to measure
different shapes as well as small and large samples is a key
advantage of this technique.

The range of the measurable MUT dielectric constants
is affected by the MUT thickness. The bandpass resonant
frequency decreases when the MUT thickness or dielec-
tric constant increases, and the minimum bandpass reso-
nant frequency is restricted to the lowest X-band frequency
8.2 GHz. As a result, the maximum measurable MUT dielec-
tric constant is expected to decrease when the MUT thick-
ness increases. This has been verified using simulations as
shown in red line in Figure 13. The minimum detectable
MUT dielectric constant for different thickness is determined
when the bandpass resonant frequency shift is more than
0.01 GHz which can be used to compare with the database.
Note, the simulated results show frequency shifts of less than
0.01 GHz when the MUT thickness was less than 0.25 mm,
0.1 mm and 0.04 mm with the MUT dielectric constant less
than 1.1, 1.2 and 1.3, respectively. For this specific design of
CFSS, the limit of the measurable MUT dielectric constant is
1.2 to 88, 1.1 to 15 and 1.1 to 12 when the MUT thickness is
0.1 mm, 1 mm and 2 mm, respectively.

The maximum measurable MUT thickness for this
designed CFSS can also be found using Figure 13 if the
expected MUT dielectric constant is known. For example,

FIGURE 13. Simulated measurable maximum and minimum MUT
dielectric constant of the designed CFSS when MUT thickness varied from
0.04 mm to 4 mm.

FIGURE 14. Fabricated CFSS structure in (a) dipole side view and
(b) aperture side view (Note: the flange represents the waveguide
section).

when the MUT dielectric constant is less than 11, the max-
imum measurable MUT thickness is 2.5 mm. The minimum
detectable MUT thickness is determined when the bandpass
resonant frequency shift is more than 0.01 GHz for the com-
parison with the database. This lower limit was found to
be 0.04 mm when the MUT dielectric constant was greater
than 1.3.

The range of measurable MUT loss tangents is dependent
on both the MUT dielectric constant and thickness. The
maximum measurable MUT loss tangent is determined when
the CFSS no longer had a clear passband. The minimum
detectable MUT loss tangent is defined when there is an
insertion loss change greater than 0.01 dB when compared
with the insertion loss of the CFSS only. If an MUT thickness
of 1 mm is used as an example, the limit of the minimum
detectable MUT loss tangent is between 0.001 to 1 and
0.001 to 0.32 when the MUT dielectric constant is 3 and 15,
respectively.

VI. MEASUREMENT SETUP AND RESULTS
A. SETUP
The designed CFSS structure was fabricated as shown in
Figure 14. Three different MUTs were used for the valida-
tion: TLX-0 [38], RO4360G2 [39] and CER-10 [40] with
approximate dimensions of 40 mm × 40 mm. In order to
minimize the effects of the air gap, a 0.48 mm thickness
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FIGURE 15. CFSS measurement: (a) the CFSS is placed on top of the
bottom X-band waveguide; (b) top X-band waveguide section moved
down and pressed the MUT onto CFSS tightly.

IBM was used for physically supporting the dipole against
the MUT when the waveguides were pressed together during
the measurements.

Meanwhile, the waveguide sections were orientated ver-
tically, and care was taken during the measurements to
minimize the air gaps. The CFSS was fitted tightly in the
waveguide as shown in Figure 15(a).

The MUT was placed on top of the CFSS dipole layer and
pressed onto the CFSS tightly by the top X-band waveguide
section to eliminate the air gap effect, shown in Figure 15(b).
The bandpass resonant frequency and insertion loss were
measured after the top waveguide section was moved down.
Figure 15(b) also shows the nondestructive advantage of this
technique as the maximum MUT size is not limited.

TABLE 3. Datasheet and measured dielectric properties of TLX-0,
RO4360G2 and CER-10 using CFSS-waveguide method.

B. MEASURED RESULTS
The proposed technique was validated by comparing themea-
sured complex permittivity of the MUTs with manufacturers’
datasheet values. As described in Section II. B, by matching
the measured frequency and insertion loss with the simulated
database, the dielectric properties can be extracted. The man-
ufacturers’ datasheet values of dielectric constant and the loss
tangent of the MUT together with the measured results from
CFSS-waveguide method are shown in Table 3.

Comparing the extracted dielectric constant to the manu-
facturer’s datasheet values ofMUTs, accuracies of within 6%
were obtained for all threeMUTs. The extracted loss tangents
of these low-loss MUTs by using this technique were slightly
higher (by up to 0.004) than the datasheet values.

To check the repeatability of the measurement process,
the measured bandpass resonant frequency and insertion loss
of the CFSS structure without the MUTwere recorded once a
day over five different days. The results were found to be very
repeatable which demonstrates that the measurement setup
was reliable. The measured bandpass resonant frequency was
11.67 GHz within ± 0.01 GHz, and the insertion loss was
2.31 dB with ± 0.01 dB. Each MUT was also measured by
randomly placing the MUT on the CFSS once a day over
five different days. The variation of the bandpass resonant
frequency and insertion loss with the same MUT were within
± 0.01 GHz and ± 0.15 dB, respectively. This demonstrated
that the air gap, waveguide section discontinuity and position
of the sample did not create significant problems. For the
CFSS in this paper, a shift of 0.01 GHz would lead to an
uncertainty in the dielectric constant of 0.03 and a change
in the insertion loss of 0.15 dB would lead to an uncertainty
of the loss tangent of 0.005. This quantifies the level of
repeatability of the measurement system.

When the MUT was placed next to the CFSS, errors from
the discrepancy between CST and the actual measurement
were expected since the environment in practice was not
always perfect like in the simulations. A practical way to
reduce the uncertainty due to the environment was to test
and develop the system using reference MUTs with known
dielectric properties. The extracted dielectric properties of the
referenceMUTwere compared with the database and the dis-
crepancy was used for the consideration of measurement for
unknown MUTs. These three MUTs used in this section are
capable of being the control MUTs for future measurements.

VII. CONCLUSION
A novel complex permittivity measurement system of using
a CFSS structure has been demonstrated. The CFSS design
concept; elements optimization for improving the measure-
ment accuracy; and the measurement procedure have been
described in detail and validated through the experimental
measurements. The results have shown a good agreement
between the measured complex permittivity and the manu-
facturer data.

The CFSS-waveguide method is useful for the determina-
tion of dielectric constants from the bandpass resonant fre-
quency as a resonant method. The difference of the Q factor
was small when the loss tangent varied in the simulation
which made the extraction of loss tangent from the measured
Q factor difficult. Therefore, the loss tangent was extracted
from the insertion loss instead of the Q factor like most
resonant methods. The MUTs measured in this paper are
very low loss samples. The CFSS technique demonstrates
that the losses are very small. Trying to measure such small
values of loss tangent is challenging for any technique to
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do reliably. Low loss materials were measured in this paper
and the uncertainties of the extracted dielectric constant and
loss tangent were within 6 % and 0.004, respectively. The
system can potentially measure reasonably lossy MUTs with
loss tangents of the order 0.3 to 1 depending on the thickness
and relative permittivity.

It worth noting that the sample size can be any shape or size
as long as it is larger than the CFSS element. Extending the
MUT to beyond the edges of the waveguide in one dimension
allows better control of the air gap effects. The MUT should
have a uniform thickness, although in principle MUTs that
are not exactly flat could also be measured.

The CFSS-waveguide measurement method is nondestruc-
tive, convenient and low-cost to set up. The air gap effect has
been minimized by taking the advantages of the waveguide
flange, which ensure the MUT is tightly pressed to the CFSS
surface. This technique is capable of measuring flat dielectric
substrate sheets with arbitrary dimensions, which makes this
technique a good candidate for quality control at different
locations of the same dielectric substrate.
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