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Abstract— Technology scaling is, alongside the increasing
process variability impact in modern technology nodes, a main
reason to control deviations over metrics in IC nanometer de-
signs. Schmitt Triggers are traditionally used for noise immu-
nity enhancement and have been recently applied to mitigate
radiation effects and process variability impact. The main con-
tribution of this work is to trace the relationship between tran-
sistor sizing, supply voltage, and process variability to achieve
a low energy consumption circuit while still keeping low levels
of deviations due to the impact of process-induced variability.
It is shown that a cost-benefit analysis can highlight sets of siz-
ing and supply voltage where it can provide a 37.51% decrease
in energy consumption while only increasing its sensibility by
7.42%. Furthermore, it is presented that the relation between
the supply voltage and the circuit’s sensibility to process vari-
ability is not directly proportional in all cases, with slight de-
creases in the supply voltages, bringing overall smaller metric
deviations. Overall, the traditional CMOS inverter is still the
fastest and most energy-efficient circuit. The TIST presents
the highest hysteresis ratios and output gains while present-
ing appropriate measures for slopes and noise margins at the
lowest supply voltage of 0.1 V, while also presenting a smaller
layout area than the 6T ST and SIG. The improvements, al-
though, may increase propagation times, energy consumption,
and area.

Index Terms— FinFET; Process Variability; Schmitt Trig-
ger; Microelectronics

I. INTRODUCTION

Technology scaling, as stated by Moore where the transis-
tor count in a chip should double at about every two years, is
a significant factor in the ascendance of Integrated Circuits
(ICs), providing higher transistor densities and voltage scal-
ing due to the miniaturization of gate dimensions, internal
capacitance, and resistance. Such improvements provided
the IC designers with plenty of processing power per area
unit of a chip and energy efficiency, making it the perfect
combination for the usage of ICs in mobile applications [1].

As devices shrank, several transistor characteristics be-
came severe problems for the modern semiconductor indus-
try, alongside some new challenges. As the transistors got
smaller, the supply voltage decreased and accommodated ap-
propriate currents to an evermore smaller channel. Although,
as the supply voltage decreases, the noise margins got nar-
rower, with lower currents and capacitance curbing the cir-
cuit ability to mask the transients caused by external noise
and radiation-induced soft errors [2].

Furthermore, variations in the device’s geometrical and
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electrical parameters were always a reality, introducing mi-
nor, if not negligible, variations into the circuit behavior.
Even though those geometrical variations did not scale down
at the same rate as the devices, it has gotten increasingly dif-
ficult to produce smaller light waves to print such small pat-
terns correctly. Additionally, modern devices are so close to
the atomic limit that even variations in the scale of few units
to few hundreds of atoms can exert influence on the device
behavior, decreasing yield [2].

One of the industry responses to the challenges related
to the semiconductor industry’s improvements is the Fin
Field Effect Transistor (FinFET) technology. FinFET de-
vices present superior channel control due to the reduced
Short Channel Effects (SCE) and low impact of Random
Dopant Fluctuation (RDF) due to the fully depleted channel
[3]. Although, at deep technology nodes, variability is one
of the most challenging factors, even in FinFET devices. In
technology nodes below 90 nm, the impact of random pro-
cess variability is becoming increasingly decisive in deter-
mining the yield performance and consequently production
cost. Process variability introduces more significant met-
ric deviations, turning more circuits unpredictable and not
suited for operation [4, 5]. Furthermore, process variabil-
ity may affect the circuit aging profile, hastening the loss of
performance [6].

Variations in physical parameters became alarming at
ultra-deep sub-micron (UDSM) nodes because the node scal-
ing was accompanied by a supply voltage scaling, making
the circuits more susceptible to noise and electromagnetic
interference due to the deterioration in the Static Noise Mar-
gin (SNM) [7]. Given that, this work explores four types
of inverters, where three of them are considered STs due to
their hysteresis characteristic. This work evaluates the in-
verter design behavior through process variability. The anal-
ysis will consider the means, standard deviations, and nor-
malized standard deviations for the delays, energy consump-
tion, and hysteresis. The noise margins and slopes will only
be considered their respective measures without the respec-
tive variability impact. The main contributions of this work
are: 1) bring a new discussion Three Inverter Schmitt Trigger
(TIST) circuit, highlighting the particular constraint of tran-
sistor sizing, 2) discuss the pros and cons of each inverter de-
sign about process variability mitigation, power, and delay;
and 3) trace the relationship between transistor sizing, sup-
ply voltage, and process variability to achieve a low energy
consumption circuit observing process variability effects.

This work is divided into five further sections: Section II,
Process Variability Mitigation, presents related work about
Schmitt Trigger applications and designs. Section III, In-
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verter Designs, describes the considered circuits. Section IV,
The Methodology Section, explains the experimental setup
which was employed to generate the results. Two results sec-
tions are presented: Section V concerning the inverter anal-
ysis, and Section VI concerning the analysis of the inverter
replacement on Full Adders. Lastly, in Section VII, the con-
clusions concerning both analyses are presented.

II. PROCESS VARIABILITY MITIGATION

The main challenges to process variability mitigation
are related to the manufacturing process. However, some
transistor-level or circuit-level approaches can be explored
to mitigate process variability impact. The Schmitt Trigger
(ST) circuit has been pointed as an alternative for the classi-
cal 2-transistor inverter to improve the circuit robustness to
such impact. Schmitt Triggers (ST) are commonly used as
internal circuits on systems to provide enhanced noise tol-
erance, and robustness against random variations in the in-
put waveforms [8]. On a standard input (non-ST), its binary
value will switch simultaneously on the rising and falling
edges. With a slow rising edge, the input will change near
the threshold point. When the switching occurs, it will re-
quire current from the supply source. With current being
pushed from the supply, it can cause a voltage drop across
the circuit, causing a shift in the threshold voltage. If the
threshold shifts, it will cross the input causing it to switch
again. It can go switching indefinitely, causing oscillation.
The same thing can happen if there is noise on the input.
STs are applied in these cases to filter noise, introducing su-
perior and inferior threshold voltages. STs circuits present
a hysteresis characteristic. This hysteresis exists in the pres-
ence of two switching V. If the input level is within the
hysteresis region, the ST shall not switch. Such characteris-
tic gives a higher static noise margin (SNM) in comparison
to traditional inverters, ensuring a high noise immunity. A
variety of CMOS STs has been proposed and implemented
over the years based on different requirements. The new pro-
posed STs are frequently compared with the most traditional
circuit, that is the ST 6T, presented in Fig. 1(a). The related
work improvements are described in comparison with this
ST 6T cell.

To improve the performance of the traditional ST, a dif-
ferent design is proposed to achieve a smaller load capacitor
value and to decrease the slew rate of the ST internal node
[9]. A ST with a programmable hysteresis is proposed in
[10]. The programmable hysteresis is achieved by adding a
P and N transistors in series with the 6T ST Pr and N tran-
sistors, respectively, both receiving the same gate signal. In
[11], it is proposed a 10T ST whose hysteresis interval does
not depend on transistors width/length ratios being, conse-
quently, more robust to process variations compared with the
ST 6T.

A low-power ST is proposed with low short circuit cur-
rent achieved by the presence of only one path to each power
rail, being recommended for low power, very low-frequency
applications [12]. Also in [13], it is proposed a low-power
ST by having only one transistor transmitting (at stable out-
put values), considerably reducing power consumption com-
pared with the traditional ST circuit. STs can be optimized

by adequate sizing as well as stated in [14] where the opti-
mization of the transistor sizing presented the best metrics
for low power applications, in accordance to [15].

In [16], a voltage-booster is applied in the traditional 6T
ST in order to replace its pull up network and reduce the
number of PMOS transistor to only one. It was simulated on
32 nm bulk CMOS technology and was revealed to present
168.68% less deviations than the CMOS inverter considering
process variability. It is essential, though, to highlight its
4.315x higher leakage power and potential higher area, given
Finfet technology restrictions considering the higher number
of NMOS transistors (5) in comparison to the traditional 6T
ST (3).

In [17], a novel technique based on the replacement of Full
Adders internal inverters with low voltage STs for process
variability robustness improvement is originally introduced
and applied on seven different FA designs. The simulations
were performed using the 16nm bulk CMOS predictive tech-
nology model in SPICE. It presented significant variability
improvement up to 4.8x in energy consumption. The im-
provements occur at the cost of an increase in the area and
power dissipation of each design. This technique is tested
in other works: the ST technique is applied on four FAs at
16nm technology [18]. The adoption of ST in the outputs
of the full adders presented promising results regarding the
power deviation due to the process variability with a decrease
of up to 79% with a drawback of a significant increase in av-
erage energy consumption. The ST technique applied to 4
different FAs layouts at 7nm FinFET has reached 64.74%,
and 66.6% reduction in delay and power deviation compared
to the full adders without the ST technique [19].

A novel Schmitt-trigger-based single-ended 11 Transistor
SRAM cell shows reduction on the energy consumption per
operation with the smallest leakage power and a 6.9x higher
Ion/IoFF ratio [20] compared with the classical SRAM 6T
cell. Further process variability simulations confirmed the
robustness of the design regarding reading and writing op-
eration. The simulations were carried in 22 nm predictive
technology using SPICE.

A ST buffer using CNFET is explored resulting in, on
average, 68% higher critical charge and 53% lower energy
consumption and a huge gain considering process variability
robustness as compared to its most efficient CNTFET-based
counterparts. The simulations were carried in 16 nm Stan-
ford CNFET model using SPICE [21].

In a previous work, we show how Schmitt Trigger cir-
cuits can be explored to process variability mitigation [22].
Observing the characteristics of a minimum energy-oriented
FinFET design, we report that, on average, the supply volt-
age decreases in layouts with a smaller number of fins while
maintaining acceptable robustness in high variability scenar-
ios. Exploring voltage and transistor sizing made possible
a reduction of about 24.84% of power consumption in com-
parison to a traditional transistor sizing [23]. Also, compar-
ing ST with Stacked-Inverter Gates, the accurate adjustment
of the supply voltage and transistor sizing, at a high vari-
ability scenario, can decrease the energy consumption up to
32.19%. 1t was possible to show a considerable difference
concerning the Schmitt Trigger noise-immunity characteris-
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Fig. 1: Considered inverter designs: a) 6T ST, b) SIG, c¢) TIST, and d) LPST.

tics compared to other designs, over supply voltage and vari-
ability scaling. In comparison to previous works, this paper
aims to deliver a full analysis over circuit metrics, including
the TIST circuit, which, as will be shown in the methodol-
ogy, requires a particular sizing.

III. INVERTER DESIGNS

Variations in physical parameters became alarming at
ultra-deep sub-micron (UDSM) nodes because the node scal-
ing was accompanied by a supply voltage scaling, making
the circuits more susceptible to noise and electromagnetic
interference due to the deterioration in SNM [7]. Given that,
this work selected four different inverter circuits, where two
of them are considered STs given their hysteresis characteris-
tic, to evaluate the effectiveness in diminishing the impact of
variability into the metrics according to an overall overview
in the current literature as shown in Fig. 1.

A. Traditional 6T ST

The 6T traditional ST main feature is the presence of Pr
and Np devices, responsible for a feedback system which
originate its hysteresis effect [24]. The 6T ST was chosen
due to promising results at [25], where a 6T ST-based 8x8
multiplier was presented, with the ST greatly improving the
on-to-off current ratio. In [26] an SRAM based on 6T ST
is proposed working at 160mV and showing improvements
of both robustness and static noise margins compared to a
traditional inverter-based solution.

The main effect of process variability is a shift on the volt-
age transfer curve (VTC) due to the threshold voltage vari-
ation. Usually, the input voltage, where a device starts de-

livering current, is directly dependent on the V. Thus, the
variability impact on VTC is reduced in the ST due to the
strong influence of the gate-source voltage of the inner tran-
sistor (N7 and Pr) over its switching point [25].

B. Three Inverter Schmitt Trigger (TIST)

The TIST is a ST implementation, most common in text-
books. It consists of a CMOS inverter followed by a latch.
According to [27], the TIST can provide hysteresis from a
supply voltage as low as the classical inverter unity gain.
However, for higher supply voltages, the hysteresis interval
will grow excessively to a point where the cell locks itself
in a random state (low or high), which cannot be changed.
Furthermore, it was shown that the hysteresis interval and
the minimum supply voltage for it to appear greatly benefit
from increasing the ratio between the latch and inverter tran-
sistors. Given so, to tackle some of that problem, the inverter
transistors were sized with a higher number of fins in com-
parison to the latch. Still, it shows the TIST viability to work
at sub 100 mV supply voltages, which will be explored in
future works.

C. Stacked Inverter Gate (SIG)

SIG is a circuit composed of unbalanced inverters with-
out positive feedback, referred to as stacked or redundant,
inverters. It presents improvements over the CMOS inverter
regarding voltage gains [28, 29]. Originally, it was applied
on replacing the inverter of a ring-oscillator working at a sub-
50mV supply voltage, presenting 30% higher gains, claim-
ing that energy harvesting techniques based on the body-to-
ambient temperature gradient can leverage such oscillator to
achieve self-startup.

D. Low Power Schmitt Trigger (LPST)

The following circuit is not compared to the previous ones,
although being applied on the following analysis considering
the replacement of FAs internal inverters. It was not applied
in the comparison between inverter circuits due to technol-
ogy restrictions, which did not permit the connection of the
NMOS devices back-gates to specific nodes. The LPST in-
verter circuit used in this work was inspired by [30] and mod-
ified in [17] to achieve the desired inverting characteristic.
It is designed for operation at a supply voltage of 0.4V to
achieve low power consumption, and consists of two invert-
ers where the output from the second one will be the bulk for
the first one.

IV. METHODOLOGY

This work evaluates the following four topics to provide
an extensive exploration of the process variability impact
over the behavior of the circuit:

1) Four inverter circuits. The traditional CMOS inverter,
the 6T ST, the TIST, SIG, and LPST;

2) The influence of transistor sizing where all transistors
have the same number of fins (except for the TIST);

3) Multiple levels of supply voltage, from 0.1 V to 0.7 V
(nominal);

4) Multiple levels of process variability observing the
workfunction fluctuation (WFF) from 1% to 5%, in steps of
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1%. This variation is inserted into the simulations following
Gaussian distributions.

Given the set of possible scenarios, this work aims to pro-
vide a case-study to show the potential of using these circuits
as a technique to mitigate process variability effects.

The design flow was divided into two steps: the layout
design and electrical simulations. After finishing the layout
design process, each layout was passed through validation,
consisting of a Design Rule Check (DRC) and the Layout
Versus Schematic (LVS) verification.

The transistor sizing exploration evaluates layouts from
1 to 5 fins through 1-fin steps for the CMOS inverter,
the 6T ST, and the SIG. It is important to highlight that
the ST behavior presents some challenges at low voltage
[31][32]. So, it is important to clarify that a sizing mod-
ification was mandatory to ensure the correct behavior of
some Schmitt Trigger circuits operating at the near-threshold
regime. Adopting other sizings, the Schmitt Trigger does
not work properly, presenting an unexpected behavior of be-
ing locked in a logic level. This phenomenon happens at
near-threshold operation and is related to the transistor siz-
ing. This reinforces the demand for careful sizing of this
kind of inverter. This phenomenum happens in the TIST cir-
cuit, that did not present an acceptable behavior with its P
and N devices presenting the same number of fins, with its
output value getting stuck. Thus, for the TIST, a different
approach was adopted. The TIST consists of a traditional
inverter (transistors P, and V) followed by a latch (transis-
tors Py, P>, Ny and N5). Given so, the inverter transistors
were resized following a proportion between their size and
the size of the latch transistors. It was adopted two propor-
tions: 2:1 and 3:1, resulting in five different layouts. Three
layouts follow a 2:1 proportion with the inverter transistors
containing 2, 4, and 6 fins and the latch transistors contain-
ing 1, 2, and 3 fins, respectively. Two layouts follow a 3:1
proportion with the ST transistors containing 3 and 6 fins and
the latch transistors containing 1 and 2 fins, respectively.

All circuits were designed using the Virtuoso Electronic
Design Automation (EDA) tool from Cadence®with the Pro-
cess Design Kit (PDK) of 7nm FinFET of Arizona State Pre-
dictive PDK (ASAP7) from the Arizona State University in
partnership with ARM [33]. It is the only open-source and
free 7nm PDK available for educational use. This PDK was
chosen due to realistic design conjecture regarding the cur-
rent design competencies. FInFET technologies present the
width quantization aspect [34]. With a 27nm fin pitch, a
high-density layout is achieved with 3-fins transistors. Oth-
erwise, there is a lower density and routing complexity [35].
The main PDK rules and lithography assumptions consid-
ered in this work are shown in Table 1. To exemplify the PDK
layers, the 3-fins transistors 6T ST is shown in Fig. 2.

The simulations are carried out using HSpice, and the
netlist obtained after the physical verification flow and the
parasitic capacitances extraction. The device geometry de-
viation impacts the electrical parameter WF causing high
fluctuations [15]. It happens due to the orientation of metal
grains that are randomly aligned in the FinFET manufactur-
ing process. So, WFF represents the most significant varia-
tion beyond the other parameters [36]. The process variabil-

Table I. Key layer lithography assumptions, widths and pitches [33]

Layer Lithography Width (nm) Pitch (nm)
Fin SAQP 6.5/7 27
Active EUV 54/16 108
Gate SADP 21/20 54
SDT/LISD EUV 25/24 54
LIG EUV 16/16 54
VIA(0-VIA3 EUV 18/18 25
M1-M3 EUV 18/18 36

Table II. Parameters applied in the electrical simulations [33]

Parameter Tnm
Nominal Supply Voltage 0.7V
Gate Length (LG) 21nm
Fin Width (WFIN) 6.5nm
Fin Height (HFIN) 32nm
Oxide Thickness (T0X) 2.1nm
Channel Doping 1-10%em=3
Source/Drain Doping 2-10%¢m=3
. NFET 4.372
Work Function (eV) PEET 43103
Saturation IP\’IIEIE"II: % 1176
Threshold Voltage (V) I NFET — 0.19
PFET -0.19

ity evaluation adopted 2000 Monte Carlo (MC) simulations
[34] varying the WF of devices according to a Gaussian dis-
tribution considering a 30 deviation. The reference values
from ASAP7 technology for electrical simulations are shown
in Table II.

The WFF level for all simulations were ranged from 1% to
5% with 1% steps on nominal values [37]. For each step on
WF variation, all simulations were carried from 0.1 V to 0.7
V supply voltage, with 0.1 V steps. This work adopts as a fig-
ure of merit the deviation provided by the normalized stan-
dard deviation (o/u) to allow a comparison of designs with
different means and standard deviations. This metric rep-
resents the sensibility of a cell to process variability, where
the lower it is, the highest is the robustness of the circuit to
the impact of process variability. Thus, for all experiments,
it is observed the mean (u), the standard deviation (o) and
the normalized standard deviation (o/u) for the delays, en-
ergy consumption, and hysteresis interval. The noise mar-
gins, slopes, and output gains is shown as well, although,
without the analysis of the impact of process variability.

Fin/Active

Gate
ol ceut
|_|_J}|:| PSelect
LLil | NSelect

Fig. 2 Technology layers and 3-fins transistors 6T ST layout
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The noise margin values were calculated following Equa-
tion 1 where Vi1, Vor, Von, and Vi g values were extracted
from the VTC curve points where the derivative/slope is -1.
The slopes were calculated following the Equation 2, while
the output gains were extracted from the maximum deriva-
tive value. The output gain can be understood as a measure
of a circuit’s ability to increase the amplitude of a signal from
the input to the output. Given so, in an ideal scenario, even
a small change in the input signal should bring a consider-
able change in the output signal value. The output slope de-
scribes, in average, how fast the output will change its value
concerning the input changing its value as well.
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It is considered a scenario where the Device Under Test
(DUT) receives the signal passing through two inverters in
series and having a 1 fF output capacitance.It is essential to
consider some details such as: the same supply voltage is
applied in the entire test-bench, only the DUT suffers from
variability, the inverters are the same (3-fins transistors) for
all experiments, and they are, like the DUT, simulated from
the extracted layout.

Due to the variability impact, a circuit may present perfor-
mance degradation. This work considers a 10% maximum
failure threshold in the Monte Carlo simulations to determine
the maximum frequencies for the evaluated layouts. Failures
are defined as cases where a pair of operations (high-to-low
and low-to-high) propagation times do not fit into the deter-
mined frequency. In the case of a number of failures above
10%, the frequency is decreased. If the frequency falls be-
low 50 kHz, it is considered to be a non-viable scenario. The
value is arbitrary, and it was chosen considering the usage of
resources and time for the respective simulations.

A. ST technique on Full Adders

To provide an analysis of the impact of the replacement of
FAs internal inverters with STs, it was considered four differ-
ent types of Full Adders topologies to evaluate their robust-
ness to process variability. In order to analyze such impact,
all FAs were analyzed with the same sizing (3 fins), each
FA have 3 versions: the traditional (internal inverters not re-
placed), the FA with its internal inverters replaced by LPST,
and the FA with its internal inverters replaced by the 6T ST.
It is considered only one level of variability of 5% WEFF, fol-
lowing a Gaussian distribution, and there is considered two
levels of supply voltage: nominal (0.7 V) and near-threshold
0.4 V).

The Full Adders listed below have been chosen due to
their promising results in related and previous works [17,
19]. All FAs designs are shown in Fig. 3, with the re-
spective internal inverters to be replaced by the LPST, and
6T ST highlighted in red: Complementary MOSFET Mirror
Adder (Mirror), Transmission Gate Adder (TGA), Transmis-
sion Function Adder (TFA), and Hybrid Full Adder.

5
s lly Cin o & LH o, r
Sum Hd 1
EintlC rEsali N
N I
A .d =4 1 .
K 5 If
Ecout {;k
—LF a) b) =
g %ﬁiqga i 9 9 TE{
=0 Cin
oo L L
| B 1
L L T
. B ) T
EE R L E R iy

Fig. 3: Full Adders with internal inverters to be replaced highlighted. Trans-
mission Gate Adder (a), Transmission Function Adder (b), Mirror CMOS
Adder (c) and Hybrid Full Adder (d).

2 Sy S,

Fig. 4 Test-bench for the Full Adders simulation.

For the metrics, it was considered the mean, the standard
deviations, and the normalized standard deviations for the
energy and delay measures. The test-bench applied consists
of a 5-bit Ripple Carrier Adder with each output (Sum out-
puts for each FA and last Carry Out) connected to a fan-out of
4 inverters, with the FA in the middle as the DUT, as shown
in Fig 4. In this analysis, the FAs have a FO4 output capaci-
tance simulated with a larger Inverter connected to the SUM
output. To extract the delay and energy measures, an input
vector was applied to trigger a pair of transitions (high-to-
low and low-to-high) for each output (Sum and Carry Out)
in relation to each input (A, B, and C).

V. ANALYSIS OF INVERTER DESIGNS
A. Frequency and Delays

As the variability level scaled and the supply voltage de-
creased across the simulations, to maintain the percentage
of failures below 10%, the circuit’s frequency was reduced.
For the traditional inverter, 6T ST, and SIG, the considered
non-viable scenarios (when the viable frequency of opera-
tion is below or at 50 KHz) started to appear at 200 mV, for
any scenario above 4% WFF, and 100 mV for any scenario
above 5% WFF.

The TIST presented a particular behavior, with its hystere-
sis interval growing too large as supply voltages increased.
The TIST got the same subset of non-viable scenarios of the
previous designs, although due to its hysteresis, sub- to near-
threshold supply voltages did not work correctly.
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The TIST 2:1 designs did not present any viable scenarios
at 0.2 V and 0.3 V, with only low-variability scenarios (1%
and 2% WFF) working at 0.4 V and 0.5 V. The TIST 3:1
designs presented a slight improvement with viable scenarios
at 0.2 Vand 0.3 V at 1% WFF. For 0.4 V and 0.5 V, the TIST
3:1 presented to be more viable, although not working at a
high to medium level of variability (3% 5% WFF).

On average, the 6T ST, SIG, and TIST 2:1 maximum fre-
quencies stayed at about half the inverter frequency (47.61%,
50.50%, and 49.71%, respectively). The TIST 3:1, due to its
wider transistors, capable of higher currents, less resistance,
and lower hysteresis (as will be shown further on), presented
on average 65.72% of the inverter frequencies. The differ-
ence between the other designs and the traditional inverter is
higher at near and sub-threshold supply voltages.

The decrease in the operating frequencies of the inverters,
in comparison to the traditional CMOS inverter, happens due
to the hysteresis effects of the 6T ST and TIST designs and
the higher parasitics present in designs with a higher num-
ber of transistors, vias, and wire length, and the effects of
threshold voltage variations into the circuit’s behavior. There
are scenarios where, due to variability, the threshold voltage
will increase, making the transistor switching process slower.
Given so, the frequency at which the circuit is working must
englobe the worst-case scenarios.

The frequency decrease over the variability levels consid-
ering the average value, for all the voltage range considered,
is shown in Fig. 5. A robust design must maintain its fre-
quency level as high as possible, even as the influence of
process variability on circuit metrics arises from sizing or
supply voltage tuning. For this reason, considering the im-
pact of variability on the frequency retention, the inverter, 6T
ST, SIG, TIST 2:1, and TIST 3:1 presented 40.03%, 48.81%,
48.20%, 59.40%, and 53.17% average frequency decrease.
The decrease is calculated by comparing a best-case scenario
(1% WFF) with a worst case scenario (5% WFF) circuit fre-
quency at the same supply voltage. Although, if the designer
concern is propagation delay, the traditional inverter is the
best choice considering the high speed operation reached
with this circuit. Even in its worst-case scenario, traditional
INV is still much faster than the SIG and ST alternatives.
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Fig. 5 Frequency decrease over variability scaling for each design.

Related to the frequencies, the propagation times will de-
viate according to the threshold voltages variations and their
effects on the currents. Propagation times deviations will
directly influence the circuit frequency, increasing the time

guardband necessary to include the worst cases at the circuit
frequency.

Given so, propagation times deviations for each design
compared to the inverter was 36.36% and 43.21% lower, for
the 6T ST and SIG, while the TIST 2:1 and 3:1 designs pre-
sented 72.89% and 103.26% higher deviations, as shown in
Fig. 6. These results are calculated considering the normal-
ized deviation for all scenarios, even when the design did
not work correctly, to do not deflate the results for the TIST
designs.

Calculating the average normalized deviations only con-
sidering the cases where each design works properly puts
the inverter at the lowest normalized deviation while the 6T
ST, SIG, TIST 2:1, and TIST 3:1 presented 8.54%, 7.04%,
146.15%, and 36.28% higher sensibilities. By calculating
the average normalized deviation this way, a fair comparison
can be made between designs, given that only the subset of
scenarios, where all designs work, is considered.

B.  Energy Consumption

For a circuit operating on a battery-oriented application
or even using energy harvesting methods to power itself up,
the energy consumption should be stable. Deviation in en-
ergy consumption will influence the device battery-life and
even leave energy-harvesting circuits non-operational. The
energy consumption absolute value should also be as mini-
mal as possible to preserve battery lifetime and make energy-
harvesting methods feasible.

Among the considered inverter designs, when compar-
ing average energy consumption measures for the scenarios
where each design worked adequately, the 6T ST and SIG
presented 173.07% and 50.74% higher energy consumption
than the inverter, while the TIST 2:1 and 3:1 designs pre-
sented 480.68% and 310.83% increases. With energy be-
ing a factor of propagation times (and consequently the fre-
quency) and power drawn from the supply rails, some fac-
tors will influence the circuit propagation times or the power
consumption. Influencing the propagation times, there is the
transistor count, increasing the parasitic capacitances of the
circuits, which increases its time to charge/discharge its sig-
nal correctly, and for the circuits that present it, the hysteresis
effects will make the circuit take longer to change its out-
put value, decreasing its frequency. It influences power con-
sumption, a by-product of how much current is being drawn

_ 900%
2 800% »
= 700% /7
Q 600% e
£ 500% < ‘
= 400% ~ 7
S 300% e 7
g 0, -
S 100% = —
0%
1% 2% 3% 4% 5%
WFF Level

= INV ST SIG TIST2:1 - TIST 3:1

Fig. 6: Propagation times deviation for each design in relation to the WFF
level considering all scenarios.
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from the supply rail.

When comparing the average energy consumption mea-
sures for all scenarios, in comparison to the inverter, the 6T
ST and SIG presented 174.21% and 95.84% higher energy
consumption, while the TIST 2:1 and 3:1 designs presented
1303.38% and 993.77% increases. This result shows the
much higher impact of variability in the cases where the cir-
cuits could not work at the minimum frequency of S0KHz,
for the SIG and TISTs designs. Given the larger transistor
count, the hysteresis effect, and the number of paths from
source to ground, it is expected an ascending increase in en-
ergy consumption from the inverter, SIG, 6T ST, and TIST
designs.

Isolating each variable, the impact of each extra fin starts
from a maximum of 145.75% energy consumption increase
from 1 to 2 fins to 18.70% from 4 to 5 fins, with diminishing
energy increases alongside the number of fins. The higher
energy consumption increase at a lower number of fins is
due to the higher relative increase in transistor area, given
that from 1 to 2 fins, the area is doubled, while from 4 to 5
fins the area increases by 25%, with the SIG presenting the
lowest increase overall.

Considering each level of variability, on average, there
was a maximum energy increase of 576.60%. Fig. 7 shows
the energy increase resulting from the long switching time
due to the frequency reduction of circuits to operate at low
voltages and large WFF. As shown in Fig. 7, in all cases, it
can be observed a descending increase in energy consump-
tion except when increasing the WFF Level from 4% to 5%.
Those measures do not consider the supply voltage interval
from 0.1 V to 0.2 V since, operating at those voltages, the
circuits did not present expected behavior at specific WFF
levels. In this analysis, it is possible to observe an unex-
pected behavior of the TIST 3:1 for 3% and 4% of WFFE.
One possible reason for this behavior is related to the drastic
increase in the number of times the circuit fails to operate at
minimum frequency and the fact that we are not removing
the outliers values found from the Monte Carlo simulations,
to show how process variability can impact severely the cir-
cuit operations in specific conditions.

The impact of supply voltage on energy consumption is
shown at Fig. 8. Highlighted in blue, for the inverter, 6T
ST, and SIG, and in red, for the TIST 2:1 and 3:1, respec-
tively, are the clusters of scenarios operating at the minimum
frequency due to the increasing variability impact as supply
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Fig. 8 Energy measures in function of the supply voltage for each design.

voltage decreases. As shown, there are up to 2-order of mag-
nitude increases due to the decrease of supply voltage, re-
vealing sub-300 mV supply voltage operations to be highly
susceptible to the variability effects, while the TIST remains
at low-frequency operation due to its higher incidence of er-
rors at near and below-threshold operation. This happens due
to its exaggerated hysteresis interval, which locks its output
signal, making it unable to charge or discharge.

Depending on the focus of the application, there could be
several kinds of objectives. Overall, for low energy con-
sumption applications, the focus should be on the circuit de-
sign directives to achieve circuits with the minimum possible
energy consumption. Much of these directives aim to de-
crease currents, like the increase of the transistor’s channel
length and the decrease of supply voltages. Although, such
techniques will further decrease the circuit robustness to the
effects of variability and radiation.

Given so, trying to achieve a balance between given appli-
cations, three types of analysis were performed, where the
most appropriate subset of characteristics involving transis-
tor sizing and supply voltage for each level of process vari-
ability is identified for the 1) lowest energy consumption, 2)
highest robustness to the effects of process variability and
3) the most Cost-Benefit (CB). The lowest energy layout is
identified through the energy measures - the product of the
supply rail drained current through the simulation and the
supply voltage. The higher robustness layout is identified by
the lowest normalized standard deviation concerning energy
consumption, and the CB layout is identified by the lowest
value considering the product between the energy consump-
tion and normalized standard deviation (EDP - Energy De-
viation Product). The results are shown in Table III. Some
results will show more than one appropriate layout/supply
voltage to provide flexibility, considering values up to 5%
higher than the minimum considered value.

When isolating the influence of the number of fins and
supply voltage over the frequency behavior over variability,
it can be observed in Table III clear advantages for fin count
above 1 fin and supply voltages above 0.3 V. From 1 fin to 2
fins it was observed an increase of 10.62% over frequency re-
tention. However, above 2 fins, the increase on retention for
each extra fin kept steady at 0.77%. For the supply voltage,
each 0.1 V increase from 0.1 V to 0.3 V increased the fre-
quency retention by 3.66%, while each 0.1 V increase from
0.3 V to 0.7 V improved the frequency retention by 13.79%,
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Table III.: Recommended layout and supply voltage for each design and
variability level.

Minimum Energy Highest Robustness CB

Design | WFF Supply (V) | #Fins | Supply (V) #Fins Supply (V) | #Fins
1% 0.1 lor2 0.7 1 0.7 1
2% 0.1 1 0.3 4or5 0.2 2t04
INV 3% 0.2 1 0.3 5 0.3 3t05
4% 0.3 lor2 0.4 5 0.4 5
5% 0.3 1 0.4 1 0.4 1
1% 0.1 1 0.7 5 0.7 1
2% 0.2 1 0.7 5 0.7 1
6T ST 3% 0.2 1 0.7 4or5 0.3 1
4% 0.3 1 0.4 2 0.4 lor2
5% 04 1 0.5 2to05 0.5 lor2
1% 0.1 1 0.7 2 0.7 1
2% 0.2 1 0.3 3or4 0.7 1
SIG 3% 0.2 1 0.3 3 0.3 1
4% 0.3 1 0.4 3 0.4 2or3
5% 0.4 1 0.5 20r3 0.5 2
1% 0.1 2FIF 0.7 4F2F 0.7 2F1F
2% 0.1 2FIF 0.6 4F2F 0.6 2FIF
TIST 2:1 3% 0.7 2FIF 0.6 2FIF 0.6 2F1F
4% 0.7 2FIF 0.7 4F2F 0.7 2FIF
5% 0.7 2FIF 0.7 6F3F 0.7 2F1F
1% 0.1 3FIF 0.7 6F2F 0.7 3F1F
2% 0.1 3FIF 0.7 6F2F or 3F1F 0.7 3FIF
TIST 3:1 | 3% 0.70r0.6 | 3FIF | 0.60r0.7 | 6F2F or 3FIF 0.7 3FIF
4% 0.70r0.6 | 3FIF 0.6 6F2F 0.6 3FIF
5% 0.70r0.6 | 3FIF 0.6 3FIF 0.6 3FIF

on average. Given so, if performance is a priority, the num-
ber of fins should be kept above 2, and if trying to improve
robustness, the increase of supply voltage from 0.1 V to 0.3
V will not provide considerable gains.

It is possible to identify patterns concerning the minimum
energy and highest robustness layouts. As a general rule, the
minimum energy layouts will contain only a few fins, if not
only one, and lower supply voltages. Both low values aim to
lower currents and increase resistance, therefore decreasing
energy consumption. As variability rises, the supply voltage
rises as well. That is due to the lower frequencies applied in
those scenarios and the consequent increase in propagation
times, given that energy is the by-product of power and time.
A higher supply voltage will decrease propagation times, fol-
lowed by a decrease in energy consumption. The TIST de-
signs present a steep increase in supply voltage, from 0.1 V
to 0.6 V/0.7 V, due to the lack of possible mid-term (0.2 V to
0.5 V) viable scenarios.

The robust layouts present a shift in supply voltage. At
low variability scenarios (1% to 3%), the nominal supply
voltage will persist at a nominal value (0.7 V). As the vari-
ability level rises, the supply voltage will abruptly fall into
the near-threshold region (0.3 V to 0.4 V) and increase as
the variability level increases. For the CB layouts, what
can be observed is the adoption of supply voltages similar
to the high robustness layouts, with earlier adoption of near-
threshold supply voltages, as variability rises, and the adop-
tion of a fin count similar to the low energy layouts, although
slightly higher.

Considering the averages, for the low energy layouts, the
inverter presented the lowest energy consumption, followed
by the SIG (34.61% higher), 6T ST (68.32% higher), TIST
3:1 (358.84% higher), and TIST 2:1 (487% higher), respec-
tively. The TIST layouts showed the highest robustness, with
the 2:1 variants presenting a 22.93% average energy devia-
tion and the 3:1 variants showing a minor increase with its
23.62% average energy deviation. Following the TIST lay-
outs, the 6T ST, SIG, and inverter present a 29.34%, 33.25%,
and 51.55% energy deviation, respectively. However, the in-

verter presents the highest energy deviation, mainly due to
its spike on deviation at 5% WFF.

The energy consumption difference between designs fol-
lows the same behavior for the high robustness spectrum, al-
though with much broader differences. Compared to the in-
verter energy consumption, each design presented an average
increase of 43.52%, 263.24%, 382.12%, and 555.21%, for
the SIG, 6T ST, TIST 3:1, and TIST 2:1, respectively. The
deviation metrics presented a similar behavior, although the
6T ST presented the highest deviations. The TIST designs
presented the lowest deviations with 3.56%, and 5.55% for
the TIST 2:1, and 3:1, respectively. The SIG, inverter, and
6T ST, presented 6.23%, 6.93%, and 7.81% deviations. In
this case, the inverter is a strong candidate, with the lowest
energy consumption and acceptable robustness.

Lastly, for the CB layouts, the energy consumption scal-
ing through the designs follows the same pattern, although
with smaller differences. Compared to the inverter, the SIG,
6T ST, TIST 3:1, and TIST 2:1 presented average increases
of 18.84%, 47.74%, 281.85%, and 379.60%. The TIST de-
signs presented the lowest deviations with 4.07% and 5.80%
for the 2:1 and 3:1 proportions, respectively. The SIG, in-
verter, and 6T ST, presented respectively, 6.72%, 7.05%, and
8.74% deviations on energy. In this case, the SIG presents a
higher energy consumption and a much bigger layout; it only
provides a minor improvement over deviations (4.91%, rel-
ative to the inverter). The 6T ST presented higher energy
and a more significant area, with an increase in deviations
(1.69%, absolute and 23.97% relative increases, compared
to the inverter), although it still presents hysteresis. The
TIST designs consume considerably more energy, with less
deviation (although, as stated before, those numbers are de-
flated), more significant layout area, and less viable scenar-
ios to work with it.

It is shown that the CB layouts present similar energy de-
viations in comparison to the high robustness layouts while
maintaining a lower energy consumption, for the 6T ST and
SIG, except for the inverter. The inverter presents a high
deviation for its minimum energy layout at 5% WFF (1 fin
layout with a supply voltage of 0.3 V). Although, with a lit-
tle increase in supply voltage, from 0.3 V to 0.4 V, match-
ing the CB layout, the inverter presents an 8.95% increase
on energy consumption while decreasing its energy devia-
tion by 93.49%. The 6T ST presented similar results at 3%
WFF where a 0.1 V increase, from 0.2 V to 0.3 V of supply
voltage, provided a reduction of 85.01% in energy deviations
while increasing the energy consumption by 7.86%. For the
SIG, at 3% WFF as well, it was possible to decrease the de-
viation by 90.88% while increasing the energy consumption
by 22.09%, with the same supply voltage increase performed
for the 6T ST.

At the same time, it is essential to analyze the drawbacks
of a CB approach. The CB layouts for inverter and TIST lay-
outs presented higher increases in energy consumption than
the 6T ST and SIG designs. The higher average increase is
directly related to the shift of a supply voltage from 0.1 V
to 0.7 V, at 1% WEFF. The inverter’s supply voltage switch is
due to the considerable decrease in energy deviation (from
25.83% to 5.04%) of 5.12x, while the energy consumption
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Table I'V. Noise Margins for each design as supply voltage scales.
Supply Voltage (V)
NM (V) 0.1 0.2 0.3 0.4 0.5 0.6 0.7
NM; |0.025|0.074 | 0.122 | 0.171 | 0.217 | 0.253 | 0.277
INV NMpy | 0.025 | 0.073 | 0.121 | 0.169 | 0.216 | 0.259 | 0.299
Avg. 0.025 | 0.073 | 0.122 | 0.170 | 0.216 | 0.256 | 0.288
NMj, |0.025 | 0.074 | 0.122 | 0.171 | 0.217 | 0.253 | 0.277
SIG NMyg | 0.025 | 0.073 | 0.121 | 0.169 | 0.216 | 0.259 | 0.299
Avg. 0.025 | 0.073 | 0.122 | 0.170 | 0.216 | 0.256 | 0.288
NM;y, |0.036 | 0.111 | 0.178 | 0.244 | 0.310 | 0.376 | 0.440

Design

6T ST NMpy | 0.036 | 0.077 | 0.111 | 0.144 | 0.178 | 0.213 | 0.248
Avg. 0.036 | 0.094 | 0.144 | 0.194 | 0.244 | 0.294 | 0.344

NMp |0.061 | 0.161 | 0.245 | 0.292 | 0.319 | 0.337 | 0.359

TIST2:1 | NMy | 0.014 | 0.007 | 0.010 | 0.038 | 0.079 | 0.131 | 0.189
Avg. 0.037 | 0.084 | 0.128 | 0.165 | 0.199 | 0.234 | 0.274

NM; |0.051 | 0.150 | 0.233 | 0.277 | 0.300 | 0.314 | 0.341

TIST 3:1 | NMyg | 0.022 | 0.017 | 0.022 | 0.056 | 0.108 | 0.173 | 0.235

Avg. 0.036 | 0.084 | 0.128 | 0.167 | 0.204 | 0.244 | 0.288

increased 3.60x. For the TIST, the higher energy increases
are related to the lack of working scenarios at near-threshold
and the sudden increase in supply voltage, similar to the in-
verter. When observing the increases in energy deviations
comparing the CB and high robustness layouts, the CB lay-
outs can bring up to a 32% increase in energy deviations,
although causing a 79% decrease in energy consumption,
highlighting the differences between applications.

C. Noise Margins

The noise margin of a circuit should be as high as possible
to provide more noise tolerance. The noise is defined by any
extraneous voltage amplitude added to the signal in consid-
eration. The circuit noise tolerance is defined by the circuit’s
ability to receive this extraneous voltage amplitude summed
with the noise-free signal without causing it output voltage to
deviate from the allowable logic voltage level. In this case,
the noise margins were measured considering each design
VTCs at different supply voltage levels. This characteristic
becomes increasingly critical for low consumption devices,
as supply voltage decreases and noise amplitudes, which ac-
counted for only a fraction of the device supply voltage, can
now be comparable to the total value of the supply voltage.

The evaluation of the noise margins is shown in Table IV.
The inverter and SIG presented identical margins. The TIST
designs presented higher margins than the inverter and SIG at
sub-threshold levels. The 6T ST presented higher noise mar-
gins overall. In comparison to the inverter, SIG, and TIST
3:1 - which presented the same average margin of 0.164V -
the TIST 2:1 presented 2.60% lower noise margins, while the
6T ST showed 17.50% higher margins. The 6T ST presents
the most significant differences at low supply voltages, with
41.91% and 28.23% higher margins at 0.1 V and 0.2 V, re-
spectively, comparing to the inverter. It is crucial to clarify
that the respective N My, and N My appear to be asymmet-
rical in some cases due to the hysteresis characteristic, which
displaces the VTC curve to the right when the input is tran-
sitioning from low to high and vice-versa.

D. Output Gains and Slopes

The output gain and slopes will determine how much and
how fast the output will change and respond to changes in
the input. The gain will measure how much more the output
will change its value than a small change in the input. The
slopes will determine how fast the output takes to change its

4500
4000 .
3500 -~
3000

> 2500 e

S 2000 o
1500 -

1000 7~
500

0.1 0.2 0.3
Supply Voltage (V)

——INV ST SIG TIST2:1 —= -TIST 31

Fig. 9 Output gain value across voltage scaling.

\oltage Transfer Curve Slope

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Supply Voltage (V)
——|NV ST SIG TIST2:1 —=TIST 3:1

Fig. 10: Voltage Transfer Curve slopes through supply voltage scaling for
each design.

value. A circuit can present a high gain, which means that at
a specific point in the VTC curve, a small change in the input
value is changing the output value drastically. Although, it
can present low slope values as well, which means that the
time the output takes to change its value is relatively high.
In an ideal scenario, the circuit should show both high gains
and slopes, making the output change as fast as possible, ap-
proaching its output signal to an ideal square signal.

It was considered the output gain values for each design,
as shown in Fig. 9. These measures present the most broader
difference across all designs. The TIST and 6T ST de-
signs presented, on average, values up to 8300.60%, and
1246.50% higher, respectively, in comparison to the inverter
and SIG designs, which presented the same gains. Further-
more, the curve slope measures are shown in Fig. 10, where
lower slopes can be observed for the TIST, SIG, and inverter
designs compared to the 6T ST. The 6T ST and TIST de-
signs presented 126.24% and 9.43% higher average slopes,
respectively, compared to the inverter and SIG designs that
showed identical measures.

E. Hysteresis

For the designs that present it through circuit-level meth-
ods, the hysteresis characteristic will improve the circuit
noise margins through the insertion of upper and lower
threshold voltages. The hysteresis does not improve the
noise margins through enhancing the signal - by making it
closer to an ideal square signal - although, through the two
threshold voltages, it will make necessary higher noise am-



10 MORAES et al.: Behavior Through Process Variability on FinFET Inverter Designs.

25% 5% S
40% B
o 20% ———— e _ 3% 2
g T 0% 3
z 15% 25% 2
§ N 20% 1S
z2 0% e — 15% S
5% 10% -2
]
0% % 2
1% 2% 3% 4% 5% T

WEFF Level

ST mmTIST 2:1 mmTIST 3:1 —=- ST - TIST 2:1 TIST 3:1

Fig. 11: Design hysteresis ratio comparison (left, doted lines) and hysteresis
ratio normalized deviation (right, bars), across variability scaling.

plitude to kickoff the value change of the output signal.

The hysteresis ratios averages across all considered supply
voltages for all designs, which present hysteresis, are shown
in Fig. 11. The hysteresis ratio is the ratio between the hys-
teresis interval (V) and the supply voltage (V), which will re-
sult in a percentage of the current supply voltage. Given so,
the TIST designs presented higher average ratios of 18.92%
and 15.95% for the 2:1 and 3:1 designs, respectively, with
the 6T ST presenting an average ratio of 8.62%. It is impor-
tant to highlight the ratio losses as well, the TIST designs
presented ratio decreases up to 14.68%, and the 6T ST pre-
sented a better response with a 5.68% decrease.

The average hysteresis ratio deviations for each design
were 23.44%, 24.83%, and 27.30% for the 6T ST, TIST 2:1,
and TIST 3:1. The hysteresis average ratio deviation mea-
sures did not present considerable differences between de-
signs, although, at high variability scenarios (5% WFF) the
6T ST presented 16.79% and 21.40% lower deviations, in
comparison to the TIST 2:1 and TIST 3:1, respectively.

VI. FULL ADDERS

The results are divided into two primary analyses, with
the set of FAs operating at nominal and near-threshold. In
both cases, simulations were performed with and without the
ST technique. To better present the improvements (positive
values) and drawbacks (negative values) of each ST, it also
shows a comparison (A) between the normalized deviation
between the traditional and the circuits with the applied tech-
nique. For the sake of simplicity, the LPST and traditional
6T ST were renamed ST1 and ST2, respectively.

Table V. Delay measures for nominal voltage operation
Delays

FA ST SUM CARRY OUT

wps) o(ps)  ol(%)  A(%)  pps) ops) olu(%)  A(%)

- 22.83 482 21.11 - 22.60 4.39 19.44 -
Mirror ST1 2738 575 20.98 0.6 2531 479 18.94 2.59
ST2 4228 857 20.28 3.93 4148  7.96 19.19 1.26

- 20.76 551 26.54 - 19.75  4.70 23.82 -
TFA ST1 2424 643 26.52 0.09 22,50 551 24.50 -2.87
ST2 4236 76.87 181.49 -583.82 2691 6.86 25.48 -6.97

A. Nominal Operation

The results concerning propagation times at nominal lev-
els are shown in Table V. The propagation times deviation re-
mains almost the same for ST1 the TFA and TGA due to the
pass-transistor logic and low transistor number of the ST1.
Although, for the ST2 variants it can be noted a huge in-
crease in not only deviation but absolute values as well. The
only exceptions are the Hybrid, which presented higher de-
viation increases both for ST1 and ST2 designs, and the Mir-
ror FA presenting minor improvements given its mirroring-
based logic with many paths to source and ground.

For the energy results, it was observed considerable im-
provement over robustness in the Mirror, TFA, and TGA,
as shown in Table VI, despite the increase on the mean en-
ergy measured. There was a considerable worsening over
the Hybrid energy robustness. It is mainly due to its num-
ber of transistors, comparable to the Mirror FA, but it is not
entirely based on complementary logic, and the four inter-
nal inverters replaced, further increasing its area and signal
degradation. Overall, for designers that prioritize energy reg-
ularity, the adoption of ST based approaches can reduce the
impact of process variability on energy consumption. The
traditional TFA presented the best performance and, by far,
the lowest energy consumption and energy normalized devi-
ation at nominal operation. However, it presented the highest
delay deviations.

B.  Near-Threshold Operation

At near-threshold operation, observing mean and standard
deviation, the traditional Mirror is the best alternative con-
sidering delay, and the TFA presents a low power solution
with considerable energy reduction and low standard devi-
ation. However, considering process variability, during the
operation at reduced voltage, slopes and voltage gains are
decreased. Given so, the designs make full use of the STs’
better signal characteristics, as shown in Table VII. It can be
observed a superior robustness improvement with the ST2,
given its smaller area, and consequently, lower signal degra-
dation. In the case of the TFA it seems that due to its few
paths to source and ground, the higher parasitic capacitance
and resistance present in ST2 brings higher deviation, with
the ST1 presenting better results.

For the energy results, shown in Table VIII, ST1 showed
superior robustness improvement for the TFA and TGA,
which can be explained by their pass-transistor-based logic
the ST1 smaller parasitics, in comparison to the Mirror and
Hybrid FAs, which showed no improvement whatsoever.

Table VI. Energy measures for nominal voltage operation
Energy

FA ST SUM CARRY OUT
pd)) o)) ol(%) A(%) p@)) o)) ofi(%) A(%)
- 19.30  3.55 18.39 - 2730 3.99 14.62 -
Mirror STI 26.80 4.85 18.10 1.61 3720 554 14.89 -1.90
ST2 36.50 5.50 15.07 18.08 50.80 6.54 12.87 11.91
- 497 127 25.57 - 515 072 13.90 -
TFA STI 1090 1.46 13.35 4778 10.80 0.98 9.09 34.60
ST2 17.00 2.02 11.91 5342 1530 202 13.23 4.82

- 21.56 430 19.92 - 2296 4.70 20.47 -
TGA ST1 2532 536 21.18 -6.31 2639 541 20.51 -0.16
ST2 97.92 210.62 21510 -979.55 32.80 7.85 23.92 -16.84

- 14.10  3.81 27.00 - 1570 444 28.28 -
TGA STI 2490 6.33 25.42 5.84 2640 421 15.94 43.62
ST2 3240 749 23.12 1434 37.60 735 19.55 30.85

- 24.02 531 22.10 - 23.58 4.89 20.73 -
Hybrid ST1 60.96 64.91 10648 -381.86 42.07 21.84 5191 -150.45
ST2 69.68 40.87 58.65 -16540 72.05 2581 3582 -72.81

- 1930  4.10 21.24 - 26.30  4.55 17.29 -
Hybrid STI 7250 37.95 5234 -146.42 9460 4821 5096 -194.67
ST2 7320 21.25 29.03 -36.66 9520 19.89  20.89 -20.82
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Table VII. Delay measures for near-threshold operation

Table VIIL. Energy measures for near-threshold operation

Delays Energy
FA ST SUM CARRY OUT FA ST SUM CARRY OUT
wps)  o(ps) /(%) A(%) ups)  o(ps)  olu(%) A(%) u@®)) o)) o/uw(%) A(%) wpd)) o)) o/w(%) A(%)
10349  63.18  61.04 - 91.62 5541 6048 10.10 3.04  30.10 1410 253 1794

Mirror  ST1 11998  67.63 56.37 7.66 11550  73.68 63.80 -5.48
ST2 15558 67.03 43.08 29.43 15350  68.89 44.88 25.79
- 122.48 11746 95.90 - 111.64 18641 166.97 -
TFA ST1 14218 146.61 103.12 -7.53 118.26 194.03 164.07 1.74
ST2 21593 22226 10294 -7.34 16548 335.16 202.53 -21.30
- 13043 109.19  83.71 - 114.78 130.53 113.73 -
TGA ST1 12299 98.03 79.70 479 12898 101.51  78.70 30.80
ST2 187.84 125.13  66.61 2043 16406 109.19  66.56 41.48
- 11590  83.02 71.63 - 111.92  82.45 73.67 -
Hybrid ST1 187.36 143.80  76.75 -7.15  116.02  71.26 61.42 16.63
ST2 207.00 168.04 81.18 -13.33 167.50 66.72 39.83 45.93

The Mirror FA showed the lowest means and normalized
deviations for the delay results, which is expected, given it
is not based on pass-transistor logic, having better driving
capabilities. TFA showed the lowest mean for the energy
measures due to its pass-transistor logic and lower number
of transistors. Although, the TFA presented the highest delay
normalized deviations. Overall, the TGA showed the lowest
normalized deviations in energy and the highest robustness
gains concerning delay and energy measures.

C. Penalties

Since it is considered a technique with a single inverter
(2 transistors) by ST1/ST2 (4/6 transistors), it is expected
penalties concerning delay, energy, and area metrics. For the
delays, it was observed an average 30% and 97% increase for
the ST1 and ST2, respectively. Additionally, for the energy,
there was a 123% and 176% average increase for the ST1
and ST2, respectively.

Concerning area penalties, the ST1 increased the FAs area
by 157.71%, on average, while the ST2 area increased by
52.20%. The ST1 higher increase in area is due to the ne-
cessity to use TAP-Cells, which is a technology restriction,
to explicitly connect the transistor’s bulk to specific points
of the circuit or source/ground, making the ST1 cell more
prominent than expected. The ST2 does not apply specific
bulk connections, although it was necessary to use METAL3
for cell routing, increasing parasitic capacitance and resis-
tance.

Considering all scenarios, there can be observed no delay
robustness improvement at nominal operation with the ST1
and ST2 showing, on average, 67.30% and 227.32% worsen-
ing on delay robustness, respectively. For energy robustness,
at nominal operation, the ST2 presented a considerable av-
erage improvement of 9.49% while the ST1 showed an aver-
age worsening of 26.19%. For near-threshold operation, ST1
and ST2 showed 5.18% and 15.14% higher delay robustness.
For energy robustness, the ST1 and ST2 presented an aver-
age 7.82% and 6.22% robustness worsening. It is important
to highlight that those results are averages and do not fully
represent each circuit’s improvement/worsening due to the
technique.

VII. CONCLUSIONS

This work presented an evaluation considering the usage
of robustness enhancing circuits on specific circuits (FAs)
and the study of such circuits at different sizings, deviations,
and supply voltages. An analysis was performed consider-
ing three designs: 6T ST, SIG, and TIST, with the traditional

Mirror ST1 1390 4.05 29.14 320 18.60 425 22.85 -27.34
ST2 1840 4.34 23.59 21.64 2530 5.73 22.65 -26.22
- 262 0.83 31.49 - 271 037 13.50 -
TFA ST1 5.67 1.34 23.63 2495 569 0.63 11.02 18.40
ST2 9.69 2.1 21.75 3093 880 259 2939  -117.65
- 6.87 1.56 22.67 - 8.11 2.90 35.71 -
TGA ST1 1290 2.37 18.39 18.88 1350 1.86 13.77 61.43
ST2 16.10 3.09 19.19 1534 17.30 2.57 14.88 58.35
- 9.66 3.09 31.99 - 1280 3.17 24.80 -
Hybrid ST1 36.40 1794 4927 -54.04 4580 23.63 5159 -108.07
ST2 3540 1272 3594 -12.37 46.60 13.84 29.70 -19.77

inverter as a comparative perspective. This analysis’s main
objective was to show the viability of the replacement of the
traditional inverter with the other considered inverter designs
for robustness improvement upon the effects of process vari-
ability in 7nm FinFET.

The CMOS inverter presented high performance, low en-
ergy consumption, and small area while maintaining accept-
able robustness, being recommended for high performance
and low-noise applications. In parallel, the 6T ST presented
a considerable higher gain and higher noise margins, ap-
propriate for high-noise applications. The SIG showed no
clear advantage in any one of the analyses, which is believed
to be related to the transistor sizing method applied in this
work. Lastly, the TIST presented the highest hysteresis ra-
tios and output gains while presenting appropriate measures
for slopes and noise margins at the lowest supply voltage of
0.1 V, while also presenting a smaller layout area than the
6T ST and SIG, respectively, showing a promising subject
for future works.

This work also explores a method that consists of replac-
ing regular internal inverters with ST inverters to increase
the circuit’s noise-immunity. Considering a traditional de-
sign with concern about power, timing and area, the Mir-
ror Full adder without the ST still is a good choice, with
the TFA particularly presenting good outcomes concerning
energy consumption. However, process variability robust-
ness should also be added as one of the main metrics to be
evaluated when choosing an adequate circuit. The ST tech-
nique presents better improvements in near-threshold oper-
ation due to the higher variability impact present in such
supply voltage. The circuit’s type of logic that is used also
determines the technique robustness improvement. Pass-
transistor based FAs presents better results at NT voltage
given the lack of paths to supply and ground to restore its
signals. On average, the ST2 presented better results for
energy robustness at near-threshold and nominal operations.
The technique presents considerable metric and area penal-
ties. Given so, a trade-off analysis should be made according
to the purpose of the circuit.

At last, it is essential to stress the weak points of this anal-
ysis due to model limitations. If compared to related works,
authors tend to tune the transistors gate length to suppress
leakage currents. Although, the ASAP7 FinFET model does
not permit gate lengths to be any different from 20nm. To
take advantage of gate tuning, the simulations would fall into
electrical simulations without layouts being taken into ac-
count. As future work, further analysis considering a more
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comprehensive range of circuits will be performed in con-
junction with different technology nodes. Also it is interest-
ing to trace a trade-off of robustness by area/power, and to
provide a comparative evaluation measuring the robustness
given a fixed area/power.
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