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ABSTRACT A portable microwave complex permittivity sensor based on the interferometry configuration is
proposed. A complementary compact microstrip resonant cell (CCMRC) is applied as the sensitive element,
which converts the dielectric information of the material under test (MUT) into the phase variations of its
transmission coefficient. A miniaturized interferometry platform based on a down-converting mixer further
translates the phase change into DC output voltage variation, which can be readily recorded with a direct
readout circuit. In this context, expensive and bulky vector network analyzer is no longer needed, thereby
leading to a low hardware cost. With comprehensive theoretical analysis, the material permittivity is simply
extracted using a specific extrapolation algorithm. As a proof of concept, several different solid material
samples with known permittivity values are used to verify the devised detection system.

INDEX TERMS Complementary compact microstrip resonant cell (CCMRC), dielectric spectroscopy,

direct-conversion mixer, interferometry, microwave sensor.

I. INTRODUCTION

Permittivity contains much useful information of the mate-
rial because it carries the constitutive property of matter,
and the precise permittivity determination is a gray area of
research. Among the permittivity sensing approaches, the
microwave dielectric spectroscopy is a very attractive and
desirable method due to its non-disruptive and non-contacting
features. As a consequence, microwave permittivity sensors
have been deployed to many different areas. In agriculture,
food and pharmaceutical industries, the quality, moisture con-
tent and fermenting degrees of grains and medicines can be
reflected by monitoring the permittivity variation trend with
time [1]. In chemistry, the quantitative estimation of dielec-
tric properties for polymer, gelatin and reagent can provide
valuable information on the composition and structure of
these chemicals [2]. In human health and biology science,
dielectric constant measurement can be used for single cell
detection and isolation [3], tracking the blood glucose levels
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of diabetes patients [4], [S] and study the relaxation of dis-
solved proteins [6]. Other known applications include but not
limited to humidity and gas concentration detection [7], liquid
composition determination [8], and so on.

Regarding to the operational principle, the microwave
sensing methodology is usually built upon comparing the
frequency responses of a sensitive element (SE) before
and after material under test (MUT) loadings. As the most
important component in a sensing system, the performance
of SE significantly affects the sensitive, resolution and
implementation complexity of the microwave spectroscopy
platform. In the literature, sorts of structures represented
by metallic waveguide [9], substrate integrated waveguide
(SIW) [10], coplanar waveguide [11], microfluidic channel,
passive and active microwave resonators [12] as well as meta-
material [13] have been reported. Corresponding to the diver-
sified SE configurations, detection techniques or frequency
response characterization methods have also many different
forms. The most popular methods are the resonant cavity
approach [14], transmission-line approach [15] and free-
space approach [16]. For every individual approach, either
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reflection or transmission variation can be used to estimate
the dielectric constant.

Although the implementations of the SE and detection
circuit have several different ways, an expensive vector net-
work analyzer (VNA) is often required in order to measure
the frequency response in the conventional manner. This
largely prevents the spread of this technique in sensing areas
where high portability and low cost are demanded. Hence,
several portable design efforts have been reported recently
to mitigate the dependence on bulky testing instruments.
In the literature, some miniaturized on-chip VNAs are real-
ized and applied to microwave sensor designs [17], [18].
However, these solutions are still complicated and expen-
sive for ordinary use. Besides, some self-sustained permit-
tivity sensors are discussed where the frequency synthesizers
incorporating specifically designed voltage-controlled oscil-
lators (VCOs) are used to characterize materials [19]-[22].
Complicated phase-locked loops (PLLs) are, nevertheless,
used in these systems, and thus the hardware complexity
is still quite high. Some researchers proposed an alterna-
tive methodology based on the interferometry concept to
extract dielectric data [23]-[24]. However, as a heterodyne
transmitter/receiver architecture is used, which comprises of
two multiplier stages and two independent signal sources, the
high system complexity has not been fully resolved. Later on,
the direct-conversion configurations, as well as interferome-
try reflectometers, were proposed to replace the heterodyne
systems, and the corresponding extraction algorisms were
updated accordingly [13], [25]-[28].

In this study, a highly sensitive complementary compact
microstrip resonant cell (CCMRC) is applied as SE, which
transforms the MUT permittivity into its phase variation of
transmission characteristics. This is further converted into the
change of output voltage of the mixer in a direct-conversion
sensor. Low-cost digital voltmeter rather than expensive VNA
is adequate to extract the material permittivity information.

The remaining of this paper is organized as follows:
Section Il introduces the operational theory and configuration
of the proposed microwave sensor and the implementation
of some key components. In Section III, the simulated and
experimental results of the whole sensing system are pre-
sented, followed by a conclusion in section I'V.

Il. PROPOSED SENSOR BASED ON INTERFEROMETRY

A. SENSOR ARCHITECTURE AND DESIGN RULES

The illustrative diagram of the proposed permittivity sensor
based on interferometry architecture is shown in Fig. 1. It is
comprised of two independent paths. The upper path, herein
named as the RF path, contains a sensitive element (SE) and
a voltage-controlled phase shifter (VCPS). The lower path
consists of a phase compensation line (PCL), is herein called
the LO path. These two paths are connected to a power divider
at the input side and a down-converting mixer at the output
side. The operational principle of the system is summarized
below.
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FIGURE 1. lllustrative diagram of the proposed permittivity sensor.

The input RF excitation is distributed into the two
branches that drive the RF and LO paths, respectively,
through the power divider. As the RF and LO ports of the
down-converting mixer have identical frequencies, it pro-
duces a DC voltage whose value is related to the magnitudes
and relative phases of the RF and LO excitations. To be
detailed, suppose the signal injected into the RF path is a pure
cosine wave, which takes the following form,

VRE = ARF cos(wst). 1

where Agr and wy are the amplitude and angular frequency
of the excitation, respectively. For the sake of simplicity, the
initial phase of the input RF signal is assumed to be zero.
On the other hand, as the LO signal has the same operating
frequency as the RF one, it can be expressed as,

vro = Aro cos(wst + @). 2)

where Arp and ¢ represent the amplitude and relative phase
of the LO signal, respectively. According to the operation
principle of a down-converter, the output of the mixer can be
calculated as follows,

Vour = Ky X ARr cos(wst) X Aro cos(wst + @)

1
= EKMARFALO[COS(ZLUSI + @) +cos(—p)]l. (3)

where Kj; represents the conversion gain of mixer. It is
readily seen that if the RF and LO signals are treated as pure
sinusoidal curves and their harmonic mixings are ignored,
the mixer output contains a DC component whose value is
closely dependent on the RF and LO amplitudes, as well as
their relative phase ¢,

1
Vbe,o = EKMARFALO cos(—g). 4

In this particular design, ¢ is chosen to be 90° by tuning the
length of the PCL in the LO path for the initial status (without
MUT loading). According to (4), one can readily see that the
output DC voltage is zero under this setting, regardless of the
values of Arp, Arr and Kjy.

When the SE is exposed to a specific material, it is intuitive
that its frequency characteristics will change accordingly.
In other words, some magnitude or phase deviations will
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apply to the RF path. As a consequence, the expression of
RF signal will be changed to,

Vrp = Agp cos(@st — Opur). 3)

Similar as before, Agr’ is the instantaneous signal ampli-
tude, while 6,,,, is the additional phase shift induced by MUT.
As the LO path remains intact, the DC voltage of mixer output
(defined as Vpc,1) will be different subsequently,

1
Vpe,1 = §KMA;QFALO coS(—Bmur + 90°) (6)

However, the exact value of 6,,; cannot be obtained
directly from (6) as Vpc,1 is jointly determined by several
parameters. Therefore, an additional phase shift 1, is added
to the RF path by a VCPS whose topology will be given later.
In this context, the mixer output (defined as Vpc 2) is updated
to,

1
Vbcp = EKMAEQFALO cos(—Bpur — 1pps +90°) @)

From (7), it is readily seen that a zero DC output can be
retrieved when 5 approaches —68,,,,. Alternatively speak-
ing, as long as the 1, value at the zero output condition
is known, the MUT related phase-shifting is also obtained.
Referring to previous works, by obtaining the phase variation
of the SE before/after MUT loadings, the material informa-
tion can be extracted [20]-[22]. These constitute the theoreti-
cal fundamentals of the proposed work. It needs to emphasize
that, although zero output voltage is applied as the phase
matching condition of the VCPS and MUT, the peak output
voltage can also be utilized as the judgment criteria according
to (4) and (7). For this, the RF and LO signal should be made
in phase initially by tuning the length of the PCL.

B. SENSITIVE ELEMENT DESIGN

With the overall sensor structure outlined and the operational
principle given, the next steps are to realize the essential
components in the proposed configuration. The details will
be introduced in the following parts.

In this work, an energy band-gap (EBG) structure named
CCMRC is used for SE design. As is shown in Fig. 2(a),
the so-called CCMRC is a quasi-lumped structure with a
specific pattern etched on a rectangular patch and shorting
pins added at the edges of the cell [29]. The pins (vias)
provide short circuit conditions for the equivalent A/4 res-
onators and provides cross-coupling between non-adjacent
resonators. Due to these structural features, the CCMRC
is mirror opposite to the well-known compact microstrip
resonant cell (CMRC) in both pattern and frequency char-
acteristics. In other words, contrast to the band-stop char-
acteristics of the CMRC [30]-[32], the CCMRC features a
typical band-pass filtering characteristics. In addition, due to
the special pattern of the CCMRC, its frequency response
can be readily perturbed by external materials, which makes
it a highly sensitive element. Fig. 2(b) gives the simulated
electrical field distribution in HFSS software. Herein, the
investigation frequency is set to 5 GHz.
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FIGURE 2. (a) Diagram of a CCMRC unit. (b) Simulated field distribution of
a CCMRC unit. (c) 3D illustration of the CCMRC based sensitive element.

Fig. 2(c) depicts the three-dimensional (3D) illustration of
the proposed SE. Port 1 and port 2 are the input and output
of the SE, respectively. The MUT sample is placed above the
hallow pattern of CCMRC, whose function will be discussed
in following section. In order to reduce unwanted reflections,
the microstrip widths are carefully tuned to have 50 2 port
impedances when no material is applied.

Asis well known, the dielectric constants of most materials
are complex and frequency-dependent, and can be expressed
in a complex formula as ¢,(w) = ¢.(w) —je(w), where &/.(w)
and &/ (w) are the real and imaginary parts, respectively. The
real part represents the ability of the material to store energy,
while the imaginary part represents the material loss.

Fig. 3(a) depicts the simulated transmission coefficient S21
of a CCMRC exposed to a MUT with different ¢/.(w) ranging
from 2 to 12 with a spacing of 2. It is readily seen that the
frequency response of CCMRC changes with different ¢,
values. Besides, the positions of S21 peaks can be adjusted
by tuning the dimension of the unit, as illustrated in [32].
Moreover, the corresponding phases for the proposed SE
with different MUT permittivity and dimensions are shown
in Fig. 3(b). As one can see, when the MUT dimension
increases, the induced phase-shifting value also increases.
However, as shown in Fig. 2(b), most of the electric field is
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FIGURE 3. Simulated S21 of CCMRC under a MUT with different ¢, values:
(a) Magnitude and (b) phase variations with respect to different MUT
permittivity and dimensions for the frequency of 5 GHz.

confined in the center part of CCRMC which leads to large
perturbation. As a result, the width and length of MUT are
set to be exactly the same as the hallow pattern of CCMRC
to achieve good balance between performance and MUT size.
In addition, as the MUT size is established, the induced phase
shift has a one-to-one correspondence with ¢/.(w). Inspired by
this, one can acquire the ¢.(w) information by extracting the
phase of CCMRC element.

For better demonstration, the simulated phase response of
SE versus the MUT height is shown in Fig. 4. It is readily
seen that the material height has some influence on the phase
shift value. This is because when the height increases, more
electric field is confined in the MUT. In addition, the phase
shift will become constant when a certain value is reached.
As shown in Fig. 4, this value is roughly 4 mm for this
particular CCMRC structure. Therefore, to have an accurate
sensing result, all materials used in this particular work are
prepared with a fixed height of 1 mm, a value easy for
sample preparations. Nevertheless, the one-to-one correspon-
dence between MUT permittivity and SE phase variation
still holds for a different MUT height. Finally, the size of
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FIGURE 5. Schematic diagram of proposed voltage controlled phase
shifter.

MUT is 6.6 mm x 7.7 mm x 1 mm, and the imaginary part
of material is neglected for analysis simplicity (¢ (w) = 0).

C. VOLTAGE CONTROLLED PHASE SHIFTER DESIGN
According to the above analysis and equation (7), a phase
shifter with tunable shifting amount is required to compensate
for the phase variation caused by MUT loading. Accordingly,
a VCPS is designed, as shown in Fig. 5.

This proposed VCPS, a 3-dB quadrature bridge phase
shifter alternatively named, is built upon an orthogonal bridge
with two vertical bisector arms. All the lines are 90-degree
long at the center frequency, 5 GHz in this particular work.
Port 1 is the input terminal, while port 2 is the straight through
terminal for the quadrature coupler. Moreover, port 3 and
port 4 are the coupling and isolated ends, respectively. The
input signal is divided into two ways through the bisector
arms, and enters port 2 and port 3 connecting to two var-
actors, respectively. The signal injected to these two ports
will be reflected by the varactors (ideally pure reactances)
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because of impedance mis-matchings. Assume that the phase
of the reflected signal from port 2 is W which is determined
by the varactor susceptance. The reflected signal re-enters
the 3-dB quadrature bridge, which is distributed further into
port 1 and 4, with the corresponding phases of W — 90° and
W — 180°, respectively. Similarly, if the two varactors are
assumed identical in terms of size and biasing voltage, the
phase of the reflected signal from port 3 is W — 90°, and the
phase of the picked signal at ports 1 and 4 are now ¥ — 270°
and W — 180°, respectively. It is readily seen that the reflected
signals seen at port 1 are out-of-phase, counteracting each
other. In contrast, that for port 4 are in-phase superposed.
As a consequence, the input signal at port 1 is completely
transmitted to port 4 due to the reflections that happened
at the varactors, and the relative phase-shifting amount is
closely related to the reactances of the varactors (¥ value).
As varactor reactances are dependent on biasing voltages,
the phase of the output signal can be therefore controlled by
giving different biasing voltages V;.

In this particular work, to have a large detection range
of dielectric constant values, at least 180° phase-shifting
capability is needed, conforming to the periodic feature of
a sinusoidal function. For this reason, two identical match-
ing networks made up of a series and a shunt microstrip
lines are added between each varactor and its corresponding
bridge port, respectively. Their functionality is to increase
the phase shift range and compensate for the linearity of the
phase shifter. The varactors used herein are SMV 1232 from
SKYWORKS with a capacitance tunable range from 0.75 pF
to 4 pF corresponding to a control voltage from 0 V to 15 V.

Fig. 6 shows the simulation results of the proposed VCPS
as a function of biasing voltage in Keysight ADS, with the
varactor models provided by the manufacture. One can see
that the devised VCPS can provide a monotonically grow-
ing relationship between phase-shifting amount and the bias
voltage Vj,. And its shifting range covers —170° to 40°,
accounting for an absolute value larger than 180°. In addition,
the detail shifting amount has one-to-one correspondence
to V4. From the circuit design aspect, one can have the
phase-shifting value induced by VCPS by simply measuring
Vs, and further extract the permittivity information of MUT
according to the aforementioned principles. A bulky and
expensive vector network analyzer (VNA) generally required
in conventional schemes is therefore unnecessary, which will
help to reduce the system monetary expense significantly.

Moreover, it needs to emphasize that although the loss
accompanying the phase shifter is not trivial (about 1.6 dB),
as shown in Fig. 6(b), its effect on sensing result can be
neglected as the detection is independent to the magnitude of
the RF signals before/after the MUT placements according
the analysis given above.

Ill. SIMULATION AND MEASUREMENT RESULTS

A. SIMULATIONS

To verify the effectiveness of the proposed architecture, the
CCMRC unit and the whole circuit are simulated in different
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FIGURE 6. Simulation performance of the proposed VCPS under different
biasing voltage at 5 GHz: (a) Phase shift amount (b) transmission loss.

ways. First of all, the dimensions of the CCMRC are opti-
mized in EM software to have a 5 GHz center frequency with
no material loading. The Rogers 4350 laminate with a dielec-
tric constant of 3.66 and a thickness of 0.762 mm is used
as substrate. In addition, the characteristic impedance of the
microstrip connecting to the two ports are tuned to be 50 €2,
reducing reflections and loss when CCMRC is connected to
other peripheral circuitry. The dimensions of the optimized
CCMRC structure are listed in Table 1.

Next, the remaining building components in the devised
system are modelled in Keysight ADS and then the overall
structure simulation is performed. Note that the data corre-
sponding to the CCMRC with different MUTs are imported
into ADS for co-simulation.

The simulated output DC voltages of the down-mixer as a
function of the biasing voltage of varactors Vs in the VCP
are shown in Fig. 7. The Vg value is scanned from 0 V
to 15 V. For the case that no MUT is added (pink line),
according to formula (5)-(7), the relationship between the
DC voltage of mixer and the phase-shifting value provided
by the VCPS is a cosine function. Since the relation between
the phase-shifting value and the biasing voltage is not com-
pletely linear, a quasi-cosine rather than a pure cosine profile

140327



IEEE Access

S. Chen et al.: Portable Microwave Interferometry Sensor for Permittivity Detection Based on CCMRC

TABLE 1. Parameters Of CCMRC.

w; (mm) 0.2 a; (mm) 0.5
w, (mm) 7.7 a, (mm) 5

w3 (mm) 0.4 as;(mm) 0.2
w, (mm) 0.4 a,(mm) 0.6
ws (mm) 9.2 as (mm) 34
Wwg (mm) 1.6 d (mm) 0.4

¢ =1(air)

Output DC Voltage (V)

Vds (V)

FIGURE 7. Relationship between biasing voltage Vg for VCPS and mixer
output DC voltage.

is obtained. However, its cosine-like curve still proves the
successful operation of the down-mixer. In addition, there
exist two points (A and A™) where the output DC voltage
is 0 V when the biasing voltage V; increases for each case
with different MUT placement. These two points correspond
to conditions at which the RF and the LO branches present
90° and 270° phase differences, respectively. According to
the operational principle mentioned above, point A of great
significance for the permittivity-voltage determination. And
its position can be adjusted by tuning the length of the phase
compensation line in the LO branch. In this design, the cor-
responding V; for point A is set to zero volts deliberately for
the sake of simplicity during analysis.

Moreover, it is readily seen that the varactor bias voltage
corresponding to zero output shifts to higher values when the
dielectric constant of MUT increases (marked with A| — A3z).
A one-to-one correspondence is expected. Consequently, it is
intuitive that when the bias voltage is measured, the corre-
sponding dielectric constant can be easily obtained as long as
their relationship is extracted. This can be done through the
multi-group data simulation and curve fitting.

B. HARDWARE IMPLEMENTATION AND MEASUREMENTS

To realize the proposed sensor, an off-the-shelf passive mixer
HMC219B from Analog Device Inc is used. Its operating fre-
quency range is 2.5 GHz to 7 GHz, which satisfies the 5 GHz
operating frequency of the sensor. The RF and LO input
powers are 25 dBm and 27 dBm, respectively. The LO power
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is slightly larger in order to drive the mixer in a full capacity.
Accordingly, an uneven Wilkinson power splitter is imple-
mented at the input side, which distributes the input signals
into the RF and the LO branches. The 5 GHz excitation is
produced by the signal generator SMW200A from Rohde &
Schwarz. Of course, if self-sustained operation is required,
the driving signal can be easily generated by a PLL-based
frequency synthesizer [21], [22].

Moreover, to compensate for the uncertainty caused by the
differences between the real components and their models as
well as fabrication tolerance, a long PCL consisting of two
adjacent parallel microstrip lines are aligned in the prototype
circuit, as shown in Fig. 8. The line widths are set to 1.6 mm,
corresponding to 50 Ohm characteristic impedances for the
specific laminate on which the sensor is fabricated. The real
length of PCL is tuned by changing the position of the decou-
pling capacitor. As mentioned before, a 90-degree phase
difference between the two branches is chosen in the initial
state (without MUT loading), which subsequently produces
zero output voltage.

The measured and simulated output voltages versus the
varactor controlled voltage V;; are compared in Fig. 9(a),
where no MUT is introduced. Note that the two curves are
slightly different, and the measured curve is steeper than
the simulated one when Vg is below 3 V. In other words,
the phase-shifting provided by the actual VCPS is larger
than the simulation value in this particular voltage range.
This difference can be attributed to several reasons such
as the model inaccuracy regarding the varactor and mixer,
fabrication tolerance and etc. For example, the down-mixer
used for simulation is assumed to have constant conversion
gain, while for a real device, its gain varies slightly under
different LO power, harmonic impedance or working tem-
perature. According to previous literature [19]-[21], these
performance deviations will not impede the execution of
the proposed architecture as the detailed voltage-permittivity
relationship can be readily extracted using curve fitting tech-
nique if a set of MUT samples with known permittivity
are used for the system calibration. For demonstration, four
different dielectric laminates, Rogers 5880, Rogers 4350B,
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FIGURE 9. Measured and simulated: (a) relationship between bias

voltage Vds and output DC voltage with no MUT (b) bias voltage versus
material dielectric constant.

FR4 and a ceramic with relative permittivity of 2.2, 3.48,
4.4, 9.6 and loss tangent of 0.009, 0.004, 0.02, 0.025 are
applied in measurements. In particular, as it is somewhat
difficult to prepare MUTs with large height, these laminates
are polished carefully to a height of 1 mm, in accordance with
the simulation setup introduced previously. The width and
length of MUTs are still kept as 7.6 mm x 6.6 mm, respec-
tively. Their corresponding values of the Vi are recorded as
1.302 V, 1.691 V, 2.670 V and 12.08 V, respectively. Herein,
the Keysight 34461 A digital multi-meter is used to measure
the system output voltages. The measurements are performed
for four times by switching the system on and off repeatedly
and recording the output each time, the final data takes the
average value. It is found that the results are quite constant,
with a vibration within £1 mV, a fine resolution confined by
the digital multi-meter. Besides, it need to emphasize that
off-the-shelf analog-to-digital converters (ADC) can also be
used to readout the output voltage, if necessary. And the
proposed sensor architecture can be modified for different
applications such as liquid sensing by appropriate structural
adjustment of the CCMRC unit, while the other circuitry may
remain as the present form.

Fig. 9(b) depicts the profiles of the simulated (the black
dotted curve) and measured (discrete points marked with
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star symbols) VCPS controlling voltage as a function of
the relative permittivity of the MUT. As one can readily
note, although the absolute voltage magnitudes do not match,
the measured voltage has similar variation trend against the
MUT permittivity. These are mainly caused by the differences
between real devices and the simulation models. To further
demonstrate the accuracy of the proposed sensor, the mea-
sured data shown in Fig. 9(a) is used to calibrate out the
influence caused by the above mentioned difference between
practical devices and their model in simulations. The cali-
brated curve is added in the same figure (the red curve). One
can easily note that after this calibration, the measurement
results approximate the simulated ones greatly.

Note that the relationship between the relative permittivity
and the controlled voltage is nonlinear. Therefore, a nonlinear
fitting is conducted in MATLAB to form an approximated
equation:

Vas = ao + aj cos(we,) + by sin(we,) + az cos(Qwe,)
+ by sinRwe, ) + a3 cos(Bwe,) + b3 sin(Bwe,;)  (8)

and these fitting constants are obtained as ap = 3.302,
ar = —5.991, aa = —0.8686, a3 = 1.277, o = 0.395,
by = —1.57, by = 3.7, b3 = 0.5827, respectively. Based on
this extracted equation, and the measured biasing voltage Vi
of the materials with known dielectric constant as 2.2, 3.48,
4.4, and 9.6, the error rates corresponding to the four MUTs
are calculated as 2.7%, 3.7%, 3.1% and 0.8%, respectively.
The discrepancies between simulation and measurement can
be attributed to the gaps between the CMRC and the MUT,
fabrication tolerance as well as the material misalignment.
Regarding to the sensor sensitivity (SS), which is com-
monly defined as the ratio between the output variation and
the dielectric permittivity variation as SS= AVy/Aeg, [34].
Accordingly, the SS value can be readily extracted by cal-
culating the slope of the red curve corresponding to the real
VCPS in this particular design, as shown in Fig. 9(b). Based
on (8), by performing a simple derivative operation, the SS
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FIGURE 11. The measurement setup of the proposed sensor.

TABLE 2. Comparison to other works.

Fre Detection Measurement
Ref 4 . technique for | Error rate
(GHz) | capability
reference
¢ and &” 1.1% for &',
[13] | 4.2-8 O Multimeter | 1.6% for
of liquids o
g'. of low-
[15] 1-8 loss VNA 5% for &',
materials
g’ of . 3.7% for &',
[19] 7-9 liquids Multimeter and &,
g’ of . ,
[21] 3.7 e Multimeter 4% for &',
liquids
[22] 1.24 | &' of solids | Multimeter N/A
¢ and &, 5.05% for
[33] 2.6 of solids VNA &'
3.9% for &/,
0.8- g and ", o "
[34] 22 of solids VNA 4.58/,0, for
This 5 &' of solids Multimeter 3.7% for &,
work
can be expressed as,
SS = —ajwsin(we;) + biw cos(we;) — 2arw sin(Rwe;)

+2byw cosRwe, ) —3azw sin(3we, )+ 3bzw cos(Bwe,)
)

after substituting the aforementioned fitting constants into it,
the sensitivity is calculated between 0.166 and 3.449 after
simple mathematical derivation, as shown in Fig. 10. The
minimum value happens for the permittivity of 2.5, while
the MUT permittivity corresponding to maximum sensitivity
is around 8.7. Besides, as the voltage resolution of the dig-
ital multimeter is 1 mV, the theoretical minimal detectable
permittivity variation is therefore calculated to be 0.006 by
dividing the voltage resolution with the reciprocal of the
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obtained sensitivity. As one can readily see, very tiny permit-
tivity variation can be monitored using the proposed sensor.
Table 2 compares the performance of the proposed sensor in
this work with some relevant works published recently. And
Fig. 11 shows the measurement setup in the lab.

IV. CONCLUSION

In this work, a novel microwave dielectric constant sensor
was proposed by virtue of the interferometry concept. The
CCMRC structure was applied as the sensing element, which
is high in sensitivity, compact in size and compatible to the
planar circuits. Based on a down-converting mixer, the mate-
rial permittivity was detected precisely by simply measuring
the bias voltage of a microwave voltage-controlled phase
shifter. Therefore, the detection speed and sensitivity were
greatly improved. The largest error rate is below 3.7 %. In the
meantime, the system complexity and realization cost were
largely reduced.
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