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Abstract—Highly sensitive permittivity sensors operating in
reflection and exploiting phase variation are presented in this
paper. The sensors are one-port structures implemented by means
of a pair of coupled lines, the sensitive region, with an appropriate
termination. In particular, it is demonstrated that by either short-
circuiting the crossed port to the input port of the device (opening
the remaining two ports), or opening the crossed port to the input
port (terminating the other two ports with a short-circuit), the
sensitivity can be driven to very high values, controlled by the
coupling factor. For that purpose, the electrical length of the
pair of coupled lines must be set to 90° when such lines are
loaded with the reference (REF) material. Thus, the sensitivity
is optimized for dielectric constants (the input variable) in the
vicinity of the dielectric constant of the REF material, where the
indicated phase condition is fulfilled. The output variable is the
phase of the reflection coefficient, an easily measurable quantity.
For validation purposes, three prototype sensors are designed
and fabricated. The achieved sensitivities in two of the fabricated
sensors are as high as 659.6° and 736.0°, with figures of merit,
or ratio between the maximum sensitivity and the area of the
sensing region expressed in terms of the squared-wavelength, of
FoM = 9401°/)\% and FoM = 12690°/)\, respectively, i.e., very
competitive values. Moreover, the indicated high sensitivities
and FoMs have been achieved without the need to add further
circuit stages to the sensing region, contrarily to other highly-
sensitive phase-variation sensors, where sensitivity optimization
is achieved at the expense of an increase in the overall sensor
size.

Index Terms—Coupled lines, dielectric characterization, mi-
crostrip, microwave sensor, phase-variation sensor, reflective-
mode sensor.

I. INTRODUCTION

SIGNIFICANT effort has been recently dedicated to
performance improvement and size reduction in the so-
called phase-variation microwave sensors [1]-[16]. Although
various prototypes of this type of sensors devoted to the
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measurement of spatial variables have been reported [14]-
[16], the most genuine application of phase-variation sensors
is dielectric characterization of materials [1]-[13]. Thus, these
sensors have been applied to the measurement of the permit-
tivity in material samples, designated as material under test
(MUT), and other variables related to it (e.g., concentration of
solute content in liquid solutions, material composition, defect
detection in samples, etc.).

The canonical output variable in phase-variation sensors
is the phase of either the reflection or the transmission
coefficient, depending on whether the device operates in
reflective- [6]—[8], [12]-[16] or transmission-mode [1]-[5],
[9]-[11]. Nevertheless, there are examples of sensors that
exploit the variation in the electrical length of the so-called
sensing line (caused by the effects of the MUT) where the
output variable is not the phase, but the magnitude of a
certain transmission coefficient [1], [4], [5]. For that purpose,
differential-mode configurations have been proposed, in some
cases using artificial sensing lines [1], [4].

An interesting feature of phase-variation sensors is the fact
that such sensors can be designed in order to operate at a
single frequency, contrary to frequency-variation sensors [17]—
[25] and frequency-splitting sensors [26]—[32], which require
wideband interrogation signals for sensing (and, consequently,
require an associated electronics with higher cost and com-
plexity). Single-frequency sensors based on the modulation of
the coupling between a resonant sensing element and a trans-
mission line have also been reported [33]-[43], but such sen-
sors are mostly devoted to the measurement of displacements
and velocities. Moreover, coupling-modulation sensors, where
the typical output variable is either a voltage or a transmission
coefficient magnitude, are less tolerant, as compared to phase-
variation sensors, to the effects of electromagnetic interference
(EMI) and noise. These advantageous aspects (i.e., single-
frequency operation and robustness against EMI and noise)
justify the interest for the research in phase-variation sensors.

Reflective-mode phase-variation sensors implemented in
planar form [6]-[8], [12], [13], [16] combine the afore-
mentioned advantages of phase measurements with the in-
herent benefits of operation in reflection, including a simple
sensor structure (i.e., a one-port device), and the low profile
and cost of planar technology. In addition, reflective-mode
sensors can be useful as sensing probes in submersible sensors
devoted to the dielectric characterization of liquids [44] (other
planar sensors combined with microfluidic’s technology, either
operating in reflection or transmission, have been reported
[45]-[53]). Recently, highly sensitive reflective-mode phase-
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variation permittivity sensors have been proposed [6]. Such
sensors are implemented by means of either a high-impedance
quarter-wavelength or a low-impedance half-wavelength open-
ended sensing line, cascaded to a set of 90° lines with
alternating high and low characteristic impedance. As it was
demonstrated in [6], the impedance contrast of the high/low-
impedance 90° lines generates a multiplicative effect on the
sensitivity, with the result of extremely competitive sensors,
able to detect and resolve tiny variations in the dielectric
constant of the MUT in the vicinity of a certain (design)
value. The figure of merit (FoM) of these sensors, defined
as the ratio between the maximum sensitivity and the area of
the sensing region expressed in terms of the squared guided
wavelength, is also very good. However, the requirement of
an extra region, i.e., the step-impedance line, to boost up the
sensitivity represents a penalty in terms of the overall sensor
size.

In this paper, we propose a new type of reflective-mode
phase-variation sensors exhibiting very high, and controllable,
sensitivity and compact size, devoted to dielectric character-
ization. The sensors, one-port devices, merely consist of a
pair of coupled lines (the sensing region) with an adequate
termination, and the sensitivity can be significantly enhanced
by setting the electrical length of the line pair to the adequate
value (90°), and by weakly coupling the lines. By this means,
sensitivity optimization does not require further circuit stages,
contrary to the sensors reported in [6]-[8], [12], [13], [16].
It should be mentioned that other sensors exploiting electro-
magnetic coupling between resonant elements for sensitivity
enhancement have been reported [53]-[56]. There are also var-
ious sensors based on coupled lines available in the literature
[57]-[61], but their working principle is radically different to
the one reported in this paper.

The work is organized as follows. The topology of the
sensing structure, as well as the sensing approach, including
the potential for sensitivity optimization, are included in
Section II. Section III reports the working principle and a
detailed analysis devoted to obtain the optimum conditions
for sensitivity optimization. Then this analysis is applied to
the design of three prototype sensors, which are validated
by simulation and experimentally in Section IV. Section V
analyzes the effects of losses. The purpose of this section is to
demonstrate that, under the low-loss approximation, the output
variable does not significantly vary, and to quantify the limits
of such approximation. The proposed sensors are compared to
other phase-variation sensors in Section VI. Finally, the main
conclusions of the work are highlighted in Section VII.

II. THE PROPOSED COUPLED-LINE-BASED SENSOR

The proposed permittivity sensor consists of a pair of
coupled lines where three of the four ports (designated as 2,
3 and 4) are terminated either by a short- or by an open-
circuit, whereas port 1 acts as the input port (Fig. 1). The
device is thus a one-port reflective-mode sensor, and the
sensing area (indicated by a dashed rectangle in Fig. 1) is
delimited by the extension occupied by the coupled lines,
plus a certain lateral margin, 10 mm per side in this case.
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Fig. 1. Schematic (left side) and layout (right side) of the proposed coupled-
line-based sensor and relevant electrical and geometrical parameters. The port
terminations, Zr2, 213,214, are either an open- or a short-circuit. In the
specific layout, the termination of port 3 is a short-circuit, wheras ports 2
and 4 are left open-circuited (corresponding to Sensor-type A, that will be
discussed later). The line section outside the sensing region, characterized by
the width Wy and length [p, is the access line.

The output variable is the phase of the reflection coefficient,
an easily measurable quantity, whereas the input variable is
the dielectric constant of the MUT, placed on top of the
sensing region. The coupled lines are characterized by the
even- and odd-mode characteristic impedances, Z., and Z,q,
respectively, and by the even- and odd-mode electrical lengths,
¢ev and Goq.

The working principle of these sensors is similar to the
one of reflective-mode phase-variation sensors based on open-
ended sensing lines [6]-[8]. Namely, the dielectric constant of
the MUT has direct influence on the electrical length, or phase,
and characteristic impedance of the open-ended sensing line,
which in turn determine the phase of the reflection coefficient.
It was demonstrated in [6] that sensitivity optimization in these
sensors is achieved by implementing the open-ended sensing
line by means of either a low-impedance 180° line section, or
a high-impedance 90° line section. In practice, the sensitivity
is limited by the achievable impedance (high or low) of the
sensing line, but the sensitivity can be further enhanced by
cascading 90° line sections with alternating high and low
characteristic impedance (step impedance line). This does not
represent an increase of the sensing region, but enlarges the
overall size of the sensor.

In this paper, the idea is to investigate the possibility
of enhancing the sensitivity, avoiding the use of the step-
impedance structure composed of 90° line sections, by adding
a line coupled to the main (sensing) line of the sensor. The
degrees of freedom of the resulting coupled line pair are
thus incremented, as compared to the sensor based merely
on an open-ended sensing line, and, potentially, the sensitivity
can be enhanced, as it will be demonstrated. For sensitivity
optimization, the necessary terminations of the coupled lines,
as well as the electrical lengths and characteristic impedances
for both modes (even and odd) and the coupling factor, must
be determined (to be discussed in the next section).

III. WORKING PRINCIPLE AND SENSITIVITY ANALYSIS

In [6], sensitivity enhancement was achieved by tuning
the operating frequency of the sensor to the one providing
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an electrical length of either 90° or 180° to the open-ended
sensing line. In the former case, the sensing line behaves as
a grounded series resonator, the phase variation of the reflec-
tion coefficient is maximum at resonance, and such variation
increases with the characteristic impedance of the sensing
line (equivalent to a large phase variation in a high-Q series
resonator). For a 180° open-ended sensing line, the open-ended
termination is translated to the input port, and thereby the line
resembles a grounded parallel resonator. In this case, however,
for sensitivity optimization, the characteristic impedance of
the line must be low (corresponding to a high-Q parallel
resonator). The maximum achievable sensitivity is limited
by the maximum and minimum characteristic impedance of
the 90° and 180° sensing lines, respectively. For that reason,
a step-impedance line, generating a multiplicative effect on
the sensitivity, was cascaded to the 90° or 180° open-ended
sensing lines in the sensors of [6].

In the sensors reported in this work, the strategy for en-
hancing the sensitivity consists in coupling a resonant element,
implemented by means of a quarter-wavelength transmission
line resonator, to the main sensing line, also based on a quarter-
wavelength resonator. Due to electromagnetic coupling, the
resonance frequency of the isolated resonator splits into two
frequencies, separated a distance that depends on the coupling
factor. By weakly coupling the resonant elements, or, more
precisely, the coupled lines, it is thus expected that the reso-
nance frequencies are closely spaced. Since the phase between
two consecutive resonances must experience an excursion
of 360°, assuming that losses are negligible (a reasonable
approximation), it follows that, by weakly coupling the lines,
the sensitivity can (potentially) be enhanced substantially (the
scheme of this sensitivity enhancement strategy is depicted in
Fig. 2). Obviously, sensitivity optimization can be achieved
for the dielectric constant of the MUT providing an electrical
length of a quarter-wavelength to the coupled lines at the
operating frequency (this MUT is designated as reference
—REF- material). Note that, in this analysis, it is indeed
considered that the coupled lines exhibit identical phase for the
even and odd modes, which is not strictly true in open coupled
lines (e.g., microstrip or coplanar waveguides, CPW), such as
those that are required for material sensing [62]. Nevertheless,
for weakly coupled lines, it is reasonable to consider that
dev = od, at least for the purpose of conceptually justifying
the sensing enhancement approach.

In order to calculate the sensitivity of the proposed sensing
structure, defined as the variation of the phase of the reflection
coefficient with the dielectric constant of the MUT, it is first
necessary to calculate the impedance seen from the input
port. For that purpose, the order-4 impedance matrix, Z, of
the coupled lines is used. The elements of this matrix for
Pev = ¢oq are provided in [62], but generalization to the
case where this condition is not satisfied is simple (as seen in
[63]). The following results are obtained

211 = Zog = Z3z = Lyy = —% {Zey Ot ey + Zod cOt Poa }
(1a)

180
135

Z.p=90°

—90
—135
—180 (b)

Fig. 2. Sketch showing the enhancement of the variation in the phase of
the reflection coefficient of a quarter-wavelength resonator weakly coupled to
an identical resonator (the specific sketch corresponds to Sensor-type A, as
described later in the text). Note that f, = fo. On the left side, the phase
of the reflection coefficient seen from the input port, and on the right side
the schematic representation. The isolated quarter-wavelength resonator case
depicted in (a), and in (b), the weakly coupled resonators case.

(2) == (b)

Fig. 3. Port terminations for sensor A (a) and sensor B (b).

Zig = o1 = Lzg = Zy3 = *% {Zey cot pey — Zoq cOt Poq }

(1b)
j 1 1
Zig = Zs1 = Zog = Zag = == { Zey - Z
13 31 24 42 2 { e sin ¢ev od sin d)od}
(Ic)

Ly =2y = Loz = Lzp =

j 1 1
- Zev N Zo .
2 { Sin @ey + Zod Sin @oq }
(1d)

Let us now consider two specific sensing structures based
on quarter-wavelength coupled lines, with the terminations
indicated in Fig. 3, and corresponding to coupled resonators.
For the structure designated as Sensor A, the input impedance
can be expressed in terms of the elements of the impedance
matrix as

Zis
Lin,A =211 — —— )
Zn

whereas for sensor B, the input impedance is found to be

Z1 (Z12% + Z14®) — 2212213714
Zn® = Z13*

Zin,B = 211 — 3)
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Let us first analyze sensor A. Introduction of the elements
of the impedance matrix (1) in (2) gives

7. _j 2ZevZoa(cos pov cos poat1)—(Z2,+Z2,) sin ¢ev sin ¢oa
in,A — 2 Zev COS Govy SIN pod+Zod COS Pod SIN Pey
4)

Inspection of (4) reveals that for sufficiently separated lines,
i.e., with negligible coupling, the impedances and phases for
both modes are identical, and the input impedance is the one
of an open-ended line with impedance Z = Z,, = Z,q and
electrical length ¢ = ¢oy = @og, i.€.,

ZinA = —jZ cot ®)

as expected. Thus, the input impedance is null for ¢ = 90°
and odd multiples (the behavior of the line is similar to that
of a grounded series resonator in the vicinity of the frequency
providing such phase conditions). For finite coupling, the
zeros of (4) provide the resonance frequencies, and it is
apparent that for weak coupling two solutions close to the
fundamental resonance frequency of the isolated line (the one
giving ¢ = 90°) are obtained. Indeed, for very weak coupling,
it is reasonable to consider that ¢o, = ¢oq = ¢, and expression
(4) simplifies to

.27 v Zo 2+1)—(Z2 +22 )sin? ¢ __ .
ZinA = —J d2((C§:vf;oj) C(osefg;';n Zﬁd) e = inn(’g
where in 4 is the input reactance. Expression (6) is also valid
under moderate coupling provided the REF material exhibits
a dielectric constant identical to the one of the substrate. The
zeros of (6) are given by the solutions of

Zev - Zod

cos ¢ j:ZeV 7. +C @)
and are controlled by the coupling factor, C. When the cou-
pling vanishes (C' — 0), the two solutions, designated as ¢
and ¢_, merge in a single resonance frequency corresponding
to ¢ = 90°. From (7), it follows that the two zeros, fi
and f_ (present at both sides of the resonance frequency of
the isolated quarter-wavelength resonator), can be as closely
spaced as desired, by simply weakly coupling the lines. It is
also interesting to mention that for the frequency satisfying
¢ = 90° the denominator of (6) vanishes, whereas the
numerator is finite (provided Z., # Z,q). Consequently, the
input impedance, Zi, 4, exhibits a pole at that frequency, f,
(see Fig. 2).

According to the previous paragraph, a significant variation
of the phase of the reflection coefficient is achievable in the
vicinity of the pole frequency by weakly coupling the lines.
The reason is that the reflection coefficient is p = —1 and
p = +1 at the zero and pole frequencies, respectively. Thus,
the phase of the reflection coefficient should experience an
excursion of 360° between two closely spaced frequencies
(f+ and f_), provided the phase of the reflection coefficient
is ¢, = £180° at f, and f_ (or ¢4 and ¢_), and it is
¢, = 0°at f, (or ¢ = 90°). Note that the phase of the
reflection coefficient is a decreasing function with frequency.

For Sensor B, expression (3), using the matrix elements of
(1), gives

A 2ZevZod(Zev cot ¢Od+Zod cot ¢ev) sin ¢ev sin ¢od
= J 27 Zoa(coS Pev €08 hoa+1)—(Z2, +Z2,) Sin ey sin ¢O§

Zin,B

and for very weakly coupled lines, or for a REF material
identical to the one of the substrate, with ¢oy = Poq = O,
expression (8) simplifies to

Z, — 2ZevZod(Zev+Zod)COS¢Sin¢
in,B = J 37, Zoa(cos2 p+1)—(Z2,+Z2,) sin> ¢

= inn,B

9)
If the coupling is null (Z,, = Z,q = Z), the input impedance
is found to be

Zinp = 7 tan ¢ (10)

corresponding to the impedance of a line with a short-circuit
termination. Such line behaves as a grounded parallel resonator
in the vicinity of the frequency providing a phase of ¢ = 90°,
where Zi, p = oo. However, when coupling is activated
(Zev # Zoq), the numerator of (9) nulls for ¢ = 90°, whereas
the denominator is finite, which means that there is a zero
at that frequency, f,. At both sides of such frequency, two
poles arise as consequence of coupling. Such poles are given
by the two frequencies, f and f_, that null the denominator
of (9), corresponding to the phases, ¢+ and ¢_, which are the
solutions of equation (7). The difference with regard to sensor
A is that, at the frequencies f; and f_, an open-circuit, rather
than a short-circuit, is seen from the input port of the coupled
lines. For sensor B, the phase of the reflection coefficient is
¢, =0°at f and f_ (or ¢4 and ¢_), and itis ¢, = +180° at
[ (or ¢ = 90°). Thus, an identical excursion of the unwrapped
phase (360°) is expected for frequencies varying between f
and f_.

Under the weak coupling approximation or for a REF
material with dielectric constant identical to the one of the
substrate (¢ey = ¢oq = ¢), the sensitivity, or derivative of
the phase of the reflection coefficient, ¢,, with the dielectric
constant of the MUT, eyyT, for both sensors can be written
as

= d¢p
demuT

_ s, do
d¢ denvur

do, dZe,
dZey devuT

dg, dZsa
dZoq devyT
(11

where the reflection coefficient and the phase of the reflection
coefficient are given by

- Zin — 20 _ jXin — Zo
Zin+ 2o JXin+ Zo

¢, = 2arctan (— E;l)

respectively, where xin = Xin,4 for sensor A, Xin = Xin,B
for sensor B, and Zj is the reference impedance of the ports
(Zy = 50 Q in this work).

Let us now calculate the sensitivity for ¢ = 90°, corre-
sponding to f, for sensor A and to f, for sensor B, i.e., the
intermediate frequency in the range between f, and f_ for
each sensor. Indeed, the last two terms of the right-hand side
member of (11) evaluated at ¢ = 90° are null for both sensors,
since d¢,/dZe, = d¢,/dZ.q = 0 for such phase condition.
Concerning the first term, the key derivative is the first one.
For arbitrary values of ¢, such derivative is given by

12)

and

13)

dop _ _ 4y (Zev+Zoa)® c08? 0+ (Zoy+ Zoa)(Zev — Zoa)? (sin? ¢—cos? ¢)
A~ T H0UZE (Zeet Zoa)? SN2 § 052 ¢t [(Zov+ Zoa)? €052 p—(Zev —Zaa) 2]

(14)
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for sensor A, and

(ZevtZoa)® cos® ¢—(Zov+Zoa) (Zev—Zoa)* (sin® g—cos® ¢ )
472,22 (Zew+ Zoa)? sin® 052 ot 23 [(Zew+ Zoa)? 08% —(Zev—Zoa) 2]

ev4od

d
e = 470 ey Zo

for sensor B. Evaluation of (14) and (15) for ¢ = 90° gives

% _ _4ZO Zev + Zod _ _4ZO
dd) A,p=90° (ch - od)2 CQ(ZCV + Zodzl6)
for sensor A, and
% _ _4ZevZod Zev + Zod _ _4YO
d¢ B,¢$p=90° ZO (Zev - od)2 02 (Yev + Y:)d)
(17)

for sensor B, with Yo, = 1/Zey, Yoq = 1/Zoq and Yy = 1/Z.

It is apparent from (16) and (17) that, for sensitivity
optimization in the vicinity of the dielectric constant of the
REF material (where ¢ = 90°), the coupling factor must be
as small as possible. Since the dependence with such term
is quadratic, it is potentially possible to achieve very high
sensitivity by weakly coupling the lines. Nevertheless, there
is a limit, since extremely weak coupling is not expected
to provide an unlimited sensitivity. The reason is that losses
prevent that the phase excursion between fy and f_ is 360°,
when the coupling is extremely weak. Moreover, for extremely
weak coupling, the separation between f, and f_ is so
small that it is not possible to tune in practice the sensor
to the required frequency value, fy;. On the other hand,
low even and odd mode impedances for sensor A, and high
even and odd mode impedances for sensor B, contribute to
enhance the terms (16) and (17) of the sensitivity. Note that,
according to (11), the whole sensitivity depends also on the
derivative of the electrical length with the dielectric constant
of the MUT, d¢/denur. Nevertheless, previous to calculate
the contribution of such term, let us validate the effects of the
coupling factor and impedances (even and odd) of the coupled
lines on the sensitivity. For that purpose, we have considered
the schematic of both sensors, A and B, and we have set
the phase of the coupled lines to ¢ = 90° (ideal coupled
lines, with identical phase for both modes, are considered).
Then we have varied the phase of the coupled lines in the
vicinity of that value, and we have obtained the phase of the
reflection coefficient with the Keysight ADS circuit simulator
(Fig. 4). The different curves for both sensors correspond
to various combinations of Z., and Z,q (such values, as
well as the corresponding coupling factors, are indicated in
the figure). From those curves, the corresponding sensitivities
d¢,/d¢ are obtained (also depicted in Fig. 4). As expected,
the sensitivity is a maximum at ¢p = 90° for each combination
of Z,, and Z,q, and the value is in perfect agreement with
the predictions of (16) and (17). Thus, the strong influence of
C on the sensitivity is confirmed. It is also demonstrated that
for sensitivity enhancement the impedances should be low for
sensor A, and high for sensor B.

With regard to the derivative of the phase of the coupled
lines with the dielectric constant of the MUT, d¢/denmur,
within the weak coupling approximation, it is reasonable to

180 : -:- R - Zey = 95.4 Q :—-
135 "W . BN ——Z,q =514Q 1
ool LA C =0.30 !
L ey Zey =409 Q i
~ 451 | N oW Zeg=220Q |
Q C ) C =0.30 1
< O Zov = 81.4 Q |
”%_45: i A Z,0=6020Q !
L C =0.15 i
—90| - . ]
C Zev = 34.9 Q N i
—135 1 -#%- Z,q=258Q sy e T H
180f-t €70 ST o
—_ o e

—50 - F =-15 (Zev, Zoa) > Z
sy do $=90° evsy Zod 0
C =0.30
X 75 as,

Q W = —-35 (ZCV7ZQd) < ZO
RS - $=00° ' C =030
=_100 | . :
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dép = —146 |‘ - (Zev’Zod) < Zo
—150 L @ ls=000 " C=0.15
1 | 1 | 1 | 1
80 85 90 95 100
#(°)
(a)
180 - Zey = 81.4 Q
185 A Zoa =602 Q
- C =0.15
90 Zey = 34.9 Q
— 45 =-%=- Z,q=2580 ‘A,
L gEen., C=015 RS
*QQ L Zev = 95.4 Q
—45 —— Z,q =51.40Q
—9o| C'=0.30
L Zey = 40.9 Q
—135 N -B Z,q=2209
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i % =—123 / - éZi’7OZ{);) < Zo

—150 | I<z>=900I . | | _I . |
80 85 9(9) 95 100
¢
(b)

Fig. 4. Phase of the reflection coefficient, ¢,, as a function of the electrical
length of the pair of coupled lines, ¢, and sensitivity (d¢,/d¢) for sensor
A (a) and for sensor B (b). The different combinations of characteristic
impedances for the even- and odd-modes are indicated.

consider that the dependence of ¢ with eyyr is that of an
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isolated line with identical width, i.e.,
wol
(b = TO V Eeff
where c¢ is the speed of light in vacuum, [/ is the length of
the line, and the effective dielectric constant is (microstrip
technology is considered) [62]

(18)

€ + EMUT = Er — EMUT
Eeft = 9 + 5 F

where ¢,. is the dielectric constant of the substrate and F' is a
geometry factor given by

-
F=(1+12—
(1+25)

for W/h > 1, or by

_1 2

h\ 2 w
F=1+12— 041 - —
(1+1255) " +oo(1- )

for W/h < 1. In (20), h and W are the substrate thickness and
the width of the coupled lines, respectively, and it is assumed
that ¢ < h, where ¢ is the thickness of the metallic layer. It
should be mentioned that the validity of (19) is subjected to the
fact that the MUT is thick enough, so that the electromagnetic
field generated by the coupled lines does not reach the MUT-
air interface (i.e., this means that the MUT can be considered
to be semi-infinite in the vertical direction). Using (18) and
(19), the derivative of the phase of the coupled lines with the
dielectric constant of the MUT is found to be

19)

Nl

(20a)

(20b)

i wl(l—F)  ¢(1—F) o
denur  de\Eer  deen

Thus, the overall sensitivity, as given by (11), for epur
corresponding to the dielectric constant of the REF material,
eREF, and the sensor designed to exhibit a phase of ¢ = 90°
when the line pair is covered with such material, is

d¢p o —Z()’]T(]. — F)
- daMUT A EMUT=EREF - 202(Zev + Zod)£eff,REF
(22)
for sensor A, and
_ do, _ —Yorr(1 - F) (23)
demuT | B cypormenme  20° (Yev + Yod)eett, REF

for sensor B. To infer (22) and (23), expressions (16) and
(17) have been used, and e rEF is the effective dielectric
constant, given by (19), when the line pair is covered with
the REF material (i.e., epjur = ergr)- Expressions (22) and
(23) can be used for sensor design, as far as such equations
provide a link between the sensitivity for the REF material,
the main relevant parameter, and the electrical and geometrical
parameters of the coupled lines. Note that if the dielectric
constant of the REF material is identical to the one of the
substrate, the weak coupling approximating is not necessary,
and expressions (22) and (23) are valid by replacing e REF
with e,.

As it will be shown in Section IV, focused on experi-
mental validation by considering three different prototypes,
the weak coupling approximation, expressions (22) and (23)

in the limit of small perturbations, provides a reasonable
prediction of the maximum sensitivity (the one corresponding
to eMuT = €REr)- The reason is that the considered coupling
levels are low and/or the dielectric constant of the REF
material coincides with the one of the substrate. Nevertheless,
if the weak coupling approximation is not valid, and the REF
material does not coincide with that of the substrate, the
assumption ¢y = ¢oq = ¢ cannot be applied. Under these
conditions, the sensitivity should be expressed as:

_ dép dgev
dpev demuT

Ay  dZoq
dZoq demuT

S = e

denvuT

dpp _dgoa +

Addp  dZey
ddoa demuT +

dZey dentuT

The analytical calculation of the sensitivity is not simple in this
case, but it can be calculated numerically (however, this is out
of the scope of this paper). Let us mention that the proposed
sensors are specially suited to achieve high sensitivities, and
this requires weak couplings. Thus, the considered weak
coupling approximation, applied in this work, is justified.

IV. SENSOR VALIDATION

For sensor validation, we have designed and fabricated one
prototype device of sensor type A and two prototype devices
of sensor type B. The operating frequency is set in all the
cases to fo = 2 GHz and the considered substrate is the
Rogers RO4003C with dielectric constant ¢, = 3.55 and
thickness A = 1.524 mm. The loss tangent of this substrate
is tand = 0.0022.

A. Sensor type A with moderate coupling and eRgr = £, =
3.55

For the designed sensor A, the transverse geometry of the
coupled lines is the one corresponding to an even- and odd
mode impedances of Z,, = 42.7 2 and Z,q = 22.8 (), respec-
tively, when the REF material is identical to the one of the sub-
strate (i.e., the coupled lines are covered by means of a semi-
infinite material with dielectric constant egrgr = &, = 3.55).
With such even and odd mode impedances, the coupling
coefficient is C' = 0.30, corresponding to a moderate (not
weak) value. Nevertheless, since the dielectric constant of
the REF material is identical to the one of the substrate, it
can be assumed that for small variations of the dielectric
constant of the MUT in the vicinity of egrgr, the phases satisty
dev = Ooq = ¢, and hence the analysis of the previous section
can be considered to be valid. The photograph of this sensor,
fabricated by means of a LPKF HI00 drilling machine, is
depicted in Fig. 5(a). Short circuiting the required terminations
of the coupled lines has been carried out by means of vias. For
connector soldering, 50-€) access lines have been cascaded to
the input port of the coupled lines.

Previous to the experimental validation, we have first ob-
tained the phase of the simulated reflection coefficient at f; as
a function of the dielectric constant of the MUT by means of
electromagnetic simulation (the CST Studio Suite commercial
software has been used for that purpose). The considered
thickness of the MUT has been set to 18.3 mm, corresponding
to a stacking of 12 samples of 1.524 mm, available in our
laboratory for different dielectric constants. Such thickness is
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enough to contemplate the semi-infinite MUT approximation.
The considered input dynamic range is the interval between
emur = 1 and eyur = 12, and the dielectric constant
step between adjacent simulations has been set to 0.5, except
between eyyT = 3 and epjur = 4, which has been set to 0.05.
With this increase in the density of data points in the vicinity
of erpr, the sensitivity can be more accurately calculated.
The phase variation, A¢p, with epuT, and the sensitivity are
depicted in Fig. 5(b), where A¢, = ¢, — Gp crwr (BPpenpe i
the phase of the reflection coefficient when the MUT is the
REF material). The sensitivity for epqjur = ergr, inferred
from the simulated data points, is indicated in the figure. The
value is in reasonable good agreement with the predictions of
expression (22).

Experimental validation has been carried out by considering
samples of different dielectric constant, in particular uncladded
commercially available substrates and Fused Deposition Mod-
eling (FDM) 3D printed PLA (fabricated with the Ulti-
maker 3 Extended printer). The specific dielectric constants
are 2.7 (estimated for PLA), 3.55 (for Rogers RO4003C),
4.4 (for FR4), and 10.2 (for Rogers RO3010). As indicated
before, 12 pieces of roughly 1.5 mm have been stacked in
each case, or directly 3D printed in the case of PLA. The area
of the samples is identical to the one indicated by the dashed
rectangle in Fig. 5(a). The phase of the reflection coefficient at
fo has been measured by means of a vector network analyzer
(model Keysight N5221A). In order to avoid the well-known
effects of the air gap, potentially present between the MUT
and the sensor substrate, we have pressured the MUTSs against
the sensor by means of nylon screws. The measured data
points are also included in Fig. 5(b), and show good agreement
with the simulated values. It should be mentioned that, in
order to ensure repetitiveness of the results, three independent
measurement have been performed for each sample (thus, the
mean value plus the error bars are included in Fig. 5).

B. Sensor type B with weak coupling and cgrgr = €, = 3.55

The first prototype device of sensor type B (designated
as Sensor B) exhibits weak coupling and the REF material
is identical to the substrate (eggr = &, = 3.55). For the
prototype presented in this subsection, the even and odd mode
impedances have been set to Z,, = 92.2 Q and Z,q = 68.3 €2,
respectively, providing a coupling level of C' = 0.15. The
photograph of this sensor prototype is depicted in Fig. 6(a).
The simulated phase of the reflection coefficient, A¢,, at fo
as a function of the dielectric constant of the MUT is shown
in Fig. 6(b). Similar to Sensor A, the thickness of the MUT
has been set to 18.3 mm, and the input dynamic range is
also identical, i.e., between eyjur = 1 and eyur = 12.
The sensitivity inferred from the simulated phase points is
also included in Fig. 6(b). The value of the sensitivity for
emuT = €rgr has been found to be —659.6° i.e., in good
agreement with the theoretical prediction using expression
(23). This is a high sensitivity, inferred by virtue of the
relatively weak coupling between the coupled lines. Indeed,
as compared to the reflective-mode sensors based on a single
open-ended 90°or 180°lines [6], the sensitivity is improved by
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Fig. 5. Photograph of the fabricated sensor A (a) and phase of the reflection
coefficient at fo by varying the dielectric constant of the MUT and sensitivity
(b). The sensing region is indicated with a dashed rectangle. Dimensions (in
mm) are: W = 5, g = 0.2 and | = 18.32. The dimensions of the 50-(2
access lines (in mm) are: Wy = 3.33, [g = 12.8.

a factor of roughly C~2. Thus, it is demonstrated that the use
of coupled lines is a good strategy for sensitivity enhancement.
In [6]-[8], very good sensitivities were obtained in the reported
sensors, but at the expense of cascading high/low impedance
90°line sections to the 90°, or 180°, open-ended sensing lines.
The experimental data points, corresponding to the measured
phases of the reflection coefficient inferred by means of
identical samples to those used for the experimental validation
of Sensor A, are also depicted in Fig. 6(b), where it can be
appreciated that the agreement is also good.

For this sensor, a different set of simulations and exper-
iments has been carried out. Particularly, we have inferred
the phase of the reflection coefficient by varying the number
of stacked samples, considering that the dielectric constant
of such samples is the one of the REF sample, i.e., 3.55.
The effect is a variation of the equivalent dielectric constant
of the MUT. The simulated and measured data points are
depicted in Fig. 7, where, again, good agreement between
the simulated and measured data has been obtained. Note that
there is a quasi-saturation effect in the results shown in Fig.
7, as corresponds to the fact that when the number of stacked
samples increases, the overall MUT thickness approaches the
one required for the consideration of a semi-infinite MUT.
Above such value, no longer variation in the phase of the
reflection coefficient is expected, since the field lines do not
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Fig. 6. Photograph of the fabricated sensor B with eggr = &, (a) and
phase of the reflection coefficient at fo by varying the dielectric constant of
the MUT and sensitivity (b). The sensing region is indicated with a dashed
rectangle. Dimensions (in mm) are: W = 1, g = 2 and [ = 18.54. The
dimensions of the 50-€2 access lines (in mm) are: Wy = 3.33, [g = 12.8.
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Fig. 7. Variation of the phase of the reflection coefficient for Sensor B with
eREF = € as a function of the sample thickness for a sample with dielectric
constant of epjuT = ERERF = €r = 3.55.

reach the boundaries of the MUT.

C. Sensor type B with weak coupling and ergr = 1 (air)

The last prototype is also a type B sensor with weak
coupling, but the REF material is air in this case (egrgr = 1).
Let us designate this sensor as B’, in order to distinguish
it from the one of the previous subsection (sensor B). The

geometry of the device [see Fig. 8(a)], provides even- and
odd-mode characteristic impedances of Z., = 111.6 Q and
Zoq = 76.4 Q, respectively, achieving a coupling coefficient
of C' = 0.19. The simulated phase of the reflection coefficient,
Ag,, at fo as a function of the dielectric constant of the MUT
is shown in Fig. 8(b). The thickness of the MUT has also been
set to 18.3 mm, and the input dynamic range is also identical
the one of the previous sensors. The sensitivity inferred from
the simulated phase points is also included in Fig. 8(b). The
value of the sensitivity for epyur = egrgr = 1 has been
found to be —736.0° i.e., in reasonable good agreement
with the prediction of the theory, despite the fact that the
REF material is air, with dielectric constant (cggr = 1)
significantly different to the one of the substrate (e, = 3.55).

Due to the lack of available MUT materials exhibiting a
dielectric constant close to the one of air in our laboratory,
validation of the capacity of the sensors to discriminate very
small variations in the dielectric constant of the MUT in the
vicinity of eggr = 1 has been carried out by a different
approach for this prototype sensor. In particular, we have
considered a variable distance between the sensor and a
stack of uncladded Rogers RO4003C substrates with a total
thickness of 18.3 mm and dielectric constant 3.55, identical
to the dielectric constant of the substrate. When the sample
is sufficiently separated from the sensor, it is equivalent to
consider a bare sensor (i.e., with epjur = ergr = 1).
However, as the sample progressively approaches the sensor,
the equivalent dielectric constant of the MUT progressively
increases, and it takes the maximum value when the dielectric
sample is in contact with the sensor. The distance between the
sensor and the dielectric (movable) slab has been achieved by
means of the Thorlabs MVSO10/M - 25 mm Travel Vertical
Translation Stage, available in our laboratory. Note that, in
this experiment, a multilayer structure composed of the air gap
and the stack of uncladded substrates is considered. However,
the aim of this experiment has been to detect small air gaps
between the solid sample and the sensitive region of the sensor,
rather than to characterize multilayer structures (see, e.g., [64],
for that purpose)

The simulated and measured phases of the reflection co-
efficient as a function of the distance between the sensor
and the movable sample are depicted in Fig. 8(c), and the
agreement is very good. The quasi-saturation effect for high
distances can be perfectly appreciated. For low separations
between the sensor and the movable sample, the variation of
the phase of the reflection coefficient with such separation is
very significant, a consequence of the high sensitivity of such
Sensor.

V. EFFECTS OF LOSSES

In the analysis of Section III, the effects of conductor losses,
as well as dielectric losses in both the MUT and the substrate
material, have not been taken into account. This is reasonable
provided the considered substrate is a commercial low-loss
microwave substrate, and the MUT samples exhibit low losses
(these conditions are fulfilled in the experimental validation
of the previous section). However, it is necessary to determine
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Fig. 8. Photograph of the fabricated sensor B’ with eggr = 1 (a), phase of
the reflection coefficient at fy by varying the dielectric constant of the MUT
and sensitivity (b), and phase of the reflection coefficient (at fo) as a function
of the distance between the sensor and the movable sample (c). The sensing
region is indicated with a dashed rectangle. Dimensions (in mm) are: W = 1,
g = 1.25 and | = 21.84. The dimensions of the 50-§2 access lines (in mm)
are: Wp = 3.33, [p = 12.8.

the limit of validity of the low-loss approximation, the main
objective of this section. For this purpose, the effects of losses
in the sensing structures are included by considering that
the real part of the complex propagation constant, i.e., the
attenuation constant, «, is not negligible.

Let us proceed by considering the weak coupling approx-
imation with the presence of losses, and let us assume that,
under this approximation, it is reasonable to consider that the
complex propagation constant is identical for both modes (i.e.,

VYev = Qley +jﬁev = Yod = Qod +jﬁ0d == Ol+jﬁ, where a
and 3 are the attenuation and phase constants, respectively).
If [ is the length of the coupled lines, the elements of the
impedance matrix with the presence of losses, and under the
weak coupling approximation, are found to be

1
211 = Zoo = Z33 = Zyg = By {Zey + Zoa} cothyl  (25a)

1
Z12 = Z21 = Z34 = Z43 = 5 {Zev — Zod} coth ’}/l (25b)
1 1
13 =U31 = Log = Lo = —{Zey — Zog} ——— (25
13 31 24 42 2{ d}smhfyl (25¢)
1
Tis = Tay = Zos = Zag = = { Zow + 7 25d
14 41 23 32 2{ ev + Od}sinh'yl (25d)

From these elements, the input impedance for each sensor type
(A and B) can be obtained, and, from it, the phase of the
reflection coefficient, the output variable, can be inferred.

Without loss of generality, let us focus the analysis specifi-
cally on sensor A. Using (2), the input impedance by consid-
ering losses can be expressed as

(Zey + Zoa)? cosh® 4l — (Zey — Zoa)?
2(Zev + Zoa) cosh yl sinh vl

After some straightforward mathematical calculation, the input
impedance can be expressed as

Zin,A = (26)

— (Zev+Zoa)?(cos 2B cosh 2al+j sin 281 sinh 2al) = Z2 — 22, +6 Zov Zoa
- 2(Zev+Zoa)(cos 2B sinh 2al+5 sin 281 cosh 2al)
(27

If losses are small, sinh2al ~ 2al and cosh2al ~ 1
(actually, cosh 2al = 1+ 20212, but the quadratic term can be
neglected, provided al — 0). Thus, the input impedance can
be approximated by

7 — (Zev+Zoa)? cos® Bl—(Zey —Zoa)* +2jal(Zey+Zoa)? sin Bl cos Bl
in,A = (Zov+Zoa)[221(2 cos? Bl—1)+2; sin Bl cos BI]
(28)

It is apparent from (27), or (28), that in the limit when ol = 0,
the input impedance is identical to the one given by (6), since
¢ = Bl, as expected.

Once the input impedance is known, the reflection coeffi-
cient under the low-loss (and weak coupling) approximation
can be calculated by means of (12). Note, however, that due
to the presence of losses, the numerator and the denominator
of the reflection coefficient are no longer conjugate numbers,
and the phase cannot be directly inferred by means of (13).
To obtain the phase of the reflection coefficient, the phase
of the denominator needs to be subtracted from the phase
of the numerator. Applying this procedure, and after some
cumbersome calculation, the phase of the reflection coefficient
can be expressed as

Xin,a 1 — F1 Xin,a 1+ F1
¢p,A — arctan <_Z_0 1_ F2)+arctan (—Z—O 1 T F2
(29)

Zin,A

where xin 4 is the input reactance when losses are absent,
and F) and F) are dimensionless factors proportional to the
attenuation constant, given by
200 Z0(Zoy + Zoq)(2cos® Bl — 1)
(Zev + Zod)2 cos? ﬁl - (Zev - Zod)2
al(ZeV + Zod)
Zy

I = (30a)

Fy = (30b)
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It is obvious that for low losses, both F; and F5 are negligible,
and the phase of the reflection coefficient coincides with the
one of the lossless case, given by (13). However, to quantify
the validity of the low-loss approximation, let us force (30a)
and (30b) to satisfy F; < 1 and F» < 1, sufficient conditions
for obtaining a phase of the reflection coefficient insensitive
to the effects of losses. From (30a), the following condition
results

cos? Bl
ol Zey — Zoq ( oz —1)
<

c Zo  2(2cos?Bl— 1) (31a)

whereas from (30b), the inequality that should be satisfied is

ol Z

C ch -

1
7 (31b)

In (31), the coupling factor, C, defined in (7), is used. In
principle, the more restrictive condition among (31a) and (31b)
should be the one considered for the validity of the low-loss
approximation. However, (31a) depends on the phase of the
coupled lines, and there are values of the phase, i.e., those
given by (7), that null the right-hand side member. Obviously,
for phases close to these values, (30a) cannot be satisfied,
and I takes large values. Nevertheless, the arguments of the
arctan in (29) are finite, because iy 4 nulls for these phase
values. The result is that the arguments of the arctan in (29)
are not strictly null, but are small. Let us consider the worst
case, which corresponds to the phases satisfying (7). For such
phases, the reactance for the lossless case is null. Therefore,
in order to find the limiting values of «!/ for these phases, it
is necessary to force the magnitude of the arguments in the
arctan in (29) to be significantly smaller than 1. This gives

ZoV1-C?2 ~ Zo
ZO(1_202)+C\/1_02(Z0v+zod) ZO+Zev_Zod
(32)

l
al

Note that (32) is more restrictive than (31b).

Other singular phases are those that open the lossless input
reactance, i.e., ¢ = Bl = 90° and odd multiples. For these
phases, (31a) gives

ol Zev — Zod
C < 27y (33)
which is even more restrictive than (32), especially for weakly
coupled lines. Therefore, (33) is the condition that should be
satisfied in order to ensure that losses do not alter the phase of
the reflection coefficient, as compared to the one of the lossless
case. Other singular phases are those that null the numerator
in (30a), and those providing cos? 31 = 1. In the former case,
F7 is null. In the second case, the condition that results from
(31a) is much less restrictive than (33).

Let us now estimate if condition (33) is reasonably fulfilled
by considering low-loss samples, as those considered in the
experimental validation of the proposed sensors. Exact cal-
culation of the attenuation constant is not simple, as far as
the considered coupled lines are open (though covered by the
MUT). Such exact calculation is indeed out of the scope of this
paper. Nevertheless, let us assume that the attenuation constant
is similar to the one of an isolated line with characteristic

impedance Z. For low losses, such attenuation constant is

given by [62]
1 /R

where R and G are the resistance and conductance of the
line, respectively. The resistance R depends on the resistivity
of the metallic layer (typically copper in low-loss commercial
microwave substrates), on the transverse geometry and length
of the line, as well as on the operating frequency (due to the
skin effect). The conductance of the line is determined by the
loss tangent of the substrate, tan d, by the loss tangent of the
MUT, tan dpuT, and by the length and transverse geometry
of the line. In closed lines surrounded by a uniform material
with well-known loss tangent (the one of the substrate), the
conductance can be expressed in terms of the capacitance of
the line, C;, and operating angular frequency, w, according to
[62]

(34)

G =Cwtand (35)

In our case, where a MUT is on top of the sensor line structure,
uniformity is not fulfilled unless the MUT is identical to the
substrate material. Nevertheless, the conductance of the line
can be formally expressed as (35), by replacing the loss tangent
of the substrate, tan J, with an equivalent loss tangent, tan deq,
that, obviously, depends on the line geometry, and should be
related to the loss tangent of the substrate and MUT.

Typically, line losses are dominated by dielectric losses.
Therefore, the contribution of conductor losses are neglected
in the present analysis, and the attenuation constant can be
simplified to

o ZC[UJ w\/LlCl

tan deq = —s tan

al Ooq = gtan deq (36)

where L; is the inductance of the line. Introduction of (36)
in (33) gives the following condition, representing an inferior
limit to the coupling factor,

Zy

+ Zod

C2
> Zew

¢tan deq (37)

Thus, weak coupling favors sensitivity enhancement, but, in
order to implement a sensor where the phase of the reflection
coefficient, the output variable, is insensitive to the effects
of the loss tangent of the MUT (thereby circumventing this
cross-sensitivity), the coupling factor must satisfy (37). Note,
however, that for small perturbations, the phase is roughly
¢ ~ /2. For even and odd mode impedances comparable to
the reference impedance of the ports, the impedance quotient
in the right-hand side member of (37) is of the order of
0.5. Using these values, and considering low-loss substrates
and MUTs, providing equivalent loss tangents of the order of
0.001-0.005, it follows that the coupling factor must satisfy
C? > 0.004 (corresponding to the upper equivalent loss
tangent in the indicated interval). According to this estimation,
by designing the coupled lines of a generic sensor type A with
a coupling factor of the order of, e.g., C = 0.2, the above
condition is satisfied. Moreover, a sensitivity enhancement of
1/C? = 25, as compared to the one of the sensor based on
an isolated line [see (16) and (22)], is achieved with such
coupling factor.
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Fig. 9. Simulated phase of the reflection coefficient as a function of frequency
for Sensor A, when it is covered with the REF material, with dielectric
constant eggr = 3.55, but different loss tangents (a). Simulated phase of
the reflection coefficient as a function of frequency for Sensor B, when is
covered with REF material, with eggr = 3.55, but different loss tangents
(b). Note that the coupling factor for Sensor A is C' = 0.30, and C' = 0.15
for Sensor B.

In order to validate the previous discussion in regard to
the effects of losses, we have carried out electromagnetic
simulations of Sensors of A and B covered with the REF
material, but considering that it exhibits different loss tangents.
We have obtained the phase of the reflection coefficient as
a function of frequency (equivalent to modify the phase of
the coupled lines), rather than obtaining the dependence with
the dielectric constant of the MUT. The results, depicted in
Fig. 9, reveal that the effects of losses are irrelevant in the
considered range of variation of the loss tangent of the MUT.
Therefore, the previous loss analysis is validated. Moreover,
it is demonstrated that for low-loss materials, the phase of
the reflection coefficient does not exhibit cross-sensitivity
with the loss tangent of the MUT, an important aspect to
accurately determine the dielectric constant of the MUT, the
input variable.

For the accurate measurement of the loss tangent of low-
loss materials, resonant cavities are preferred [65]-[68] and
are commercially available. The proposed sensor is suitable for
the accurate measurement of the dielectric constant of low-loss

materials, as indicated. However, it is also useful for measuring
other variables related to the dielectric constant of the MUT.
For example, the proposed sensors can be useful to detect tiny
defects in samples, as far as such defects perturb the equivalent
dielectric constant of the samples. Another application that can
be envisaged is the accurate determination of the composition
of liquid mixtures, since the relative concentration of the
different components has direct influence on the complex
dielectric constant of the mixture. It has also been shown in
Section IV-C that the phase of the reflection coefficient (the
output variable) of the sensor considered in that section is
very sensitive to the separation (or vertical distance) between
the sensor and a certain dielectric sample present (contactless)
on top of it. This means that, besides dielectric characteri-
zation (the canonical application of permittivity sensors), the
proposed highly sensitive sensors can alternatively be used
as accurate position sensors. Nevertheless, the present paper
has been mainly focused on demonstrating the potential for
sensitivity enhancement of the proposed coupled-line based
sensors, rather than implementing specific sensors devoted to
the indicated potential applications.

VI. COMPARISON WITH OTHER PHASE-VARIATION
SENSORS

The main relevant aspect of the reflective-mode phase-
variation sensors based on coupled lines reported in this work
is the highly achievable sensitivity. As it has been demon-
strated, such high sensitivities are related to the significant
phase slope present between the two split resonances when
the lines are weakly coupled. In the sensor of Section IV-B,
the maximum sensitivity has been found to be |S| = 659.6°,
whereas a value of |S| = 736.0° has been obtained in the
sensor reported in Section IV-C. Such high (unprecedented)
sensitivities have been obtained without the need of cascading
additional quarter-wavelength high/low impedance line sec-
tions, contrary to the reflective-mode phase-variation sensors
reported in [6]-[8], where the sensing region is either an
open-ended high-impedance quarter-wavelength line section
(equivalent to a grounded series resonator) or an open-ended
low-impedance half-wavelength line section (equivalent to a
grounded parallel resonator). The best reported sensitivity in
these sensors based on open-ended quarter- or half-wavelength
resonators is 528.7° [6], clearly below the values given above,
achieved in the present work. Moreover, such high sensitivity
achieved in the sensor reported in [6], has been obtained by
cascading two quarter-wavelength line sections (one section
with high characteristic impedance and the other one with
low characteristic impedance) to the main sensing line, which
represents a penalty in terms of the overall sensor size.

A comparison of different phase-variation sensors is given
in Table I, where the operating mode (transmission, TX,
or reflection, RX), the maximum sensitivity, the size of the
overall sensor (excluding the access lines), the size of the
sensing region, both expressed in terms of the squared guided
wavelength, as well as the figure of merit (FoM), defined as the
ratio between the maximum sensitivity and size of the sensing
region, are included. Since sensitivity enhancement is achieved
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TABLE 1
COMPARISON OF VARIOUS PHASE-VARIATION PERMITTIVITY SENSORS
Sensing  Overall Max. FoM
s size” (A\2) size (A\2) Sensitivity AemUT,HM (C/A2)
[1] X — — 600 dB — —
21 TX — — 54.8° — —
[3] X 12.90 12.90 415.6° — 322
[4] X 0.075 0.075 25.3 dB — —
[5] X 0.020 0.40 17.6 dB — —
[6] RX 0.025 0.131 528.7° 0.4 21148
[71 RX 0.100 0.297 45.5° 3 455
[8] RX 0.065 0.126 101.3° 2.4 1558
[9] X 0.030 0.090 7.7° — 257
[10] X 0.040 0.054 20.0° 10 500
[11] X 0.038 0.053 12.3° 7 332
[12] RX 0.015 0.073 83.35° 1.5 5643
[13] RX 0.018 0.076 66.5° 3.75 3643
Sens. B RX 0.070 0.070 659.6° 0.33 9401
Sens. B> RX 0.058 0.058 736.0° 0.15 12690

" This size corresponds to the sensing region, not to the size of the whole
sensing structure, referred to as overall size and indicated in the adjacent
column to the right.

at the expense of linearity degradation (i.e., the sensitivity
is not constant), it is convenient to include in the table the
range of dielectric constants of the MUT where the sensitivity
is above half the maximum value. Such range of dielectric
constants is designated as Aeyyr,my in the table. According
to Table I, the proposed sensors exhibit the best sensitivity,
with very small sensor size, which coincides with the size
of the sensing region, since no further additional elements are
used to boost up the sensitivity (as in the sensors of [6]-[8]), or
to transform the phase information to magnitude information
(e.g., as in the sensor reported in [1], [4], [5]).

As it can be seen in Table I, the FoM is better in the sensor
reported in [6], mainly because the sensing region in those
sensors consists merely of an open-ended line section. How-
ever, it should be mentioned that the unprecedented maximum
sensitivity of the coupled-line based sensors of this work has
been obtained without the need of introducing further elements
to the sensing region (thereby achieving a very competitive
overall sensor size). Moreover, the sensitivity can be further
enhanced by merely reducing the coupling coefficient, C,
of the coupled lines, i.e., by simply increasing the distance
between the lines (this does not represent a significant increase
in the sensor size).

Note that in the table, there are three sensors where the
sensitivity is given in dB. The reason is that in such sensors,
the phase is transformed to magnitude information. In [5],
the device is a differential sensor based on meander lines,
and phase to magnitude conversion is achieved by means of
a pair of rat-race couplers. The sensitivity in these sensors
is reasonably good, and sensor design is simple, but the
total sensor size is large due to the presence of the two
rat-race couplers. In the sensors of [1], [4], both based on
artificial lines, the sensitivity and the size of the sensing region
is very competitive, but their robustness is limited, due to
potential effects of detuning (this is particularly critical in the
narrowband structures based on electroinductive-wave (EIW)
transmission lines [4]).

In summary, the reflective-mode phase-variation coupled-
line based sensors presented in this work exhibit a good
combination of size (overall sensor and sensing region) and
sensitivity. Indeed, to the best of the authors’ knowledge, the
sensitivities obtained in this work are the highest achieved
sensitivities in phase-variation microwave sensors. Let us also
mention that sensor design is simple, and the maximum sen-
sitivity can be reasonably predicted under the weak coupling
approximation, of interest since weak coupling is necessary to
boost up the sensitivity.

VII. CONCLUSION

In conclusion, a new type of reflective-mode phase-variation
permittivity sensors, based on coupled lines (the sensitive re-
gion), has been reported in this paper. It has been demonstrated
that by properly terminating three of the four ports of the
pair of coupled lines, the resulting one-port structure is highly
sensitive to variations in the dielectric constant of the MUT,
provided the lines are weakly coupled. The sensing regions
of the two considered sensor types (designated as A and B
in this paper) behave as a pair of weakly coupled quarter-
wavelength resonators. Consequently, the phase of the reflec-
tion coefficient exhibits a variation of 360° between the two
split resonance frequencies, necessarily very closely spaced
by virtue of the weak coupling. Thus, weak inter-resonator
coupling is the principle for sensitivity enhancement in the
reported coupled-line based sensors, as it has been analytically
demonstrated and experimentally validated. Indeed, it has been
shown that the maximum sensitivity is inversely proportional
to the square of the coupling coefficient of the pair of coupled
lines. Maximum sensitivities of 659.6° and 736° have been
achieved in two of the designed and fabricated prototype sen-
sors, i.e., unprecedented values in phase-variation microwave
sensors. The proposed strategy for sensitivity optimization
merely utilizes a pair of coupled lines, contrary to other sim-
ilar reflective-mode sensors based on quarter-wavelength, or
half-wavelength, open-ended sensing lines, where sensitivity
enhancement is achieved by cascading high/low impedance
quarter-wavelength transmission line sections. The resulting
figures of merit (FoM) in the reported sensors, defined as the
ratio between the maximum sensitivity and the area of the
sensing region expressed in terms of the squared wavelength,
are as high as 9401°/)\? and 12690°/)\2. These values are
competitive and have been achieved without the need of adding
further stages to the sensing region. Therefore, the potential
of the reported coupled line structures to implement highly
sensitive permittivity sensors with a small sensing region and
with a limited size of the whole sensor structure, has been
demonstrated. The reported sensors are of special interest in
applications where high sensitivity in the detection of the
dielectric constant of the MUT or related variables is needed,
including, defect detection in samples (e.g., corrosion, or struc-
tural health monitoring), measurement of liquid composition
or contaminants in liquids (microfluidics), highly sensitive
position or proximity sensors, biosensing, etc.
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