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Abstract—We propose a new type of oscillator sensor based on
a self-modulated oscillator, exhibiting two concurrent oscillations
at high and low frequency. To ensure a low phase noise, a high-
frequency design is based on a stepped-impedance resonator,
over which the material under test (MUT) is placed. The low-
frequency oscillation is achieved through the introduction of
feedback elements in the bias circuitry, by following a systematic
procedure based on the use of stability circles and a rigorous two-
stage stability analysis. The low-frequency oscillation modulates
the high-frequency one and its harmonic components, generating
multiple spectral lines around each of these components. For the
first time to our knowledge, we demonstrate the simultaneous
influence of the MUT on two concurrent oscillations, coupled
through the nonlinear effects of the active device, as explained
using an envelope-domain formulation. Thus, the sensing is based
on the central frequency, frequency spacing, and amplitude of
the spectral lines, enhancing both sensitivity and reliability. This
multivariable approach enables robust multipoint detection and
is expected to offer higher sensitivity compared with traditional
methods that rely on a single oscillation frequency and amplitude.
We present a calibration procedure, based on these measurands,
to determine the real and imaginary parts of the MUT dielectric
constant. The circuit has been fabricated and experimentally
characterized, yielding very good results.

Index Terms—Concurrent oscillations, envelope transient,
Sensor.

I. INTRODUCTION

ICROWAVE sensors are highly sensitive to material

properties, cost-effective, and easily integrated with
planar fabrication processes [1], [2], [3], [4], [5]. In oscillator
sensors [6], [7], [8], [9], [10], the passive structure, influenced
by the material under test (MUT), is connected to an active
core that enables autonomous operation. Variations in the
MUT can be measured using frequency and amplitude detec-
tion interfaces [11], [12], [13], [14], [15], [16], allowing for a
compact implementation. Due to their intrinsic gain, oscillator-
based sensors can offer higher sensitivity compared with their
passive equivalents. Most of these sensors function in a free-
running mode [6], [7], [8], [9], [10], [11], [12], [13], [14], [15],
[16], where the oscillation frequency changes in response to
the MUT. Recent studies have also introduced sensors that use
injection-locked oscillators [17], [18], [19], [20], [21], [22],
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[23]. In [17], [18], and [19], the sensing mechanism relies
on detecting the phase shift between two oscillator circuits,
both locked to the same input source, with only one oscillator
being influenced by the sensing parameter. When using a
single oscillator, sensing can be based on shifts in the central
frequency of the locking band [20] or changes in both the
central frequency and bandwidth [21], [22]. An alternative
sensing mechanism [23], [24] relies on detecting variations
in the beat frequency near the locking edges. The work [25]
proposed a cascade of two high-frequency oscillators, at fj
and f>, with a frequency difference on the order of megahertz,
such that only one (e.g., the oscillator at f}) is affected by the
MUT. Then, odd intermodulation products such as 2 f; — f> and
3f1 — 2/, enable multiplication of the frequency sensitivity by
2, 3, and so on. This implementation requires two distinct
oscillators, for which mutual locking must be avoided. It may
also suffer from high noise, as both the oscillations occur at
high frequencies.

In [26], we presented a summary of newly developed
analysis methods for both free-running and injection-locked
sensors. Here we expand on [26] by proposing a new type
of oscillator sensor, based on a self-modulated free-running
oscillator. Two oscillations, at high and low frequency (fhign
and fiow, respectively), are concurrently generated, so the
circuit operates in a doubly autonomous quasi-periodic regime.
Compared with [25], the two oscillation frequencies differ by
several orders of magnitude and are simultaneously generated
using a single active device, which enables low power con-
sumption and compactness. Unlike [25], the two oscillations
are influenced by the MUT due to the coupling inherent to
the nonlinearity of the active device, which should enhance
sensitivity.

The two concurrent frequencies are generated via distinct
feedback mechanisms. The oscillation at fi,, is achieved
by introducing feedback elements into the bias circuitry. In
turn, the oscillation at fyzn relies on high-frequency series
feedback and uses a stepped-impedance resonator, over which
the MUT is placed. The high quality factor of this resonator
enables low phase noise in the high-frequency oscillation (at
Jhigh). On the other hand, achieving a low phase noise at the
low-frequency oscillation (at fi,) is relatively undemanding.
The low-frequency feedback elements are selected through
a systematic procedure based on the use of stability circles
and a subsequent rigorous stability analysis using pole-zero
identification [27], [28]. The oscillation at fi,, modulates
the one at fizn and its harmonic components, generating
multiple spectral lines around each harmonic, spaced by fiow-
This self-modulated solution is efficiently analyzed using the
envelope-transient method [29], which is used to demonstrate
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that the two oscillations are coupled. Thus, any variation in
the MUT results in a change in the modulation frequency, and
consequently, in the spacing of the spectral lines. A major
advantage is the low phase noise of the central frequency fpicn
and its sideband frequencies, spaced at fioy-.

The self-modulated sensing is based on the central fre-
quency, frequency spacing, and amplitude of the spectral lines,
enhancing both sensitivity and reliability. The method provides
redundancy and enables the detection of subtle variations in
both the real and imaginary parts of the MUT dielectric con-
stant. Sensing at higher order sidebands inherently increases
frequency sensitivity [25] and amplitude variations across the
spectral lines help detect losses and environmental influences,
improving robustness against noise and other external factors.

The calibration procedure involves collecting data from
reference materials with well-characterized dielectric proper-
ties [30]. For each material, the central frequency, frequency
spacing, and amplitude of multiple spectral lines around a
high-frequency carrier are measured. These data are used to
build a calibration model that relates these spectral features to
the real and imaginary parts of the MUT’s dielectric constant.
Once established, the model is used in the sensing phase by
measuring the same spectral parameters of the unknown MUT
and inputting them into the model. This multipoint sensing
approach enhances sensitivity, robustness, and accuracy in
material characterization. The method is demonstrated using
a version of the free-running oscillator from [10] and [26],
modified with additional feedback elements to produce the
low-frequency oscillation. The fabricated circuit has been
applied to sensing the dielectric constant of defective solid
samples and detecting small volumes of ethanol in DI water.

The main contribution of this work is the proposal of a new
self-modulated oscillator sensor resulting from two concurrent
oscillations at high and low frequencies: fpion and fiow, gener-
ated using a single transistor device. We present a systematic
design approach based on the judicious introduction of a
low-frequency feedback loop into an existing high-frequency
oscillator, which includes a passive resonator affected by the
MUT. For the first time to our knowledge, we demonstrate
the simultaneous influence of the MUT on two concurrent
oscillations, coupled through the nonlinear effects of the active
device, as explained using an envelope-domain formulation.
The sensing relies on multiple variables that change with the
MUT. This multivariable approach enables robust multipoint
detection and is expected to offer higher sensitivity compared
with traditional methods that rely on a single oscillation
frequency and amplitude.

This article is organized as follows. Section II details the
design of the self-modulated free-running oscillator. Section III
presents the oscillator analysis using the envelope-transient
method. Section IV describes the experimental characteriza-
tion and the calibration procedure.

II. DESIGN OF THE SELF-MODULATED FREE-RUNNING
OSCILLATOR

We will consider the same free-running oscillator presented
in [10] and [26], which is built on Rogers 4003C and based
on the transistor ATF34143 (Fig. 1). The high-frequency
oscillation is achieved through series feedback by connecting
a transmission line to the source terminal. The MUT is placed
on a three-stage stepped impedance resonator at the high
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Fig. 1. Free-running oscillator taken from [10] and [26]. It is built on Rogers
4003C and based on the transistor ATF34143. The MUT is placed on a
three-stage stepped impedance resonator, with Q = 485.88. (a) Schematic.
(b) Photograph of the complete circuit, without and with the resin holder.
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Fig. 2. Low-frequency oscillation. (a) Reduced schematic used to calculate
the load stability circles. (b) Circles at 5, 11, 13, and 15 MHz. The stable
region corresponds to the inside of the circles. The load impedance of the
full circuit, Zy(fiow), is also indicated. (c) Waveform of the low-frequency
oscillation of a reduced circuit (described in the main text), obtained through
time-domain integration. (d) Spectrum. Comparison between simulation and
measurements. In the experiment we removed the high-frequency circuitry
and added an 82-pF dc block.

frequency fhign = 2.0 GHz. This resonator has an external
low-impedance section with an electric length of 180° at
the desired resonance frequency, followed by a middle high-
impedance section of 90° and a final low-impedance section
of 90° (Fig. 1). Its quality factor is Q = 485.88, which
should enable a low phase noise. In the absence of the
MUT, the circuit exhibits a free-running oscillation at fhigh =
1.99 GHz. For the self-modulated operation, we also need
a low-frequency oscillation, with intended frequency, fiow,
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about 10 MHz. Because the order of magnitude of the two
frequencies is quite different, we will initially perform a
decoupled synthesis of the oscillation at fiow, by focusing
on the elements with the greatest influence at low frequency
[Fig. 2(a)]. The low-frequency oscillation will be achieved by
connecting the feedback capacitor C; between gate and drain.
We need two distinct types of dc feeds: Lpjgn and Lioy. The
inductors Lyign should be large enough to minimize the impact
of Cy at fhign and low enough to enable significant feedback
(through Cy) at fiow. The inductors Ly, (connected between
the two nodes of Cy and the dc sources) must be high enough
to avoid an excessive reduction of the transfer gain at fiy,.

After the introduction of these elements, we calculate the
stability circles and tune C, Lpjon and Liy, to obtain a negative
conductance between the gate terminal and ground around
10 MHz. This is done considering the load impedance
(between the drain terminal and ground) of the full circuit,
calculated at fioy, which is denoted as Zr(fiow). Fig. 2(b)
presents the load stability circles at 5, 11, 13, and 15 MHz,
when taking C; = 75 pF, Liow = 220 nH, and Ly =
24 nH. The stable region corresponds to the inside of the
circles. The three values of Z (fiow), Which are very similar, are
also indicated, and belong to the unstable region. The source
impedance of the original circuit, Zg (fiow), calculated between
the gate terminal and ground, satisfies the oscillator start-up
conditions at 10.4 MHz.

For an approximate evaluation of the low-frequency oscil-
lation, we have carried out a time-domain integration of a
reduced version of the circuit, including only low-frequency
components. This is necessary to prevent the start-up of the
high-frequency oscillation. We have replaced the complete
source and load networks with just a dc block (180 pF),
connected to the gate terminal, and a dc block (180 pF) in
series with the load resistor (50 ), connected to the drain
terminal. The analysis of this reduced circuit version enables
estimation of the waveform and spectrum of the low-frequency
oscillation. This oscillation should exhibit significant harmonic
content to give rise, in the concurrent solution, to multiple
sideband components around fhign. As shown in Fig. 2(c), the
waveform is quite irregular, exhibiting high harmonic content,
as shown in Fig. 2(d). The resulting oscillation frequency is
Jfiow = 12.99 MHz. For experimental verification, we removed
the high-frequency circuitry and added an 82-pF dc block to
prevent exceeding the maximum power limit supported by the
spectrum analyzer, which is 17 dBm. The results are shown in
Fig. 2(d). The fundamental frequency is practically the same
(13.25 MHz in simulation, 13.11 MHz in measurement). The
amplitude differences are attributed to the high-pass filtering
effects of dc block.

Next, we consider the complete circuit shown in Fig. 1(a),
which exhibits two different feedback mechanisms: series
feedback at fpion and parallel feedback at fiow. We apply a
two-stage stability analysis to verify conditions indicative of
the existence of a solution with concurrent oscillations at fiow
and fhigh. In the first stage, we perform a rigorous stability
analysis of the dc solution of the complete circuit, using
pole-zero identification [27], [28]. As shown in Fig. 3, we
obtain two pairs of complex-conjugate poles, at fiow and fhigh,
located on the right-hand side (RHS) of the complex plane.
The frequencies of the poles are fiow = 8.3 MHz and fign =
1.99 GHz. In the second stage, we calculate the periodic
solution at fhgn (in the presence of the low-frequency feedback
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Fig. 3. Stability analysis using pole-zero identification of the dc solution of
the complete circuit in Fig. 1(a), exhibiting two pairs of complex conjugate
poles at fiow and fhigh on the RHS.
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Fig. 4. Analysis of the high-frequency periodic solution, at fhign. (a) Periodic
spectrum obtained through HB, considering NH =7 harmonic terms, in the
presence of the low-frequency feedback loop. (b) Pole-zero identification
applied to this periodic solution. It exhibits one pair of complex-conjugate
poles at fio, located on the RHS.

loop) using harmonic balance (HB). We have taken fiion
as the only fundamental frequency and considered NH =7
harmonic terms. The resulting output spectrum is shown in
Fig. 4(a). Then, we perform a stability analysis of this periodic
oscillation. Due to the influence of the low-frequency loop,
the periodic solution at fi;e, is unstable, as desired. This has
been verified applying pole-zero identification to the periodic
solution at fpien, Which requires the use of the conversion-
matrix approach [27], [28]. The resulting pole locus [Fig. 4(b)]
exhibits one pair of complex-conjugate poles at fi,y, located
on the RHS. The instability of the dc solution at both fi,, and
Jhign» along with the instability of the periodic solution at fiow,
indicates the existence of a quasi-periodic solution with two
concurrent oscillations at fiow and fhigh.

Due to the large difference in the time scale of the two
oscillations, time-domain integration would require closely
spaced samples during a long-time interval, accounting for the
effect of fiow, which will generally be unfeasible. Alternatively,
HB requires initializing both the oscillations, which can only
be achieved using two auxiliary generators [31] that must be
simultaneously optimized—a process that, unless the number
of significant intermodulation products is low, will lead to
convergence problems. As shown in Section III, the self-
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modulated oscillator is most accurately analyzed with the
envelope-transient method.

III. ENVELOPE-DOMAIN ANALYSIS OF THE
SELF-MODULATED FREE-RUNNING OSCILLATOR

The self-modulated oscillator will be analyzed with enve-
lope transient [29], [32], [33], [34], [35], [36]. We will express
the circuit variables in a Fourier series, with fen as the
only fundamental frequency and slowly varying harmonic
terms—modulated at a rate expected to be governed by the
oscillation at fiow. We will consider the same number of
harmonic terms as in the HB analysis of Fig. 4(a), that is,
NH =7. Thus, we will have

NH

xX(t)=Xo)+ Y Xu(t) exp(jkwnignt) )
k=—NH

where x(t) is the vector of system variables in the time domain,
Xi(t) is the vector composed of the kth harmonics of these vari-
ables, such that k # 0, and whigh = 27 fiign. The actual analyses
will be carried out using nodal envelope-transient simulation
[34], [35], [36]. However, for a conceptual explanation of the
influence of the MUT’s dielectric constant, &,, we make use
of the piecewise approach [29], [32], [33], which facilitates
understanding by clearly distinguishing between linear and
nonlinear contributions. The piecewise approach [29], [32],
[33] is applicable when the bandwidth of the modulation
signal is significantly smaller than fi,. Here, this bandwidth
is determined by the low-frequency oscillation at fj,w and
its harmonic content. From an inspection of Fig. 2(d), this
condition is fulfilled since fhign = 1.992 GHz. We will also
separate the matrix equation at baseband (index 0) from the
matrix equation at the rest of harmonic frequencies. The full
system is

A0)Xo(t) + B0)Yo(X(1)) + Au(0)Xo(r)
+ B, (0)Yo(X(1) + D(0)G = 0
A(kwhigh, €)Xk (1) + B(kwhigh, &) Yi(X (1))
+ Au(kwhigh, £)Xi(t) + By (kwhigh, e Yi(X[@) =0 (2)

where A(kwhigh, &), B(kwhign, &), and D are the passive linear
matrices (the two first depending on &,), Xo(t), Xi(¢), and
Yo(r), Yi(t) are the vectors of baseband and kth harmonic
components of the state variables and nonlinearities, respec-
tively, and G is the vector of dc sources. The matrices
A(kwhigh, &), B(kwnign, €,) directly affect the components X (f)
and Y (X(7)), where k # 0. In (2), the matrices are expanded in
a first-order Taylor series, which is a valid approach due to the
narrow modulation band. Note that the subscript w indicates
frequency derivative. The multiplication by the frequency
increment jAw acts like a time differentiator [29], [32], [33].
This gives rise to the differential equation system in the slowly
varying envelopes of the state variables X (¢) and X;(#), shown
in (2).

Because (2) is an autonomous equation system, an initial
condition is required to initialize the oscillations. Otherwise,
it will converge to the unstable dc solution. To obtain the
quasi-periodic solution with concurrent oscillations, we must
provide initial conditions at both fiow and fiien. This is done
by introducing current sources of small amplitude at the two
frequencies [Fig. 1(a)], which are connected to the circuit dur-
ing the initial time steps only. The low-frequency oscillation
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Fig. 5. Envelope-transient simulation of the concurrent oscillator in Fig. 1.
(a) Baseband oscillation when placing an MUT with &, = 3.55 and &, = 3.48
over the stepped-impedance resonator. (b) Spectra about the high-frequency
carrier when varying &, from 3.55 to 3.48.

gives rise to a baseband term Xy (?), at the frequency fiow (in
steady state), which impacts the full vector X(¢) through the
nonlinear dependences of Y(X(f)) and Y(X(¢)). Due to the
harmonic mixing, all the terms of ¥ and ¥ depending on
Xo(f) become time-varying. Moreover, the need to fulfill the
nonlinear system (2) will give rise to the time variation in all
the components of the vector X(7) at the rate of fj,y. Because
the baseband term Yy(X(7)) depends on the full vector X(7),
any variation in ¢,, affecting the high-frequency components,
will have an impact on the oscillation at fi,, and, therefore, on
the spacing of the spectral lines about kfy,,. This is because,
as explained, the two subsets of equations in (2) are coupled
through the nonlinear terms.

We have performed an envelope-transient analysis of the
circuit in Fig. 1 when placing a solid material over the
stepped-impedance resonator, acting like the MUT. As stated,
the analysis relies on a nodal envelope-transient formulation.
We have considered a very small variation in the dielectric
constant, from g, = 3.55 to & = 3.48, which will be
implemented in the experiment by drilling holes in the material
(defective samples). The baseband voltage waveforms at the
gate node obtained for &, = 3.55 and &, = 3.48 are compared
in Fig. 5(a). For ¢, = 3.55, we have fio,w, = 11 MHz and
fhigh = 1.988 GHz. For &, = 3.48, we have fio, = 10.1 MHz
and fhigh = 1.992 GHz. Thus, the MUT influences both the
low- and high-frequency oscillations.

We have also analyzed the modulated high-frequency oscil-
lation. Fig. 5(b) presents the output spectra about fhigh,
obtained when varying the MUT dielectric constant from
& = 3.55 to & = 3.48. Note that both the real and imaginary
parts of all the circuit variables in (1) become modulated by
the oscillation at wiey. Thus, the envelope Vo, (?) is a complex
number, so its spectrum is nonsymmetrical about wrigp.

As seen in Fig. 5(b), the lowest sideband spectral lines
exhibit the highest frequency sensitivity. To understand this,
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Fig. 6. Demonstration of permanent behavior. We have performed two
envelope-transient simulations. In the first one, we display the output-voltage
waveform about fhignh from 7 =4 us to #, = 10 us. In the second simulation,
we display data from #; = 46.07 us to tp = 52.07 us. The same waveform
(though time shifted) is obtained.

we must note that the spectral lines are located at

Jem = kfnign(e,) — mfiow(er)

fk,—l = kfhigh(gr) - ﬁow(gr)
Jeo = kfnign(er)
Je1 = kfhigh(gr) + fow(&r)

fk,m = kﬁligh(gr) + mﬁow(sr) (3)

where k is the harmonic of the high-frequency oscillation
and m is a positive integer. Under the same variation in the
MUT dielectric constant (from &, to &), the positive (+m) and
negative (—m) spectral lines about kfj;,, will undergo a shift
Afn, Af-p given by

Afo (€. &r) = k [ frign (£)) = frign ()]
+m [flow (S,r) = fiow (Sr)]
= kA figh (8’,, 8,) + mA fiow (s',, 8,)
At (& &) = k [ fuign (£]) = frien (8]
= m [ fiow (€}) = fiow (&/)]
= kA fhigh (&), &) — mAfiow (&), &) - 4

Depending on the signs of Afpign and Afiow, €ither the
positive or negative spectral lines will undergo a larger shift
than A fyien, Which is similar to the one obtained in the absence
of the low-frequency feedback loop. Thus, the self-modulated
oscillator sensor intrinsically offers enhanced sensitivity com-
pared with its nonmodulated counterpart. In the case of the
circuit in Fig. 1, when reducing &, we have both A fyien < 0
and Afiow < 0. Thus, the negative spectral lines should be
more sensitive to the MUT than the positive ones, as is clearly
observed in Fig. 5(b). We note a significant sensitivity of fiow
to the MUT. For ¢, = 3.55, we have fio,w = 11 MHz, whereas
for &, = 3.48 we obtain fi,w = 10.1 MHz, so the increment is
Afiow = —0.9 MHz.

To rigorously validate permanent behavior, we have per-
formed two envelope-transient simulations. In the first one, we
display the output-voltage waveform about fpign from #; = 4 us
to t, = 10 us. In the second simulation, considering a much
longer time interval, we display data from #; = 46.07 us to
tp = 52.07 us. Fig. 6 shows the waveform of the envelope
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about the fundamental frequency at the output node. As can
be seen, the same waveform (though time-shifted) is obtained.

We have also performed a Monte Carlo analysis to evaluate
the effects of variations in the bias circuit components. We
have considered tolerances of 2% in the elements of the low-
frequency feedback loop: Cy, Lyigh, and Lioy, Which provides
the results in Fig. 7. However, the actual fabricated circuit will
have fixed component values, so variations will primarily arise
from aging or degradation. While a 2% variation is relatively
large—especially when using high-quality components from
Coilcraft and ATC, as in this case—the analysis helps illustrate
the potential impact of such variations on the spectrum. The
amplitude variation also increases with m, as higher order lines
span a broader frequency range and are therefore more affected
by the frequency-dependent behavior of both the reactive
elements and the active device.

IV. SENSOR OPERATION

In this section, we present the experimental validation of the
theoretical analysis from Section III, along with the sensing
procedure based on multivariable calibration. Initially, we will
use solid materials to establish baseline performance. Then,
we will address the case of liquid mixtures.

A. Experimental Characterization

For the experimental characterization, we have used the
setup shown in Fig. 8. As stated, the oscillator in Fig. 1 is
built on Rogers 4003C and based on the ATF34143 transistor.
It is connected to an R&S FPL Spectrum Analyzer through
the 10-dB coupled port of a directional coupler to protect the
analyzer’s maximum power limit of 17 dBm. Simultaneously,
the phase-noise spectral density is monitored using an R&S
FSWP8 Phase Noise Analyzer connected to the direct port
of the directional coupler. The oscillator is biased using the
low-noise power supplies integrated into the R&S FSWPS.

Initially, we considered the transistor bias point
Ve = —0.1 V and Vpp = 3 V (consumption 52 mW),
and performed a sensing of defective solid samples. These
are placed on the stepped-impedance resonator. The position
and height of the MUT influence the sensor’s response. Thus,
it is important that the MUT’s height remains constant, as it
affects the electromagnetic coupling with the resonator. The
sample position, on the other hand, is fixed using mechanical
screws that securely hold each sample in place.
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Fig. 8. Experimental setup. (a) Sketch. The output port of the oscillator in
Fig. 1 is connected to an R&S FPL Spectrum Analyzer through the 10-dB
coupled port of a directional coupler. Simultaneously, the phase-noise spectral
density is monitored using an R&S FSWP8 Phase Noise Analyzer connected
to the direct port of the directional coupler. The oscillator is biased using the
low-noise power supplies integrated into the R&S FSWP8. (b) Photograph.

To induce a small reduction in the MUT dielectric constant,
we drilled holes in a layer of Rogers 4003C, with g, = 3.55.
The resulting dielectric constant is estimated using the approx-
imate expression in [37] and [38]

1-¢,
1+2Vp 1+2¢, 5)

r,s 1*8r
1=-Vp 1+2¢,

& =€

where ¢, is the dielectric constant of the intact material and
Vr is the volumetric fraction of air in the material, which
changes with the radium and/or number of the holes. The aim
is to obtain &, values comprised between &, = 3.55 and g, =
3.50, which represents a tiny variation interval. Note that as in
most previous works dealing with solid structures [1], [2], [3],
[4], [5], we neglect the variation in the imaginary part. Instead,
this variation will be considered in the second experiment,
devoted to liquid sensing. The relevant parameters to calculate
(5) are the numbers of holes and their size. To achieve ¢, = 3.5,
we drilled a sample of Rogers 4003C substrate with a nominal
dielectric constant g,; = 3.55. The sample has an area of
217.6 mm? and a thickness of 0.8128 mm resulting in a total
volume Vi = 176.99 mm?. A total of 26 circular holes with
a radius of 0.2 mm were drilled through the substrate. The
volume of each hole is Vige = 0.102 mm?. Therefore, the
total volume of air due to the holes is Vioes = 2.657 mm?.
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Fig. 9. Sensing of defective materials. Experimental spectra obtained con-
sidering a solid material in which holes are drilled, giving rise to a reduction
of & from 3.55 (no holes) to 3.5. (a) Spectrum in the interval 1-2 GHz.
(b) Spectrum obtained for &, = 3.55 in the interval 1-6 GHz. (c) Comparison
of the spectrum for &, = 3.55 after 30 min since bias turn-on with the spectrum
after 24 h.

This results in a volumetric air fraction Vp = 0.0150. Using
approximation (5), the effective dielectric constant is &, = 3.5.

Next, we present the spectrum variations observed with
the defective material samples. Multiple measurements were
performed for each sample, and the central frequency, fre-
quency spacing, and spectral line amplitude were found to be
highly stable across trials. To assess consistency, each sample
was placed three times. In addition, removing and reattaching
the screws nine times resulted in a maximum frequency
variation of 150 kHz and a maximum amplitude variation of
0.004 dB. Fig. 9(a) shows the experimental results when
reducing &, from 3.55 to 3.5. As can be seen, a small change
in g, leads to a significant variation in the central frequency,
frequency spacing, and amplitudes of the spectral lines. We
have Afi,w < 0, so the spectral lines fuign(€,) — m fiow(g,) With
the highest m exhibit the greatest sensitivity, in agreement with
the analysis predictions. There is good agreement between
measurements and simulations in terms of the two oscillation
frequencies and the output power (note that the experimental
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Fig. 10. Sensing of defective materials when varying &, from 3.5 to 3.55.
Experimental evolution versus &, of the frequency increment of the central
spectral line, A fhigh, and the sideband, Af-.

output power is attenuated by the coupler). However, the
sensitivity is higher in the experiment, which is attributed
to tolerances in the transistor and other components, and
several modeling limitations. Instead of using an electromag-
netic simulation, which would be computationally costly, we
modeled the transmission line with the MUT on top using
effective dielectric constant approximation [37], [38]. Another
assumption was the calculation of the dielectric constant of the
defective substrates using the approximate expression (5). In
the experimental spectra of Fig. 9(a), very good sensitivity
is obtained for m = 2, with the frequency varying in
6.75 MHz when ¢, is changed from 3.55 to 3.5. Fig. 9(b)
shows a broader view of the output spectrum obtained for
& = 3.55 in the interval of 1-6 GHz.

We have also performed time-based measurements to
demonstrate the persistence and reliability of the quasi-
periodic solutions. There will be a drift caused by temperature-
dependent variations in the transistor’s characteristics, such
as junction capacitance and gain, which affect the oscillator’s
stability. There will also be changes in the passive components,
particularly capacitors and inductors whose values can shift
with temperature, voltage, and aging. Power supply fluctua-
tions can also alter the transistor’s operating point, leading
to frequency shifts. We compared the output spectrum after
30 min since bias turn-on with the spectrum after 24 h. It is
important to note that the experiment was not conducted under
temperature-controlled conditions; instead, the circuit was left
to operate under the ambient laboratory environment. The
results for €, = 3.55 are shown in Fig. 9(c). We would like to
emphasize that a conventional periodic oscillator sensor suffers
from the same problem. The frequency drift after operation
for 24 h is about 150 kHz in the main spectral line for both
the periodic and quasi-periodic spectra. Note that this drift
is the dominant one in the quasi-periodic case and causes
approximately the same shift in all the spectral lines of the
self-modulated solution.

For a more detailed characterization, Fig. 10 shows com-
parison of the variation in the frequency increment A fpon
and the frequency increment A fpign — 2A fiow When changing
g, from 3.55 to 3.5. As expected, this lower sideband fre-
quency exhibits a higher sensitivity. We have also analyzed
the spectrum about the harmonic 3 fyign for &, = 3.55, 3.52 and
3.50. Simulations and measurements are shown in Fig. 11(a)
and (b), respectively. In agreement with (4), the shift A fi;gn of
the fundamental frequency results in a shift of 3A fyign at the
third harmonic. The spectral lines about each shifted harmonic
vary as 3Afhign(e), &) £ mAfiow(er, ). We conclude that,
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Fig. 12. Sensing of defective materials. Experimental variation in the phase-
noise spectral density at both fiigh and fiow When &, is changed from 3.55 to
3.5. The results are compared with those obtained in simulation. They have
been achieved by sequentially initializing the two distinct periodic solutions,
at fhigh and fiow, in HB, and applying the conversion-matrix approach.

provided the amplitudes are high enough, a simple way to
increase sensitivity is to perform the detection about a higher
harmonic term.

Low phase noise is a key objective of this work, as it ensures
robustness and reliability in the sensing process. It has been
characterized using the R&S FSWPS8 Phase Noise Analyzer.
Initially, we captured the spectral line with the highest output
power, which corresponds to the carrier frequency fhign. The
collection of experimental phase-noise spectra obtained when
varying &, from 3.55 to 3.5 is shown in Fig. 12. As can be seen,
the phase-noise variations are small, and the spectral density
at 100 kHz is —94 dBc/Hz. Next, we have searched for the
spectral line corresponding to the low-frequency oscillation
at fiow, Dy requesting a phase-noise measurement at about
8 MHz. The resulting collection of phase-noise spectra is also
shown in Fig. 12. The phase noise at f,, is significantly
lower than at fi;gn. This is because the oscillator’s ability to
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TABLE I
SENSITIVITY COMPARISON FOR SOLID MATERIALS

Resonance Linearity € max ~ €r,min
Ref. A& Af(MHz) Frequency Resonator RMS]ZZ for linearity
(GHz) (MHZz") calculation
[10] 0.05 28 2.40 Stepped- 1.369%10° 5.7
impedance
[10] 0.05 6.4 2.40 Slow-wave 6.055x10° 57
structure
[44] 0.05 76 4.62 Complementary | 55,101 745
split-ring
[45] 0.05 --- 2.18 Magnetic LC 7.525x10! 9.5
[46] 0.05 10 5.95 Complementary | ¢ 566, 1 9.3173
split-ring
[47] 0.05 247 Complementary | ¢ 707,101 4.6531
split-ring
Keysight N1501A Coaxial Standard VNA-
Probe Kit 0.05 ~3.5 10 dielectric probe ~1.0 based dielectric
(Commercial) P sensing
. High precision
Rohde & Schwarz Resonant cavity .
ZNB + Dielectric Kit 0.05 42 8 sensor 0.8 permittivity
measurement
. 5.65 (Afo) Stepped- I
This work 0.05 6.75 (Af) 2.00 impedance 6.405x10 0.05

suppress noise decreases with higher f, unless its quality factor
is proportionally increased [39], [40]. Second, the conversion
of timing jitter to phase jitter becomes more severe at higher
frequencies, since a fixed amount of time uncertainty results in
larger radian phase deviations as frequency increases. Finally,
the active device contributes more noise at higher frequencies
because its gain drops and its noise figure rises closer to its
transit frequency limits. Due to the difficulty in the harmonic-
balance simulation of the double autonomous quasi-periodic
solution (with two concurrent oscillations), we have separately
analyzed the phase noise of the high-frequency and low-
frequency oscillations. This has been done by sequentially
initializing the two distinct periodic solutions, at fpigh and fiow,
in HB. The phase-noise spectrum of each periodic solution
has been calculated using the conversion-matrix approach
[41]. The periodic analyses help justify the low phase noise
observed experimentally, though we are aware that the results
should differ from those obtained with the concurrent solution
due to the coupling between the two oscillations. For instance,
the phase-noise analysis of the periodic oscillators is unable
to detect the increment of spectral density due to the presence
of the next spectral line. This is observed in the experimental
spectrum at both fuen and fiow, as shown in Fig. 12. With
respect to its impact on the sensing accuracy, we must note
that phase noise does not shift the carrier frequency—that
is, the central frequency of the spectrum [41], [42], [43].
However, the resulting spectral broadening degrades the ability
to accurately measure small frequency shifts and amplitude
variations, which directly impacts the resolution and sensitivity
of the system. Nevertheless, the well-defined and reproducible
spectra, obtained under small MUT variations, confirm that the
system remains robust even in the presence of moderate noise.

Table I shows comparison of the frequency sensitivity
and linearity with those of other material sensors recently
presented in the literature. Linearity is calculated based on
the root mean square error (RMSE) deviation from an ideal
linear variation. The works included share a common feature:
they rely on the detection of frequency shifts as the sensing

mechanism—on which our sensor is based—rather than on
phase variations, for instance. Our objective was to provide
a consistent benchmark by comparing the frequency shift
induced by a standardized change in the dielectric constant
(Ag, = 0.05) of a solid measurand. The table includes both
passive and active sensors and shows comparison of frequency
variations for Ag, = 0.05. Note that the main goal of this work
is to show the increased sensing capabilities of self-modulated
oscillators in comparison to a periodic free-running oscillator.
We believe that higher sensitivities could be obtained with
other oscillator designs, based on other kinds of resonators.
We must also emphasize that as shown in our next experiment,
the sensing here is based on a multivariable input.

The second experiment illustrates the capabilities for liquid
sensing. We have sensed mixtures of ethanol and DI water.
A resin holder was fabricated using a 3-D printer and sealed
with epoxy glue and screws [Fig. 1(c)]. To prevent possible
absorption by the substrate, a PET film was placed over the
sensing area. The positioning tolerance of the MUT relative
to the resonator was minimized using a fixed sample holder,
which was glued directly onto the transmission line to ensure
consistent coupling and prevent any displacement during mea-
surement. Due to the impact of the holder, a change in the
bias voltage was necessary, which is now Vg -05V,
Vpp = 3.5 V. Small volumes of ethanol were incrementally
introduced into the holder using a syringe. We added drops
of ethanol with a volume of 0.0125 mL in a volume of
2 mL of DI water. This resulted in an approximate change
in the complex dielectric constant from &3, = 80—j8 (pure DI
water) to gy = 78.29—j8.005 after the addition of four drops of
ethanol [48]. The same solution was measured multiple times
after repositioning the probe. The spectrum evolution when
adding these four drops (five samples) is shown in Fig. 13(a).
As can be observed, the lower sideband frequencies exhibit
the greatest variation, and the spectral lines show different
amplitude sensitivities. For comparison, Fig. 11(b) shows the
variation in the reflection coefficient of the passive resonator,
exhibiting a lower sensitivity. The difference is due to the
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TABLE I
OSCILLATOR SENSOR COMPARISON

Frequency . . Sensitivity Linearity Phase-noise
Ref. [GHz Passive Sensing Element [MHz]* RMSE"[MHz] [dBe/Hz[*
[6] 2.00 Split-ring resonator (SRR) 1.28 (0.08%) 5.91x10° No datum
(7] 2.04-2.055 T-shaped distributed 0.5 1.05%10? No datum
resonator
[49] 248 SRR 0.148 1.25x10° -130
[50] 2.26-2.35 Modified SRR 3.5 9.8x10? No datum
Interdigital capacitor and _128.87
[51] 2.51-2.55 traveling-wave loop- 39 6.23x10! 7128.39
directional filter '
[52] 1.512-1.516 Asymmetric coplanar 0.33 1.48x10! No datum
waveguide
This Stepped-impedance 1.1 (Afo) (2.44%) >
work 200 resonator 1.3 (Af2) (2.44%) 1.76x10 127

“Af @ 10% ethanol volume in the mixture

“Root Mean Square Error
+ IMHz offset frequency

T T
Measurement

Ethanol drops
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. 1.88 1.89
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Fig. 13. Liquid sensing. Experimental spectra obtained when adding drops
of ethanol with a volume of 0.0125 mL in a volume of 2 mL of DI water.
(a) Spectrum of the self-modulated oscillator. (b) Return loss of the passive
resonator when adding the drops.

frequency dependence of both the real and imaginary parts of
the admittance exhibited by the nonlinear block containing the
active device, along with the feedback and output elements.
The collection of experimental phase-noise spectra obtained
when adding one to four ethanol drops (five samples) is shown
in Fig. 14. As can be seen, the phase-noise variations are small,
and the spectral density at 100 kHz is —104 dBc/Hz.

Table II presents an additional comparison to the state of
the art, focusing on oscillator-based sensors used for detecting
ethanol-water mixtures. The table considers the operating
frequency, sensitivity, linearity, phase noise, and type of

Etﬁanol drops |

I -40

22

° >

3

25

sQa

o . . .

10° 10* 10° 10° 107
Frequency Offset (Hz)

Fig. 14. Liquid sensing. Experimental variation in the phase-noise spec-
tral density when adding one to four drops of ethanol with a volume of
0.0125 mL in a volume of 2 mL of DI water.

passive component used as the sensing element within the
oscillator circuit. Sensitivity is defined as the frequency change
resulting from a variation in ethanol concentration from 0% to
10%. Note that the sensitivity of the self-modulated oscillator
sensor is enhanced by the collaborative action of multiple
spectral lines, which is a key advantage of this implementation.

B. Calibration and Detection Procedure

For the sensing procedure, the goal is to derive a function
that relates the components of the complex dielectric constant
with the measured spectrum of the output signal around
Jigh. This spectrum agrees with that of the output-voltage
component v(f) = 2Re{Vyy(t)e/> e’} Here, we will derive a
function that relates the real and imaginary parts the complex
dielectric constant with the experimental spectrum of v(f),
which can be expressed as

Q
v = Z Aiej(27ffql+wq)
9=-Q
where for g > 0(q < 0), A, ¢4, and f, denote, respectively,
the magnitude, phase, and frequency of the gth spectral line
higher (lower) than fy = fhigh. In the sensing procedure, we

(6)
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TABLE III
MATRIX OF REGRESSION COEFFICIENTS

& &rl

1 (Intercept) -0.357-10* 18
/> (GHz) ~1.3759-10* 39
/1 (GHz) 1.5604-10* -45
Ao(V) 33 -0.01

consider the magnitudes and frequencies of the spectral lines
of v(r) as input variables, collected in the row vector u =
(f-2, f-1,Ao). Then, expressing the complex dielectric constant
as gy = &-— j&r;, we will relate the parameters y = (&, &,) to
the input variables in u through the following linear regression
model [28] as

y=xB+p (7

where x = (1,u), B is the matrix of regression coefficients,
with order 4 x 2, and the row vector p = (o1, 0») contains the
error terms. Note that the first component of the row vector
x is set to 1 to allow the inclusion of a constant term in the
linear model, called intercept [28]. To calibrate the model, the
coeflicients of matrix 8 are fit from a set of p measured spectra
for which (g, &) are known.

In this procedure, the components of 8 are optimized to
minimize the squared error function

p

HPB) =Y lyi - xpl ®)
i=1

where x;, y;, for i = 1,...,p are the values of the input

and output vectors x and y for each measured spectrum.

Thereafter, the matrix 8 can be used to estimate the dielectric

parameters from the input variables u resulting from any

measured spectrum as

Y=xpB )

where ¥ = (&,&,;) are the estimated components of the
dielectric constant.

As an example, the model has been calibrated with the
spectra represented in Fig. 13, which correspond to p = 5
values of Vi = Vg /Vr, where Vi, and Vr are the volume of
ethanol and the total volume, respectively. First, the regression
coefficients that define the fit model (9) have been obtained
and are shown in Table III. Each cell (i, j) corresponds to the
component S; ; of the matrix of regression coefficients 5. The
input and output variables related by these coefficients are also
indicated in the table.

Then, we have applied system (9) to estimate the com-
ponents of the dielectric constant. The results are shown in
Fig. 15, where the calibration samples, using data from [48],
have been represented with circles. The estimated values have
been marked with crosses and show very good agreement with
the measured values, represented with squares. For compari-
son, the values estimated measuring the reflection coefficient
and using both the frequency and the value of the minimum
return loss as sensing parameters have been superimposed
using diamond markers. We applied in both the cases an
analogous calibration method. As can be seen, the accuracy is
significantly lower than that of the self-modulated oscillator
Sensor.
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Fig. 15. Prediction of the real and imaginary parts of the dielectric con-
stant versus variations in the fraction of ethanol in water. (a) Real part.
(b) Imaginary part.

TABLE IV

TECHNICAL SPECIFICATIONS AND PERFORMANCE INDICATORS OF THE
PROPOSED SENSOR

Parameter Value Note
Operating ~2.0GHz/~ 10 MHz | fiigh/ fiow
frequencies
Sensitivity Liquids: Liquids: 2.44% ethanol in
Afo =1.1 MHz DI water
Af>=13 MHz
Solids:
Afo =5.65 MHz Solid materials: Ag; = 0.05
Af2=06.75 MHz
Footprint 60 x 60 mm’ PCB layout
Power Liquids:
consumption 59 mW Steady-state  quasiperidic
Solids: regime
52 mW
Extraction error | Liquids: RMSE
1.76x10? Liquids: 2.44% ethanol in
Solids: DI water
6.405x10"! Solid materials: Ae; = 0.05
Resonator type | Stepped-impedance Transmission line resonator
Resonance ~2.0 GHz Fundamental mode
frequency
Technology Hybrid (based on | Microstrip lines and SMD
pHEMT ATF34143) | discrete components
Phase-noise Liquids:
-127 dBc/Hz 1 MHz offset from fjign~ 2.0
Solids: GHz
-122 dBc/Hz

The statistical performance of the regression model has
been analyzed by obtaining, on one hand, the coefficient
of determination R2, which quantifies how well the model
explains the variance in the data, given by

H(p)
Y=
where H(B) is the error function (8) and ¥ is the mean value
of the output data. The result R ~ 1 indicates that the fit

RP=1- =0.9991 (10)



PONTON et al.: MICROWAVE SENSOR BASED ON SELE-MODULATED OSCILLATOR

model explains nearly all variability in y. On the other hand,
the RMSE of the predictions on the calibration set has been
calculated for each component of the dielectric constant

1 P
RMSE, = |- ¢}, =0.0176
A\ Po
1 14
RMSE; = |—) ¢}, =5.0413-107 a1
p i=1 ’

where e; = y; — x;8 = (e;,, e; ;) are the residuals of the estima-
tion of each component of ;. The small RMSE values relative
to the values of the components of &), (see Fig. 15) indicate
high confidence in material identification and characterization.
Finally, Table IV summarizes the main technical specifica-
tions and performance indicators of the proposed sensor.

V. CONCLUSION

In this work, a novel oscillator-based sensor architecture has
been presented, based on a self-modulated free-running oscil-
lator with two concurrent high- and low-frequency oscillations.
Unlike previous approaches, the proposed circuit operates in
a doubly autonomous quasi-periodic regime. The design is
based on the inclusion of a low-frequency loop in an existing
high-frequency oscillator. The two distinct oscillations result
from two different feedback mechanisms. The high oscillation
frequency is determined by a stepped-impedance resonator,
over which the MUT is placed. The use of this resonator
enables a low phase-noise spectral density. As demonstrated
through an envelope-transient analysis, the high- and low-
frequency oscillations are coupled, so any change in the
MUT affects the two independent frequencies. The interaction
between the two oscillations produces numerous sidebands
around the high-frequency carrier, with their spacing and
amplitudes varying according to the properties of the MUT.
This multidimensional sensing mechanism enhances both
sensitivity and robustness, enabling the detection of subtle
changes in the real and imaginary components of the MUT’s
dielectric constant. The approach has proven effective in
sensing small variations in the dielectric constant in solid
materials and small volumes of ethanol in DI water. The novel
architecture demonstrates potential for high-resolution, noise-
resilient sensing applications.
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