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A Spintronic Voltage-Controlled Stochastic
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Abstract — A voltage-controlled stochastic oscillator
(VCSO) utilizing a magnetic tunnel junction (MTJ) is introduced. The VCSO can be used in analog-to-digital information conversion systems for low-energy applications.
Experiments show that the thermally activated switching
rate of the MTJ is modulated by using an applied voltage across the device via the voltage-controlled magnetic
anisotropy effect. The MTJ is deliberately designed to have
a relatively short retention time by reducing the perpendicular magnetic anisotropy. The macrospin MTJ compact
model is implemented into a circuit design platform as a
noise source, which allows the VCSO to generate an eventdriven stochastic sampling signal (ESS). Since the average
sampling frequency of the ESS is efficiently modulated by
the maximum frequency of the input signal, it can drastically reduce the energy consumption of the system. The
circuit simulation shows that the frequency range of the
ESS and its slope can be optimized by adjusting the MTJ
parameters. The VSCO can achieve 20 times improvement
in area-efficiency and reduce power consumption by more
than three times compared with the previous works.
Index Terms — Magnetic tunnel junction, voltagecontrolled stochastic oscillator, perpendicular magnetic
anisotropy, voltage controlled magnetic anisotropy, thermal
stability, retention time.

I. I NTRODUCTION
N THE era of the Internet of Things (IoT), a tremendous
amount of information in the analog domain is sampled
and converted to digital data in a large palette of applications such as mobile communications, wearable devices,
medical imaging, and radar detection. This digital information
is typically processed by a digital signal processor (DSP)
or a central/graphics processing unit (CPU/GPU) and stored
in memory devices. However, the data deluge significantly
increases energy consumption for computations/transmission
and requires higher memory capacity to record the data.
One of the promising ways to alleviate these issues is
reducing the amount of data by adopting a non-uniform
sampling scheme, which is an essential part of compressive
sampling (CS) techniques, instead of using a conventional
uniform sampling scheme [1]–[3]. Both sampling schemes are
briefly described in Fig. 1(a) and (b).
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The uniform sampling has been developed and optimized in
modern hardware and software since the efficient fast Fourier
transform (FFT) is executed based on uniformly sampled data.
However, using uniform sampling is inefficient in certain types
of application, where much of the generated data does not significantly contribute to the overall information. This redundant
data increases the computational load, causing energy waste
for processing, transmitting and recording of the data [4].
Moreover, uniform sampling cannot efficiently avoid aliasing,
leading to distortion in the signal reconstruction [5].
Non-uniform sampling is categorized into two groups: periodic and non-periodic [6]. In the periodic non-uniform sampling, the sampling noise is added to each periodic sampling
time; on the other hand, the sampling time of the non-periodic
methods is constructed by adding the noise to the previous
sampling time, typically called additive random sampling.
Another type of non-periodic non-uniform sampling is the
level-crossing sampling scheme (LCSS) which takes samples
when the input signal crosses predefined threshold levels,
referred to event-driven sampling [3]. Non-uniform sampling
can have advantages especially with low activity signals such
as electrocardiograms and other biological signals, temperature, pressure, voice, and patterns, which remain constant most
of the time and change sporadically. Since the total system
energy consumption is a function of the sampling rate, eventdriven random sampling drastically reduces the computation
and data transmission energy by capturing the relevant samples
based on the signal characteristic [3]. Also, the randomness
of the time interval between samplings improves the dynamic
range of the system and addresses aliasing issues [7].
Fig. 1 (c) shows a conventional CMOS-based analogto-digital information conversion and reconstruction system
where the conventional periodic non-uniform clock generator
plays a role in determining sampling bandwidth, computational
complexity, and overall power consumption. Many periodic
non-uniform clock generators have been proposed based on a
linear feedback shift register (LFSR) that randomly selects one
clock signal among a matrix of ring oscillators, which have different frequencies and phases [8]–[11]. However, these circuits
require a large number of transistors and additional controllers,
resulting in area and energy consumption overhead, and only
provide a fixed average sampling frequency.
We propose an alternative approach to address the area
and power issues and to provide flexibility in terms of sampling frequency, based on voltage-controlled magnetic tunnel
junctions (MTJs). In principle, a CMOS compatible MTJ is
a memory device which has two discrete resistance states
switched by an electrical or magnetic bias condition. However,
if an MTJ is engineered to have sufficiently low thermal
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Fig. 1. (a) Uniform sampling that has a constant time interval between
samples. (b) Non-uniform sampling which has a variable time interval
between samples. (c) Non-uniform clock based analog to digital information conversion and reconstruction system using a conventional periodic
non-uniform clock generator.

Fig. 2. (a) Voltage dependence of the coercivity. Based on the polarity
of the applied voltage, the coercivity of the free layer changes due to the
VCMA effect. (b) Measured coercivity with respect to the applied voltage
across the device. As the amplitude of the bias increases, the coercivity
is enhanced.

Fig. 3. Schematic of thermally activated switching mechanism. Due to
the VCMA effect, the energy barrier Eb can be modulated by the voltage
across the MTJ, allowing switching via thermal activation.

stability, the state of the device can be stochastically switched
via thermal fluctuations. The average time interval between
thermal switching events is called the retention time, which
can be modulated by an applied voltage across the MTJ via
the VCMA effect. These characteristics allow the MTJ to be
used as a voltage-controlled stochastic oscillator (VCSO) that
can generate an event-driven stochastic signal (ESS).
The remainder of this letter is organized as follows:
Section II briefly explains the physics of the MTJ. Section III
introduces the proposed MTJ based VCSO and its simulation
results using a macrospin MTJ compact model. The
performance of the VCSO is discussed and compared to
conventional approaches.
II. C HARACTERISTICS OF VOLTAGE C ONTROLLED MTJ
An MTJ consists of two ferromagnetic layers separated by
a tunneling barrier as shown in Fig. 2 (a), where the magnetic
moment of one layer (free layer) can switch between two
directions. Two energetically stable states exist based on the
magnetization of the free layer. The parallel state (P) occurs
when the magnetic moments of both layers are aligned in the
same direction giving rise to a low resistance; while the antiparallel state (AP) gives rise to a high resistance.
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Fig. 4. (a) Measured time domain data of the MTJ’s resistance fluctuation
under the different electric bias conditions; (b) thermal stability of the
measured MTJ with respect to voltage across the device. Retention time
is calculated based on the amplitude of the thermal stability at room
temperature.

In perpendicularly magnetized MTJs for typical storage
memory applications, the interfacial perpendicular magnetic
anisotropy (PMA) is enhanced by choosing suitable materials and adjusting the thickness of the ferromagnetic layers
(<2 nm) to achieve a high thermal stability ( > 60) [12].
In this work, we deliberately engineered the PMA to obtain a
relatively low thermal stability (20∼35) for random sampling
applications.
In an ultrathin magnetic film structure (e.g. MTJs), an
applied voltage across the device can modulate the PMA of
the free layer, an effect broadly known as voltage-controlled
magnetic anisotropy (VCMA) [13]–[16]. Fig. 2(b) shows the
measured corresponding coercivity change of the MTJ (diameter 60 nm, 1.1 nm thick free layer,  = 22 at zero bias) as
a function of voltages across the device.
The modulation of the coercivity means that the energy
barrier E b = Ms (Hk,ef f −ξ V/d)ν/2 between the two stable
states can be changed by an applied voltage across the MTJ
as shown in Fig 3, where Hk,e f f is the effective magnetic
anisotropy, ξ is the VCMA coefficient, ν is the volume of
the free layer, d is the tunnel junction thickness, and V is the
applied voltage across the MTJ. Since the PMA is a dominant
component in the effective magnetic anisotropy (Hk,e f f ) of
the MTJ, the retention time of the MTJ is modulated by the
applied voltage across the device as given by τ = τ0 exp(),
where τ0 is equal to 1 ns, thermal stability  is equal to
E b /(k B T ), and k B is the Boltzmann constant. Fig. 4(a) shows
measured resistances of the MTJ as a function of time under
different bias conditions where a positive voltage decreases
the retention time by reducing the thermal stability, while a
negative voltage increases the retention time via enhancing
the thermal stability, demonstrating the fundamental concept
behind this work. The voltage dependence of thermal stability
is shown in Fig. 4(b).
III. P ROPOSED E VENT-D RIVEN VCSO
The macrospin MTJ compact model is implemented into
a typical CMOS circuit design platform (e.g. Cadence
Virtuoso) [17]. We intentionally adjusted the MTJ model
parameters (e.g.  = 35 at zero bias, ξ = 61fV/mV) to allow
the MTJ to reliably operate with CMOS supply voltages (1.2 V
for 65 nm node) and cover a wider range of frequency. The
rationale of using a thermally unstable MTJ in designing a
VCSO is as follows: (i) Switching driven by thermal noise is
a Poisson process in which the occurrences of certain events
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Fig. 5. An MTJ based voltage-controlled stochastic oscillator (VCSO).
The switching rate of the MTJ depends on the potential on the BIAS
node. The two resistance states of the MTJ are sensed by the amplifier
(M6-M7) whose output is converted to an event driven stochastic
signal (ESS) via the buffer.

happen at a certain rate, but completely random, and guarantees non-uniform intervals between samplings; (ii) The voltage
dependence of the retention time can be used for realizing
event-based sampling; (iii) The two discrete resistance states
of the MTJ can be easily converted to a digital signal.
The function of the VCSO in digital information conversion system is as shown in Fig. 5. Based on the frequency
of the analog input signal, the VCSO generates an eventdriven stochastic signal (ESS) to trigger the asynchronous
analog to digital converter (A-ADC) so that the system can
efficiently adjust its sampling frequency. The A-ADC samples
the analog input signal at each edge of the ESS and converts
the input signal into a digitized code based on the signal’s
amplitude. The average frequency of the ESS is determined
by the potential of the BIAS node. The frequency to voltage
converter (FVC) converts the maximum frequency of analog
input signal into a certain level of voltage on the BIAS node in
real time [18], [19]. In the VCSO, the MTJ is connected to the
voltage clamp circuit (M1∼M3) and the amplifier (M6∼M8).
The voltage clamp maintains the potential on the N1 node
regardless of the MTJ resistance fluctuations, which allows the
voltage across the MTJ to be purely dependent on the potential
of the BIAS node. The circuit operation for generating an ESS
is as follows. If the frequency of the input signal is high,
the potential of the BIAS node increases, reducing the energy
barrier of the MTJ, leading to a higher rate of state switching.
If the frequency of the input signal is low, the potential of
the BIAS node is low such that the energy barrier of the
MTJ remains high, and switching occurs at a slower rate. The
MTJ’s resistance fluctuation is converted to a voltage variation
on the N3 node, which is amplified by the amplifier whose
output (N4) is digitized via the buffer, generating the ESS as
shown in Fig. 6.
The average sampling frequency of the VCSO exponentially
varies as a function of the potential of the BIAS node since
the energy barrier decreases linearly as a function of voltage
as shown in Fig. 7. The change of switching rate depending
on the voltage range across the MTJ can be modulated by
engineering the VCMA coefficient. In this simulation, the
average sampling frequency can be modulated from 1 kHz
to 100 MHz under voltages ranging from 0.6 V to 0.9 V,
which indicates that the VCSO can perform wide-dynamicrange random sampling. However, the FVC needs to convert
an exponentially varying analog input signal in terms of
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Fig. 6. Transient circuit simulation of the VCSO with the MTJ compact
model. The potential on the BIAS node changes the switching rate of the
MTJ. The potential of the N1 node is equal to (a) 0.72 V; (b) 0.76 V.

Fig. 7. Average sampling frequency of the VCSO with different thermal
stabilities and VCMA coefficients as a function of the voltage across the
MTJ.
TABLE I
P ERFORMANCE C OMPARISON W ITH P REVIOUS W ORKS

frequency into a linearized bias voltage via a calibration to
reduce errors in the signal reconstruction. Also, to guarantee
reliable CMOS operations in the VCSO, the potential on the
BIAS node should be larger than 0.6 V so that the amplifier
can drive the digital buffer.
The total power consumption of the VCSO is a sum of
the power consumption of the analog circuit (M1∼M8) and
the digital buffer. The former is mainly proportional to the
amplitude of potential on the BIAS node. The latter depends
on the switching rate of the MTJ since the dynamic power of
the digital buffer is proportional to the number of switching
during a certain period.
The number of transistors in designing the VCSO is drastically reduced by taking advantage of the voltage-controlled
MTJ. TABLE I summarizes the performance of the VCSO
based on the assumption that the average frequency of the
ESS is 100MHz.
IV. C ONCLUSION
The modulation of the thermally-activated switching rate
of the MTJ as a function of voltage has been experimentally
observed. Based on this phenomenon, we designed a VCSO
which exploits the voltage controllability of the MTJ retention
time via the VCMA effect, and generates the wide-dynamicrange random sampling signal. The MTJ compact model
parameters are optimized to be operated with CMOS circuits,
allowing the VCSO to reduce the area by 20× and the power
consumption by more than 3× compared to previous works.
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