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Abstract—We propose the application of ferroelectric
(FE)-based transistors, viz., negative capacitance FET
(NCFET) and Hysteretic ferroelectric FET (FEFET) in the
design of coupled oscillators. The proposed oscillator uti-
lizes hysteretic inverter voltage transfer characteristics,
which is achieved by virtue of: 1) negative output con-
ductance (NOC) in NCFETs and 2) hysteretic transfer
characteristics in FEFETs. With the aid of output-to-input
feedback in the inverter, we show sustained oscillations
which are controllable by the gate voltage of the feedback
transistor (Vpias). With focus on NCFET-based designs,
we show that feedback implementation with pass transis-
tor (PT) and transmission gate (TG) yields relaxation and
sinusoid-like characteristics, respectively. Such behavior
offers promises for dynamically reconfiguring the oscilla-
tor dynamics. We report the fundamental frequency (f) in
the range of 12 MHz-800 MHz and 0.7 MHz-417 MHz for
TG and PT implementations, respectively. We discuss how
this approach can be extended to hysteretic FEFET-based
designs. We also analyze coupling between two oscilla-
tors considering various strengths of coupling capacitance
(Ccp).- We establish the conditions for synchronization of f
between the two oscillators with respect to difference in f
and Ccp.

Index Terms—Coupled oscillator, ferroelectric FET
(FEFET), hysteresis, negative capacitance (NC), non-
Boolean, Schmitt trigger.

|. INTRODUCTION

HE CMOS-based von Neumann architectures have

neared limits due to demands for increased computational
ability, scalability, and sustained power. This has led to a
surge in alternative paradigms of computing such as non-
Boolean/neuromorphic computation for applications involving
learning, matching, and recognition similar to that in neu-
ron [1]. Several implementations of neural networks have been
proposed among which oscillatory neuron networks (ONNs)
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are prominent [2]-[5]. This is because of the operational
similarities to techniques of learning in the brain, which is
accomplished by synchronization of oscillations of neuron
synapses. Many applications such as pattern matching and
graph coloring [3], [4] have been developed based on syn-
chronization dynamics of oscillators.

Previously, efforts have been undertaken to design cou-
pled oscillator-based systems with CMOS components [2].
However, the concerns of scalability in size, power, and
performance have prevented them from coming to the fore.
More recently, oscillators have been proposed with novel
devices such as those based on electron spin [6], [7], e.g., spin-
torque oscillators and correlated materials [8], [9], e.g., VO2
and TaO,-TiO,. While many aspects of ONN for non-
Boolean/neuromorphic computing have been researched with
emerging oscillators, concerns of low power, scalability, and
high frequency in such systems continue to draw attention.

Recently, steep switching devices [9]-[11] have shown
promising solutions for the power-performance-scalability
conflict. Among the variety of the proposed steep switching
devices, ferroelectric (FE)-based negative capacitance (NC)
FET (NCFET) [9], [10] has generated enormous interest
as a replacement to CMOS due to its high-ON and low-
OFF current enabling aggressive Vpp scaling for logic and
SRAMs [12], [16]. Another class of FE-based transistors
is hysteretic FE transistors (FEFETs) which offer several
other features [13], [14] that have guided their applications
in low power non-volatile memories/logic and neuromorphic
computing [15], [16].

The question, therefore, arises whether efficient oscillators
can be enabled with FE-based transistors that can potentially
mitigate the problems associated with other technologies. If the
unique properties of such transistors are ingeniously utilized to
realize compact and low-power oscillators, they may result in
better designs of coupled ONN. Recently, hysteretic FEFETS
have been employed in designing coupled oscillators [16].
Employing capacitors in the range of nF, these oscillators
display kHz range of fundamental frequency. However, their
functionality and stability for smaller capacitance need further
exploration to ensure their utility in high performance ONNs.
Moreover, hysteretic FEFETs may limit circuit performance
due to polarization switching [15] in contrast to partial
polarization switching [12] in NCFETs. Partial polarization
switching in NCFETs results in higher speed (lower time
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taken to partially switch polarization) and lower energy of
switching (since the amount of charge switched is lower).
In consequence, NCFET-based oscillators may perform better
in terms of higher frequencies and energy efficiency than oscil-
lators designed with hysteretic FEFET (in which polarization
switches).

In this paper, we explore the possibility of NCFET- and
FEFET-based oscillators with the focus on NCFET-based
designs. We utilize the negative output conductance (NOC)
of NCFET for oscillator design. To give a complete picture of
implementation of the proposed oscillator, we briefly discuss
the proposed oscillator with hysteretic FEFET. This paper
highlights the following contributions.

1) We propose an oscillator utilizing FE-based transistor
that employs the Schmitt trigger action in inverter that
can be translated to voltage controlled oscillations. Such
Schmitt trigger action is achieved by virtue of: a) NOC
in NCFETs and b) hysteretic transfer characteristics of
FEFETs.

2) Oscillations are sustained by the output—input feedback.
We show that the feedback can be dynamically recon-
figured to obtain distinct oscillatory characteristics, viz.,
relaxation or sinusoid-like dynamics.

3) We discuss device-circuit co-design of our oscillators
with respect to thickness of FE (7rg) and voltage (VBias)
controlling the resistance (Ry) of the feedback path.

4) We demonstrate coupling between the oscillator pairs
and discuss synchronization dynamics between two
oscillators with respect to Vpjas and coupling capaci-
tance (Ccp).

Il. MODELING AND SIMULATIONS

NC in NCFETs arises because of a unique relation
between the electric field (E) and polarization (P) of the
FE [9]. This relation can be modeled with time-dependent
Landau—Khalatnikov (LK) equation [17] given as follows:

E=aP +BP> 4y P>+ pdP/dt 1)

where a, f, and y are the static Landau coefficients, and p is
the kinetic coefficient related to the time constant associated
with the change of FE polarization. Simulations in this paper
are carried out using time-dependent LK equation (1) based
SPICE model [18]. In the frequency limits obtained in this
paper (kHz—100s of MHz shown in Section V), LK equa-
tion (which models FE as a combination of capacitor and
resistor) is accurate, although for higher frequencies (THz),
FE modeled as a series combination of inductor, capacitor,
and resistor may be required [19]. The LK model is solved
self-consistently with the 10 nm channel length Predictive
Technology Model [20] for FinFETs. Si channel (e, = 11.9)
and 1.2-nm-thick dielectric (SiO2, ¢, = 3.9) are used. The
model is calibrated to experiments with HZO [21] with the
coefficients of LK equation as shown in Fig. 1(a).

I1l. OVERVIEW OF FERROELECTRIC-BASED
TRANSISTORS

Here, we discuss: 1) NC [9] and NOC of
NCFETs [12], [13], [22], [23] and 2) hysteretic transfer

4 Gate ‘ (c) (,C\!(Ix Vp
Ferroelectric FE
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a=-0.95e9m/F, f=6e8m>/F/C2, y7=4.5e11m*/F/C4, p=0.025Qm

Fig. 1. (a) P-E loop of the FE capacitor showing occurrence of NC in
FE material (HZO) calibrated with experimental data [21]. (b) Schematic
of FEFET cross section [18]. (c) Circuit model of FEFET [12].

characteristics (Ip—Vgs) of FEFETs [24], [25] in context of
the proposed oscillator.

A. NOC in NCFETs and Hysteretic Inverters

For sufficiently low-FE thickness (7rg) (but which is greater
than critical thickness of HZO to show ferroelectricity), opera-
tion of FE-based transistors can be stabilized in the NC regime
leading to steep switching [9], [10], [12], [13], [22], [23].
Aziz et al. [18] show that the limiting condition of Tgg for
non-hysteretic NC behavior is given by

Tre < Are/(Ja|Cmos) (2)

where Apg is the area of the FE, and a is a coefficient of
the LK equation. The interactions of NC (Crg) of FE layer
with positive capacitances of the underlying FET manifest as
gate coupling (n x dVgs) and drain coupling (#p x dVps) as
explained in [12] corresponding to the circuit model [Fig. 1(c)]
for Crg < 0.

|Cggld Vs

|Cre| — Cigs — CiGD
Cicpd Vps

~ |Crel — Cis — Ciop

dVint = ndVgs — npdVps =

3)

where Vgs and Vpg are the gate-to-source and drain-to-source
voltages. Cigs and Cigp represent the overall source and drain
capacitive coupling in the underlying transistor [Fig. 1(c)],
including fringing, dielectric, and other capacitances. VINT
represents the potential at the intermetal layer [for metal
ferroelectric metal insulator semiconductor (MFMIS) gate
stack—Fig. 1(b)] and the effective potential at the interface of
FE and dielectric (for the metal ferroelectric insulator semi-
conductor (MFIS) stack within single-domain approximation).
This is based on the understanding that polarization response
in MFIS is a collective effect due to the effective electric
field (E) [26]. Note that, device features of NCFETs that we
discuss are not limited to single domain response but are also
exhibited by multi domain NCFETs [26].

To understand NOC, let us consider (3). If drain coupling
(np x dVps) dominates the gate coupling (7 x dVgs), VINT
decreases with increasing Vpg leading to NOC [Fig. 2(a)].
Such a condition arises for: 1) sufficiently low |Cgg| [or high
Trg but still meet the inequality (2)]; 2) high Vps (where the
effect of E on Ip saturates); and 3) low Vgs. Here, we observe
that with the simulation parameters considered for this paper,
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Fig. 2. (a) Output (Ip—Vpg) characteristics of standard FET and NCFET. NCFET with Teg > 7 nm shows NOC. (b) Load line of NCFET inverter for
Tee (=7 nm) at V} = Vpp/2. Due to NOC for large Vpg, Ipg of N-NCFET lowers, and Ipg of P-NCFET lowers when Vpg decreases. This results in
multiple intersections. (c) VTC of NCFET-based inverter for Teg > 7 nm. (d) VTC of inverter with P-FinFET and N-NCFET (Tgg = 10 nm).
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Fig. 3. (a) Hysteretic FEFET transfer characteristics (Ip—Vgg). (b) VTC
of hysteretic FEFET-based inverter for Tgg = 8 nm.

NOC occurs for Tgg > 7 nm [Fig. 2(a)] and increases with
Tre [12], [23].

NOC in NCFETs leads to hysteretic inverter voltage trans-
fer characteristics (VTC) [12], [13], [22] [Fig. 2(c)] which
is explained through multiple intersections in load line of
P-/N-NCFET [similar to 1, 2, and 3 as marked in Fig. 2(b)
for Tgg > 7 nm]. Enhanced NOC with increase in Tgg leads
to larger hysteresis window [~AVy = Vmp — VMmN shown in
Fig. 2(c)] [12], [13], [22]. Also, the hysteretic VTC can be
obtained in an inverter with 1-NCFET and 1-FinFET, albeit
for higher Trg (=9 nm) [Fig. 2(d) with Tgg = 10 nm]. This
expands the design options for our oscillator depending on the
design target and technological capabilities.

B. Hysteretic FEFETs

In addition to NCFETs, FE-based gate stacks can be uti-
lized to obtain hysteretic Ip—Vgs [Fig. 3(a)] in FEFETs.
Experiments [24], [25] have demonstrated such characteristics,
targeted toward memory/synapse designs [15], [16]. This is
typically observed for Trg larger than the critical value given
by the right-hand side (RHS) of (2). Moreover, the capacitance
of the underlying transistor (Cyvos) is optimized to reduce
the RHS of (2) to achieve hysteresis with reasonable Tgg.
By proper gate work-function engineering, hysteresis can be
shifted to |Vgs| > O region [16], which proves to be helpful
in the design of FEFET-based hysteretic inverter. Such an
FEFET has been demonstrated experimentally [24], [25]. Here,
we analyze an inverter designed with P-/N-FEFET showing
hysteretic VTC [Fig. 3(b)]. Such a design can be used for the
proposed oscillator design similar to the NCFET inverter-based
oscillator design.

To sum up, hysteretic VTCs are exhibited by: 1) NCFET
inverter; 2) inverter with 1-NCFET/1-FinFET; and 3) hys-
teretic FEFET inverters [Figs. 2(c) and (d) and 3(b)]. How-
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Fig. 4. (a) Schematic of NCFET inverter-based oscillator with PT and
TG as Ry. (b) Sequence of operation of oscillatory behavior. (c) and (d)
Transient waveform of oscillator with PT-/TG-NCFET as feedback resistor
for VBlAS = VDD/2 and TFE =7 nm.

ever, the underlying mechanisms and design windows for
Trg are different. While NOC in NCFET leads to hystere-
sis in VTC in 1) and 2), inherent hysteretic Ip—Vgs in
FEFETs is the prime reason for the same in 3). Hysteretic
VTC is observed in NCFET inverter for Tgg > 7 nm
[Fig. 2(c)] and Tgg > 9 nm in 1-NCFET/1-FinFET inverter
[Fig. 2(d)]. For FEFET inverter, Trg > 8 nm [Fig. 3(b)] along
with other device optimizations (as described in the previous
paragraph) leads to hysteretic inverter characteristics. FEFET
inverters show the wider hysteresis compared to NCFET
inverter or 1-NCFET and 1-FinFET inverter.

In summary, NOC in NCFETs and hysteresis in FEFETSs
lead to the Schmitt Trigger action with two transistors com-
pared to six transistors in the CMOS design [27]. This offers
compact solutions for designs based on the Schmitt trigger.
In this paper, we utilize this feature for the design of low area
oscillators.

IV. NCFET OSCILLATOR

With the understanding of hysteretic NCFET inverter behav-
ior, we now present the proposed oscillator. The schematic
of the oscillator is shown in Fig. 4(a). Our design utilizes
the Schmitt trigger action in NCFET inverter and a feed-
back between inverter input and output to obtain sustained
oscillations. Feedback resistor (R ) can be implemented with
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N-/P-NCFET pass transistor (denoted by PT) or NCFET
transmission gate (TG) shown in Fig. 4(a). Ry can be tuned
through the gate bias Vpias. Feedback capacitance Cy shown
in Fig. 4(a) consists of two components: 1) input capacitance
of the NCFET inverter (Ciny which is dependent on Trg) and
2) other components, e.g., wire capacitance/fixed capacitance
lumped as Cpgs that may be added for achieving sustainability
of oscillations. Similarly, output capacitance Coy; iS represen-
tative of two cumulative capacitances: 1) drain capacitance
of transistors in inverter (pull up and pull down) and PT/TG
(Cdrain) and 2) any additional capacitance (Co,pEs)-

The operation of the proposed oscillator is described as
follows and is illustrated in Fig. 4(b). To begin with, let the
feedback path (PT/TG) be open (Vgias = 0 V), input voltage
V1 =0V, and output voltage Vo = Vpp. When the feedback
path is established (Vpijas > 0), Vi starts to increase due
to charging of Cy by current Iy; [Fig. 4(b)]. This continues
till Vi reaches Vip, at which point, Vo flips to 0 V. Note
that, V\p refers to Vi for which Vo trips from Vpp — 0
[Fig. 2(c)]. Now, the current direction through the feedback
path reverses (/7, flows from Vi to Vo) and therefore, Cy
starts to discharge Vi. After Vi reaches VN, Vo returns to
Vbp. Vmn refers to the input voltage of the inverter (Vi) for
which the output voltage (Vo) changes from 0 — Vpp. This
process repeats to generate sustained oscillations, which is a
result of Vp transitioning between Vyp and Vyn.

Fig. 4(c) and (d) shows the waveforms for the PT
(N-NCFET) and TG-based implementations of Ry. While
Fig. 4(c) shows relaxation-type characteristics, the oscilla-
tions shown in Fig. 4(d) are sinusoid-like. To understand
this behavior, let us begin our discussion with PT-based R.
The relaxation-type waveform [Fig. 4(c)] results due to the
asymmetry in transition time for Vyip — Vmn and Vun —
Vmp. This can be further explained by analyzing the inset
of Fig. 4(c). Let Vo = Vpp and Vi = Vpp/2. Vo charges
C with current /7; until Vi = Vjyp is reached through PT
feedback. It is evident from the inset of Fig. 4(c) (marked as
T1) that a large time constant (r7) of PT is involved in this
process. Inspection of the bias conditions of the PT suggests
that due to small Vgs and Vps (VBias) ~ Vbp/2 (or VMn),
Vbp/2 < Vis) < Vmp, and Vo(py ~ Vpp), it conducts
with large Ry. When Vi = Vmp, the inverter transitions
to low logic output (Vo = 0). We refer to this transition
(Vi = VM~ — Vmp) as Ti. Now, the feedback PT will act
to discharge Vi due to I ¢, flowing from Vi to V. It is biased
at Vgs = Vpp/2 and Vps ~ Vpp/2 (VBiasG) = Vbp/2,
Voesy ~ 0, and Vmp < Vi(py < Vmn) indicating a low Ry
state. Hence, Vi transitioning phase (V1 = Vmp — Vun) of
the oscillator as T,. Again Vo discharges with high Ry and
7y until V| reaches Viyp (77 transition phase). Repetition of
T; and T, results in oscillations.

Due to much higher transition time of VWwn — Vmp
(tMN—Mp) than that for V\ip — VMmn(tmp—MN), relaxation
oscillations are observed. On the other hand, TG-based imple-
mentation of Ry displays symmetric sinusoid-like character-
istics. In this configuration, we apply Vpias at the gate of
the N-NCFET of the TG and fix the gate of the P-NCFET
to Vpp/2 [Fig. 4(a)]. We know from the discussion of PT

Ry-based oscillator that in 77, Ry due to PT only is large.
However, in TG implementation due to the bias conditions
of P-NCFET: |Vgs| = |Vps| = Vbp/2 (VBiasG) = Vbp/2,
Vos) ~ Vbp, and Viipy ~ Vbp/2), low Ry state is achieved
in T1. During 7>, low feedback resistance condition prevails
by virtue of N-NCFET in 7> (similar to the PT-based design).
Thus, TG feedback implementation ensures low Ry during
VMmN — Vmp and Viyp — Vmn. This results in almost sym-
metric transition for input charging and discharging, yielding
“sinusoid-like” oscillator [Fig. 4(d)]. The same argument holds
in case of an oscillator with purely resistive feedback that
shows “‘sinusoid-like” characteristics.

Note that, the run-time reconfiguration of the oscillation
dynamics between the relaxation-type and sinusoid-like can
be enabled using bias of P-NCFET in the feedback path.
If gate of P-NCFET is Vpp/2, the feedback acts as a TG
yielding sinusoid-like characteristics while by setting it to Vpp
(P-NCFET is OFF), the feedback is reduced to PT, leading
to relaxation behavior. Thus, the proposed oscillator allows
dynamic reconfigurability while offering a more compact
implementation compared to standard CMOS designs. The
proposed design can also be realized with hysteretic FEFETSs
(see Section VI) although our focus is on non-hysteretic
NCFETs (exhibiting NOC) due to their faster and more energy
efficient nature [12].

V. ANALYSIS OF NCFET OSCILLATOR

The fundamental frequency (f) for TG and PT is
734 MHz and 13.4 MHz for Vpp = 0.4, Vgias = Vpbp/2,
Cr =521F Cou = 0.24 {F, and Tpg = 7 nm. Recall from
Fig. 2(c) that for Tgg > 7 nm NCFET inverter shows the
hysteretic VTC that is utilized for our oscillator design (refer
to Section IV). More details about calculation of Cy and Coyt
are provided in Section V-C. It is noteworthy that TG-based
design yields higher f (55X) than PT implementation due to
lower charging time (fMp—mN) in the former.

We further explore the performance of the proposed oscilla-
tor to understand the impact of various device-circuit charac-
teristics. The oscillation frequency f depends on two factors:
1) time constant (ry = RyCy) of the feedback path and
2) hysteresis in VIC (AVy) of inverter. An increase in
ty lowers f due to larger charging/discharging time of V1.
Independently, an increase in AVjs implies increase in time
for VMn — VMmp transition and vice versa due to larger
voltage swing, yielding lower f. With these factors in mind,
we analyze the oscillator characteristics for different design
parameters.

A. Voltage Controllability of Frequency

Here, we discuss voltage (Vpjas) controllability of f for
PT- and TG-based designs. By increasing Vgias, we mod-
ulate 77(Ry and Cy) while maintaining a constant AVjy.
An increase in Vpias leads to: 1) lower Ry and 2) higher
Cy. To understand this further, note that, in the NC regime
of NCFET, the effective gate capacitance of device (Cyg) is
a combination of the 1) NC-induced amplification () and 2)
capacitance of the underlying transistor (Cigp + Cigs) given
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by Cre = 5 x (Cigs + Cigp) [12]. As Vgs rises, # increases
(in the range of Vgs = 0-0.4 V for LK coefficients in this
paper). Also, Cigp + Cigs increases with Vgs. Both these
factors yield higher Cy,. The details of this are in [12]. But
decrease in Ry dominates over increase in C s, in both PT and
TG design, since Cy is composed of components other than
Cyg, e.g., Cpgs (see Section 1V). Note that, C 7, contributes to
Civv (from Section IV). Hence, an increase in f with increase
in Vgias is achieved.

Having understood the impact of Vpias on f, let us now
analyze the range of Vpias and corresponding f of successful
oscillatory operation [Fig. 5(a)]. The PT oscillator successfully
oscillates when 0.12 V < Vgias < 0.29 V. For Vgias <
0.12 V, the oscillations cannot be sustained since PT fails to
turn on to establish the feedback path. When Vgjas > 0.29 V,
ty is exceedingly small and the delay associated with the
feedback is smaller than the delay in inverter switching. This
leads to degradation of the input voltage with oscillations
completely damping after some time. On the other hand, for
TG design, the range of Vpias for which oscillations are
achieved is 0 V < Vpias < 0.26 V. We explain the difference
between TG and PT oscillator design in this regard as follows.
Due to fixed biasing of P-NCFET gate at Vpp/2 [Fig. 4(a)],
a feedback path is present for all Vpjas in the TG. Therefore,
even when Vpyas is small (<0.12 V), TG-based design yields
oscillation (whereas PT-based oscillator becomes nonfunc-
tional). However, at high Vias (>0.26 V), the concerted effect
of N-NCFET and P-NCFET in TG makes 7y comparable
to the inverter delay leading to unsustained oscillations in
the TG design. On the other hand, the PT design allows
greater flexibility in the high Vpjas region due to higher
feedback delay. Therefore, while tuning range of PT design
is 0.12 V < Vpias < 0.29 V, for TG implementation, this
range is 0 V < Vgias < 0.26 V. f in the respective ranges
can be tuned between 12 MHz and 800 MHz for TG and
0.7 MHz—417 MHz for PT implementations, respectively. It
may be reiterated that in addition to Vgjas-controlled f,
the oscillation type can also be dynamically reconfigured using
the gate bias of the P-NCFET, which could open avenues for
new applications.

Finally, we compare the performance of the proposed
NCFET oscillator to the CMOS Schmitt trigger-based oscilla-
tor (also mentioned in Section III). f of CMOS TG oscillator
is ~5X lower than NCFET TG type [Fig. 5(c)], whereas
CMOS PT oscillator is ~10X lower than NCFET PT-based
oscillator [Fig. 5(d)]. Lower f is due to larger AVjs in

CMOS-based Schmitt trigger and higher Ry of the stan-
dard FinFET-based feedback compared to Ry of NCFET
feedback.

B. Impact of Tgg and C; on Frequency (f)

Let us begin by analyzing the impact of FE thick-
ness Trg on f. Increase in Tgg results in: 1) higher Ip
[Fig. 2(a)] or lower Rpy; 2) larger AVy [Fig. 2(c)]; and
3) larger gate capacitance of the NCFET due to negative
Crg [12], which increases Cy. To explain the overall impact,
we compare PT- and TG-based designs [Fig. 4(a)]. While for
PT oscillator, increase in Tgg reduces f, TG-based design
shows an increasing trend [Fig. 5(b)]. We explain these trends
as follows.

Let us begin with PT-based feedback. Recall from the prior
discussion in Section IV that Vgias = Vpp/2 for PT results in
low f of the oscillator due to large tmMn—mp. For Vpp = 0.4V,
VBIas = 0.2 V and PT are biased in the near-threshold region,
and its drive strength is low. Hence, although Ip increases with
increase in Tgg [Fig. 2(b)], the increase in AV [Fig. 2(c)],
and Cy is much more impactful. In other words, in PT-based
oscillator, the effect of AV, dominates over increase in Ip
resulting in decrease in f with increasing Tfg.

Considering the case of a TG feedback-based oscillator, for
VBias = Vpp/2 either P-NCFET/N-NCFET ensures that R is
always low (or the feedback NCFET is strong as discussed in
Section V). More specifically, since the feedback transistor is
now operating at Vps > Vpp/2, Ip—Vps [Fig. 2(a)] suggests
significant increase in Ip with increase in Trg for the said bias
condition. Hence, for the same increase in AV)y, the reduction
in Ry with Tgg increase is more effective in TG compared to
PT due to the concerted action of P- and N-devices in the
former. Thus, for TG design, decrease in Ry dominates over
AV)y increase leading to an increase in f with increasing Tfg.

As Trg increases from 7 nm to 9 nm, f decreases by
5.5X (from 13.3 to 2.4 MHz) in PT implementation, whereas
f increases by 1.6X (734 MHz-1190 MHz) as shown in
Fig. 5(b).

Since 7y also affects Cy, (due to Cinv described in
Section IV), an independent analysis of the dependence
of oscillation dynamics on Cy becomes important. This is
because Cy not only depends on Tgg (the overall effect of
which we have already discussed) but may also be tuned by
optimizing other components and even adding an additional
capacitor (Cpgs). It may be noted that since the primary
driving mechanism for oscillations in our design is repeated
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Fig. 7. Power spectrum of oscillator (a) and (b) with PT as Rrand (c)
and (d) TG as Ry¢for Cf= 1 pF in both cases.

transitions of Vi between Vyn and Vyp (which, in turn,
depends on charging/discharging of Cy, as explained earlier),
Cr plays a more important role in determining the characteris-
tics of voltage-controlled oscillations than Coy¢. Since both C ¢
and Coy; show the similar trends with respect to f, we focus
on analyzing the dependence of f on Cy. As expected, f
decreases from 13.4 MHz to 0.12 MHz as C increases from
5.2 fF to 1 pF for TG implementation. For TG, f decreases
from 734 MHz to 16 MHz as C ¢ increases from 5.2 fF to 1 pF.
Simultaneously, an increase in C leads to better sustenance
of oscillations for a wider range of design parameters. Thus,
depending on application requirements (higher f/robustness),
proper Cy can be chosen. To analyze the impact of Cy on
the robustness of oscillator, we examine the power spectrum
in Section V-C.

C. Output Power Spectrum

The output power spectrum is a widely accepted measure
of robustness to noise [28]. A higher peak indicates more
resilience. Here, the robustness of the oscillator is a function
of Cy (comprising Cinv and Cpgs described in Section 1V).
For NCFET TG design at Trpg = 7 nm and Vpjas =
02V, Cr =521F (Cinv = 02 fF, Cpgs = 5 {F, and
Cy = 5.2 fF) results in a peak power of —20 dB [Fig. 6(a)] at
734 MHz, while for Cy =1 pF (Cinv = 0.2 fF, Cpgs = 1 pF,
and Cy ~ Cpgs, since Cinv < Cpgs), the observed peak
power is —18 dB at 16 MHz [Fig. 6(b)]. Thus, higher Cy
enhances robustness of the oscillator. Note that, oscillations
are sustained with desirable power (<—20 dB) when fixed
capacitances Cpgs > 5 fF and Co pgs > 0.1 fF. In addition,
Ciny (averaged over voltage) is 0.2-0.25 fF for Tgg =
7-8 nm (hence Cy = 5.2 fF) and capacitance at the inverter
output = 0.14 {F (total Coy = 0.24 {F).

To reinforce the understanding of power spectrum of the
proposed designs, we analyze the power spectrum of the
proposed oscillators (PT and TG) for a different 7Tgg. Note
that Crny depends on Tgg. Fig. 7 shows the sharp and narrow

(b) Tre=8nm Vpp=0.7v  (c) Vaus=0:45Y
10t TG Feedback
1o° TG ~ 0.7
F1o? w'E 03
I
o PT 1032 00 .2 4
=10 = Time [ns]
= 10_5“' (d)  pTFeedback
103 E 0.7
0 025 05 ~0.35
>
Vains [V] 610 20
Time [ps]

Fig. 8. (a) Schematic of FEFET (Tgg = 8 nm) inverter-based oscillator
with P-/N-FEFET and FinFET-based PT/TG feedback (Ry). (b) Variation
of oscillator f with Vg|as. (¢) and (d) Transient waveform of FEFET
oscillator with PT/TG feedback.

peaks in the spectrum. The maximum peak values are —39 dB
and —18 dB for PT and TG (Tgg = 7 nm) oscillator [Fig. 7(a)
and (c)], respectively. Due to the relaxation-type behavior
of the PT-based oscillators, distinct sidelobes in the power
spectrum are observed [28]. Furthermore, on increasing Trg,
the spectrum peaks at lower oscillation frequency (f) for the
PT design. For the TG implementation, increasing Trgshows
increase in robustness [Fig. 7(c) and (d)]. The discussions
in this section related to frequency and power spectrum
considering device—circuit parameters can guide optimization
of the proposed oscillator depending on the design targets.
To conclude this discussion, we compare this paper with the
previous reporting of FEFET oscillator [16]. For proper com-
parisons, we obtain the coercive field and remnant polarization
of FE and capacitances (~8 nF) from [16] and redesign our
oscillator with the same parameters. However, since the value
of viscosity coefficient (p) is not available in [16], we perform
simulation for our design using a rather conservative value
p = 2.5 Q-cm (compared to 0.18 Q-cm reported in [19]). For
such a value of p, the polarization switching rates of the order
of GHz are expected. Since oscillators in this comparative
study show f in KHz-MHz (due to nF of capacitance),
the influence of p on f is negligible. The oscillator in [16]
shows maximum f = 12 kHz and —20 dB power with 8 nF
capacitance. In comparison, at Cy = 8 nF, the proposed
TG oscillator displays a more robust design with —6.3 dB
power at f = 6.72 kHz. At iso-power of —20 dB, the TG
implementation displays higher f (=15 MHz with Cy = 1 pF)
compared to 12 kHz in [16]. The referred design does not
throw light on its performance at lower capacitance; hence, its
high f operation needs to be further examined. On the other
hand, our design can work for capacitances of the order of
several fF. In terms of voltage controllability, the maximum
reported range in [16] is 0.2-0.36 V (f = 5 kHz — 12 kHz)
compared to 0-0.26 V (f = 80 kHz-20 MHz). Moreover, our
design displays dynamic reconfigurability between oscillation
types while incurring an overhead of two more NCFETs (for
the TG design) compared to the referred design in [16].
Finally, the proposed oscillator can be designed with hys-
teretic FEFETSs as well as non-hysteretic NCFETSs (exhibiting
NOC), and is, therefore, more generic than [16], which is
limited to the hysteretic regime. While the focus of this paper
is on NCFET-based oscillators, we briefly discuss how the
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Fig. 9. Schematic of NCFET TG coupled oscillator for (a) input—input
coupling and (b) output—output coupling.

proposed technique can also be applied to hysteretic FEFETSs
in Section VI.

VI. FEFET-BASED OSCILLATOR

Hysteretic FEFET-based inverter can show hysteretic VTC
[Fig. 3(b)] for Tgg > 8 nm (refer to Section III). Therefore,
oscillations can be sustained by providing a feedback from
output to input [Fig. 8(a)] similar to that in NCFET oscillator.
Here, we analyze the oscillator with FinFET-based feedback
designed with PT and TG. Voltage controllability of f is
achieved through Vpias [Fig. 8(b)]. Also, reconfigurability
is observed between the pulse-like [Fig. 8(c)] and relaxation
characteristics [Fig. 8(d)] for TG and PT designs. The pulse-
like waveforms of FEFET TG are seen due to sharp polariza-
tion switching as opposed to partial polarization switching in
NCFET TG which gives rise to sinusoid-like waveforms. PT
implementation shows oscillations for Vgjas = 0.12-0.5 V
with f = 5.36 Hz-0.97 MHz, while for TG design
oscillations are observed for Vpias = 0.0-0.5 V with
f = 0.9 MHz-1.1 GHz [Fig. 8(b)]. Comparing Fig. 8(b) with
Fig. 5(a), we observe that both PT and TG NCFET oscillator
show higher f (even at lower Vpp) than respective PT/TG
implementation of FEFET oscillator due to polarization
switching in the latter.

VIlI. CouPLING BETWEEN NCFET-BASED

OSCILLATORS

In non-Boolean computation, coupled oscillators provide
solution to complex problems like pattern matching [3]. In pat-
tern matching, the extent of synchronization between oscilla-
tors is studied to determine the closeness of two patterns. The
input of one of the oscillators corresponds to the input pattern,
and the input to the other is the pattern to be identified.

Considering the importance of coupled oscillators for such
applications, we now discuss the coupling dynamics between
the two oscillators (Fig. 9) with a focus on NCFET designs.
We consider natural frequencies f; andf, corresponding to
inputs Vpias1 and Vpias», respectively.

Coupling is achieved via a coupling capacitor (Ccp) in
either input—input (Vi1—Vp) [Fig. 9(a)] or output—output
(Vo1—Voz) [Fig. 9(b)] configurations. We show that coupling
of Vi1—Vi2 results in out-of-phase (180°) frequency locking.
Interestingly, frequency locking is in-phase (0°) for Vo1—Vo2
coupling.

Let us start our discussion with TG oscillators for Vi1—Vip
coupling. Before coupling, we set the fundamental frequencies
fi = 734 MHz and f> = 760 MHz corresponding to
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Fig. 10. Transient waveform and phase map for (a) and (b) Ccp = 0.5 fF
and (c) and (d) Ccp = 5 fF. (e) Synchronization map of the oscillator for
Vi1—Vp coupling in NCFET TG oscillator.
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and synchronization map of NCFET PT oscillators. (d)—(f) Phase map for
Ccp = 0.1 fF and 5 fF and synchronization map of NCFET TG oscillators.

Veiasti = 0.2 V and Vgasy = 0.22 V. Hence, both
the waveforms are unsynchronized in frequency and phase.
By introducing Ccp = 5 fF, the oscillators become out-of-
phase frequency locked with synchronized frequency of fs =
360 MHz [Fig. 10(c)]. Once the synchronization is achieved,
the relative phase of the oscillators can be modulated via Ccp.
Correspondingly, the transition of the lobes in the phase map
of the synchronized outputs indicates the modulation in phase
[Fig. 10(d)]. When Ccp = 0.5 fF is small, it represents an
unsynchronized state [Fig. 10(a)] without any fixed trajectory
in the phase map [Fig. 10(b)]. The extent of synchronization
of the two oscillators depends on the strength of the coupling
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COMPARISON OF EMERGING OSCILLATORS FOR NON-BOOLEAN APPLICATION

TABLE |

Oscillator characteristics This work [16] [8] [6] [9] [29]
. . Hysteretic Ta/Cu/CogoFe;n TaOy
D NCFET H FEFET Vi M
evice C ysteretic FEFET 0, /Cu/NigoFe,o /Cu /Au cMos
Hysteretic Filament
Oscillator mechanism NOC in NCFET —Hysteretic Hysteretic transfer transfer Insulator to Metal Spin torque formation and Ring oscillator
VTCin inverter characteristic of FEFET | characteristics Transition P q dissolution e
in FEFET dynamics
Oscillator type R;f:::;::i(k:r()_r?)d Relaxatlol?k(eP;?Ga)nd Pulse- Relaxation Relaxation Sinusoid-like Relaxation Sinusoid-like
Reconflhgura.blllty in Yes Yes No No No No No
oscillations
. 12MHz-800MHz (TG) 0.9MHz-1.1GHz (TG)
Oscillation freq 5KHz-12KHz 10KHz-1MHz 15.1GHz-15.6GHz 10MHz -500MHz 0.25GHz-3.8GHz
0.7MHz-417MHz (PT) 5.36Hz-0.97MHz (PT)
0V-0.26V (TG) 0V-0.5V (TG)
Control voltage/current 0.2V-0.36V 0.1-0.8V 6-12mA -2V-(-4V) 0-1.3V
0.12-0.29V (PT) 0.12-0.5V (PT)
Fixed Capacitance used 5fF 5fF 8nF 10pF Device capacitance
. . High
Average (4 Transistors, 2 Avel:age ng.h ngh (1 Transistor/ Low
Compactness capacitor) (4 Transistors, 2 (2 Transistors, (1 Transistor/ Resistor, TaOy) (12 Transistors)
P capacitor) 1 capacitor) Resistor, VO,) ! x
Power <-20dB <-20dB <-20dB <-20dB

and how far apart fi and f; are set. It is already known to the
reader that, in this paper, f is the voltage controlled through
VBias. Hence, we study the limits of synchronization in terms
of coupling strength and frequency difference by plotting Ccp
versus Vpias2, while Vpiasi is constant in Fig. 10(e). This plot
provides the information about the required coupling strength
as a function of AVpias = |VBias2 — Vsiasi|. The range of
Af(= f1 — f2) or AVgias for which synchronization can be
achieved also increases with Ccp, as shown in Fig. 10(e).

In NCFET PT feedback oscillators, synchronization is
achieved for Ccp ~ 10 fF which is reflected as fixed lobes
in the phase map in the inset of Fig. 11(b). At low coupling
strength (Ccp ~ 0.5 fF), multiple paths in the phase map [inset
of Fig. 11(a)] are observed indicating the unsynchronized state.
Fig. 11(c) shows that Ccp > 20 fF determines the range
of Vpias2 over which synchronization is achieved. In this
case, Vpiasz = 0.14-0.26 V represents the synchronized state.
The range of AVpjas for which frequency synchronization is
achieved is smaller for PT oscillator than TG oscillator.

Here, we explore synchronization dynamics of in-phase
coupling in Vp1—Vo2. PT and TG oscillators show the unsyn-
chronized state for Ccp = 5 fF (with multiple lobes) and
0.1 fF [Fig. 12(a) and (d)], respectively. By increasing Ccp
to 10 fF for PT [Fig. 12(b)] and 5 fF for TG [Fig. 12(e)],
synchronization is achieved. Synchronization is achieved for
Veiasz = 0.14-0.26 V in PT oscillator [Fig. 12(c)] and
Veiasz = 0-0.26 V in TG oscillator [Fig. 12(f)] when
Ccp > 20 fF for both cases. Again, TG shows greater voltage
controllability.

VIII. DISCUSSION

We perform a comparative performance analysis of the
proposed design with other emerging nano-oscillators used for
non-Boolean application (Table I). CMOS ring oscillator cir-
cuits prove as representative systems for exploration of oscil-
lators in the context of non-Boolean computing [29]. Although
some of the emerging oscillators show high scalability, they
suffer from the requirement of high bias current (mA) [6],
low frequency (f) at low sense voltage [8], [9], and provide

other challenges with regard to material endurance, thermal
stability, and nonlinearity in the electrical behavior [5], [7], [8].
The proposed technique achieves competitive frequencies of
oscillation (compared with other emerging technologies) along
with low voltage operation. By properly defining a design
space involving transistor sizing and Tgg, simultaneous control
over frequency and operating voltage can be achieved for the
proposed oscillator. Our design targets low power compact
design of oscillators with voltage tunability and reconfigurable
dynamics for non-Boolean computing.

It may be noted that previously negative differential resis-
tance (NDR) which is similar to NOC has been utilized in
designs other than oscillators (for instance, SRAMs [30]).
In NDR-based SRAMs, there has been discussion on noise
and stability challenges. However, such issues and design
needs of SRAMs are different from the requirements in
oscillator design. The issue of noise affecting storage node
and voltage retention in NDR-based SRAMs is not directly
applicable for oscillators since in the latter, the ease of
switching between states is desirable for oscillations (unlike
SRAMSs where the state must be stable during read). It may be
mentioned, however, that other sources of noise and variations
in both NCFET (with NOC) and hysteretic FEFET oscillator
need to be properly analyzed (as with oscillator implemen-
tations based on other technologies as well). Such noise and
variations can affect frequency fluctuation, increasing phase
noise. The proposed oscillator is robust to noise since its
peak power is < —20 dB at its operating frequency. For
FE-based oscillators (such as our design and that in [16]), one
technological challenge will be the control of grain/domain
variability in the FE, which needs to be addressed not just for
oscillator designs but other applications of NCFET/FEFETs
as well.

IX. CONCLUSION
In this paper, we proposed a dynamically reconfigurable
NCFET/FEFET oscillator. The proposed NCFET oscillator
design is based on NOC of NCFETs, while the FEFET
oscillator utilizes hysteretic transfer characteristics of FEFETSs.
Both these features lead to hysteretic inverter characteristics.
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Exploiting such Schmitt trigger action in the inverter and with

the

aid of output—input feedback, sustained oscillations are

achieved in the proposed design. We demonstrate reconfig-
urability and distinct relaxation and sinusoid-like oscillations
by employing PT and TG feedback in the NCFET oscillator.
Voltage controllability of f is achieved through the gate bias
of the feedback transistor. We also show how the proposed
oscillators can be coupled to achieve frequency synchro-
nization, which can lead to new applications of FE-based
transistors in non-Boolean computing.
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