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Abstract—As  complementary  metal-oxide—semiconductor
(CMOS) scaling continues to offer insurmountable challenges,
questions about the performance capabilities of Boolean, digital
machine based on Von-Neumann architecture, when operated
within a power budget, have also surfaced. Research has started in
earnest to identify alternative computing paradigms that provide
orders of magnitude improvement in power-performance for
specific tasks such as graph traversal, image recognition, template
matching, and so on. Further, post-CMOS device technologies
have emerged that realize computing elements which are neither
CMOS replacements nor suited to work as a binary switch. In this
paper, we present the realization of coupled and scalable relax-
ation-oscillators utilizing the metal-insulator—-metal transition of
vanadium-dioxide (VO?2) thin films. We demonstrate the potential
use of such a system in a non-Boolean computing paradigm and
demonstrate pattern recognition, as one possible application using
such a system.

Index Terms—Correlated electron systems, coupled relaxation
oscillators, Non-Boolean computation, template matching.

I. INTRODUCTION

OMPLEMENTARY metal-oxide—semiconductor

(CMOS) transistor scaling has been the cornerstone of
the computational industry since the invention of the integrated
circuit and has led to unprecedented level of integration with
billions of high-speed nano-transistors on a single chip reducing
cost per function. However, beyond the 3 nm technology node,
conventional CMOS transistor scaling will slow down signifi-
cantly not only due to intrinsic transistor channel length scaling
limitation due to direct source to drain tunneling leakage,
but also due to overwhelming adverse impact of parasitic
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resistance and capacitance associated with source/drain con-
tact as well as interconnect. Thus, a transformative approach
is required to explore nonconventional devices beyond the
CMOS technology as well as unconventional computational
paradigms [1]-[4]. In the last few years, nano-oscillator based
computing paradigms have gained popularity, particularly spin
torque oscillator (STO) based coupled systems [5]-[9]. Also
systems of complex oxides capable of performing spontaneous
metal-insulator—metal transitions have generated interest in
their applicability in realizing systems of coupled nano-oscil-
lators. In this paper, we demonstrate the collective dynamics
of carriers in a correlated material (Vanadium dioxide) and
investigate a non-Boolean information processing architecture,
which fundamentally embraces “let physics do the computing”
paradigm. Through experimental demonstration we show that
Vanadium dioxide (VOsz) reveals strong collective carrier
dynamics that can enable novel functional devices and ar-
chitectures for brain-inspired neuro-morphic computation. In
particular, the synchronization and coupling dynamics of VO
based relaxation oscillators is investigated. Vanadium dioxide
(VO3) undergoes a first-order insulator—metal phase transition
marked by an abrupt change in conductivity up to five decades
in magnitude. By electrically accessing and stabilizing a regime
characterized by the coexistence of competing metallic and
insulating phases in the vicinity of the insulator—metal tran-
sition, we demonstrate compact, scalable, inductor-less and
functionally dense relaxation oscillators capable of multi-GHz
performance when integrated on-die. We explore the syn-
chronization dynamics of such oscillators, using long-range
electrical coupling; and through experiments and models we
present frequency locking as well as phase synchronization
in pairwise coupled oscillators. As a demonstration of the
computational capability of such a fabric, template matching
is performed and low rates of “false accept” and “false reject”
across large image databases is noted. We further present the
role of mismatch and variation in this computing paradigm.

II. VOg OSCILLATOR CIRCUIT AND DEVICE FABRICATION

Transition metal oxides exhibit unique properties like
metal-insulator transitions [10], colossal magnetoresistance
[11], magnetism [12], and superconductivity [13] some of
which are particularly interesting for electronic applications.
One such material that has been of particular interest is vana-
dium dioxide (VO3). VO, is a correlated electron material
system that undergoes metal-insulator transition, usually just
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Fig. 1. (a) Schematic of the circuit used to access the nonhysteretic transition
regime in VO- via negative feedback generated by the series resistor R . Elec-
tric field across VO2 E = (V;,-V)/Lvoe2 plays a crucial role in the phase
transition. (b) Current-electric field characteristics across VO- for different IR
External resistance R modifies the VO» phase transition dynamics through
negative feedback. An oscillation regime can be accessed using the appropriate
R. (>Rq). Electrical load lines for oscillatory (1) and nonoscillatory (2) regime
are superimposed.

above room temperature (~340 K). This phase transition is
usually associated with a large and abrupt change in conduc-
tivity up to five orders in magnitude [14] along with a structural
change (monoclinic M1 in insulating state; rutile in metallic
phase). The exact physics of the phase transition is a subject
of debate with the principle theories being the Mott—Hub-
bard transition and Peierls transition with some researchers
suggesting a weighted contribution from both mechanisms.
However in the recent times, the research paradigm into this
material has evolved from pure academic curiosity to pursuit
of real-world devices like MOTT FETs [15], sensors [16] and
various electronic components. This is because in addition to
the large and abrupt change in conductivity, it has been shown
that such a phase transition can not only be triggered using
various external stimuli including thermal [17], electrical [18],
[19], optical [20], and strain (mechanical) [21] but can also
occur on a femto-second time scale [20]. In this paper, we
exploit the large conductivity change associated with the phase
transition to realize scalable relaxation oscillators. The VO
oscillator circuit consists of a two terminal VO device in series
with a resistor Rg, as shown in Fig. 1(a). The role of the Rg
will be explained in the coming sections of the paper. The VO,
two terminal devices are fabricated on 17.7-nm ultrathin VO
films. The VO films are epitaxially grown on a TiO» (001)
substrate employing reactive oxide molecular-beam epitaxy
[22]. Due to epitaxial mismatch, the VO, films are biaxially
strained in compression by —0.9%. The compressive strain
reduces the phase transition temperature of VO3 from 340 K
to ~310 K. First, the electrodes are patterned using contact
lithography followed by electron beam evaporation of metal
electrodes. Next the channel width and isolation are defined
by electron beam lithography followed by a halogen based
dry etch. Unless stated otherwise, all electrical measurements
reported are performed near room temperature (18 °C). The
relatively simple device structure and fabrication flow will
allow for easier device scaling and high packing density for
such devices.

III. OPERATING PRINCIPLE OF VOs OSCILLATORS

The electrically driven phase transition in VO, is abrupt,
however it usually comes at the cost of hysteresis. The VO,
oscillators harness this abrupt and hysteretic electrically driven
change in conductivity of VOs to realize oscillations. The VO,
oscillators can be realized at temperature when the VO3 is nom-
inally in the insulating state. When electrically driven across
the phase transition (with Rg = 0 €2) the insulator-to-metal
transition (IMT) and the metal-to-insulator transition (MIT)
occur at different critical fields 5 and Fq, respectively. These
critical fields are determine by the physics of the electrically
driven phase transition (the exact mechanism of this phase
transition is also being debated). However, these fields can
be experimentally determined and without loss of generality
it can be concluded that E5 represents the critical point after
which high conductivity metallic phase is electrically stabilized
while £/; is the critical point at which the metallic phase can
no longer be electrically stabilized and the device returns to its
high resistivity insulating state.

In contrast to this hysteretic transition, a nonhysteretic transi-
tion can be induced by modifying the phase transition dynamics
so that triggering the IMT (by surpassing £) results in a nega-
tive differential resistance (NDR) characterized by an increase
in conductivity as well as a simultaneous reduction in electric
field across the VO3 device. If the field across the VO now
drops below the critical field £1, it makes the high conductivity
metallic phase unstable resulting in a spontanecous MIT. Repre-
senting this scenario through an electrical load line [Fig. 1(b)],
a VO3 device operating on load line “1”” will undergo a nonhys-
teretic transition, whereas a device operating on load line “2”
will go through a hysteretic transition.

While the NDR and the load lines described above cannot be
achieved using the Rg = 0 £ configuration, the addition of a
simple Rg = 0 €2 in series makes this feasible. Rg provides a
stabilizing negative feedback compensating the positive internal
feedback arising from the collective carrier dynamics as the
VO, undergoes phase transition. This negative feedback mod-
ulates the current-electric field characteristics across the VO3
and establishes the load line relation

AlvpaR
. i (1)
Vo2
where AIVQQ = IV()Q(EVQQ) — IV()Q(EQ) and lv()g is the

VO, channel length. From (1), it is evident that Rg tunes the
VOs current-electric field characteristics and sets the criteria for
nonhysteretic/hysteretic switching. The critical resistance R¢
that enables the nonhysteretic regime of operation ensures that
the metallic phase is never completely stabilized and is given by
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where Wv o2 and tyvos are the VOy channel width and thick-
ness, respectively, and oy, and oy, are the equivalent insulating
and metallic state conductivities, respectively.

Further, the conductivity in the NDR regime as indicated
by Alyoz is tuned by the electric field (1) with conductivity
increasing as the electric field drops (and vice-versa). Such a
system will oscillate if the conductivity and the electric-field
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Fig. 2. (a) Measured time domain waveform of the VO: relaxation oscillator
(Inset) shows the waveform for one oscillation period with the two time con-
stants (7, and 72) associated with IMT and MIT. 7o (=0.651 ps) is larger than
71 (=0.35 ps). (b) Power spectrum (power expressed as mean square amplitude
in dB) of the oscillator. (c¢) Frequency scaling of the VO relaxation oscillator.
The frequency increases as the external R is scaled down. Device resistance
has also been scaled to further increase the output frequency. Hollow symbols
project the effect of eliminating parasitic elements. The dimension dependent
electronic time constants (grey lines) will ultimately limit fo...

across the device modulate each other in a way that the field
driven restoring force enables the system to trace the same elec-
trical trajectory periodically. This criterion is fulfilled only in the
nonhysteretic operating regime and results in sustained oscilla-
tions when IRy > IR.. Hence, harnessing the correlated physics
in VO3 using appropriate circuit elements allows us to realize
relaxation oscillations in VO,. It must be noted that the nega-
tive feedback required to stabilize the oscillations in VO2 need
not necessarily be provided through a resistor Rg only. Such a
feedback can also be realized by substituting the resistor with
a MOSFET which can provide better oscillator functionality as
discussed in the following sections.

The measured time domain waveform of the VO3 oscillator
(Fig. 2(a); single time period shown as inset) shows an exponen-
tial voltage buildup and decay (across RRy) associated with MIT
and IMT in VO, respectively and is characterized by two R-C
time constants 74 and 7 [see inset Fig. 2(a)] which primarily
control the oscillation frequency. 71 (=0.35 1s), associated with
the IMT is smaller than 7 (=0.65 :8). The corresponding power
spectrum for the oscillations is shown in Fig. 2(b). The expo-
nential nature of the time domain waveform results in a gradual
decay of the frequency harmonics and therefore the first har-
monic is only ~10 dB below the fundamental frequency (not
shown here). The power distribution in the harmonics may be
altered using a voltage controlled external resistance.
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Fig. 3. (a) Schematic of two capacitively coupled VO oscillators tuned
to different oscillating frequencies with R.; = 38 kQ (:6RC) and
R.e = 47 k) (=7.5R.). (b) Experimental and simulated power spectrum
(power expressed as mean square amplitude in dB) of both oscillators before
and after coupling. Individual oscillator frequencies lock to a new frequency
when coupled capacitively (C'cc = 680 pF).

Further, we study the oscillator frequency ( fos.) and dimen-
sional scalability which is crucial to implementing dense, large
scale VOo oscillator circuits. Since f,q. is set by the RC time
constant of the oscillator circuit, we explore fos. scaling with
Rg [Fig. 2(c)]. As Rg is reduced, frequencies up to 1 MHz are
experimentally realized. The R-C time constants 71 = 0.35 us
and 72 = 0.35 s for the f.c = 1 MHz case are much larger
than the intrinsic electronic switching time [23] associated
with the phase transition in VO2 and therefore there is ample
scope for device and frequency scaling. All experiments in this
work are performed using discrete components (resistors) and
eliminating the parasitic elements associated with the present
wiring schemes through monolithic integration as well as
device scaling [24] will increase fosc.

IV. EXPERIMENTAL DEMONSTRATION OF COUPLED
VO3 OSCILLATORS

The realization of compact, inductor-free nonlinear oscilla-
tors in the VO2 material system that use charge as the funda-
mental state variable portends the exploration of the coupling
dynamics of such oscillators, a crucial step towards realization
of non-Boolean computing architectures. Long range electrical
charge based coupling is crucial to implementing large oscil-
lator arrays compared to other state-variables (like spin), which
may have limited coherence length at room temperature.

Fig. 3(a) shows a schematic of the coupled oscillator circuit.
Prior to coupling, the two individual VO oscillators frequen-
cies are, fosc,1 = 48.43 kHz and fo.c.» = 37.27 kHz [Fig. 3(b)],
which are set by using appropriate Rg values: Ry; = 38 k2
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(6R.) and Ry2 = 47 k€2 (7.5R..). After the oscillators are ca-
pacitively coupled (Cc = 680 pF) they frequency lock and
converge to a single resonant frequency (22.95 kHz). This is
accompanied by a sharp narrowing of the spectral line width
[Fig. 3(b)]. The reduced line-width after locking reflects the
mutual feedback induced stabilization against noise [25], im-
plying that the synchronized state is a highly stable configu-
ration for the coupled system. Simulations were performed on
coupled differential equations for the circuit assuming capaci-
tive charging and discharging for the MIT device. Detailed ex-
planation of the model and the system dynamics is discussed in
Section V. It can be noted in Fig. 3(b) that a close match exists
between experimental and simulation results in the PSD before
and after coupling.

The use of capacitive coupling is motivated by the high pass
filtering characteristics of the coupling configuration, which en-
sures that the individual oscillators can synchronize without mu-
tually affecting their dc quiescent point. C¢ modifies the fre-
quency dynamics of each oscillator through an effective cou-
pling term C.g

Cof = CcCq1 + CcCo + C1Cy 3

where C; and Cy are the net capacitances of each oscillator.
C; and C, include the internal domain capacitances associ-
ated with each VO, film and device as well the parasitic el-
ements. The C¢ element stores and dynamically redistributes
reactive (nondissipative) power between the oscillators facili-
tating synchronization.

V. COMPARISON WITH OTHER OSCILLATORS

Most of the work in oscillators till now have focussed on
high frequency and high power output for microwave source
generation to reach THz frequency benchmarks. These include
fundamental sources like Gunn devices and RTDs as well as
frequency multipliers [26]. Work in these devices have not in-
vestigated the dynamical properties of coupled oscillatory sys-
tems or their potential applications in computation. For compu-
tation, PLL-based systems were proposed [27] but these suffer
from nonscalability both in process and voltage, high power re-
quirements, and complex nontrivial coupling mechanisms. Spin
torque oscillators (STOs) [28] were developed for high frequen-
cies and RF applications which motivated work on coupled STO
systems and their phase properties [2] as well. But these de-
vices, although very competitive in scalability and process in-
tegration, have high bias current requirements (~8 mA com-
pared to 10-50 pA in VO4 devices [25]). In this paper, we en-
deavor to control the phase dynamics of VO, based coupled
oscillators and apply such dynamics in solving computationally
hard problems. In particular, template matching has been chosen
as the application platform. VO, based oscillators provide a
viable alternative to other nano-scaled oscillator technologies
as they are not only compact but also have low voltage and
power requirements. For instance, the switching electric fields
in IMT/MIT processes are small, around 10-50 KV/cm, com-
pared to 1-5 MV/cm zener fields in inter-band tunneling NDR
oscillators. However, since they are based on relaxation oscil-
lations, their isolated dynamics, coupling mechanisms and cou-
pling dynamics provide additional challenges in analysis, mod-
eling and implementation.
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Fig. 4. VO; oscillator with series transistor and its equivalent circuit. Tran-
sistor is replaced by its small signal equivalent and the MIT device is modeled
as charging of a capacitor through a conductance which depends on the phase
of the device at that time instant.

VI. RELAXATION OSCILLATOR—THEORETICAL ANALYSIS

A. Single Oscillator

The experimental demonstration of a VOs based relaxation
oscillator and its coupling dynamics motivate the investigation
of a programmable system of coupled oscillators whose fre-
quency of coupling, coupling dynamics and phase relations can
be controlled. One way to do so, is to replace the passive re-
sistor in series with the VO, device with an active element,
e.g., a MOSFET whose gate voltage would modulate the ef-
fective series resistance and hence the locking and synchroniza-
tion dynamics of the coupled system. In this section, we demon-
strate such a system and show through analytical and numerical
models the dynamical properties of such a system.

As has already been mentioned, the relaxation oscillators we
consider consist of a phase change material VO in series with
a resistive device, which in our case is a transistor so that the
frequency of oscillations can be controlled by the gate voltage
of the transistor. We model this system in terms of charging
and discharging of a capacitor through the device resistance and
the MOSFET series resistance, respectively [29] (Fig. 4). The
MOSFET operates in its saturation region and is modeled using
a voltage controlled current source and an output imedence. The
transition voltages for changing the state of the device from in-
sulating to metallic and vice versa correspond to voltages v; and
vy, respectively at the output node. These voltages correspond
to the critical electric fields (E; and E-) that cause phase transi-
tion in the VO2 device. Let the following parameters be defined
for the phase change device: g4;—internal conductance of de-
vice in insulating phase, g4.»—internal conductance of device
in metallic phase, ¢,,—trans-conductance of series transistor,
go—output conductance of series transistor, and c—internal ca-
pacitance of device. For simplicity, all voltages in the system are
normalized to v4q (including v, vy, and v, applied at the tran-
sistor gates); hence, vgg = 1. When gy4; < go and g4, > 9o,
the equation for the system can be simplified to

cv' = —g(s)v + p(s) 4)
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Fig. 5. Phase space of a VO, device with load line for a resistive load con-
nected in series. Two lines with slopes r; and r,, show the region of operation
of device in insulating and metallic phase, respectively. Intersection points of
these lines with the load line are the stable points. Stable points should lie out-
side the region bounded by the transition points (shown by dashed lines) for
sustained oscillations.
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Fig. 6. Frequency of VO oscillator (normalized to frequency at vos = 0.1)
as a function of gate voltage.

where s denotes the phase of the device (0 for metallic, and 1
for insulating) and ¢(s) and p(s) depend on the device phase s
as follows:

_ Jdm, S = 0
g(s) = {go’ =1

dims 5=
p(s) = { A, )

The conditions for oscillation can be explained using the
phase diagram of the MIT device (Fig. 5) [30]. Lines with
slopes r; and r,, are the region of operation of the device in
insulating and metallic states respectively. When a MOSFET is
connected in series, intersections of these regions with the load
line would determine the stable points. For sustained oscilla-
tions, the stable points should lie outside the region bounded
by the transition points on V axis. This ensures that the system
would never reach a stable point as it will encounter a transition
before reaching one, but will constantly be pulled by one of
the stable points and hence gives rise to oscillations. Fig. 6
illustrates the frequency control of the relaxation oscillator with
vgs and illustrates the capability of the MOSFET to control the
oscillation dynamics.
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Fig. 7. Regions of state space of the coupled system with parameter values
gigo i Ym =3:1:3, 0 =10,v4,1 = 0.5 and v .2 = 0.4. Fixed points in
states MM and II are shown where z1 = g,,104s1 and 22 = ¢204.2. Steady
state periodic orbit of the system is marked in red among the flows in the state
space. Arrows outside the state space show the transitions between the regions
when the system hits any edge.

B. Coupled Systems and Synchronization

When two such relaxation oscillators are coupled electrically,
their phase dynamics would evolve over time till a steady state
is reached. Such synchronization is well known in coupled net-
works of oscillators [31]. The system we consider consists of
two relaxation oscillators that are coupled using a capacitor c...
The equation of the system of coupled oscillators is given by

ot [] = [Cteme] « [t
(6)

a1+ 1
o

where g;(s;) and p;(s;) are as defined above for each oscillator
and « is theratio (¢1)/(e.) = (¢2)/(c.). We start by defining the
state space of the coupled system. At any time, the state of the
system is characterized by (v1, e, 81, $2). $1 and s take only
two values each—O0 and 1, as explained before, and v; and vy
vary between v; and v;,. Hence, we can represent the state space
as four regions of 2-D state spaces corresponding to four combi-
nations of phases of the two devices—MM (metallic—metallic),
MI (metallic—insulating), IM (insulating—metallic), and II (insu-
lating—insulating) (Fig. 7). It is assumed that the parameters are
varied in a way that the flows in all the states remain monotonic
in the direction as shown. This monotonicity condition guaran-
tees oscillations of both oscillators in steady state and can be
considered as an extension of the previous condition for oscil-
lation in case of a single oscillator. As the flow is linear in all
the four regions of the state space, there is a single fixed point in
all states. The fixed points for regions MM and II are shown in

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on July 04,2021 at 15:38:56 UTC from IEEE Xplore. Restrictions apply.



PARIHAR et al.: EXPLOITING SYNCHRONIZATION PROPERTIES OF CORRELATED ELECTRON DEVICES IN A NON-BOOLEAN COMPUTING FABRIC 455

10F T T T ¢ o 0 0 &
08 - © o0 00 0 0 o
06 + o000 1
(;)1 e o 0 o o
on e o o o
> e o o
04 oo |
02 - D J
00 e . L TP I L0
0.0 02 04 0.6 038 1.0
Vgsl

Fig. 8. Region in the (Vgslv Vgs2) plane for which the coupled system locks.
Locking range is larger for larger v,. values.

Fig. 7. Due to symmetry in region MM, if the system starts from
bottom left corner, it ends in the opposite corner and the flow is
symmetric along the diagonal line as shown. Such symmetry is
possible in state II only when vy = vggo.

C. Locking and Stable Orbits

A VO, oscillator with a series transistor can be considered
as a voltage controlled oscillator, with the gate voltage control-
ling its frequency of oscillation. When two such oscillators are
coupled, the system is expected to lock for closer frequencies,
and for identical oscillators, closer frequencies correspond to
close values of v4,. The mechanism of locking, however, is dif-
ferent from the mechanism by which coupled sinusoidal oscil-
lators lock. The locking range in terms of v, i.€., the range of
vgs for which the system locks and settles to a stable periodic
orbit in steady state, is depicted in Fig. 8. Locking is determined
by monitoring the waveforms of both oscillators to see if the
time difference in their successive peak values become constant
after a while or not. The locking range of Fig. 8 describes the re-
gion of a single rational rotation number and the region outside
describes irrational or other rational rotation numbers [29]. The
steady state periodic orbits of the coupled system for vy, = 0.3
and varying v,.» are shown in Fig. 9. As can be seen, the system
has a butterfly shaped stable orbit when v, values are close,
which transitions into a rectangular orbit as v, values diverge
and finally the system ceases to lock after a certain point. The
symmetric butterfly curve is along the diagonal that corresponds
to out-of-phase oscillation of the oscillators in time domain. As
the system moves away from symmetry, the phase difference
between the oscillators in time domain reduces but breaks syn-
chronization much before reaching in-phase locking state.

VII. RELAXATION COMPARATOR

The trajectories in the phase space can be used to capture the
difference in the values of v4.1 and vyso using an averaged XOR
measure on the output waveforms. The averaged XOR mea-
sure is defined as first thresholding the output to binary values,
second applying XOR operation on these binary values at every

Vgsl =Vgs2=0.3
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Fig. 9. Steady state orbits in the state space of the coupled system for fixed
vgs1 = 0.3 and varying v,.». When the both v, values are equal, the stable
periodic orbit is butterfly shaped along the diagonal that correspond to out-of-
phase locking. As the difference in the v,. values increase, the periodic orbit
slowly changes to rectangular and finally breaks synchronization after a point.
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0.4 06
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Fig. 10. XOR output as a function of vz and v4.2. Surface of the plot resem-
bles a parabola or some even power of (V41 — Vgs2) in the locking range and
settles to a value around 0.5 outside the locking region.

time instant and finally averaging this XOR output over some
time duration. The averaged XOR output for various v values
is shown in Fig. 10. We can make the following observations
from it.
+ It has the least value when vgg1 = Vgeo.
+ Within the locking range, it rises as an even function of
(Vgs1 — Vgs2) resembling a parabola.
* Outside the locking range, it averages to about 0.5.
* The selectivity is better at lower v4 values and the XOR
output becomes less selective as v, values increase.
These characteristics of the curve can be explained by real-
izing that the averaged XOR measure by construction is equal to
the fraction of the time the system spends in the grey region (re-
gion where XOR output is 1—determined by the thresholds on
vy and v2) in steady state (Fig. 11). It can be seen that the XOR
measure should have least value in the symmetric case when the
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Fig. 11. Plots showing the relation betwenn XOR output and the steady state
periodic orbit of the system. XOR operation at a time instant is 1 in the grey re-
gion determined by the thresholds on respective voltages. Averaged XOR output
is equal to the fraction of time spent by the system in the grey regions. XOR
output is minimum in case of a butterfly shaped orbit and should increase as the

orbit transitions to a rectangular orbit.

Coupled Input
Oscillator Systemy, Pattern

—
Template;

o W)=Y
Template,

3 TW%V)"(?

N[

Degree of
Match

Fig. 12. Flowchart for a system using coupled oscillators and XOR output for
template matching.

system locks out-of-phase and should increase as v values di-
verge. The thresholds on v; and v can be chosen corresponding
to point P which gives 0 XOR measure in the symmetric case.
Also the XOR output averages to around 0.5 outside the locking
region as the system does not lock and the trajectories visit the
grey and white regions almost equally. The variation in the XOR
output results from the fact that the XOR measure is not time-in-
variant like the rotation number, its value is expected to change
randomly with time and not converge.

A time domain interpretation can also be given for explaining
the nature of the XOR surface of Fig. 10. The XOR opera-
tion can also be considered to measure the phase difference be-
tween the oscillators, and according to the arguments before,
the system locks out-of-phase when the gate voltages are equal,
and hence XOR value is minimum in this case. Also the XOR
output should increase as the phase difference reduces when v
values diverge.

Input Image

Input Image

Template Image

Fig. 13. XOR outputs for comparing faces (left) and handwritten number pat-
terns (right) to stored template patterns using arrays of coupled VO- oscillators.
Grey shade corresponds to fraction of pixels with positive match, white being
the highest.
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Fig. 14. XOR output as a function of v, values and its sensitivity to mismatch
in v, of the series transistor (top), MIT device conductance g (middle) and MIT
device internal capacitance ¢ (bottom). XOR output is much more susceptible
to device parameters and for higher values of v,.

Such comparators would have many advantages. Firstly, they
would be noise tolerant as they work on fixed-point dynamics.
Secondly, their compact size would enable building of arrays
of such comparators which can be used in parallel neural-like
computing architectures.

VIII. APPLICATION: TEMPLATE MATCHING

Arrays of such comparators can be used for template
matching applications where element-wise comparisons suffice
to decide a match. We demonstrate this by comparing images
of faces and handwritten numbers. We first use the XOR
measure for each pixel and calculate the number of pixels with
XOR output below a threshold value viyxogr. Fig. 13 shows
the results of comparing faces with a relaxation comparator,
where the grey shade corresponds to the fraction of pixels with
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Fig. 15. False accepts (above) and False rejects (below) for varying degrees of mismatches in device internal capacitance—c (left), threshold voltage v (middle)
and device conductance in metallic state (right) for various XOR thresholds—vinxor -

positive match, white being the highest. Such system followed
by a winner-take-all (WTA), i.e., a threshold on the number of
pixels that give a positive match, can be used to decide if the
input image matches a stored template pattern. The value of
vinxor 18 chosen around 0.2 considering the minimum values
of the XOR surface in the operating range of v, values. The
two thresholds described above depend on different factors.
The threshold of the number of pixels for WTA would depend
on the database and the error statistics required or estimated.
On the other hand, vi¢,xor would be decided more by the
nature of the XOR surface (Fig. 10) and its minimum values.

A coupled VO2-MOSFET configuration cascaded with
a XOR provides a way of measuring a form of fractional
distance using FSK. In this paper, we demonstrate, through
measurements of individual devices and simulations of coupled
oscillators, the applicability of such pairwise coupled systems
in template matching. Such concepts may be extended to fully
connected networks of oscillators, which have been shown
to provide the basis of associative computation [1], [2]. Such
associative networks can be used in more complex pattern
matching and classification problems with potentially large
benefits in energy efficiency [5]-[8].

IX. VARIATION ANALYSIS

As the XOR measure is a dc measure and because the system
has fixed point dynamics, temporal noise should not affect the
steady state output. Hence, we restrict ourselves to variations in
the form of mismatches in the device parameters ¢, g of the MIT
devices and v; of the series transistors. Fig. 14 shows the ef-
fect of parametric mismatches on the XOR output. The coupled
system is much more sensitive to the device parameters—in-
ternal capacitance ¢ and metallic phase conductance g, than the
threshold voltage v of the series transistor. Value of v is varied
around 0.3, normalized to v4q. Also the effect of mismatches is
more for higher v values, which implies that deciding the op-
erating v range, apart from operating in the saturation region,

will also be a trade-off in terms of combatting parametric mis-
matches. Larger overdrive voltages would reduce the effect of
v: variation, but would be more affected by the variations in the
MIT device parameters.

Further, the effect of these parametric mismatches on tem-
plate matching is analyzed. We fix 80% as the threshold for a
winning match, i.e., image comparisons where 80% or more
pixels give a positive match are declared matching images.
Figs. 15 shows the effect of parametric mismatches on com-
paring images of 40 faces from the ORL database for various
values of the XOR threshold vi,xor. False accepts are the
cases where the system gives a positive match for nonmatching
images and false rejects are the cases system gives a negative
match for matching images. Due to the variations, the system
becomes more likely to give negative match for both matching
and nonmatching images, and hence false accepts decrease and
false rejects increase with the degree of mismatches. viLxoR
can be tuned to get desired error rates but no definite choice
reduces both kinds of errors. Results are much more sensitive
to variations in device parameters—c, g as compared to the vy
mismatch of the transistors.

X. SCALABILITY ANALYSIS AND COMPARISON WITH
DIGITAL LOGIC TECHNOLOGIES

For any new technology evaluation, it is important to eval-
uate its dimensional scalability. The VO, device undergoes an
insulating-to-metallic phase transition around a constant elec-
tric field of about 6 x 10* V/cm. Hence, as the dimensions of
the material scale, the corresponding voltage required to activate
the transition will also scale thereby enabling overall voltage
scaling for the system. Further, the frequency of operation is ex-
pected to increase with scaling as the intrinsic and parasitic ca-
pacitances are expected to scale faster than the charging and the
discharging resistances. Fig. 16 illustrates the estimated power
and frequency scaling of a pair of coupled VO3 nano-pillars
as a function of their lateral dimension. Here, the VO> nano-
pillar is assumed to be 30 nm tall with a circular cross-section
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Fig. 17. Power comparison of the proposed system and the corresponding dig-
ital system for various technology nodes.

that can be potentially integrated in the metal stack on top of
the series transistor. It can be seen that for GHz of operation
1#W of power consumption is expected, which is several times
lower than any oscillators that can be realized using CMOS
technology or novel technologies like spin-torque-oscillators.
Considering a template-matching application where a 16 x 16
image is scanned row-wise and a match is performed, we can
estimate the power consumption in the proposed system and
a corresponding digital system where an ADC converts pixel
values to 8b digital words and a match is performed in the dig-
ital domain by calculating the Euclidean distance between the
input and a corresponding template. We note an order of magni-
tude improvement in power consumption for equivalent system
bandwidth for the proposed system. This illustrates the poten-
tial of such dynamical systems to perform useful computation
in terms of both scalability and energy—efficiency over corre-
sponding digital systems.

XI. CONCLUSION

We demonstrate the possibility of utilizing the coupling dy-
namics of VO3 based relaxation oscillators and present a math-
ematical framework for modeling the experimentally verified
dynamics of such a system. Using an XOR measure to capture
the position of fixed-point in a coupled system of two oscilla-
tors with nonidentical native frequencies, we demonstrate pos-
sible application of this computing fabric in template matching.
Variation analysis on such systems exhibits strong sensitivity to

parametric variations and calls for further work on matching, pa-
rameter control and robust design methodologies for large-scale
systems.
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