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Reflective-Mode Phase-Variation Permittivity Sensor
Based on a Step-Impedance Microstrip Line
Terminated With a Slot Resonator for Solid and
Liquid Characterization

Jonathan Mufioz-Enano, Member, IEEE, Paris Vélez, Senior Member, IEEE, Pau Casacuberta, Graduate Student
Member, IEEE, Lijuan Su, Member, IEEE, and Ferran Martin, Fellow, I[EEE

Abstract—This paper proposes a highly sensitive single-
frequency microwave sensor for dielectric characterization of
solids and liquids. The sensor is a reflective-mode one-port device
consisting of a step-impedance microstrip line terminated with a
slot resonator (the sensing element) transversely etched on the
ground plane. The working principle of the sensor is the variation
experienced by the phase of the reflection coefficient at the
operating frequency as consequence of changes in the dielectric
properties (dielectric constant) of the material under test (MUT),
either a solid or a liquid, which should be in contact with the slot
resonator. A relevant advantage of the reported sensor is the fact
that the MUT is located in the back substrate side of the microstrip
structure. Therefore, any potential interaction between the MUT,
including the mechanic holder used for liquid sensing, and the
microstrip line, is prevented. A detailed sensitivity analysis that
takes into account the effects of losses is carried out. It is concluded
that, depending on the losses of the MUT, there are two different
sensor operation regimes (the low-loss and the high-loss regimes),
with unequal behavior, but both useful to sensitively detect
changes in the dielectric properties of the MUT. The maximum
sensitivity in the prototype device devoted to the measurement of
the dielectric constant in low-loss solid samples is 255.5° In the
liquid sensor, equipped with a 3D-printed holder, and focused in
this paper on the detection of small volume fractions of
isopropanol in DI water, the maximum sensitivity is 64.96°/%.

Index Terms— Liquid sensor, microstrip, microwave sensor,
phase-variation  sensor, slot resonator, step-impedance
transmission line.

[. INTRODUCTION

SIGNIFICANT efforts have been recently dedicated to
performance optimization in planar microwave sensors (see
[1], [2], and references therein). In particular, sensor sensitivity
is a fundamental parameter that determines the capability of the
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sensor to detect small changes in the input variable (designated
as measurand). Among the different principles/strategies
devoted to the implementation of planar microwave sensors,
phase variation has been demonstrated to be a useful approach
to achieve unprecedentedly high sensitivities [3]. There are
many types of phase-variation sensors, including transmission-
mode [4]-[12] and reflective-mode [3], [13]-[20] devices. In
such sensors, the output variable is the phase of either the
transmission or the reflection coefficient measured at a certain
(operational) frequency. Thus, phase-variation sensors are
single-frequency devices, an advantageous aspect as compared
to frequency-variation sensors [21]-[31], or frequency-splitting
sensors [32]-[36], which need frequency sweeping signals for
sensing. Such signals are generated by means of voltage-
controlled oscillators (VCO) in operational environment, and
the requirements of such VCOs might be severe in terms of
bandwidth, depending on the output dynamic range of the
Sensors.

Both phase-variation and frequency-variation (or frequency-
splitting) sensors are robust against electromagnetic
interference (EMI) and noise, as corresponds to the fact that
phase and frequency are tolerant to their effects. By contrast, in
the so-called coupling-modulation sensors [37]-[48], the typical
output variable is a magnitude (of either a voltage or a
transmission/reflection coefficient) measured at a certain
operating frequency, less tolerant to EMI and noise. Thus,
phase-variation sensors combine the advantages of frequency-
variation and coupling-modulation sensor, i.e., robustness
against EMI and noise, and operation at a single frequency.
These two aspects, and the potentially achievable high
sensitivity, make phase-variation sensors firm candidates for a
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diversity of applications.

Phase-variation sensors have been implemented by
considering various approaches, including meander lines (to
reduce the shape factor) [6], [8], artificial transmission lines [4],
[71,19], [10] (taking benefit of the high dispersion in such lines),
step-impedance transmission line configurations (either in
transmission [11], or in reflection [3], [13]-[16]), and coupled
structures [19], [20] (it should be mentioned that many other
sensors based on coupled structures, exploiting different
principles, have been reported [49]-[57]). Among such different
approaches, it has been shown that reflective-mode sensors
based on a cascade of high/low-impedance inverters terminated
with a planar resonator, either semi-lumped [15], [16] or
distributed [3], [13], [14], can provide very high sensitivities.
The impedance contrast of the inverters, implemented in
practice with quarter-wavelength transmission line sections, is
the reason for such sensitivity enhancement. However, up to
date, all the considered implementations of these reflective-
mode phase-variation sensors based on a step impedance
configuration (high and low impedance inverters alternating)
are terminated with a metallic resonator [3], [13]-[16].

In the present paper, a reflective-mode phase-variation sensor
implemented by means of a cascade of high/low impedance
inverters terminated with a slot resonator is proposed (this
sensing resonant element has been chosen because the
achievable sensitivity is superior to that achievable with other
defect ground structure resonators, such as the complementary
split ring resonator, CSRR, as discussed in [31] in reference to
frequency-variation sensors). The paper is indeed an extension
of the work [58], where a similar sensor devoted to the
characterization of edible oils by usage was reported.
Nevertheless, in this paper an accurate sensitivity analysis,
taking into account the effects of MUT losses, is carried out. It
is shown that, depending on the level of losses of the MUT, two
different operation regimes can be distinguished, i.e., the low-
loss regime, where the phase of the reflection coefficient, ¢,
decreases with the dielectric constant of the MUT, avur, and the
high-loss regime, where ¢, increases when ewur increases.
Nevertheless, a high sensitivity can be achieved under operation
in both regimes, as it will be shown. The main advantageous
aspect of this sensor is the fact that the material under test
(MUT) and associated mechanical accessories (e.g., the 3D-
printed holder for the liquid sensor) are placed in the back
substrate side, thereby avoiding any potential interaction with
the microwave circuitry (step impedance configuration).

The work is organized as follows. Section II presents the
proposed sensor, including the topology and the circuit model,
which is validated by comparing electromagnetic simulations
and circuit simulations with extracted parameters. Section III is
focused on the analysis of the sensitivity. For that purpose, the
circuit model, including losses, is considered. Such losses
mainly account for the presence of potentially lossy samples,
e.g., liquids, namely, it is assumed that the sensor structure is
lossless, a reasonable approximation provided the sensor is
implemented in low-loss microwave substrates. Nevertheless,
if substrate losses are comparable to MUT losses, or even if

radiation losses exist, all these losses can be accounted for by
the same element in the model (a conductance). From that
analysis, it will be concluded that the sensor can operate under
two different operation regimes, depending on the level of
losses, i.e., the low-loss and the high-loss regime. Moreover, it
will be shown that the sensitivity can be enhanced through an
adequate design, regardless of the specific mode of operation.
Two prototype devices are presented and experimentally
validated in Section IV. One of such sensors is devoted to the
dielectric characterization of low-loss solid samples; the other
one, operating under the high-loss regime, is focused on liquids.
Section V compares the proposed sensors with other similar
sensors reported in the literature. Finally, Section VI concludes
the work.

II. SENSOR TOPOLOGY, CIRCUIT MODEL, AND WORKING
PRINCIPLE

Figure 1 depicts a typical topology and the equivalent circuit
model of the sensor presented in this work. The sensing element
is a slot resonator, etched in the ground plane, and modelled by
the parallel resonant tank, with inductance, capacitance and
conductance L, C and G, respectively. Such resonator is the
termination of a high impedance quarter-wavelength
transmission line (acting as impedance inverter), with
impedance Zi, used to boost up the sensitivity [3],[15].
Introducing a via in the transversal plane to the right of the slot
resonator’s position has the effect of grounding the resonator.
Therefore, the equivalent circuit model is the one depicted in
Fig. 1(b), where losses in the resonant tank have been included
(by means of G), in order to take into account the presence of a
potentially lossy sample in contact with the slot resonator (and
eventually substrate losses, and even radiation losses).

Access Line l;

Admittance Inverter/‘,’_ -

Slot Resonator

(@
P] Y]_r _{Cl_
— 1
|_;) Zo  Z1,90° L 1

(b)

Fig. 1. Typical topology (a) and equivalent circuit model (b) of the proposed
sensor. The admittance inverter is implemented by means of a quarter-
wavelength (or 90°) line section. The effects of potential parasitic capacitances
in the impedance discontinuities can be compensated with the length of the line
sections and have been ignored to avoid an excessive complex circuit model.
The good prediction of the sensitivity in the limit of small perturbations, as
given by the sensitivity analysis to be discussed in Section 111, verifies that such
parasitic capacitances can be ignored. Note that the via connects the termination
of the line to ground, just to the right of the transverse plane where the slot is
placed.
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The working principle of the sensor is the variation of the
phase of the reflection coefficient at a fixed (operational)
frequency caused by changes in the dielectric properties of the
MUT, specifically the dielectric constant. The operational
frequency, fo, must be set to the resonance frequency of the slot
resonator when it is loaded with the so-called reference (REF)
sample. The reason is that, at this frequency, the phase slope
roughly exhibits its maximum value, and this maximizes the
sensitivity (or derivative of the phase of the reflection
coefficient with the dielectric constant of the MUT) in the
vicinity of the dielectric constant of the REF sample [3],[15].
The length of the high impedance line (inverter) must be set to
the necessary value to exhibit an electrical length of 90° (a
quarter-wavelength) at that frequency. Moreover, since the
sensor operates at a single frequency, the via can be replaced
with an open-ended quarter-wavelength transmission line, as it
will be shown in Section IV, where specific prototypes are
presented. This extends the overall dimension of the sensor, but
does not represent an increase in the size of the sensing region,
dictated by the slot resonator, and avoids the presence of a
grounding via. Let us also mention that, in the topology of Fig.
1, a single impedance inverter has been considered.
Nevertheless, it is possible to further boost up the sensitivity by
cascading additional inverters with alternating low/high
impedance [3],[15].

For circuit model validation, let us consider the topology of
Fig. 1(a), including the via and excluding the access line, with
dimensions W; = 0.24 mm, /; = 14.4 mm, W; = 0.2 mm and
[;=36 mm, and the characteristics of the Rogers 4003C
substrate with dielectric constant &- = 3.55, thickness 2 = 1.524
mm, and loss factor tand = 0.0022. The dependence of the
magnitude and phase of the reflection coefficient with
frequency is depicted in Fig. 2 (for the purpose of circuit
validation, it is assumed that the sensing resonator is
surrounded by air). Parameter extraction has been carried out
by identifying the resonance (angular) frequency of the bare
resonator

1

0 == 1
At such frequency, the impedance seen from the input port is
purely real and it is roughly a short circuit (due to the effects of
the impedance inverter), and therefore the phase of the
reflection coefficient is ¢, = £180°. Thus, the resonance
frequency can be identified by the phase jump in the phase
response. Expression (1) is one condition that must satisfy the
reactive parameters, L and C, of the model. Nevertheless, we
need two additional conditions to univocally determining the
three lumped-element parameters of the model. The phase slope
at resonance provides the second condition. However, the
analytical calculation of such phase slope, by considering that
the inverter is implemented by means of a quarter-wavelength
transmission line, is not straightforward. The calculation
notably simplifies by situating the input port at the resonator’s
plane, i.e., by neglecting the presence of the quarter-wavelength
(non-ideal) impedance inverter. Under these conditions,

expression (1) is also valid, since the resonance frequency of
the slot resonator does not depend on the presence of additional
elements in the structure (nevertheless, at such frequency the
phase of the reflection coefficient nulls, as corresponds to
roughly an open termination). For the calculation of the phase
slope (by excluding the high impedance and the access line
sections), let us first obtain the reflection coefficient, given by

o -1
= 2
Py EY, (2)
where
1
Y, =G+jlCo—— 3
=G +j(co-) 3)

is the admittance of the slot resonator, and Yj is the reference
admittance of the port. Introducing (3) in (2), one obtains

YO—G—j(Cw—%))

p= 1 4)
Yo+G+j(Co—1z)
and the phase of the reflection coefficient is
1 1
m —Co 4 " E) —Co c
= arctan{=2—— e .
¢p arctan A arctan Y, G ®)
Thus, the phase slope is
1 1 1 1
g, _YO—G(C+W)_—Y0+G(C+W) ©
do - 1 2 1 2
T ikl BN il
YO - G Yo + G
and evaluation at the resonance frequency gives:
d¢ 4CY,
A = _2—0 (7)
do Yy — G2
ey

corresponding to the second condition, or equation, of the
parameter extraction procedure. Finally, the third condition
corresponds to the magnitude of the reflection coefficient at
resonance, given by

YO_G
Yo+ Gl

lolwy = 8)

Introducing in (8) the magnitude level of the reflection
coefficient at resonance, G is univocally determined. Once G is
obtained, expression (7) provides C. Finally, L is obtained from
(1). Application of this parameter extraction method to the slot
resonator of Fig. 1 has provided the following parameters:
L=2.45nH, C=1.15pF, and G = 1.26 mS. The width of the
admittance inverter provides a characteristic impedance of Z; =
150 Q. Note that G << Yy = 1/Zy =20 mS, as corresponds to the
fact that losses are very small. However, this is not necessarily
the case when certain MUTs (e.g., liquids) are in contact with
the slot resonator, as it will be later shown.
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Fig. 2. Frequency response of the structure of Fig. 1(a) obtained by
electromagnetic simulation (using Keysight ADS Momentum) and circuit
simulation. (a) Phase of the reflection coefficient; (b) magnitude of the
reflection coefficient.
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The circuit response of the structure of Fig. 1 with the
extracted parameters, as obtained from the Keysight ADS
schematic simulator, is also included in Fig. 2 for comparison
purposes. The agreement with the electromagnetic simulation
is very good, which validates both the circuit model and the
parameter extraction procedure.

III. SENSITIVITY ANALYSIS

Let us next assume that a certain material (MUT), either solid or
liquid, coats the slot resonator, and that the dielectric properties of
such material might be subjected to potential perturbations. Such
perturbations can be due to a variation in the composition of the
MUT (for example the volume fraction of a certain solution), to a
change in the sample, or to a variation in the ambient factors, e.g.,
temperature and humidity (there are materials with dielectric
properties very sensitive to environmental factors). Dielectrically,
the MUT is characterized either by the complex permittivity
(including the real and the imaginary parts), or by the dielectric
constant and loss tangent. In principle, the phase of the reflection
coefficient, ¢, the considered output variable in this work, might
be perturbed by variations in both the dielectric constant, emur, and
the loss tangent, tandmur, of the MUT. A variation in évur
generates a change in the capacitance of the resonator, which in
turn alters ¢@. Such capacitance depends on evut (and obviously
on the geometry of the slot resonator), but not on tandmur.
However, the dependence of the conductance on the input
variables is more complex. Indeed, the conductance of the
resonator loaded with a certain MUT can be expressed as the
parallel combination of the conductance of the substrate and the
contribution of the MUT (null if the slot resonator is surrounded
by air). Let us call the contribution of the conductance of the
MUT as Gmur, so that G = Gsuss + Gmut, Where Gsugs is the
contribution of the substrate. Of course, any variation in G with
regard to the REF value (the one corresponding to the slot
resonator loaded with the REF sample) should be entirely due
to a variation in Gmur, Which can be expressed in terms of the
loss tangent as follows [1],[28]

Gyyr = tan Syyrt -Cuut @ €))

where Cwmur is the contribution of the MUT to the slot
capacitance, and it depends on evur as follows [1],[28]:

EMUT

Cvmut = Csugs® (10)

-
Csuss being the substrate capacitance. In (9), @, is the angular
resonance frequency when the sensor is loaded with the MUT.
According to (9) and (10), the conductance of the slot resonator
depends on both input variables, evur and tandmur. It has been
assumed in (9) and (10) that the width of the slot resonator is
small as compared to the thickness of the substrate and MUT.
Under these conditions, the electromagnetic field generated by
the slot is circumscribed, to a first order approximation, within
the substrate and MUT (semi-infinite approximation), a
necessary condition for the validity of (9) and (10). Under such
semi-infinite substrate and MUT approximation, there is a
quasi-magnetic wall in the plane of the slot resonator (the
electric fields in the substrate and MUT are mirror images), and
the capacitance of the slot can be expressed as Csups + Cwmur,
i.e., the sum of the individual contributions of the substrate and
MUT to the slot capacitance. As demonstrated in [1], [28], the
ratio of these capacitances is proportional to the ratio of
dielectric constants of substrate and MUT, from which
expression (10) is deduced. The validity of this semi-infinite
approximation in the considered prototypes will be discussed
later.

According to the previous paragraph, a variation in the phase
of the reflection coefficient, Agy, caused by changes in the input
variables, Aevut and Atandmut, should be expressed as follows:

_49, dc_ 49, _d6
= A0 dawgr T TG Ttan gygy L B0 Our
d¢, dG dC
E.%.—dé‘MUT. émut (11)

In (11), two key derivatives (or partial sensitivities) determine the
behavior and performance of the proposed sensor, i.e., d@¢,/dC and
d@y/dG. Let us calculate them for the structure of Fig. 1, including
the slot resonator and the high-impedance line section. For that
purpose, let us designate by Co and Go the capacitance and
conductance, respectively, of the slot resonator loaded with the
REF sample. Thus, when a different sample (MUT) is in contact
with the slot resonator, it generates potential changes in those
elements as C = Cy + AC and G = Go+ AG. Since Cp and Gy are
constant, the previous derivatives are identical to d@y/dAC and
d@,/dAG. For the calculation of such derivatives, let us first obtain
the reflection coefficient seen from the input port (excluding the
access line) at the operational frequency, i.e., at the resonance
frequency of the slot resonator when it is loaded with the REF
sample, ap = (LCo) 2. The calculation is simple since, at that
frequency, the high-impedance line section is a quarter-wavelength
transmission line, and the admittance seen from the input port is
simply
Y2
in — YL . (12)

Introducing in (12) the admittance of the slot resonator, as given by
(3), with C replaced with Cy + AC, G replaced with Go+ AG, and
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o replaced with a, gives:

YO - Yin _]YowoAC + YO(GO + AG) - Y12
Yo+ Yy jYo@AC + Yo(Go + AG) + Y2

Plog = (13)

and the phase of the reflection coefficient at the operational
frequency is thus:

Y, w,AC

Y, (Gy + AG) — Yf}
Y, w,AC

Yy (Gy + AG) + Yf} '

¢ = arctan {
P

— arctan { (14)

Using (14), the above-cited derivatives are found to be

Yo @
Wy _ Yo(Go +AG) — V7
dAC Yy woAC ]2
YO(GO + AG) - le
Yoy
Yo(Go + AG) + Y

2
14 [ Yo o AC 2]

Yo(Go + AG) + Y}

(15)

YZ 0, AC
(Yo(Go + AG) — Y?)?
1+ [ Yoo AC ]2
Yo (GO + AG) - le
Ys 0, AC
(Yo(Go + AG) +Y7)?
1+ [ Yy 0, AC ]2 '
Yo(Gy + AG) + Y7

d¢

P00

dAG

(16)

Let us next assume that the interest is the measurement or
detection of small changes in the dielectric properties of the MUT
in the vicinity of the REF values (&rer and tandrer), corresponding
to element values C= Cyp and G = Gy (or AC=AG =0). Evaluation
of the previous derivatives in such limit gives:

d¢

0o
dAC
d ¢pr @o

dAG

20, Y, Y2
= 22014 (17)
Y262 - Y

AC=AG=0

(18)

AC=AG=0

Interpretation of (18) is clear, i.e., at the resonance frequency of the
slot resonator loaded with the REF sample, ax, in the limit of small
perturbations (AC = AG = 0), the reflection coefficient is found to
be a real number given by

| Yo=Y YyGp—¥?
pwo,AC=AG=0_YO+Yin_YOGO+Y12

(19)

and the phase is either +180° (for Y, G, < Y??) or 0° (for YG, >
Y;2), i.e., constant values. These phase values do not change by
varying G, or AG, provided the operational frequency is
maintained at an, and AC = 0, and this explains the null value of
the derivative in (18). Thus, if the interest is to optimize the
sensitivity in the limit of small perturbations (emur = &rer and

tandmur ~ tandrer), the second and third terms in the right-hand
side member of (11) can be ignored, and the sensitivity can be
expressed as

d¢
@0,eREFLANSREF — de
MUT o, epgr tandper
dd, v dAC
= IAC d | (20)
Ac=aG=0 FEMUT!gp,

where the first term of the product in (20) is (17), and the second
term can be easily calculated, since the capacitance, C, of the slot
resonator for any arbitrary MUT loading it can be expressed in
terms of the capacitance when the load is the REF sample, as
follows [1]

& + éyur
C=Cy+AC=Cy———— 21
0 (e (21)
and hence
dAC Co
(22)

dg T e+ g
MUT | g T REF

Thus, introducing (17) and (22) in (20), the following result is
obtained

200,Y2 Gy
YEGE — Y & + crep

Sl@O-EREF:tan(SREF = (23)
Note that (21) and (22) are valid by considering the semi-infinite
substrate and MUT approximation. Indeed, the consideration of
the semi-infinite approximation is not a requirement but
simplifies the sensitivity analysis (providing an analytical
expression 23). If the MUT is finite, or even a thin-film
structure, then the contribution to the sensitivity given by (21)
is no longer valid and should be obtained, e.g., numerically, or
by means of a dedicated software. Certainly, the sensitivity is
degraded if thin-film MUTs are considered, but such reduction
in the sensitivity can be compensated, if needed, by cascading
further inverter stages (an aspect to be discussed later).

Expression (23) reveals that the sensitivity can be either negative
(for Y, G, < Y) or positive (for Y,G, > Y2). The sensitivity is
negative when losses are small (Y,G, < Y;2). In the limit when
losses can be neglected (low loss MUTs), Go = 0 (or tandrgr =
0), and the sensitivity is found to be

—szYOCO _ZCU()Z%CO

Sl wp tandgrgp=0 — =
“0-REF FANCRER Y2(& + erer)  Zo(& + &rgr)

(24)

According to (24), the presence of the high impedance line, with
impedance Z;, contributes to enhance the sensitivity. From this
result, it can be concluded that if losses are negligible, the strategy
to boost up the sensitivity is to cascade a quarter-wavelength
transmission line with the highest possible characteristic
impedance to the slot resonator. However if losses cannot be
neglected but satisfy Y,G, < Y, in that case, the strategy to
boost up the sensitivity is to choose the admittance of the
quarter-wavelength admittance inverter Y; slightly superior to
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+/ Yo Gy, so that the denominator in (23) is a negative number close
to zero.

If losses are important (Y,G, > Y{%), a possible situation when
dealing with liquid samples, the strategy to boost up the sensitivity
is to set Y to a value slightly inferior to /Y,G,. It should be
mentioned that the operational regime of the sensor (either low-
loss or high-loss) is not something inherent to the level of losses of
the MUT. The reason is that the condition that separates both
regimes (Y,G, = Y;?) depends on a sensor design parameter, i.e.,
Y1. In other words, depending on the level of losses of the MUT,
and hence Gy, it might be possible to tailor Y; in order to force the
sensor to operate either under the low-loss regime (Y G, < Y;2) or
under the high-loss regime (Y,G, > Y;?). However, an important
aspect to take into account is that a change of regime within the
considered input dynamic range of the sensor should be avoided,
as it generates a sudden change in the phase of the reflection
coefficient, due to the change of the sign in the sensitivity. It must
also be indicated that the condition that separates the low-loss and
the high-loss regime (Y, G, = Y;2) is valid for the structure of Fig.
1, with a single admittance inverter (with admittance Yi). The
boundary between both regimes changes when additional
quarter-wavelength admittance inverters with alternating
low/high impedance are cascaded to the one of Fig. 1, an aspect
to be discussed next.

The generalization of the sensitivity given by (23) to the case
where the sensor is implemented with N inverters (see Fig. 3) is
relatively simple. The admittance seen from the input port
(excluding the access line) can be expressed as

N
_1N 2_1i+N
Yin,N=YL( )'Hyi( )

i=1

(25)

where Y; is the admittance of inverter i. For N odd, the reflection
coefficient evaluated at ay is

| _ YO - Yin,N
Ploo Yo + Yinn
2(_1)i+N

_]Yoa)oAC + YO(GO + AG) - 5:\/:1 Yl
JYo@AC + Y, (Go + AG) + 11, Y,

(26)

2 (_1)i+N

and the sensitivity in the limit of small perturbations is found to be
2 (_ 1)i+N

s _ 2o Tlizi “ @
@0,¢REF,taNdREF NHNNZ ’
63 - (Tt 7Y

For N even, the reflection coefficient evaluated at ay is

| _ YO - Yin,N
L “o YO + Yin,N
2(_1)i+N

Yo = (Go + AG+j o, AC)-TIL, ¥,

2(- 1)i+N (28)

Yo + (Go + AG+jw,AC)-TIL, Y,

and the sensitivity in the limit of small perturbations is

_1)i+N
—2apYy- §V:1Yi2( Y Co

_1)i+N\ 2 !
Y()2 - G(? ( €V=1 YLZ( 1)l+ ) gr * gREF

29)

S| ©0,6REFAANSREF

p
L Y[ ——
Zn, 90° Z2,90° Co
P1e— H J oo | H }
I" Zn-1, 90° Z1,90° L l
Yin,N Go

Fig. 3. Schematic of the generalized sensor with an arbitrary number, N, of
inverters.

As it can be seen from (27) and (29), the boundary between the
low-loss and the high-loss regime depends on the number of
quarter-wavelength impedance inverters, N, and the specific
expression is different for N even and for N odd. Let us summarize
next:

e For N odd, the low-loss regime requires that

N
YyGy < 1_[ y2COH
L
i=1

and this condition becomes more restrictive as the number of stages
increases. For instance, for N = 1, the case studied in detail before,
the condition is Y,G, < Y, whereas for N = 3, the low-loss
regime requires that Y,G, < Y2YZ/YZ, namely a significantly
smaller value of Gy is needed, since Y; < Yo, Y3 < Yo, and Y> >
Yo, as dictated by sensitivity optimization requirements in the
low loss regime.

e For N even, the condition for operation under the low-loss

regime is
N .
GO' 1_[ Yiz(_l)H—N < y()
i=1

and for operation under this regime, the value of Go must decrease
as the number of stages, N, increases. For example, for N = 0
(corresponding to the absence of inverters), the condition (31) is
Gy <Yy, for N = 2, the low-loss regime requires that
GoY2/YE <Y, (or Gy < YyY?2/Y2), i.e., much more restrictive
for Gy, provided Y < Yy < Ya.

As for the case with N =1, if losses are negligible, to boost up
the sensitivity in the limit of small perturbations, it is necessary
to set the admittance of the line section adjacent to the resonator
to a small value (high value of Z;). The further cascaded
sections (if they are present) must then alternate the impedance
value, with Z, low, Z3 high, and so on. However, if losses are
not negligible, regardless on the specific operation regime (low-
loss or high-loss), it is possible to control (enhance) the
sensitivity in the limit of small perturbations. For that purpose,
the impedance values of the inverter stages should be adjusted,
so that the denominator in (27) or (29) is made small
(corresponding to sensor operation near the boundary between
both regimes).

It is interesting to mention that the sensitivity is negative for

(30)

(D
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low losses, whereas it is positive under the high-loss sensor
operation regime [see expressions (27) and (29)]. The sign of
the sensitivity is intimately related to the phase slope of the
reflection coefficient at the operating frequency. It is well-
known that the phase slope when losses are absent should
always be negative. A negative phase slope means that when
the dielectric constant of the MUT increases, the phase shifts
downwards. Consequently, the phase at the (fixed) operational
frequency decreases, and hence the sensitivity is negative.
According to this argument, it follows that a positive phase
slope should correlate with a positive sensitivity. Nevertheless,
to gain insight on this aspect, let us calculate next the phase
slope for the structure of Fig. 1 in the vicinity of resonance,
when the sensor is loaded with the REF sample (providing a
slot capacitance and conductance of Cy and Gy, respectively).
Since the objective is to calculate the phase slope near
resonance, where the line cascaded to the slot resonator exhibits
an electrical length of 90°, it is reasonable to assume that such
line behaves as an ideal inverter, with input impedance given
by (12). The reflection coefficient can be expressed as

oG — Y2+ jY, (Coa)—%))

pP= 2 ] 1 (32)
YoGo + Y2 + ¥y (Coo — 1)
Thus, the phase of the reflection coefficient is
1 1
s w207 10)| (0G0 1g)]
P YoGo — Y2 YoGo + Y2
and the phase slope is
_ Yo 1y KN 1
4, 757" 17) w5+ (9t 1) .
do 1372 1\
- Yo (Com—75) - Yo (Comw—15)
YoG, — Y2 YoG, + V2

Evaluation of (34) at the resonance frequency, ay = (LCo)™"?,
gives
9,
do

4Y,C, Y7

T YZGE - 33

()

namely, the phase slope is negative as far as losses satisfy
YoGo < Y. Note that this condition (low loss regime) is the one
required to obtain a negative sensitivity [see expression (23)].
The generalization of this study for an arbitrary number of
inverters, N, not included in the paper, reveals that the phase
slope at resonance is negative provided expressions (30), for N
odd, or (31), for N even, are satisfied (corresponding to the low-
loss regime).

Let us next validate the previous analysis on the phase slope
at resonance through full-wave electromagnetic simulation and
circuit simulation with parameter extraction. For that purpose,
let us consider the structure of Fig. 1 loaded with two
hypothetical REF materials. The considered dielectric constant
in both cases is ergr = 3.6, whereas the loss tangent is tandrgr,

= 0.002 for material 1 (low-loss sample) and tandrgr = 0.08
for material 2 (high-loss sample). Both materials are semi-
infinite in the vertical direction. The simulated phase responses
of both structures are depicted in Fig. 4. It should be clarified
that with the introduction of a MUT on top of the slot, it has
been imperative to resize the length of the admittance inverter
(now being /; = 20.2 mm) in order to achieve an electrical length
of 90° at fo = 2.33 GHz (the resonance frequency of the slot
loaded with the hypothetical REF materials). As it can be seen,
for sample 1, the phase experiences a jump at resonance, i.e., @
= £180°, whereas the phase is ¢, = 0° at that frequency for
sample 2. Parameter extraction has provided the following
reactive parameter values for both samples: L =2.45 nH, Cy =
1.86 pF. The resulting conductance is Go = 1.05 mS for sample
1 and Go =2.32 mS for sample 2. The circuit responses are also
included in Fig. 4, and the agreement with the electromagnetic
simulation is excellent. For the low-loss sample (material 1),
YoGo < Y, (being Y; = 6.67 mS) and the reflection coefficient
(32) is a negative real number at resonance. Thus, the phase at
that frequency is ¢, = £180°. By contrast, for material 2 (high-
loss sample), Y,G, > Y2, and the reflection coefficient is a
positive real number at resonance. Consequently, the phase of
the reflection coefficient at resonance is ¢, = 0°, as it can be
appreciated in Fig. 4.
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Fig. 4. Electromagnetic and circuit simulation of the frequency response
(magnitude and phase) of the structure of Fig. 1(a) when the slot resonator is
loaded with the hypothetical materials 1 and 2 with dielectric characteristics
indicated in the text. (a) Magnitude and phase response for material 1; (b)
magnitude and phase response for material 2.

To demonstrate that the operational regime of the sensor
might depend also on the number of inverters, we have
simulated the previous structures (by considering materials 1
and 2), but eliminating the inverter (N = 0), see Fig. 5. In this
case, the limit between the low-loss and the high-loss regime is
less restrictive, i.e., Gy < Y, suffices to be under the low-loss
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condition. Since Gy satisfies the previous condition for both
REF materials, in this case (N = 0), the structure operates under
the low-loss regime for both materials, the phase slope is
negative, and the phase value at resonance is @, = 0°, identical
to the lossless case without admittance inverters. Note that for
the lossless case, an open provides a null in the phase of the
reflection coefficient, and such phase prevails at resonance as
far as Gy <Y, since under this condition the reflection
coefficient at resonance is a positive real number [see
expression (4)].
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Fig. 5. Electromagnetic and circuit simulation of the frequency response
(magnitude and phase) of the structure of Fig. 1(a) without the admittance
inverter, when the slot resonator is loaded with the hypothetical materials 1 and
2 with dielectric characteristics indicated in the text. (a) Magnitude and phase
response for material 1; (b) magnitude and phase response for material 2.

Let us next investigate a case with N = 2. For that purpose, we
have considered the sensor of Fig. 1, with an additional
(cascaded) low-impedance quarter-wavelength transmission
line. The characteristic admittance of such line is ¥> = 0.033 S.
Note that, in this case, operation under the low-loss regime
requires that G, Y2 /Y2 < Y, (or Gy < Y Y2/Y2), see (31),i.e.,a
very restrictive condition, as far as ¥, < Yy < Y>. The values of
Gy for both REF materials are not small enough to satisfy the
previous low-loss operation condition. Consequently, in this
case, operation proceeds under the high-loss regime, and the
phase slope at resonance is positive for both REF materials, see
Fig. 6. With N = 2, the phase of the reflection coefficient at
resonance for the lossless case, or for the low-loss operation
regime, should be ¢, = 0°. Note however, that the phase
obtained from both circuit and electromagnetic simulation
experiences a jump (¢#p = £180°) at resonance for both materials,
indicative of operation under the high-loss regime.
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Fig. 6. Electromagnetic and circuit simulation of the frequency response
(magnitude and phase) of the structure of Fig. 1(a) with an additional quarter-
wavelength transmission line with characteristic impedance Z, = 1/Y, = 30 Q,
when the slot resonator is loaded with the hypothetical materials 1 and 2 with
dielectric characteristics indicated in the text. (a) Magnitude and phase response
for material 1; (b) magnitude and phase response for material 2.

The results of Figs. 4, 5 and 6 point out the importance of the
number of stages (N) on sensor behavior, and are indicative of
the intimate link between the phase slope at resonance and
sensitivity. Let us next experimentally validate the proposed
sensors, by considering both solid and liquid samples.
Nevertheless, let us first mention that in Figs. 4 and 6, the notch
in the magnitude of the reflection coefficient is significant
(contrary to Fig. 5). The notch is caused by losses, and such
losses can be due to material losses (dielectric and ohmic) or
radiation losses. When the slot is directly connected to the
access line (without inverters, or N = 0), the case of Fig. 5, the
notch is soft and can be caused in part by absorption or by
radiation, though the soft notch indicates that radiation should
not be significant. When the inverters are added, case of Figs. 4
and 6, what happens is that the inverters transform the
conductance Gy at resonance to a value closer to the reference
conductance of the port, and the reflection coefficient
dramatically decreases (or the notch depth in dB increases).

IV. SENSOR VALIDATION

For experimental validation of the sensors proposed in this
paper, we have considered the structure of Fig. 1, with N=1,
and we have applied it to the characterization of solid and liquid
samples. Nevertheless, a redesign has been made in each case,
in order to optimize the sensitivity. Concerning solids, the
considered samples are low-loss dielectric slabs, corresponding
in most cases to uncladded microwave substrates available in
our laboratory. Actually, we have stacked several samples in
order to ensure a sufficient MUT thickness to guarantee the
semi-infinite approximation. This is not necessary for sensor
functionality, but to compare the resulting sensitivity with the
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analytical predictions (where such approximation has been
adopted). The REF sample is the uncladded Rogers 4003C
substrate with dielectric constant grgr = 3.55 and loss tangent
tandrer = 0.0022. Concerning the characterization of liquid
samples, in this paper the interest is the characterization of the
volume fraction of isopropanol in diluted solutions of deionized
(DI) water. Therefore, the REF sample is pure DI water, with
dielectric constant srer = 78.70 and loss tangent tandgrer = 0.049
at 1 GHz and room temperature (23°C). Let us mention that the
sensor devoted to solid samples operates under the low-loss
regime, whereas the liquid sensor works under the high-loss
regime, as it will be shown. Let us next discuss separately the
details associated to both sensors.

A. Sensor for Solids. Operation Under the Low-loss Regime

For sensitivity optimization in the limit of small perturbations
when very low-loss samples are considered (Y,G, < Y;2),
expression (23) [or the resulting expression with negligible
losses (24)] reveals that ¥; must be small (corresponding to a
high impedance quarter-wavelength line section) and Cp must
be high. Since the operational frequency should be set to a
certain value, i.e., the resonance frequency of the slot resonator
loaded with the REF sample (fo = wo/2n = 2.36 GHz in the
present sensor), an increase in Cy is necessarily associated to a
decrease in L. Therefore, for sensitivity optimization in the limit
of small perturbations, a high-Q resonator is needed. In order to
increase the capacitance of the slot with a small value of the
inductance, the strategy has been to reduce the slot width to the
minimum possible value dictated by the available fabrication
technology (0.2 mm in our case). The impedance of the quarter-
wavelength (at fy) line section has been set to Z; = 150 Q (or Y;
=6.67 mS).

Sensor implementation has been carried out on the Rogers
4003C commercial microwave substrate, with dielectric
constant & = 3.55, thickness 2 = 1.524 mm and loss factor tand
= 0.0022. The photograph of the fabricated device, including
the 50-Q access line, is depicted in Fig. 7, where dimensions
are indicated. Note that, rather than a grounding via, the slot
resonator has been connected to ground by means of an open-
ended quarter-wavelength (90°) transmission line with
impedance Z; (which provides a virtual ground at the plane of
the resonator at fp). Figure 8 depicts the frequency response
(reflection coefficient, or Si1), including the magnitude and the
phase, by considering that the slot resonator is covered with the
REF material, as obtained from full-wave electromagnetic
simulation and measurement. The measurements have been
obtained by means of the Agilent N52214 vector network
analyzer, whereas the simulation has been obtained by means
of the Ansys HFSS commercial full-wave simulator. The
parameters of the slot resonator (covered with the REF sample)
have been extracted from the simulated response, and the circuit
response, also included in Fig. 8, is in very good agreement with
the simulations and measurements (the extracted parameters are
L=2.76nH, Cy=1.64 pF and G = 1.1 mS).

(a) (b)

Fig. 7. Photograph of the slot-based sensor devoted to the characterization of
solid samples (a) Top view; (b) bottom view. Dimensions are given in mm.
Note that the lengths of the quarter-wavelength lines (the one between the
access line and the slot, 19.5 mm, and the one replacing the via, 19.0 mm) are
slightly different to account for the fringing field effects of the open end. Both
line sections exhibit an electrical length of 90°.
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Fig. 8. Frequency response of the fabricated sensor of Fig. 7, when it is loaded
with the REF sample.

Next, we have experimentally obtained the phase response of
the reflection coefficient for different samples (i.e. air,
polylactic acid —PLA—, and FR4). The results are depicted in
Fig. 9(a), where they are compared with the simulated values.
Fig. 9(b) includes the phase of the reflection coefficient at f; and
the sensitivity as deduced from the simulated data points (note
that the sensitivity cannot be easily retrieved from the
experimental data due to the lack of a significant number of data
points). The sensitivity in the limit of small perturbations that
results from the simulated data is Sgim = —255.5°, whereas the
theoretical prediction given by (23) provides Sm = —234,05°.
This slight discrepancy is due to the fact that the substrate (with
a thickness of 4 = 1.524 mm) cannot be actually considered to
be semi-infinite, an assumption made for the calculation of the
sensitivity. However, if we replace & in (23) with &;¢q, the so-
called equivalent dielectric constant of the substrate, then the
theoretical sensitivity is found to be Sy = —253.89°), in very
good agreement with the simulated value. The equivalent
dielectric constant of the substrate, defined as the dielectric
constant of a hypothetical semi-infinite substrate providing the
same contribution to the capacitance of the slot, has been found
to be &.¢q = 3.20 (the procedure to calculate it can be found in

[59D.
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Fig. 9. Simulated and measured phase response of the reflection coefficient for
the sensor of Fig. 7 with different samples (a) and dependence of the phase of
the reflection coefficient at the operating frequency with the dielectric constant
of the MUT and sensitivity as deduced form the simulated data points (b). The
samples were pressed against the sensor to minimize the effects of the air gap
layer.

B. Sensor for Liquids. Operation Under the High-Loss Regime

The main difference of the sensor devoted to liquids, as
compared to the one of the previous subsection, is the fact that
it operates under the high-loss regime. The considered REF
liquid is DI water, and the main objective of the proposed sensor
is to detect the presence of very small volume fractions of
isopropanol in DI water (for this reason we have considered
pure DI water as REF material). In order to put in contact the
liquid sample with the sensing element, i.e., the slot resonator,
a holder (container) made of polylactic acid (PLA) has been 3D-
printed by means of the Ultimaker 3 Extended 3D printer. The
height of the holder (10 mm) is enough to guarantee that the
MUT liquid is semi-infinite in the vertical direction. The
photograph of the fabricated sensor is depicted in Fig. 10, where
dimensions are indicated. Like the sensor for solids of Fig. 7,
the grounding via has been replaced with an open-ended 90°
transmission line. The high-impedance quarter-wavelength
transmission line cascaded to the slot resonator exhibits a
characteristic impedance of Z; = ¥ = 107 Q. The sensor has
been implemented in the Rogers 4003 C substrate with dielectric
constant g- = 3.55, thickness # = 1.524 mm, and loss factor tand
=0.0022. To avoid liquid absorption by the substrate, a 50-um

thick SU-8 dry film with an estimated dielectric constant of
&.fim = 3.1 and loss factor of tandgim = 0.053 has been used.

474

Open termination

Fig. 10. Photograph of the slot-based sensor devoted to the characterization of
liquid samples (top view upper and bottom view lower). Dimensions are given
in mm. Note that the lengths of the quarter-wavelength lines (the one between
the access line and the slot, 47.8 mm, and the one replacing the via, 47.4 mm)
are slightly different to account for the fringing field effects of the open end.

We have extracted the parameters of the slot resonator with
the presence of DI water on top of it, and the resulting values
are L =2.00 nH, Cp = 12.76 pF, and Gy = 4.7 mS. Since Gy is
relatively high, the sensor has been designed to operate in the
high-loss regime. Nevertheless, the admittance of the quarter-
wavelength transmission line, ¥, has been adjusted in order to
obtain a positive value of YZGZ — Y;*, but close to zero, since
this term appears in the denominator of the sensitivity (23). This
justifies the value of Y (or Z)) indicated above. The frequency
response of the structure (phase and magnitude) when it is
loaded with the REF sample (DI water) is depicted in Fig. 11.
Very good agreement between the measured response and those
obtained by electromagnetic and circuit simulation can be
appreciated.
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Fig. 11. Frequency response of the fabricated sensor of Fig. 10, when it is
loaded with the REF sample (DI water).
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Next, we have experimentally obtained the phase response of
the reflection coefficient for the different samples, consisting of
mixtures of DI water with different percentages (volume
fractions) of isopropanol (homogeneous solutions were
achieved by mixing the samples using a using a vortex mixer,
i.e. Lab Dancer, during 120 s for each sample). The different
mixtures of DI water and isopropanol, with a total volume of 3
mL, have been introduced in the container by means of a
syringe. These mixtures encompass volume fractions ranging
from 0% (pure DI water) to 30% of isopropanol. The results are
depicted in Fig. 12(a). The figure also includes the phase of the
reflection coefficient for the different samples at the operating
frequency (fo = 0.995 GHz) and the sensitivity as deduced from
the measured data points [Fig. 12(b)]. We have opted in this
work to consider the same dimensions of the sensing slot for
both the sensor of Fig. 10 (dedicated to liquids) and the one of
Fig. 7 (devoted to solids). Since the REF material in the sensor
of Fig. 10 is DI water, with very high dielectric constant, the
resonance frequency in that sensor is much smaller as compared
to that of Fig. 7.
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Fig. 12. Measured phase response of the reflection coefficient for the sensor of
Fig. 10 with different mixtures of isopropanol in DI water (a), and dependence
of the phase of the reflection coefficient at f; with the volume fraction of
isopropanol and sensitivity (b). Measurements were made at room temperature
(23°C).

The sensitivity in the limit of small perturbations (very small
isopropanol concentration) has been found to be 64.96 °/%.
Since the isopropanol content correlates with the dielectric

constant of the mixture, we have conducted simulations to
estimate the dielectric constant of the solution with 0.5%
volume fraction of isopropanol in DI water. This allows us to
map the sensitivity with volume fraction variation to that with
dielectric constant variation, as given by expression (23). The
simulated results indicate that the dielectric constant for the
indicated volume fraction is emut (0.5%) = 78.49. This variation
in the dielectric constant as compared to the one of pure DI
water (Ag- = 0.21), leads to a sensitivity of Smeas = 154.6°,
whereas the theoretical prediction given by (23) provides
S = 155.4° i.e., in very good agreement.

Note that, according to Fig. 12(b), the sensitivity with volume
fraction variations in the limit of small perturbations is
negative, rather than positive, even though the sensor operates
in the high-loss regime. The reason is that, as the volume
fraction of isopropanol increases, the dielectric constant of the
solution, evut, decreases. Thus, the sensitivity with dielectric
constant variations in the limit of small perturbations is
positive, as expected. Also note that for volume fractions above
1%, the sensor exhibits a different behavior, with positive (and
much smaller) sensitivity with volume fraction variation. This
behavior is due to the extremely high sensitivity of the sensor
in the limit of small perturbations (visible by the high slope in
the phase response), which saturates the response at fy for a
volume fraction of roughly 1%. Thus, the proposed sensor is
mainly useful for detecting very tiny variations of volume
fraction of isopropanol in the vicinity of the REF value (0%),
and the achieved (measured) sensitivity in the limit of small
perturbations agrees with the theoretical prediction, as
demonstrated in the preceding paragraph. Nevertheless, the fact
that the sensitivity is roughly constant for volume fractions
above 1% makes the device also useful in applications where
the input dynamic range should encompass large volume
fractions (note the good linearity up to volume fractions of
30%).

V. COMPARATIVE ANALYSIS AND DISCUSSION

As pointed out in the introduction section, various types of
reflective-mode phase-variation permittivity sensors have been
recently reported. Probably, the most distinctive feature of the
sensors reported in this paper is the use of a slot resonator as
sensing element. Since such slot is etched in the ground plane
of the microstrip-line based sensor structure, the MUT, either
solid or liquid, and eventually any additional required
mechanical accessory (e.g., the liquid holder), are isolated from
the microwave circuitry (the impedance inverters). By contrast,
in other reflective-mode phase-variation sensors, the sensing
element is a metallic resonator, either distributed [3],[13],[19],
or semi-lumped [16],[20]. The sensor reported in [15], based on
an open complementary split ring resonator (OCSRR), is an
exception, since the OCSRR is an electrically small planar
component that can be categorized as a slot-type resonator.
However, in such sensor, the sensing OCSRR is the termination
of a coplanar waveguide (CPW) transmission line structure.
Therefore, the backside isolation capability of the sensors
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reported in this paper is not present in those OCSRR-based
Sensors.

Another interesting aspect of the sensors of this work is the
small size of the sensing region. It suffices to extend it
transversally a few millimeters beyond the cross-section of the
slot resonator to guarantee that the fields generated in the slot
do not reach the MUT boundaries. Such small size of the
sensing region, A,, and the high achieved maximum sensitivity,
Smax, provide a good relation between the maximum sensitivity
and the size of the sensing region expressed in terms of the
squared guided wavelength, A2, for both prototypes. This is the
main considered figure of merit (FoM) in reflective-mode
phase-variation sensors. Nevertheless, it should be mentioned
that the sensitivity in the sensors presented in this work depends
inversely on & + &rer, see (23), (27) and (29). Thus, the
maximum sensitivity in the second prototype (the liquid
sensor), Smax = 154.6°, is moderate as compared to those of other
similar sensors because the REF liquid is DI water, with very
high dielectric constant, ergr = 78.7. Such dependence, or a
similar dependence (particularly, on the inverse of the effective
dielectric constant) is also encountered in other reflective-mode
phase-variation sensors. Consequently, for a faithful
comparison with other reflective-mode phase-variation sensors
devoted to solids samples, with REF dielectric constants
typically below 10 (i.e., erer < 10), we should consider the
product FoM- grer as the most representative comparison factor
and indicator of sensor performance. For the prototype liquid
sensor reported in Section IV.B (Fig. 10), such factor is
FoM-&rpr = 608351°/4%, the highest in Table I. Such table
summarizes the performance and relevant characteristics of
various phase-variation permittivity sensors, including not only
those sensors operating in reflection, but also those based on
transmission-mode structures. In some cases [4],[7],[8], the
working principle is phase variation, but the output variable is
a magnitude (of the transmission or cross-mode transmission
coefficient). Hence, for such sensors, the FoM and the above-
cited performance indicator, FOM- &rer, are not provided.

In view of Table I, the prototype of Fig. 10, operating in the
high-loss regime and with the impedance of the inverter
calculated to achieve a high sensitivity, is very competitive.
Such sensor, and the one reported in [58] (from which this work
has been extended), are the first reported prototypes of
reflective-mode phase-variation liquid sensors based on an
impedance inverter terminated with a slot (sensing) resonator.

TABLE I
COMPARISON OF VARIOUS PHASE-VARIATION SENSORS
FoM F 0M: Erer

Operational  f As

Ref. mode* (GHz) (22  Pml o) oz
3] RX 20 0025 5287° 21148 21148
[13] RX 20 0100 455 455 455
[4] X 23— 600dB -
5] X S 7% -
6] X 60 1290 4156° 322 114
7] X - 0075 253dB -
8] X 20 0020 176dB -

[10] X 2.0 0.040 20.0° 500 500
[15] RX 2.0 0.015 83.35° 5643 5643
[16] RX 20 0.018 66.5° 3643 12932
[20] RX 2.0 0.017 468° 27419 27419
[19] RX 345 0.070  659.6° 9401 33373
Fig. 7 RX 236 0.021  255.5° 12166 43189
Fig. 10 RX 0.995 0.020 154.6° 7730 608351

*RX: reflection mode; TX: transmission mode.

To end this section, let us mention that although the output
variable in the considered sensors is the phase of the reflection
coefficient at the operating frequency, by also considering the
magnitude of the notch, related to losses, the complex
permittivity of the MUT (or the loss tangent) might be obtained.
Nevertheless, we do consider that there are other methods
which provide more accuracy for the determination of the loss
tangent (in particular, sensors based on resonant cavities, see
[1] and references therein). For this main reason, this aspect
(retrieving the loss tangent) is out of the scope in this paper.
Nevertheless, there are many variables intimately related to the
dielectric constant, e.g., liquid composition, the case of the
proposed liquid sensor, or physical variables, such as
temperature or humidity, that can be measured with the
proposed sensors (in this regard, functional films exhibiting a
high sensitivity of the dielectric constant with those physical
variables are convenient). Thus, the applications of the sensors
proposed in this work can be diverse, i.e., not only devoted to
dielectric constant measurements or material composition. In
certain applications, linearity might be more important than
achieving a high sensitivity in the vicinity of a REF dielectric
constant. Sacrificing sensitivity in favor of linearity can be
achieved by degrading the quality factor of the slot resonator
and by directly driving it with the access line (i.e., without the
presence of impedance inverters, or N = 0).

VI. CONCLUSION

In conclusion, a new reflective-mode phase-variation
permittivity sensor implemented in microstrip technology and
based on a cascade of high/low impedance inverters terminated
with a slot resonator has been presented, analyzed, and
experimentally validated. The main novel aspect of the paper
concerns the fact that, for the first time, the effects of losses of
the material under test (MUT) on sensitivity have been
considered in the analysis. It has been found that, depending on
the level of losses of the MUT and the number of high/low
inverter stages, sensor operation proceeds either under the so-
called low-loss regime, or under the high-loss regime. In one
case, the sensitivity, defined as the derivative of the phase of
the reflection coefficient at the operating frequency with the
dielectric constant of the MUT, is negative (low-loss mode),
whereas it is positive under operation in the high-loss regime.
In both cases, the sensitivity in the vicinity of small
perturbations can be optimized through a proper design, mainly
controlled by the admittances of the inverter stages, as
corroborated by the two designed and fabricated prototypes.
One of such prototypes has been focused on the dielectric
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characterization of low-loss solid samples. The maximum
sensitivity in such prototype has been found to be 255.5° a
competitive value, taking into account that the device has been
implemented with a single inverter stage. The second prototype
is a sensor devoted to the measurement of the concentration of
isopropanol in diluted solutions of isopropanol in deionized
(DI) water. Contrary to the previous prototype, this second
prototype sensor, dealing with lossy dielectrics (i.e., mixtures
of isopropanol and DI water), operates under the high-loss
regime. This liquid sensor exhibits a maximum sensitivity of
64.96°/%, a competitive value despite the high level of losses of
the considered MUTs. Moreover, the sensor is able to discern
volume fractions of isopropanol (resolution) as small as 0.5 %.
This is a very good resolution, intimately related to the high-
achieved sensitivity. The fact that the sensing element is a slot
resonator (etched in the ground plane), also a novel aspect of
the proposed sensor, facilitates the addition of the mechanical
accessories (e.g., the holder), and precludes any interaction of
the MUT with the microwave circuitry (i.e., the inverter stages).
The reason is that such elements (holder and MUT) are backside
isolated from the upper metallic layer of the microstrip
structure. It can be envisaged that the sensors proposed in the
present paper can find practical application in a variety of
scenarios requiring the accurate measurement of the dielectric
properties of materials, or other physical or chemical variables
related to the permittivity (presence of impurities in samples,
material composition, physical variables, such as temperature,
or humidity, etc.).
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