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Capacitive tuning of thyristor oscillators enables neuron-like signal amplification
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Self-oscillator devices based on a negative differential resistance (NDR) offer a promising foundation
for oscillator-based computing—an emerging computational paradigm that exploits the synchronization,
phase dynamics, and collective behavior of coupled nonlinear oscillators for efficient pattern recognition,
temporal coding, and signal processing—as well as for implementing spiking neural networks. In this
work, we present a compact, thyristor-based two-terminal device that exhibits an ultrasmooth, hysteresis-
free NDR response, enabling precise and robust control over complex temporal dynamics. Through a
combination of experimental measurements and numerical simulations, we demonstrate that the system
supports a tunable Hopf bifurcation, with oscillatory behavior modulated by input current and capaci-
tance. As capacitance increases, the oscillations transition smoothly from sinusoidal to relaxation-type
waveforms. The underlying bifurcation structure is analyzed analytically and visualized through dynam-
ical trajectories. Importantly, when operated near the bifurcation threshold, the device exhibits stochastic
resonance, amplifying weak periodic signals in the presence of noise, and yielding a 6.8-dB improvement
in signal-to-noise ratio. These results establish a neuromorphic-compatible, low-power architecture that
bridges nonlinear device physics with functional applications in temporal computation and brain-inspired

hardware.
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I. INTRODUCTION

Neuromorphic circuits draw inspiration from the struc-
ture and function of biological neural systems, striv-
ing to replicate the brain’s efficiency and adaptability in
tasks like pattern recognition, sensory processing, and
decision-making [1-4]. A key element of these sys-
tems is the self-sustained oscillator [5], which is crucial
for mimicking the rhythmic and temporal dynamics of
biological neural networks. Self-oscillators are nonlin-
ear components or systems that produce periodic signals
within electronic circuits using a constant, nonperiodic
source of energy. In neuromorphic circuits, oscillators
play the role of neurons, to emulate fundamental neural
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processes, including synchronization, spiking, and rhyth-
mic activity [6].

Spiking neural networks (SNNs) represent a class of
neural networks that more closely emulate the way the
human brain processes information. Unlike traditional arti-
ficial neural networks, which operate using continuous val-
ues and compute outputs through weighted sums followed
by activation functions, SNNs communicate via discrete
electrical pulses—known as spikes—over time. Today,
most neural networks are implemented using CMOS (com-
plementary metal oxide semiconductor) technology, which
requires complex circuit architectures and a high number
of components to simulate spiking behavior [7—10]. Con-
sequently, replicating the dynamic behavior of biological
neurons with current fabrication methods remains a signif-
icant challenge, resulting in high power consumption and
limited efficiency in mimicking brain-like processing.

An additional and growing area is oscillator-based com-
puting [11-13]. This approach uses networks of coupled
nonlinear oscillators to perform computation by exploit-
ing their natural dynamics, synchronization patterns, and
phase relationships. The collective behavior of these
oscillators enables pattern recognition, temporal coding,
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and efficient signal processing. Oscillator-based systems
are particularly promising for tasks involving temporal
sequences and classification, and they share with neuro-
morphic hardware the goal of achieving brain-like perfor-
mance with minimal power consumption [ 14].

To develop these applications, there is a search for
highly compact oscillators that operate without feedback
amplifiers [15]. Electrical oscillations have been known
for many decades in electronic and in electrochemical
systems that contain a negative differential resistance
(NDR) [16,17]. This approach consists of connecting a
two-terminal nonlinear device with an electrical resistor
and a capacitor [18,19], and different types of materials
and devices with nonlinear behavior have been explored
in this sense in the last few decades. Prominent exam-
ples are those of binary oxide memristors such as VO,
[20,21] endowed with a metal-insulator transition, and
organic transistors [22,23]. Advances in neuromorphic
photonic systems with laser and nonlinear-optical plat-
forms exhibit neural-like bursting and spiking dynamics
[24-26].

Nevertheless, these systems still present important
problems, such as stability after moderate cycling times
and the difficulty of achieving an equal oscillating fre-
quency for a given set of fabricated devices that would
allow further integration in a functional platform.

Here, we consider the use of a thyristor, a robust elec-
tronic component that has been known for a long time,
as a nonlinear element for the development of simple
neuromorphic oscillating systems. While thyristors can-
not compete in terms of maximum frequencies, they are
competitive in terms of power consumption, oscillation
tunability, and relatively low variability; see Table SI
in the Supplemental Material [43], including Refs. [27—
32]. Although there are many applications of thyristors
as oscillators, they usually form part of a wider CMOS
circuit [33]. In contrast, here we show a simple arrange-
ment of a thyristor in parallel with a capacitor and we
provide a dynamical model that fully characterizes the
Hopf bifurcation with current and capacitance as param-
eters. We have established a quantitative dynamical model
that explains what the conditions are for the emergence
of oscillations, i.e., for the Hopf bifurcation. In addition,
the model enables control of the frequency and voltage
amplitude of the oscillations by the parallel capacitor.
We first describe summarily a dynamical system includ-
ing the components that allow performing simulations,
which are compared with experiments, and the station-
ary current-voltage curve of the standalone thyristor. The
excellent agreement between the experimental results and
the theory leads us to conclude that thyristor-based spiking
neuron oscillators are valuable not only as a testing plat-
form but also as an option for developing applications in
neural networks, sensory processing, and machine learning
hardware.

—
u(x)

FIG. 1. System inputs and parameters of the oscillatory circuit.
ug(x) represents the nonlinear current-voltage characteristic of
the thyristor.

II. DYNAMICAL NEURON MODEL

From a mathematical point of view, certain minimum
requirements are necessary to attain oscillations in a
dynamical system. Such a system must have at least two
interacting variables and an NDR. One of the variables
should have fast-destabilizing behavior while the other
changes back slowly the system to the previous state
[6], exerting in this way a stabilizing effect on the over-
all dynamics. Together, these components form what is
known as a slow-fast dynamical system [34], which is dis-
tinguished by the presence of separate timescales. In this
context, oscillations often arise suddenly, under a varia-
tion of parameters such as the external voltage or the series
resistance, in the process of a Hopf bifurcation [35,36].

The standard structure of an oscillator that operates at
constant current is shown in Fig. 1 [17-19]. It consists
of a nonlinear element (green square) and a capacitor Cy,
which enable an oscillatory voltage # when a fixed cur-
rent /; is applied. For operation at constant voltage a series
resistance is added [6]. The internal dynamic variable, x, is
related to semiconductor equations that describe the com-
plicated transient behavior of thyristors [37,38]. Physically
x can be associated with the area of the conducting chan-
nel [39]. The voltage u forms the slow variable while x
constitutes the fast variable in the oscillatory system.

A key ingredient to build a minimal oscillating system is
the conductance function of the nonlinear element. In this
regard, we use the following standard approach [40]. Let
us introduce a conductance g(x) such that the current in
the nonlinear element is

I =x =gu (1

We have
— x 2
glx) = s (2)

Based on this function, a first differential equation is
obtained from the addition of currents in Fig. 1:

du
Iy = COZ +gX)u, 3)
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which can be written in the standard form [6]

d 1
§=F=ayrgmw 4)

in terms of a function F (u,x) that includes the bifurcation
parameter /y. The second equation of the oscillatory model,

X 6= Leu—n), )
dt Tk
states the time variation of the internal variable x in terms
of 1, the relaxation time, and a function G(u, x). Equation
(5) introduces a chemical inductor element that is neces-
sary to establish stable oscillations [27,41]. Thus, an elec-
tromagnetic inductor, usually present in the “tank circuit”
of oscillators [42], is not needed.

An equilibrium point is given by the conditions
u=x=0.Foru=F =0,

Iy = g®). (6)
Forx =G =0,
X
U= ——-:. 7
! gx) @

In S-type oscillators the function u,(/y) obtained from Egs.
(6) and (7) is single valued. The differential resistance is

d 1-g
Ri= = &1 (8)
dx g

where ¢’ = dg/dx. The region of NDR occurs when
g'u > 1 and the condition du/dx = 0 defines the folding
points, xr, of the current-voltage curve. They satisfy

g xp)ulxp) = 1. ©)

III. THYRISTOR AND ITS ULTRASMOOTH NDR:
MEASUREMENT AND MODEL

A thyristor consists of four alternating doped semicon-
ductor regions forming a p-n-p-n structure [Fig. 2(b)]. It
operates as an electronic switch with two stable states,
blocking and conduction, and shows an S-type NDR [Fig.
2(a)] [37]. Because of this property, thyristors are widely
used in power electronics applications such as ac-dc con-
verters, motor control, and voltage regulation. However, at
the same time, this is a key ability for mimicking the firing
behavior of biological neurons, which transition between
resting and active states. But another element that provides
a rebound effect is required. It can be accomplished by
a capacitor that charges through the external current, as
shown in Figs. 1 and 2(b), and once the voltage across
reaches a threshold, the thyristor switches on, allowing

the capacitor to discharge rapidly. This sharp voltage drop
resembles the action potential of a neuron. Once the cur-
rent falls below a certain current, the thyristor turns off, and
the capacitor begins charging again, leading to a periodic
spiking behavior.

The scheme of the thyristor we have used for obtain-
ing oscillations is shown in Fig. 2(b). It is a typical
silicon-controlled rectifier (SCR) thyristor (see Experi-
mental methods). Through a resistive gate, the carrier
injection into the gate can be gradually controlled and
a highly smooth /-J behavior can be obtained. The
1-V characteristics of the standalone thyristor used for the
experiments are measured galvanostatically, at stationary
conditions [line in Fig. 2(c); gate resistance of 150 k].
This measurement is fitted to the following u,(x) function
(Fig. 1 and Fig. S1 in the Supplemental Material [43]) that
describes the behavior of a typical thyristor [44]:

d>ay + dyarx + ax?
=Ryx+ Vyln | =2 V.
ua(x) ¥+ ol ( doby + b1y + byx? ) h

(10)

Although the fit to the experimental data is not excellent,
it is sufficient to build a quantitative dynamical model
that describes well the oscillations. A more accurate fit-
ting expression, based on a phenomenological model, is
provided in Fig. S2 in the Supplemental Material [43].

In any case, it is obvious, from the shape of the /-V char-
acteristics of Fig. 2(c), that the studied thyristor provides
an S-type NDR and it does not show hysteresis in the sense
that it yields single values of voltage when measured gal-
vanostatically, no matter the history of the measurement.
When the applied voltage is low, the thyristor remains in
the blocking state, allowing only a minimal leakage cur-
rent. This corresponds to the lower branch of the -V curve,
known as the blocking branch. As the voltage increases,
the system remains in this state unless a small gate cur-
rent is applied. This gate current acts as a trigger, causing
the thyristor to transition to the conduction state, where
a large current flows. This transition occurs rapidly due
to internal charge carrier multiplication. In other words,
between these two stable states, there is an unstable region
in the /-V curve, Eq. (9) [see Fig. 2(d) for the differen-
tial resistances], where the system does not stay for a long
time. The highly tunable maximum slope provides ample
experimental space.

In typical applications, once switched on, a thyristor
remains in the conduction state even if the gate current
is removed. To turn it off, the applied voltage must be
reduced so that the current decreases below a critical level
known as the holding current, /5. Then, the system jumps
back to the blocking state. Here, however, we are working
at currents well below /7, which equals 5 mA in this case.
Therefore, the thyristor can switch between both states by
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FIG. 2. Current-voltage curve of thyristor-based NDR. (a) A comparison of the features (smoothness and hysteresis) between con-
ventional and an ideal S-shaped NDR. (b) A schematic of the thyristor device architecture and working principle. The electrostatic
injection of electronic carriers through a resistive gate ensures smooth and gradual operation. (c) Measured current-voltage curve of
the standalone thyristor device (without the parallel capacitor). The profile has continuous slopes and the slopes are highly tunable by
changing the gate resistance. (d) The dc resistances where the black circles correspond to the folding points.

the gate current dynamics itself that is in turn enabled by
the parallel capacitor.

IV. HOPF BIFURCATION:
THEORY-EXPERIMENT ANALYSIS

The bifurcation properties that establish the range of
oscillatory domains can be deduced from a linear stability
analysis [30,45]. As shown in the Supplemental Material
[43], the linear expansion of the dynamical Egs. (4) and (5)
produces the Jacobi matrix J in terms of partial derivatives

F,, F,,...from which we could obtain the expressions of
the trace
g 1,
TA:Fu+Gx:__+_(g”_1) (11)
Co Tk
and the determinant of J
g
Ay, =F,G,— F.G, = — (12)

With the same oscillatory circuit [see Fig. 3(a)], we explore
the response in terms of the output voltage when the input
parameters (input current /y and parallel capacitance Cj)
are varied. Hopf bifurcation occurs when a pair of eigen-
values of J become purely imaginary, i.e., the real part

of the eigenvalue changes sign from negative to posi-
tive (at T;, = 0) by the variation of a parameter [31,32],
while the determinant is positive. The bifurcation region
with respect to (Ip, Cp) is defined by 7, = 0, and limit
cycle oscillations occur for 7 > 0, as detailed in Fig. 3(b).
A first criterion of bifurcation is given by the negative
resistance condition g’u > 1 indicated above. The value of
the capacitor at the bifurcation is

4
gu—1"

Cog(lo) = (13)

At the fold points the capacitance Cyg — oo, by
Eq. (13).

As illustrated in Fig. 3(b), there is a region characterized
by small capacitor values (below the pink line) where the
system is stable (7; < 0), i.e., it does not oscillate. When
approaching the bifurcation at a fixed current, /, from this
small capacitor region, damped oscillations are found. Let
us define the angular frequency [6]:

>1/2

At the Hopf bifurcation, the eigenvalues take the form
Ay = +iwy, and the system produces small-amplitude
harmonic oscillations around a stationary point [6], shown

-

14
Comt (14)

wy = A = (
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FIG. 3.

Response of oscillatory circuit towards system inputs. (a) The system inputs are the current and capacitance of the system;

the circuit response is measured by the voltage output. Model calculation of bifurcation properties using the fitted parameters of
Fig. 2 and t; = 6 ps. (b) Bifurcation diagram of capacitance, Cyp, versus current, [y, and (c) frequency of oscillations at the Hopf
bifurcation versus input current. The dashed lines in (b) correspond to the projection lines of constant capacitance through which
calculation and measurement of voltage oscillations by sweeping /, have been performed in Figs. S2 and S3 in the Supplemental
Material [43]. (d),(e) Nullclines and dynamical evolution of the system at constant current [, = 18 A and for a capacitance value at
the Hopf bifurcation, Coz = 0.56 nF. (f) Experimental measurements of current-voltage for input current /o = 18 mA and a capacitance
Cyp =0.56 nF. The orange circles correspond to the stationary /-7 curve of the thyristor of Fig. 1(c). (g),(h) Same as (d),(e) but for a
much larger capacitance Cy = 2 nF. The orange point is in all cases the starting condition. (i) Same as (f) but for Cy = 1.8 nF.

in Figs. 3(d) and 3(e). The frequency of the oscillations
right at the bifurcation is

1 /
wos = —(g'u— 1) (15)
Tk

It is finite for any finite value of Cy, and it coincides with
the expression of Eq. (14) at Cy = Cop. We have plotted
it in Fig. 3(c). Clearly, the period at the bifurcation is of
the order of t;, which is estimated as 6 us in this case, as
explained below. To corroborate with theoretical calcula-
tions, experimental measurements of the oscillatory circuit
are performed. They are realized with very similar param-
eter values and show, in general, a very good agreement
with the theoretical model. In this case, a small capacitance
0f 0.56 nF is used, and the small-amplitude harmonic oscil-
lations of 170 mV,,, can be observed [see Fig. 3(f)]. The
current-voltage phase portrait, shown in Figs. 3(f) and 3(i),
corroborates the tendency expected from the simulations.

While oscillations do not appear at Cy = 0.28 nF (dashed
black line in Fig. S4 in the Supplemental Material [43]),
the increase of the capacitance from 0.56 to 1.12 nF widens
the current region of oscillations. However, their ampli-
tudes are slightly smaller than those of the simulations due
to spatial extension effects not included in our model [46].

If we move away from the bifurcation, at larger capac-
itor values, the system produces relaxation oscillations of
triangular form [47—49], with frequencies much lower than
wop and larger amplitudes, as shown in Figs. 3(g) and 3(h)
[6]. Experimentally, a larger capacitance of 1.8 nF is used,
and a highly asymmetric oscillation with large amplitude
of 380 mV,, can be observed [see Fig. 3(i)].

Voltage oscillations can be obtained when sweeping the
input current, /, at a certain rate. Figure S4 in the Supple-
mental Material [43] shows this effect for a sweeping rate
of 10 pA/s and for two different capacitance values. The
color-shaded areas correspond to tight voltage oscillations.
Such 7 sweeping is realized through the dashed lines of
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FIG. 4. Amplitude and frequency of oscillations dependent on input parameters. (a) Amplitude and (b) frequency variation with
respect to capacitance Cy of calculated voltage oscillations at a fixed input current /o =18 pA. (c),(d) Experimentally measured
voltage oscillations with a fixed input current /o = 18 pA. The dashed lines correspond to the measurements at stationary conditions of
the standalone thyristor (without the capacitor in parallel). () Amplitude and (f) frequency variation with respect to the input current /
at a fixed capacitance Cy = 0.84 nF. The dashed lines correspond to the calculations at stationary conditions of the standalone thyristor
(without the capacitor in parallel). The arrows indicate the points where a Hopf bifurcation occurs. (g),(h) Experimentally measured

voltage oscillations with a fixed capacitance Cy = 0.84 nF.

Fig. 3(b). The oscillations occur only in the region where
T, > 0, between the crossing points with the pink line.
They are in fact Hopf bifurcation points and correspond
to the blue and orange dots in Fig. S4 in the Supplemental
Material [43]. Similarly, this feature is also experimentally
observed in Fig. 3 (measured).

A more comprehensive analysis of the oscillatory phe-
nomena is realized by simulating the variation of the
amplitude [Figs. 4(a) and 4(e)] and frequency [Figs. 4(b)
and 4(f)] of oscillations at different capacitance values
and input currents. In general, these features are strongly
influenced by the proximity to the Hopf bifurcation points
(indicated by arrows) and the value of the capacitor. A key
observation here is that close to the bifurcation point, the
amplitude of oscillations increases gradually with capaci-
tance [see Fig. 4(a)]. Additionally, in accordance with what
we have seen in Fig. 3(c), Fig. 4(b) confirms that oscilla-
tions start at a finite frequency value when increasing the
capacitance from small values.

However, towards larger capacitance, the amplitude
drops with Vi and Vi, saturating to the switching volt-
age and holding voltage, respectively (see Fig. S5 in
the Supplemental Material [43]). Experimentally, this is
observed using a constant current of 18 pA [see Figs.
4(c) and 4(d) and Fig. S6 in the Supplemental Mate-
rial [43]]. By adding a large enough capacitor (200 pF),
the system can indeed exhibit relaxation oscillations (see
Fig. S7 in the Supplemental Material [43]). Furthermore,
a gradual soft threshold can also be observed increasing
the input current at a fixed capacitance. Close to the

bifurcation point, the amplitude gradually increases [Fig.
4(e)] with increasing input intensity [Fig. 4(f)]. Exper-
imentally, this is observed using a constant capacitance
of 0.84 nF [see Figs. 4(g) and 4(h)]. Moreover, for the
relaxation oscillators, the frequency of oscillations also
decreases linearly with the increase in capacitance. This
behavior with saturated amplitude and linear frequency-
capacitance relationship is typically observed in reported
relaxation oscillators.

In order to infer a meaningful relaxation time, t,
that could be applied to the dynamical model, an
impedance spectroscopy measurement of the standalone
thyristor is undertaken (see Fig. S3 in the Supplemental
Material [43]). The impedance spectroscopy result then
gives wy = 2nf = 62.8 x 103 rad/s; hence, 7 = 1/wy =
16 ps. Being of the same order of magnitude, this value
is, however, slightly larger than the value we have used
for the simulations, 7, = 6 s, which shows a better agree-
ment with more direct experiments, as shown below. A full
analysis of the impedance spectra including the influence
of other factors such as the presence of a capacitor and the
value of the input current is beyond the scope of this paper,
and will be presented elsewhere.

Both the measured [see Fig. 4 (measured)] amplitude of
the oscillations and their frequency, as a function of the
two bifurcation parameters, capacitor and current, show
the onset properties of the Hopf bifurcation and the vari-
ations predicted by the model shown in Fig. 4 (theory).
We have found that the main discrepancy between theory
and experiment is the variation of voltage amplitude and
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FIG. 5. Amplification of signals via nonlinear addition of noise. (a) Dendrites during neuronal transmission selectively amplify peri-

odic signals while ignoring white synaptic noise. This increases the signal strength while maintaining the signal contrast. (b) Schematic
of the bifurcation threshold and the bias point of the signal. Here, a white noise with broadband frequency can be added. (c) The mea-
sured 40-Hz signal with and without the 0.3-pA rms white noise of the system biased at 11.8 pA, close to the bifurcation point. (d) The
corresponding fast Fourier transform spectrum of the system. (e¢) Comparison of signal-to-noise ratio for a conventional linear system

and a nonlinear stochastic resonance system.

frequency at points very near the Hopf bifurcation [black
arrows in Fig. 4 (theory)]. The onset of a Hopf bifurcation
can be significantly delayed when system parameters are
varied slowly, with the delay influenced by ramp speed,
initial conditions, and possible control strategies, partic-
ularly in spatially extended systems [46,50,51]. There-
fore, the determination of the bifurcation point itself can
be very challenging. In fact, the frequency of oscilla-
tions in Fig. 4(d) (measured) for the capacitance value
that is closest to the bifurcation point, Cy = 0.56 nF, is
wy = 44.8 x 10° rad/s, which yields 7; = 6.4 s by using
Eq. (14), a value slightly smaller than that obtained from
the impedance measurements.

As observed in both theory and experimental measure-
ments, the thyristor oscillator shows a relatively gradual
increase in oscillation amplitude with increasing input cur-
rent and the frequency of the oscillations started at a
certain finite value. It is interesting to compare this oscil-
latory behavior with those arising from a different type of
bifurcation, for instance, a saddle-node bifurcation on an
invariant circle. Here, the frequency of the oscillations can
be tuned up to zero, but the amplitude remains practically
unchanged [52]. Thus, with regards to amplitude, it yields
a kind of all-or-nothing response. These significant dif-
ferences are important when it comes to the design of a
neuromorphic system and the choice of one over the other

depends on the specific effect to be achieved. Anyhow, a
system like the one we have shown here, with a gradual (or
soft) threshold, is expected to allow for graded responses
in amplitude, with more sensitivity to small signals, but
also less susceptibility to instabilities caused by excessive
noise. Graded responses are observed in many biological
sensory systems (hair cells in the cochlea and photorecep-
tors in the retina) [53,54]. Therefore, such graded thresh-
old oscillators can be highly relevant for active signal
amplification.

V. SIGNAL AMPLIFICATION VIA STOCHASTIC
RESONANCE

Inspired by graded threshold oscillators in the dendrites
of neuronal transmission [see Fig. 5(a)] [55], we attempt
to mimic the amplification of periodic signals by artifi-
cially introducing and modulating the white noise power
(controllably by adjusting the rms). Here, we try to show-
case how signal strength can be increased while maintain-
ing the signal contrast, which means the improvement in
signal-to-noise ratio (SNR) during amplification. This is in
contrast to regular inverter amplifiers utilized in the CMOS
industry where the noise is also equally amplified.

In this concept known as stochastic resonance, a small
alternating current signal (of the order of millivolts) can
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FIG. 6. Signal amplification with SNR gains. (a) Typical
CMOS inverter amplifiers have gain of around 10-20. How-
ever, the noise is also amplified at the same time, leading to
no SNR improvement. (b) Stochastic resonant amplifiers have

weaker maximum gain but are capable of amplifying periodic
signals as opposed to white noise.

be biased close to the bifurcation point of the oscilla-
tor [56]. White noise (broadband frequency introduced by
electronic components or intentionally added) can then
randomly disturb the signal beyond the bifurcation point
and the signal can therefore be amplified [see Fig. 5(b)].
The gold standard for signal amplification would be the
inverter amplifier [see Fig. 6(a)], capable of amplifying
analog signals with a gain of >10. In contrast to regular
inverter amplifiers, stochastic resonant amplifiers [see Fig.
6(b)] can selectively amplify periodic signals as opposed
to white (stochastic) noise. This makes SNR gains a
much more important parameter than just signal amplitude
gain. These dendrite-like amplifiers are much more robust
against noise.

To illustrate a typical linear system, the oscillator is
biased at 7 pA (far from the bifurcation point) and both
the signal and noise are added. The signal is a small oscil-
latory current (0.1 pA rms with a constant frequency of
40 Hz) while the introduced noise is white noise (0.3 pA
rms). The resultant output is therefore a linear addition of
both the signal and noise [see Fig. S8(a) in the Supple-
mental Material [43]] and the corresponding fast Fourier
transform spectrum shows the contribution from both the
signal and the noise [see Fig. S8(b) in the Supplemen-
tal Material [43]]. While not necessarily always the case,
the measured 40-Hz signal amplitude is shown to decrease
with noise addition. Subsequently, to illustrate a nonlinear
system where stochastic resonance is active, the oscillator
is biased at 11.8 pA (very close to the bifurcation point). In
this case, the same noise results in a crossing over the bifur-
cation point, and the amplitude is visibly enhanced [see
Fig. 5(c)]. While the noise floor is increased, the amplitude

of the signal (at 40 Hz) is enhanced more significantly [see
Fig. 5(d)].

The white noise itself being randomly distributed adds
to the background floor of the signal. As a result, the
SNR typically decreases with increasing noise level in a
linear system [see Fig. 5(e)]. In this stochastic resonance
setup, the nonlinear addition of noise and signal results in
an enhancement instead. As a result, the SNR improves
by 6.8 dB. When too much noise is added raising the
noise floor, the SNR enhancement effect greatly dimin-
ishes. However, due to the soft threshold nature [see Fig.
S9(a) in the Supplemental Material [43] for a compari-
son between threshold natures], such a SNR enhancement
is highly robust against different bias points [see Fig.
S9(b) in the Supplemental Material [43]]. As the bias
point is gradually distant from the bifurcation point, the
SNR enhancement effect maintains significantly over our
negative control (linear system). Eventually, at 11.0 pA,
the nonlinear system no longer has any SNR advantage
over a linear system at any noise level. In comparison, a
relaxation oscillator [see Fig. S9(c) in the Supplemental
Material [43]] with a steep threshold nature is much more
sensitive to the bias point and therefore demonstrates less
robustness for practical purposes. In stochastic resonance,
the modulation signal imparts its temporal information to
the output signal. This amplification effect is shown to be
present in various frequencies of modulation signal (see
Fig. S10 in the Supplemental Material [43]).

VI. CONCLUSION

We have shown that a simple electrical circuit consist-
ing of a thyristor and a capacitor in parallel is able to
produce stable self-sustained oscillations whose frequency
and amplitude can be easily tuned by varying the capacitor.
The analysis of the experiments in terms of a dynamical
system is a key tool for elucidating the range of parameter
values where oscillations occur, as well as critical loci such
as Hopf bifurcation points where the system experiences
drastic changes in its behavior. Because of their simplic-
ity and stability, and the possibility of controlling the
switching frequency, thyristor oscillators represent very
promising elements for further development of artificial
neuron circuits.

In recent development of oscillators mimicking neu-
ronal components (soma, axon, dendrites), there is an
increasing need for high-performance nonlinear compo-
nents. Here, we also highlight the importance of obtaining
very smooth NDR characteristics. With this ideal sys-
tem, we are able to observe the small-amplitude sinusoidal
oscillations and graded thresholding behavior. In biophys-
ical sensing, extremely small signals are often clouded by
white noise (being random and having equal power across
all frequencies, white noise is conventionally hard to fil-
ter). Inspired by biological sensory systems, such noise

024010-8



CAPACITIVE TUNING OF THYRISTOR OSCILLATORS

PHYS. REV. APPLIED 25, 024010 (2026)

can be exploited to enhance the detectivity of the small
signals. With the graded threshold, we show how oscilla-
tory signals can be actively amplified by white noise. Such
an active signal amplification method can be a very use-
ful techniques for high-detectivity sensing of very small
signals and highly efficient neuromorphic transmission of
signals.

VII. EXPERIMENTAL METHODS

The thyristor used for the experiments is an SCR
EC103D from Littelfuse. It has a dc gate trigger voltage
and current of 0.8 V and 12 pA, respectively, and a holding
current of 5 mA. The anode and gate of the thyristor device
(Littelfuse SCR EC103D) are connected with a 150-k2
resistor, which provides the necessary threshold voltage
(0.8 V) for closing the gate. Subsequently, the anode and
cathode are taken as the two terminals.

Electrical measurements are carried out under ambi-
ent conditions using a Biologic SP-200 potentiostat. In
the current sweep measurement, 10 pA/s sweeping rate
(1-100 pA) is used and the voltage across the working and
counter electrodes is measured.
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