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Abstract—This paper presents a novel lossy tunable permittiv-
ity sensor that enhances sensitivity through a controllable con-
ductivity method using a junction field-effect transistor (JFET)
in the ohmic region. The sensor, a one-port reflective-mode
device, includes a coplanar waveguide (CPW) ending in a step
impedance resonator (SIR) as the sensing element, with the
JFET bridging the SIR patch and ground. The high sensitivity
is achieved by virtue of the strong shift in the phase of the
reflection coefficient at resonance experienced by varying the
dielectric constant of the material under test (MUT). This device
not only serves as a permittivity sensor but also for tracking
variables linked to permittivity changes. Our experimental results
uniquely demonstrate that sensitivity to minute perturbations
can be significantly enhanced by tuning losses. The prototype,
designed and constructed for detecting submillimeter proximity
changes with a dielectric slab, achieves a peak sensitivity of
2291°/mm within a compact 8.5 mm × 12 mm footprint.

Index Terms—coplanar waveguide (CPW), JFET, lossy sensor,
permittivity sensor, phase-variation sensor, tunable sensor.

I. INTRODUCTION

Achieving ultra-high sensitivity in planar microwave sensors
with compact sensing regions presents a significant challenge.
These sensors, which primarily detect changes in the dielectric
properties of their surroundings, are versatile due to these
properties’ association with various physical, chemical, and
biological variables. Consequently, microwave permittivity
sensors find applications across a broad spectrum, including
but not limited to temperature and humidity monitoring,
concentration measurements of electrolytes and glucose, and
detection of food deterioration and bacterial growth [1]-[12].

The performance of planar microwave sensors is governed
by their operating principle, most commonly frequency varia-
tion. In this approach, changes in the measurand cause shifts
in the resonance frequency, magnitude, or quality factor of the
sensor. While these sensors offer robustness to electromagnetic
interference (EMI) and noise, their sensitivity is inherently
constrained unless operated at very high frequencies. Addi-
tionally, they require broadband input signals to achieve the
necessary output dynamic range [13].

Recent advancements in planar microwave sensors, par-
ticularly one-port reflective-mode phase-variation sensors
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[12],[14]-[18], have demonstrated unprecedented sensitivities.
These sensors operate by measuring the phase of the re-
flection coefficient at a specific frequency, and provide high
sensitivities as far as a high phase slope is achieved at that
frequency [19]. This goal has been realized through the use
of either distributed or semi-lumped resonators, including
high-impedance quarter-wavelength and low-impedance half-
wavelength open-ended resonators [14], step-impedance res-
onators with high inductance-to-capacitance ratios [15], or
slot resonators with low inductance-to-capacitance ratios [16].
Enhancing the phase slope, and thereby the sensitivity, can also
be achieved by cascading impedance inverters with alternating
high and low characteristic impedance between the input port
and the sensing element [14]. Alternatively, high sensitivity
can be reached through the use of a pair of weakly coupled
resonators, either distributed or semi-lumped, which leads to a
large phase excursion between two closely spaced resonance
frequencies, with the operational frequency finely tuned in
between [17],[18].

II. THE PROPOSED LOSSY SENSOR AND ANALYSIS

The rationale behind the need of a high phase slope (at
the operating frequency, f0) to achieve high sensitivity is very
simple: when the permittivity of the immediate environment
surrounding the sensor varies, the resulting downward or
upward shift in the overall phase response generates a phase
excursion at f0 that increases with the phase slope. Thus,
a high phase slope boosts the sensitivity, or the derivative
of the phase of the reflection coefficient with respect to the
input variable (typically, the dielectric constant of the so-
called material under test (MUT) or a variable related to it).
Let us next obtain the phase slope of a lossy resonator with
impedance ZL(ω) = R(ω) + jχ(ω), where R(ω) and χ(ω)
are the real and the imaginary part, respectively, and ω is the
angular frequency. The reflection coefficient is

ρ =
ZL − Z0

ZL + Z0
(1)

and hence the phase of the reflection coefficient can be
expressed as

ϕρ = arctan

(
χ(ω)

R(ω)− Z0

)
− arctan

(
χ(ω)

R(ω) + Z0

)
. (2)

The phase slope evaluated at resonance, where χ(ω) = 0, or
ω = ω0 = 2πf0, is found to be

dϕρ

dω

∣∣∣∣
ω=ω0

=
2Z0

R2 (ω0)− Z2
0

· dχ(ω)
dω

∣∣∣∣
ω=ω0

. (3)

From (3), approaching the matching condition
(R (ω0) → Z0), the phase slope at resonance approaches
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Fig. 1. Sensor topology (a) and circuit model (b). Relevant dimensions in mm
(for the prototype device) are: WL = 0.3, lL = 5, gL = 1.85, WC = 3.6,
lC = 3, gC = 0.2, g = 0.5.

infinity, enhancing sensitivity as losses are engineered.
However, perfect matching ([R (ω0) = Z0]) is to be avoided
to prevent complete power absorption at f0 by the resonant
element. This new sensitivity optimization method, focusing
on engineered losses, eliminates the need for cascading
impedance inverters or adding a weakly coupled resonator.

Fig. 1 shows the lossy sensor’s typical topology and its
equivalent circuit model, featuring a coplanar waveguide
(CPW) ending in a step impedance resonator (SIR) with a
tunable resistor (with conductance GL). The SIR’s narrow strip
inductance is represented by L, and its patch capacitance by C.
Losses from the substrate and the material under test (MUT)
are included in GS . The impedance seen from the input port
(by excluding the access line) is

ZL = R(ω)+jχ(ω) =
G

G2 + ω2C2
+jω

(
L− C

G2 + ω2C2

)
.

(4)
Introducing R(ω) and χ(ω) in (3), and evaluating at the

resonance frequency, ω0, provides

dϕρ

dω

∣∣∣∣
ω0

=
4Z0L

(
1− G2L

C

)
G2L2

C2 − Z2
0

≡ P (5)

where G = GS +GL and the resonance frequency is

ω0 =

√
1

LC
− G2

C2
. (6)

According to (5), there is a pole in the phase slope at
resonance, P . Such pole corresponds to a value of G given by

Gp = Z0
C

L
. (7)

For L/C > Z2
0 , the typical situation to enhance the sensitivity

[15], the pole is lower than the zero, located at

Gz =

√
C

L
. (8)

Thus, P is negative before the pole, and it takes the value

P = −4L

Z0
(9)

when losses are negligible (G = 0). The magnitude of P
increases as G nears the pole. High L (thus, low C) boosts the
phase slope. Setting G close to the pole enhances sensitivity.
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Fig. 2. Phase and magnitude response inferred by circuit simulation for the
structure of Fig. 1 for four cases: (i) G = 0 << Gp, (ii) G = 0.008 S ≤ Gp,
(iii) G = 0.012 S = Gp, and (iv) G = 0.013 S ≥ Gp. The port’s reference
impedance is Z0 = 50Ω. At resonance, the phase is either ϕρ = ±180◦ (for
G < Gp) or ϕρ = 0◦ (for G > Gp), and the phase slope P is indicated.

III. SENSOR DESIGN AND EXPERIMENTAL VALIDATION

The sensor was built on a Rogers 4003C substrate
(εr = 3.55, thickness h = 1.524mm, tan δ = 0.0022),
dimensions detailed in Fig. 1’s caption. With these specifi-
cations, the sensor’s resonance frequency is f0 = 2.636 GHz,
both without a resistor (GL = 0 S) and with the reference
material (εREF = 3.55), as confirmed by electromagnetic
simulations. The sensor’s reactive parameters, L = 3.89 nH
and C = 0.94 pF, were derived assuming negligible GS ,
following the approach in [15]. When losses (GL ̸= 0) are
considered, part of the signal is absorbed by the resonator,
impacting the reflection coefficient at resonance, as shown by

ρ|ω0
=

G
G2+ω2

0C
2 − Z0

G
G2+ω2

0C
2 + Z0

=
GL
C − Z0

GL
C + Z0

(10)

and the magnitude of it decreases as G gets closer to the pole.
Figure 2 shows reflection coefficient of Fig. 1(b) by means

of Keysight ADS circuital simulation, using the specified reac-
tive parameters and varying conductance values G, affecting
phase slopes at frequency f0. With a reference impedance
Z0 = 50Ω, the critical conductance Gp = 0.012 S marks the
transition between different regimes. Below Gp, the system
is in a low-loss state with a negative phase slope at f0. At
Gp, the phase slope becomes infinite, and above Gp, it enters
a high-loss state with a positive phase slope. Approaching
Gp enhances the phase slope at resonance, decreases the
reflection coefficient’s magnitude, and signifies a phase slope
sign change beyond Gp. These effects underscore the role of
engineered losses in optimizing phase slope and sensitivity by
adjusting G (it is convenient to set G slightly below Gp).

To validate our sensitivity enhancement approach, we fab-
ricated the device depicted in Fig. 1 using an LPKF H100
milling machine and performed two tests. Initially, resistors
with different conductance values were inserted between the
capacitive patch and ground plane, as shown in Fig. 1, soldered
behind the substrate to connect with the top metal layers by
means of vias, avoiding MUT interaction. We created four
distinct devices, each featuring a specific resistor value (or G),
showcased in Fig. 3. The reflection coefficients’ phases and
magnitudes were measured for these devices with a Keysight
5221A vector network analyzer (VNA), results shown in Fig. 4.
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(a) (b)

Fig. 3. Photograph of one of the fabricated sensors with a resistor connected
between the SIR patch and the ground plane. (a) Top view; (b) bottom view.
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Fig. 4. Measured phase and magnitude of the reflection coefficient for the
sensor of Fig. 3 with a set of resistances, available in our lab, corresponding
to the indicated conductance values, including the resonance phase slope, P .

Despite vias and resistor imperfections affecting the theoretical
model prediction, these results confirm conductance’s role in
boosting the sensitivity to smooth perturbations, a topic we
expand on later.

Utilizing the four sensors depicted in Fig. 3, submillimeter-
scale proximity measurements were conducted with a verti-
cally maneuverable dielectric slab above the SIR, affecting
the effective dielectric constant and thus the phase of the
reflection coefficient. The baseline or REF position, with the
MUT (a stack of microwave substrates of dielectric constant
εSLAB = εREF = 3.55 and thickness h = 10 mm) atop
the SIR, was used to align the operating frequency with the
SIR’s resonance at a specific conductance G, detailed in Fig. 4.
The reflection phase at resonance measurements showed that
sensitivity to slab’s vertical distance increases as conductance
nears Gp, illustrated in Fig. 5. This confirms that modifying
losses can notably improve sensitivity to minor displacements.

The second validation featured a voltage-tunable JFET
(SKY65050-372LF) connected between the SIR patch and
ground, allowing conductance adjustment via gate voltage
(VG) for tunable loss-assisted sensitivity. Fig. 6 shows the
sensor and its circuit model with the JFET. VNA measure-
ments with different VG values (Fig. 7) demonstrate tunable
sensitivity and phase slope at resonance. Phase variation
measurements of the reflection coefficient with slab distance,
shown in Fig. 5, confirm the method’s ability to significantly
boost sensitivity up to 2291°/mm in the limit of small dis-
placements at VG = −697 mV. This technique maintains the
sensor’s small footprint (8.5 mm × 12 mm) without needing
impedance inverters for sensitivity enhancement.

IV. CONCLUSION

This research introduces a permittivity sensor with signifi-
cant detection capabilities, achieving 2291 °/mm, far surpass-
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Fig. 5. Measured dependence of the phase of the reflection coefficient at
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Fig. 3 and 6 for the indicated cases. For vertically displacing the slab, the
Thorlabs MVS010/M displacement system was used.The indicated sensitivities
correspond to the limit of small air gaps (or gair = 0 mm).

Fig. 6. Photograph (a) and circuit model (b) of the JFET lossy tunable sensor.

ing the benchmarks of 110 °/mm and 70 °/mm reported in [14]
and [17], respectively. The cornerstone of this breakthrough is
the sensor’s tunability, achieved through a voltage-controlled
JFET operating in the ohmic region. This allows for unpar-
alleled flexibility in sensitivity adjustment, accommodating
a wide array of scenarios, without necessitating individual
redesigns for different applications. Future investigations will
delve into a detailed sensitivity analysis incorporating nonide-
alities to broaden the scope of this innovative approach.
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