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A B S T R A C T

There are various circuits for extracting threshold voltage ðVthÞ of CMOS transistors. In this work, we have
introduced an energy-efficient threshold voltage extractor with high precision and extended long-term variations.
Considering fabrication prohibits, a switched capacitor (SC) has been used instead of a high resistive poly resistor.
In order to reduce the power consumption of the Vth extractor, the circuit operates in the burst-mode (energy-
efficient). Also, to reduce the glitches in the structure of the SC, a 3rd-order low-pass filter and a replica branch
are used. Furthermore, the flipped voltage follower (FVF) structure extends threshold voltage variations over time
to measure Vth aging via reasonable resolution data converters. The circuit has been evaluated using 65nm
standard CMOS model. The range of Vth variations over 180 months is between 239:4mV and 278:9mV , which is
equivalent to a 16.5% change. The power consumption of the entire circuit is less than 11 nW . This circuit is a
good candidate to function as a benchmark for the efficiency of high-reliability circuits and aging sensors.
1. Introduction

MOS transistor’s threshold voltage is a fundamental parameter in
circuit design and evaluation [1]. Threshold voltage plays a role in
voltage references, temperature measurement, PVT sensors, and more
[2]. Therefore, there are many design challenges for threshold voltage
extraction. Focusing on Vth extraction can be beneficial, but it also faces
problems like Vth changing over a long-time that could fail integrated
circuits and cause reliability issues. Hence, the designers must be assured
of the proper functioning of the Vth extractor over its useful lifetime. Then
we would be able to use this Vth extractor as a reliability criterion and an
aging sensor.

Classic bathtub shape failure rate diagram with focus on arising
reliability issues due to threshold voltage variations is illustrated in
Fig. 1. As shown in Fig. 1, the failure rate has a time-dependent pattern. It
shows that after decreasing early hazard failure rate (infancy), it stays at
its minimum level (useful life), and as it gets close to the end, it will rise
again (wear out). Furthermore, process, supply voltage, and temperature
(PVT) variations significantly affect the failure rate. So if a designed
circuit is relatively insensitive to PVT variations, its failure rate will
decrease.

Early infant mortality, includes primary failure caused by issues,
including material defect, poor-quality controls, and damaged or missing
parts in the assembly and so on. In the next period, the failure rate stays at
a constant level, which is also known as the random failure rate. The
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sudden growth of working pressure beyond design tolerance like tem-
perature fluctuations and overloading creates these random failures. The
failure rate is increased in the last period because of fatigue [3].

The failure rate at time of T1 which is illustrated as ðT1; F1Þ in Fig. 1 is
important for the manufacturer because it is directly related to the cost of
the manufacturing process. From ðT2; F2Þ, the product is in consumer’s
hands to be utilized, but the final wear out stage will be started at a
statistical estimated time of ðT4; F4Þ. The starting point of the wear out
stage is in the interval between ðT3;F3Þ, and ðT5; F5Þ and depends on the
working conditions. In failure prediction, it is common to use a normal
distribution for the wear out starting point, as shown in Fig. 1. Thus, it is
most likely to be about ðT4; F4Þ [4,5].

Vth variation over time is one of the most critical consequences of
integrated circuit fatigue. As the chip lifetime approaches the wear out,
the threshold voltage rises to an inappropriate range. Reaching wear out
stage increases the possibility of circuit failure [3]. Therefore, Vth var-
iations can be used to calculate the remaining useful time by estimating
the remaining time to reach the wear out period. So Vth variations also
can be used as an alarm for increasing system failure possibility [2].

In this work, a threshold voltage extractor (TVE) circuit is designed to
measure these variations. Due to fabrication prohibits, such as circuit
area and complex well-in-well processes, a switched capacitor (SC) has
been used instead of a high resistive poly resistor. It also operates in
burst-mode, which significantly reduced power consumption. Moreover,
the resulting glitches are reduced by a 3rd-order low-pass filter.
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Fig. 1. Classic bathtub shape failure rate over time [3] with conceptual prob-
able distribution functions of fatigue (failure point).
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Furthermore, to measure Vth aging via reasonable resolution data con-
verters, the flipped voltage follower (FVF) structure is used.

Section 2 explores the basics of threshold voltage and some Vth

extraction techniques. In Section 3, the proposed Vth extractor is pre-
sented along with an evaluation of the various parts of the proposed
circuit and the analysis to derive the equations. In Section 4, the simu-
lation results of the proposed circuit and its comparison versus some
other Vth extractors are presented. Finally, the conclusion is given in
Section 5.

2. Threshold voltage

2.1. Threshold voltage basics

Cross-section views of conventional MOSFET, Tunnel FET (TFET) and
FinFET are illustrated in Fig. 2 parts (a), (b) and (c) respectively. In
MOSFET and TFET, there are barrier potentials due to the physical
structure of the transistors, called the threshold voltage. This potential
must be overcome to turn on the transistor. The absolute value of this
Fig. 2. Transistor’s cross-section view
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inherent threshold voltage (Vth0) depends on the manufacturing process.
In the following, these structures are evaluated [6].

The turning-on phenomenon of a MOS transistor is a gradual function
of the gate voltage. So it’s difficult to define the threshold voltage clearly.
The traditional concept of the threshold voltage is based on the potential
of the surface near the gate. Therefore, it cannot be used for undoped
body MOSFETs due to the absence of dopant atoms. According to the
different criteria used to measure the threshold voltage, the obtained
values depend on the conditions [6]. For doped MOSFETS, it can be
defined as a voltage, which, if applied to the boundary, divides the
substrate into equal portions of n-type and p-type. In this condition, the
simplest equation of the threshold voltage can be written as (1).

VTH ¼Φms þ 2ΦF �
Qdep

Cox
(1)

where Φms is the difference between the work function of polysilicon and
silicon substrate, Qdep is depletion region charge, and Cox is gate oxide
capacitance per unit area. Also, ΦF ¼ ðKT =qÞ lnðnsub =niÞ, where K is the
Boltzmann’s constant, T is temperature in Kelvin, q is the electron
charge, nsub is the density of impurities in the substrate, and ni is intrinsic
carrier concentration.

From (1), we know that the threshold voltage is a function of the total
charge in the depletion region because the gate charge must be of equal
magnitude but opposite polarity of Qd before forming the inverse region.
Therefore, when the voltage of the body drops and Qd increases, the
threshold voltage also increases. This phenomenon is called body effect.
The body effect can be considered in the threshold voltage equation as
(2).

VTH ¼VTH0 þ γ
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

j2ΦF þ VSBj
p

�
ffiffiffiffiffiffiffiffiffi
2ΦF

p �
: (2)

where VTH0 is obtained by (1) and γ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qεsinsub=Cox

p
is the indicative

factor of body effect, εsi is dielectric constant of silicon, and VSB is the
difference in source and body potential. The typical value of γ is between
0.3 and 0.4 [6].
(a) MOSFET (b) TFET (c) FinFET.



Fig. 3. Threshold and supply voltages of CMOS technologies [11].

Fig. 4. Threshold and supply voltages of FinFET technologies [12,22].
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2.2. Time dependence of threshold voltage

The threshold voltage of a MOSFET, in addition to the items of de-
pendencies in section 2.1, is also a function of time according to the in-
tegrated circuit aging mechanisms. These mechanisms include Hot-
Carrier-Injection (HCI) and Bias-Temperature-Instability (BTI) [7].

Effect of the former aging mechanism (HCI) is usually expressed as an
exponential equation of applied stress duration as (3), in which ΔVTH

represents the variation of the threshold voltage generated by HCI. nHCI is
typically about 0.5 [8].

ΔVth ¼AHCI tnHCI (3)

Despite the time-dependent effect of HCI on the threshold voltage,
there are also techniques to reduce the impact of this mechanism. For
example, reducing the supply voltage and using cascade topologies can
dramatically reduce the harmful effects of HCI. There are also methods
such as the discharge-method for HCI-healing. In this method, applying a
strong vertical electric field between the bulk and the gate of the tran-
sistor releases the majority of trapped carriers and neutralizes the gate
[9].

The latter aging mechanism is BTI, which results in an increase of
threshold voltage and a decrease of the current in the transistor with
degraded performance.

In general, there are two different types of negative and positive BTI
(NBTI, PBTI). NBTI occurs in pMOS transistors when a negative bias
voltage is applied. The effects of PBTI on properties of nMOS transistors
are the same order or larger than NBTI [10].

When a time-dependent stress voltage is applied, a strange feature of
this mechanism occurs. Right after vanishing of the stress, some parts of
the induced degradation voltage will be recovered and leave a permanent
degradation. The degradation caused by BTI can be modeled by the
combination of two permanent and recoverable components as (4).

ΔVth∝

2
64
exp α1VGStnp|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
Permanent Part

þ

Vα2
GSðCR þ nRlog10ðtÞÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Recoverable Part

3
75exp��Ea

KT

�
(4)

where ΔVth is a function of the oxide electric field ðEoxÞ and operating
temperature (T) [7]. Furthermore, α1 and α2 are technology-dependent
factors of the voltage, and Ea is the activation energy, {CR, nR, and nP}
are the time exponents for permanent and recoverable parts, VGS is the
gate-to-source voltage, and t is time [8].

Therefore, the permanent part of the BTI effect on the threshold
voltage can be used as a lifetime criterion of the device.

2.3. Technology node dependence of threshold voltage

The performance and reliability of electronic circuits depend on the
difference between supply and threshold voltage. Integrated circuit fea-
tures such as over-drive voltage, dynamic range, and noise margins are
related to this difference voltage. However, in down-scaling the transis-
tors, reducing the supply voltage is limited not only due to the threshold
voltage but also due to the design restrictions. Hence, it is essential to
have a clear insight into the power supply and threshold voltage differ-
ence in various technologies, which is discussed with more details in this
section.

Along with diminishing minimum feature size in CMOS technologies,
both the supply and threshold voltage have been decreasing, but the
threshold voltage drop rate is relatively less, which, in Fig. 3. Scaling the
dimensions of the transistor from 1400 nm to 15 nm reduces the supply
voltage from 5 V to 0.65 V while the threshold voltage has changed from
0.95 V to 0.25 V. As the supply voltage approaches Vth, we will encounter
limitations in the design of analog circuits [12,13].

By progressing in the down-scaling of transistors, for reasons such as
increasing the thermal density of the CMOS, replacement technologies
3

such as FinFET (Fig. 2(c)) are used. In these emerging technologies (i.e.,
FinFET), there will be a different definition for the threshold voltage. In
the three-dimensional structure of FinFET, the gate covers the fin-shaped
channel. This larger area coverage of channel in comparison with the
conventional MOSFET causes enhancement of the gate control and im-
proves the electrostatic nobility [14]. However, new technologies such as
TFETs are also presented (Fig. 2(b)), in which the energy required to
process each bit has been reduced dramatically. It allows the perpetua-
tion of the lifetime of CMOS technology by reducing the power density in
the progress of reducing the size of the technology.

The conventional inversion-region MOSFET barrier voltage is defined
mathematically using the surface charge, but in the TFET, because of
tunneling across the source junction, it cannot be explained simply by the
surface charge under the gate oxide. There are several ways to define the
threshold voltage; Some papers define Vth of a TFET as a characteristic of
the drain current [15,16]. In Refs. [17], the threshold voltage of the TFET
is defined as the gate voltage corresponding to the peak of Gm.

As an ensemble illustration of emerging technologies, Fig. 4 shows the
supply and threshold voltage variations of FinFET. As shown in Fig. 4,
with a decrease in the dimensions of the FinFET transistors from 80 nm to
20 nm, the supply voltage dropped from 1.1 V to 0.7 V while the
threshold voltage dropped from 214 mV to 180 mV. It means as di-
mensions of the transistors reduce, Vth changes are far less than the
supply voltage variations. In other words, due to the lessening of Vth

dynamic range in FinFET, it is easier to measure the threshold voltage
variations in the MOSFET. In this work, we focus on the MOSFET TVEs.

2.4. Threshold voltage extractors

By definition, the Vth extractor produces a physically measurable
quantity of voltage or current proportional to the threshold voltage of a
target transistor. These circuits have vast applications in transistor
characterization, circuit faults diagnosis, level shifting, thermometer, etc.
[18–21].

Fig. 5 shows the conceptual scheme of the TVE. The overall output
equation of this circuit is expected to be F ¼ f ðK1Vth þ K2Þ. The chip
power control unit can use threshold voltage data to adjust circuit



Fig. 5. Threshold voltage extractor as an embedded tag in SoC design.
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working conditions such as clock frequency or supply voltage.
TVEs usually utilize current sources for biasing the target transistor.

This transistor is typically considered in the same conditions as the hot
spot (e.g., highest operating frequency) of the circuit is in. Regardless of
the body effect for a transistor in the saturation region, Vth can be written
as (5).

Vth ¼Vgs �
ffiffiffiffiffiffiffi
2ID
K

r
(5)

where ID is drain current K ¼ μCoxW=L, μ is the carrier’s mobility factor,
and Cox is the gate’s oxide capacitor per unit area;W and L are width and
length of the transistor’s channel. Since the exact value of K usually is not
easily available, Vth cannot be straightly obtained by (5). For a MOSFET
in saturation with fixed ultra-low current (i.e., below 50 nA) by
increasing channel width, the over-drive approaches zero (Vth � Vgs). To
reduce the inaccuracy of this approximation, graphical or computational
methods like Match-Point (MP), Linear Extrapolation (LE) and Second-
Derivative (SD) can be used, at the cost of considerable calculations
[18,23].

In recent works of TVEs [18,24–28], both circuit and theory contri-
butions are present. In Refs. [24], three main methods for extracting the
threshold voltage called “Inverter with a diode-connected load (IWDCL),
” “Current mirror topology (CMT)” and “Dynamic source-follower (DSF)”
are introduced. In the former (IWDCL), two transistors are used. The load
transistor is diode-connected, as shown in Fig. 6(a).

As Vin increases (Fig. 6(a).), the current of N1 is increased, and output
voltage (VOUT) drops to zero. Furthermore, when Vin decreases, N1 is
turned off and output voltage changes according to (6).

Vout ¼VDD � Vth (6)

Despite the simplicity of this circuit, the output not only depends on
the supply voltage value but also its changes. The circuit diagram of CMT
Fig. 6. (a) Inverter with a diode-connected load TVE (b) Current mirror to-
pology TVE (c) Dynamic source-follower TVE [24].
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has been illustrated in Fig. 6(b). To obtain an accurate threshold voltage
using Fig. 6(b), the aspect ratio of the transistors must be in accordance
with conditions of (7).�
W
L

�
M1

¼
�
W
L

�
M2

¼
�
W
L

�
M3

¼ 4
�
W
L

�
M4

(7)

These conditions are required to match the threshold voltage for all
transistors. To equalize currents of M3 and M4, we also must have (8).

VDSAT4 ¼ 2VDSAT1;2;3 ¼ VDSAT (8)

If all transistors operate in the saturation region in the current mirror
circuit of Fig. 6(b), V1 can be obtained from (9).

V1 ¼ 2ðVDSAT þVthÞ (9)

Also, V3 in Fig. 6(b) can be obtained by (10).

V3 ¼V1 � VGS4 ¼ V1 � ð2VDSAT4 þVthÞ (10)

Therefore, V3 is the same as the threshold voltage, as shown in (11).

V3 ¼V1 � ð2VDSAT þVthÞ ¼ Vth (11)

One of the problems with this method is the influence of side effects
on the measured value. It would have been better if the output equation
(V3) was written in the form of a difference between two terms, this
would ensure that side effects will approximately neutralize each other.
In Ref. [25], a more stable circuit is designed by using the approach
mentioned above.

The DSF structure in Refs. [24] (Fig. 6(c)) uses a different design than
the introduced methods. In this scheme, using two non-overlapping
precise clocks, the circuit divides into two modes of sampling and
amplification. This structure, utilizes gate-source and gate-drain capaci-
tors, to measure the threshold voltage of the target transistor in terms of
differential voltage with the reference voltage. The sensitivity of this
design to the transistor’s internal capacitors (depend on the
manufacturing process), as well as the need for the precise simultaneous
switching of six transistors, are the weak points of this structure.

The circuit introduced in Ref. [26] operates as a precise and almost
temperature-independent sensor by appropriate selection of resistance
values. It consists of three stages: “main”, “the second-order temperature
compensator of the current source (SOTCCS)” and “an operational
amplifier”.

In the first stage, a current mirror with a specific aspect ratio is pro-
duced by a proportional to absolute temperature (PTAT) voltage source
and high resistive poly resistor. Therefore, by adjusting the values of
resistors in the main and SOTCCS, we can produce an almost indepen-
dent circuit from temperature.

Since the threshold voltage depends on temperature variations, the
circuit of [26] is specially designed to obtain Vth0 (i.e., zero-bias
threshold voltage) with emphasis on eliminating the effects of tempera-
ture variations at the cost of a larger area. If a TVE is designated to be
used as embedded tags in different locations of system-on-chip (SoC),
they must be placed with care in area constraints. Moreover, due to the
manufacturing constraints, we encounter limits in multiple instances of
poly resistors.

In [27], a temperature sensor is designed using the MOSFET TVE. It
uses equal currents made by a current mirror same as [26]. It consists of
three main blocks of “simple threshold voltage extractor”, “offset gen-
eration” and “current feedback”. The designed temperature sensor per-
forms by measurement of threshold voltage values and variations. For
this purpose, a single-transistor with a relatively small dimension has
been used to measure the current and voltage characteristics. These were
considered to prevent the effects of self-heating and the heat dissipation
between different devices and guarantees low-power consumption dur-
ing operation. Finally, the measured threshold voltage at zero tempera-
ture coefficient (ZTC) point, can be analyzed for various applications.



A.R. Kariman et al. Microelectronics Journal 104 (2020) 104862
In [28], a TVE circuit is designed to operate under a strong inversion
condition. By using the cascade structure to reduce the error, both Vthn

and Vthp are obtained. Fig. 7 shows the circuit of this structure where the
bulks ofM3 andM4 are connected to the ground, so the body effect of the
transistors must be encountered in the relationship. The effect of the
body bias on the threshold voltage of transistors M3 and M4 will be as
(12) and (13).

Vth3 ¼Vth3 0 þ γ
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

j2φF � VBS3j
p

�
ffiffiffiffiffiffiffiffiffiffiffi
j2φF j

p �
(12)

Vth4 ¼Vth4 0 þ γ
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

j2φF � VBS4j
p

�
ffiffiffiffiffiffiffiffiffiffiffi
j2φF j

p �
(13)

where Vth3 0 and Vth4 0 are the threshold voltages of M3 and M4

respectively, without body bias. According to the use of cascading cur-
rent mirrors, the currents of M1M2M3, and M4 will be the same.

Since VG1 ¼ VG2 ¼ VS3 and the currents of both branches are equal,
we have VS3 ¼ VS4. Hence Vth of these two transistors will be as (14).

Vth3 ¼Vth4 (14)

By using the square-law and assuming long channel effects, the gate
voltage of M3 and M4 can be obtained as (15) and (16) respectively.

VG3 ¼ VGS1 þ VGS3

¼

0
BB@Vth1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ID

μpCox

�
W1

L1

�vuuut
1
CCAþ

0
BBB@Vth3 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ID

μpCox

�
W3

L3

�vuuut
1
CCCA (15)

VGS4 ¼Vth4 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ID

μpCox

�
W4
L4

�vuuut (16)

Since VG3 ¼ VG4, then VS4 will be as (17).

VS4 ¼Vth1 þ
ffiffiffiffiffiffiffiffiffiffiffi
2ID
μpCox

s � ffiffiffiffiffiffi
L1

W1

r
þ

ffiffiffiffiffiffi
L3

W3

r
�

ffiffiffiffiffiffi
L4

W4

r 	
(17)

Now, with the proper design meeting
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L1=W1

p þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L3=W3

p �ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L4=W4

p ¼ 0, (17) will be simplified as (18).

VS4 ¼Vth1 (18)
Fig. 7. Input-free cascade nMOS TVE circuit [28].
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The main drawbacks of this design include transistors with high
aspect ratios (area) and its relatively high-power consumption due to
continuous mode operation.

In [25], simple conventional constant-current method is used. In
order to extract the saturation biased threshold voltage of the transistor,
the drain current should be measured versus the gate voltage. In this
situation, the drain usually should be connected to the gate to assure that
the transistor is in saturation. Usually, articles that use this method have
a relatively high-power consumption or have complex circuits due to
additional analog operational amplifiers. Fig. 8 shows the proposed cir-
cuit of [25] under low-voltage conditions using a feedback loop to have
the supply independent biasing.

In this circuit, the gate-source voltage of the target transistor is usu-
ally composed of two parts, the threshold, and the overdrive (OD)
voltage. If we apply the OD voltage to R2 in Fig. 8, the output voltage,
which is the drain voltage of T2, will be only the threshold voltage.

For this purpose, ðW=LÞT2
= ðW=LÞT1

¼ 2; so another identical nMOS
transistor has been used in parallel for T2. The transistors T4T5, and T6

are operating as the current mirrors, and their currents are proportional
to their aspect ratio. Furthermore T1T3T4, and T6 form a negative feed-
back loop to ensure a constant current through R1. By choosing the right
proportion between R1 and R2, it can be proven that the output voltage is
equal to the threshold voltage of the target nMOS transistor.

The main drawback of this design is the trivial selection of the critical
current where the threshold voltage is extracted. Also, to manufacture
the big resistors used in Ref. [25], it is required to use more sophisticated
manufacturing processes.

3. Proposed efficient threshold voltage extractor

3.1. Proposed circuit overview

Our proposed TVE is a circuit under low voltage conditions that uti-
lizes a feedback loop for supply-independent biasing. The method used to
design this circuit is the constant current approach. In this paper, we have
Fig. 8. Low voltage Vth extraction design using basic long-channel MOS-
FET [25].
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targeted to achieve an ultra-low-power and less sensitive to PVT design
without particular complexity in the manufacturing process.

Today’s TVE embedded tags are usually located in different parts of
the integrated circuit. Therefore, due to the replication of these tags in
integrated circuits, which are often connected to limited supplies, the low
area, and low-power constraints are the essential requirements of these
circuits [29]. Our proposed TVE circuit is a low-power circuit, which uses
switched capacitor and FVF structure instead of big resistors to reduce
the area of the circuit. Fig. 9(c) shows the basic diagram of our proposed
circuit. In this figure, the performances of various blocks are shown. As
shown in Fig. 9(c), the transistors P1, P2 and P3 operating as the current
mirror, and the currents in these branches are proportional to their aspect
ratio. Also, P1, P3, N1, and N2 create a negative feedback loop, so the
current of the SC’s equivalent resistance will be constant (if these cur-
rents change, negative feedback stabilizes the currents). Due to our ex-
periments, using two pairs of parallel nMOS transistors instead of N4 and
N8 have better impacts on circuit performance.

In order to ensure the accurate performance of this circuit, we need to
have a constant resistance between points A and B. However, the
implementation of a precise big resistor requires a complex
manufacturing process that allows using well-in-well for free access to
nMOS bulks. So, instead of using this cost-intensive method, we used
another alternative by implementing high-value resistors using SC and
FVF structures. It also benefits us at the near-zero temperature coeffi-
cient. In this way, the equivalent resistance between A and B can be
calculated as (21).

In a typical SC structure, as shown in Fig. 9(b), two inverting pulses
called Φ1 and Φ2 are required. However, since a short circuit occurs
between A and B in the case of an overlap between the two signals, non-
overlapping pulses are typically used. Fig. 9(a) shows the required circuit
for generating two non-overlapping clocks. Delay elements in Fig. 9(a),
can be composed of two serial inverters. If two different values are
selected for delay elements, T1 and T2 will be unequal. Due to our ex-
periments, the simulation of the proposed circuit would have better re-
sults if the T1 is slightly smaller than the T2. The charge absorbed in Φ1

from A is QA ¼ CVA and in Φ2 from B is QB ¼ CVB. Therefore, the charge
transferred from point A to B is equal to (19).

ΔQ¼CðVA �VBÞ (19)
Fig. 9. (a) Non-overlapping clock generator circuit (b) SC resistor s
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As a result, the average current passing through point A to point B is
obtained as (20).

Iave ¼ΔQ
t

¼CðVA � VBÞ
t

(20)

Finally, the equivalent resistance between these two points (A and B)
will be Req as (21).

Req ¼ðVA � VBÞ
Iave

¼ t
C
¼ 1
f :C

(21)

In the proposed design, the appropriate resistance value is 5 MΩ, so
according to (21), the capacitance value could be 1pF, and the non-
overlapping clock’s frequency could also be 200KHz.

Fig. 10 shows that by using the FVF structure instead of the conven-
tional “class-A00 differential amplifier method, the dynamic variation
range can be expanded. A conventional differential “class-A00 amplifier
and a pseudo “class-AB” differential pair amplifier using FVF structure
with the same bias as [30] are represented in sections (a) and (b)
respectively. The FVF’s current through a constant resistance (imple-
mented as SC resistor) results in a larger dynamic range of voltage. If this
structure (FVF) is used in the non-symmetric class AB amplifier like
section (c), the result is similar to (d), but with a single output, this is
shown in section (e). On the other hand, if the FVF structure is used in a
non-differential amplifier, then it is expected to have similar results as
section (e). It is discussed with more details in section 4 (simulation
results).

As shown in Fig. 9, the proposed circuit is implemented in such a way
that the structure of FVF with SC is used in cascade; it will help to have a
wider output voltage range. The comparison of threshold voltage varia-
tions with and without using the FVF structure is presented in section 4
(simulation results).
3.2. Analytical evaluation of proposed circuit

In this section, it is proved by using (22-37) that the output voltage of
the proposed circuit is proportional to the threshold voltage of the nMOS
target transistor.

In Fig. 9, if ðw=lÞN4 ¼ mðw=lÞN3 ¼ mðw =lÞ, then N4 and N3 currents
will be as (22) and (23).
tructure (c) Proposed threshold voltage extractor circuit blocks.



Fig. 10. (a) Class-A differential pair amplifier (b) Pseudo class-AB differential pair amplifier using FVF (c) None-symmetrical class-AB differential pair amplifier using
FVF circuit (d) DC transconductance expansion using FVF structure in amplifiers (e) DC transconductance characteristics of none-symmetrical class-AB differential pair
amplifier using FVF.
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IN4 ¼ 1
2
μnCoxm

w
l
ðVB � VthÞ2 (22)
IN3 ¼ 1
2
μnCox

w
l
ðVBIAS � Vout � VthÞ2 (23)

Then VB and VOUT , are according to (24) and (25) respectively.

VB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2I0
μnCoxm w

l

s
þ Vth (24)

VOUT ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2I0

μnCox
w
l

s
þ VBIAS � Vth (25)

By replacement of (24) in (25), the output voltage will be as (26) and
(27).

VOUT ¼ �ðVB �VthÞ
ffiffiffiffi
m

p þVBIAS � Vth (26)

VOUT ¼ � ffiffiffiffi
m

p
:VB þVBIAS � Vth:



1� ffiffiffiffi

m
p �

(27)

Assuming ðw=lÞN2 ¼ nðw=lÞN3, the current of the transistor N2 will be
as (28).

IN2 ¼ 1
2
μnCoxn

w
l
ðVA � VthÞ2 (28)

Therefore, the voltage of VA is as (29).

VA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2I0
μnCoxn w

l

s
þ Vth (29)
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Now, using KVL, from nodes A to B, we have VA ¼ VB þ I0:Req.
Therefore, the current of the SC equivalent resistance will be as (30).

I0:Req ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2I0

μnCox
w
l

s
:

�
1ffiffiffi
n

p � 1ffiffiffiffi
m

p
�

(30)

As a result, the proper value of equivalent resistance is obtained from
(31).

Req ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
μnCox

w
l I0

s �
1ffiffiffi
n

p � 1ffiffiffiffi
m

p
�

(31)

Since the current mirrors in Fig. 9 equalize currents of all branches, by
replacing N4 current in (31), VB would be as (34) following steps of (32)
and (33).

Req ¼ 2
μnCox

w
l ðVB � VthÞ:

1ffiffiffiffi
m

p :

�
1ffiffiffi
n

p � 1ffiffiffiffi
m

p
�

(32)

ðVB �VthÞ¼ 2
μnCox

w
lReq

:
1ffiffiffiffi
m

p :

�
1ffiffiffi
n

p � 1ffiffiffiffi
m

p
�

(33)

VB ¼ 2
μnCox

w
lReq

:
1ffiffiffiffi
m

p :

�
1ffiffiffi
n

p � 1ffiffiffiffi
m

p
�
þ Vth (34)

And by replacing (34) in (27), VOUT will be obtained as (35).

VOUT ¼ � 2
μnCox

w
lReq

:

�
1ffiffiffi
n

p � 1ffiffiffiffi
m

p
�
þVBIAS � Vth (35)
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VBIAS �VOUT � 2
μ Cox

wReq
:

1ffiffiffi
n

p � 1ffiffiffiffi
m

p ¼Vth (36)
Fig. 12. Simulation results of regenerated and scaled 65 nm CMOS technology
Vth extractor of [25].

Table 1
Different transistors sizing for [25] circuit configurations.

Original [25] 180 nm Scaled [25] 65 nm

M1 3u/1u 0.6u/0.13u
M2 3u/1u 0.6u/0.13u
M3 3u/1u 0.6u/0.13u
M4 6u/1u 0.8u/0.13u
M5 6u/1u 0.8u/0.13u
M6 6u/1u 0.8u/0.13u

Fig. 13. Non-filtered output and extracted threshold voltage.
n l

� �

To simplify (36), by considering Req at least one hundred times larger
than ð2 =μnCoxw =lÞ:ð1 = ffiffiffi

n
p �1 =

ffiffiffiffi
m

p Þ (in this work, we consider Req one
thousand times larger), we can neglect this part. However, the channel
length modulation effect cannot be ignored in sub-nanometer
technologies. Considering this effect, Req must be at least one
hundred times larger than 2=μnCox

w
=l:ð1 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nð1þ λVDSN2 Þ

p �
1 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mð1þ λVDSN4 Þ

p Þ: ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=ð1þ λVDSN3 Þ

p
. Then Vth can be obtained as (37).

VBIAS �VOUT ¼ Vth (37)

The low-pass filter of the proposed design is shown in Fig. 11. The
exact amount of capacitors in the low-pass filter is not very important.
Hence, we can use MOS transistors as capacitors. Also, the manufacturing
process does not have much effect on the performance of the filter. The
only important issue is that capacitors should be large enough.

There are some ripples on the output node voltage waveform because
of SC’s switching noise. Replica branch and a low-pass filter in Fig. 9
remove this high-frequency switching noise. It also makes the sensor
more precise to extract the threshold voltage at the instant of reading the
output.

4. Simulation results

4.1. Simulation scenarios

We performed several simulation scenarios for evaluating circuit
performance. First, TVE circuit’s results of [25] reproduced following the
results of the original paper in 180 nm standard CMOS technology. In this
scenario, the second implementation of [25], in which two identical
parallel transistors are used as T2, is simulated. In Ref. [25], the di-
mensions of transistors were selected for off-chip prototyping and
claimed that it could be implemented using ALD1106 and ALD1107.
Then in the next scenario, to implement as a unit in integrated circuits, a
minimal sizing for transistors was selected.

Fig. 12 shows the simulation results follow the same [25] manner. In
the next step, to examine the accuracy of the circuit operation in
sub-100nm technologies, sizes of transistors were scaled to CMOS 65 nm
standard technology. In the following, these results are called scaled [25].
Fig. 12 shows the simulation results, follow the same [25] manner.

Table 1 shows the feature sizes of the TVE circuit in Fig. 8 in all of its
configurations.

The same 65 nm standard CMOS technology is used for simulation of
the proposed TVE. By using two additional non-identical nMOS transis-
tors in parallel for N4 and N8, more accurate results in simulations have
been obtained. During the simulation process, it takes a while to equalize
the equivalent resistance of the SC to its calculated values because of the
SC essence behavior, as shown in Fig. 13. The output voltage is fixed after
that required start-up time. Moreover, since the output voltage is related
to the threshold voltage, it is also obtained after the start-up time.

A 3rd-order low-pass filter (LPF) is used along with the replica
branch. It will ensure that the high-frequency peak-to-peak ripple of the
output signal will be significantly reduced. It can be seen in Fig. 14. Prior
to using the LPF, the peak-to-peak output ripple was 34mV , while the
filter had significantly dropped it to 1.7mV (i.e., 95% improvement).
Fig. 11. Third-order low-pass filter (a) MOSCAP implementation (b) basic
RC structure.
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Since the design is under the subject of variations, including di-
mensions (both of W and L) during the fabrication process (compile or
fabricate time) and the supply voltage in the operating mode (run-time),
the proposed circuit should be designated to operate correctly.

Fig. 15 represents Monte-Carlo analysis on TVE using proposed circuit
and scaled [25] circuit applying up to 10% changes in ðW =LÞ ratios and
supply voltage with 1000 repetitions. In this simulation, the SC’s
time-dependent resistance has been replaced with its equivalent resistor.
Fig. 15 shows that these changes have less effect on the proposed circuit



Fig. 14. Filtered output and extracted threshold voltage.

Fig. 15. Scaled [25] and proposed extractor’s Monte Carlo comparison.

Fig. 16. Proposed circuit 65 nm technology layout.

Fig. 17. Proposed circuit 180 nm technology layout.

Fig. 18. Proposed circuit post-layout simulation results.
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than the scaled [25] circuit (σ=μ changes from 70.53 m to 1.471 m).
The evaluation is performed via two distinct technologies of standard

CMOS 65 nm and cost per area effective standard CMOS 180 nm. The
proposed design layout is implemented in both of these technologies. The
layouts of the proposed design are shown in Fig. 16 and Fig. 17 for 65 nm
and 180 nm respectively. Without considering capacitance of the
switched capacitor, the area of the proposed circuit is about 85μm2 and
273μm2 for 65 nm and 180 nm respectively. Depending on the circuit
conditions, this capacitor can be implemented as an off-chip or on-chip
capacitor (i.e., Metal-Insulator-Metal capacitor). Furthermore, the 3rd-
order filter resistors, which do not need to be precisely selected, were
easily implemented using the triode operating pMOS transistors. In
Fig. 18, the post-layout simulation results of the proposed circuit in 180
nm and 65 nm technologies are shown.

4.2. MOSRA simulation for the aging effect

One of the applications of TVEs is estimating the lifetime of integrated
circuits. In this application, having a wide range of threshold voltage
variations during a fixed period makes it easier to measure and convert
(e.g., via ADC) the value to estimate the remaining lifetime of the circuit.
9

The proposed circuit utilizes the FVF structure to provide a larger range
of variations. Therefore, the more linear the variations, the more accurate
the lifetime estimation.

Practically, the SC circuit implemented in the proposed circuit needs a
start-up time to reach its effective resistance value. However, we cannot
utilize conventional time-sweep simulations along with MOS Reliability



Fig. 20. Important corners extracted threshold voltage aging caused by
PVT variations.

A.R. Kariman et al. Microelectronics Journal 104 (2020) 104862
Analysis (MOSRA) in typical aging simulation runs. Hence, the SC has
been replaced with its equivalent resistor for the aging evaluation.

Furthermore, using the FVF structure has increased the dynamic
range of threshold voltage variations. Fig. 19 shows that the range of
threshold voltage variations over 180 months is much wider for a pro-
posed circuit compared to the scaled [25]. The range of the proposed
circuit Vth changes over the 180 months is from 239.4mV to 278.9 mV
(ΔV¼39.5 mV). Therefore, the threshold voltage of the proposed circuit
varies by about 16.5%. While scaled [25] circuit has a variation of 283.8
mV to 299.8mV (ΔV¼16 mV). The percentage of variations in scaled
[25] is about 5.6%. The trend of proposed circuit changes in the first
months is steeper than the future next months.

There are two interesting features in this regard. First, there are fewer
expectations of having a failure during the early times of the useful
lifetime. Second, we have been expecting to use a sensor on the later steps
of useful time for a more accurate evaluation of failure occurrence. Now,
due to the results of the proposed circuit, its extended dynamic range
with a highly-linear regime is placed just near the later steps of the useful
lifetime. As seen in Fig. 19, the highly-linear part of TVE operation is
expected to be near the high failure risk region (last parts of the useful
lifetime).

Fig. 20 shows the effect of PVT variations on the threshold voltage’s
aging curve in {SS, 75 �C, 0.6 V}, {TT, 25 �C, 0.7 V}, and {FF, 0 �C, 0.8 V}
corner conditions. The results of the evaluation in more corners are
placed in Table 3. By knowing the process corner, supply voltage, and
temperature of the circuit, it is possible to compare the threshold voltage
variations with the proper profile and obtain an estimation of the lifetime
degradation.

Our design is used as a non-continuous mode circuit which ensures
that the circuit will operate in ultra-low-power. Fig. 21 represents the
power consumption of the proposed circuit measured by multiplying
current to voltage of the supply source. It demonstrates a consumption
peak at start-up due to SC but stays very low during rest times. In the
magnified section of Fig. 21 the discrete-time power consumption is
illustrated. The maximum power consumption peak is 12.56μW , and the
average power consumption is 10.9nW .

The performance comparison of the proposed TVE versus several
sensors has been reported in Table 2. In this table, the normalized
threshold voltage variation line is obtained by dividing the variation of
Vth over the whole time (180 months) to its initial value ðΔVth =VthÞ.
Normalized Vth variation is 16mV

283:8mV for scaled [25] and 39:5mV
239:4mV for the

proposed circuit.
Fig. 19. Scaled [25] and proposed extractor’s threshold voltage
aging variations.

Fig. 21. Supply current of the proposed circuit.
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4.3. Experimental evaluation

In this work, a simplified version of the proposed design has been
fabricated for experimental evaluation. Fig. 22 shows the simplified
fabricated threshold voltage sensing system. After simplifying the design,
various parts were implemented using CD4007 commercial integrated
circuits. In this integrated circuit, there are three pairs of pMOS and
nMOS transistors. In each, you can utilize just one transistor of each type
with free access to the whole four pins of source, drain, gate, and bulk. As
shown in Fig. 22, by connecting the TVE to a processing unit, in addition
to observing the Vth value by using an oscilloscope, the results can be
transmitted through a communication module and seen on a PC or
smartphone. The evaluation results varify the feasibility of remote
monitoring using the proposed TVE.

5. Conclusion

In this paper, a new design for extracting threshold voltage ðVthÞ of
CMOS transistors is proposed. To have an energy-efficient, low-area, and
extended long-duration variations monitoring, we have utilized different



Table 2
Performance comparison of the proposed threshold voltage sensor with other reported designs.

[28] [26] [25] Scaled [25] [24] [27] This Work

Year 2004 2015 2015 – 2017 2017 2019
Technology 350 nm 65 nm 180 nm 65 nm 65 nm 1 μm PD CMOS-SOI 65 nm

Supply Voltage (V) 2.9 1.2 3 0.6 1.2 5 0.7
Power (W) 440u 290n <3.88u >114.64n <36u 27.5 u 10.9n

No. of Transistors 9 21 7 7 4 11 19
Resistors 0 6 2 2 0 0 3
Capacitors 0 4 0 0 0 0 1

Current Source 1 0 0 0 1 0 0
Low-Cost Fabricationa Feasibility ✓ ⨯ ⨯ ⨯ ✓ ⨯ ✓

Normalized Vth Variation
�
ΔVth
Vth

�
N/A N/A N/A 5:6% N/A N/A 16:5%

a Well-in-well support not required.

Table 3
Selected corners extracted Vth aging caused by PVT variations.

SS TT FF

Initial
Vth [mV]

Vth Variation [mV] Initial
Vth [mV]

Vth Variation [mV] Initial
Vth [mV]

Vth Variation [mV]

0 C 0.6 V 347.97 30.63 257.18 28.61 141.66 24.76
0.7 V 349.51 30.84 260.12 28.75 148.34 25.24
0.8 V 350.77 30.87 262.68 30.87 153.79 25.52

25 C 0.6 V 328.86 42.21 237.94 39.37 127.20 34.09
0.7 V 330.32 42.41 240.80 39.53 133.17 34.35
0.8 V 332.00 42.46 243.33 39.64 138.36 34.35

75 C 0.6 V 292.68 69.58 202.01 64.84 104.21 51.68
0.7 V 294.11 69.77 204.75 65.02 110.58 50.61
0.8 V 295.41 69.82 207.24 65.14 116.68 49.26

Fig. 22. A simplified implementation of proposed threshold voltage
sensing system.
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aspects of the circuit with care. The used switched-capacitor part reduces
the power consumption due to its non-continuous operation mode (burst-
mode), and less thermal dependency is achieved as well. The SC is a
suitable replacement of area expensive high resistive poly resistors. A
3rd-order low-pass filter is implemented to reduce the glitches of SC. To
have an extended operating range, we utilized the FVF structure. The
extended variation range requires fewer restrictions on input range res-
olution of data converters for measuring Vth. Due to our experimental
evaluations with 65nm standard CMOS models, Vth variations over 180
months are 239:4mV < Vth < 278:9mV (i.e., about 16.5%) at an oper-
11
ating power of less than only 11 nW. The proposed TVE can be used in
embedded tags and aging-related applications too.

Declaration of competing interest

We confirm that there is no conflict of interest and there is no funding
support for this research.

Acknowledgment

The authors would like to thank Z. Khalil Zad for grammatical criti-
cism of the manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://do
i.org/10.1016/j.mejo.2020.104862.

References

[1] O.E. Mattia, H. Klimach, S. Bampi, Sub-1 V supply nano-watt MOSFET-only
threshold voltage extractor circuit, in: 2014 27th Symposium on Integrated Circuits
and Systems Design (SBCCI), 2014, pp. 1–6.

[2] J. Keane, T.H. Kim, C.H. Kim, An on-chip NBTI sensor for measuring pMOS
threshold voltage degradation, IEEE Trans. Very Large Scale Integr. Syst. 18 (2010)
947–956.

[3] J.R. English, Y. Li, T.L. Landers, A modified bathtub curve with latent failures, in:
Annual Reliability and Maintainability Symposium 1995 Proceedings, 1995,
pp. 217–222.

[4] N.R. Council, Reliability Growth: Enhancing Defense System Reliability, National
Academies Press, 2015.

[5] T. Minomiya, Sony Semiconductor Quality and Reliability HandBook, Sony
Corporation Semiconductor Network Company Quality Assurance Department,
2000.

[6] B. Razavi, Design of Analog CMOS Integrated Circuits, second ed., McGraw-Hill
Education, New York, NY, 2017.

[7] N. Hellwege, Aging-Aware Design Methods for Reliable Analog Integrated Circuits
using Operating Point-Dependent Degradation, 2015.

[8] E. Maricau, G. Gielen, Analog IC Reliability in Nanometer CMOS, Springer-Verlag,
New York, 2013.

https://doi.org/10.1016/j.mejo.2020.104862
https://doi.org/10.1016/j.mejo.2020.104862
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref1
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref1
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref1
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref1
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref2
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref2
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref2
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref2
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref3
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref3
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref3
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref3
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref4
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref4
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref5
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref5
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref5
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref6
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref6
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref7
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref7
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref8
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref8


A.R. Kariman et al. Microelectronics Journal 104 (2020) 104862
[9] K. Okada, A 60GHz CMOS transceiver considering HCI reliability, in: 2015 IEEE
International Symposium on Radio-Frequency Integration Technology (RFIT),
2015, pp. 22–24.

[10] S. Khan, S. Hamdioui, H. Kukner, P. Raghavan, F. Catthoor, BTI impact on logical
gates in nano-scale CMOS technology, in: 2012 IEEE 15th International Symposium
on Design and Diagnostics of Electronic Circuits & Systems (DDECS), 2012,
pp. 348–353.

[11] M. Rafiee, M. Ghaznavi-Ghoushchi, An output node split CMOS logic for high-
performance and large capacitive-load driving scenarios, Microelectron. J. 72
(2018) 109–119.

[12] ITRS, The International Technology Roadmap for Semiconductors, Technical
Report, http://public.itrs.net (View:2018-04-17).

[13] Y.-B. Kim, Challenges for nanoscale MOSFETs and emerging nanoelectronics,
Transactions on Electrical and Electronic Materials 11 (2010) 93–105.

[14] R. Das, S. Baishya, Analytical model of surface potential and threshold voltage in
gate-drain overlap FinFET, Microelectron. J. 75 (2018) 153–159.

[15] S. Safa, S.L. Noor, Z.R. Khan, Physics-based generalized threshold voltage model of
multiple material gate tunneling FET structure, IEEE Trans. Electron. Dev. 64
(2017) 1449–1454.

[16] A. Ortiz-Conde, F.J. García-S�anchez, J. Muci, A. Sucre-Gonz�alez, J.A. Martino,
P.G. Der Agopian, et al., Threshold voltage extraction in Tunnel FETs, Solid State
Electron. 93 (2014) 49–55.

[17] Y. Mori, S. Sato, Y. Omura, A. Chattopadhyay, A. Mallik, On the definition of
threshold voltage for tunnel FETs, Superlattice. Microst. 107 (2017) 17–27.

[18] Z. Wang, Automatic V_T extractors based on an nxn̂2 MOS transistor array and their
application, IEEE J. Solid State Circ. 27 (1992) 1277–1285.

[19] Y. Jeong, F. Ayazi, Process compensated CMOS temperature sensor for
microprocessor application, in: Circuits and Systems (ISCAS), 2012 IEEE
International Symposium on, 2012, pp. 3118–3121.

[20] V. Kawadkar, S. Onker, Comparative Analysis of Low Power, High Speed Based
Level Shifters, 2017.
12
[21] T. Peng, S. Zhao, H.-b. Dan, H.-x. Yu, Open-circuit fault diagnosis and fault
tolerance for shunt active power filter, J. Cent. S. Univ. 24 (2017) 2582–2595.

[22] A. Breed, K. Roenker, Dual-gate (FinFET) and tri-gate MOSFETs: simulation and
design, in: Semiconductor Device Research Symposium, 2003 International, 2003,
pp. 150–151.

[23] A. Ortiz-Conde, F.J. García-S�anchez, J. Muci, A.T. Barrios, J.J. Liou, C.-S. Ho,
Revisiting MOSFET threshold voltage extraction methods, Microelectron. Reliab. 53
(2013) 90–104.

[24] S. Samanta, B. Tiwari, P.G. Bahubalindruni, P. Barquinha, J. Goes, Threshold
voltage extraction techniques adaptable from sub-micron CMOS to large-area oxide
TFT technologies, Int. J. Circ. Theor. Appl. 45 (2017) 2201–2210.

[25] L.E. Toledo, P.A. Petrashin, W.J. Lancioni, C.D. Vazquez, Threshold voltage
extraction circuit for low voltage CMOS design using basic long-channel MOSFET,
in: 2015 IEEE 6th Latin American Symposium on Circuits & Systems (LASCAS),
2015, pp. 1–4.

[26] X.L. Tan, P.K. Chan, U. Dasgupta, A sub-1-V 65-nm MOS threshold monitoring-
based voltage reference, IEEE Trans. Very Large Scale Integr. Syst. 23 (2015)
2317–2321.

[27] M. Malits, I. Brouk, Y. Nemirovsky, Temperature sensing circuits in CMOS-SOI
technology, in: Microwaves, Antennas, Communications and Electronic Systems
(COMCAS), 2017 IEEE International Conference on, 2017, pp. 1–5.

[28] W. Yanbin, G. Tarr, W. Yanjie, Input-free cascode Vthn and Vthp extractor circuits,
in: Proceedings of the 2004 11th IEEE International Conference on Electronics,
Circuits and Systems, 2004, pp. 282–285. ICECS 2004., z2004.

[29] N. Rohbani, S.G. Miremadi, A low-overhead integrated aging and SEU sensor, in:
IEEE Transactions on Device and Materials Reliability, 2018.

[30] J. Ramirez-Angulo, R. Gonzalez-Carvajal, A. Torralba, C. Nieva, A new class AB
differential input stage for implementation of low-voltage high slew rate op amps
and linear transconductors, in: Circuits and Systems, 2001. ISCAS 2001. The 2001
IEEE International Symposium on, 2001, pp. 671–674.

http://refhub.elsevier.com/S0026-2692(20)30461-4/sref9
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref9
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref9
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref9
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref10
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref10
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref10
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref10
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref10
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref10
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref11
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref11
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref11
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref11
http://public.itrs.net
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref13
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref13
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref13
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref14
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref14
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref14
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref15
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref15
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref15
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref15
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref16
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref16
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref16
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref16
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref16
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref16
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref17
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref17
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref17
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref18
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref18
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref18
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref18
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref19
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref19
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref19
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref19
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref20
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref20
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref21
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref21
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref21
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref22
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref22
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref22
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref22
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref23
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref23
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref23
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref23
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref23
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref24
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref24
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref24
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref24
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref25
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref25
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref25
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref25
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref25
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref25
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref26
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref26
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref26
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref26
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref27
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref27
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref27
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref27
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref28
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref28
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref28
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref28
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref29
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref29
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref30
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref30
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref30
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref30
http://refhub.elsevier.com/S0026-2692(20)30461-4/sref30

	An energy-efficient threshold voltage extractor with the burst-mode operation and extended long-term variations using FVF
	1. Introduction
	2. Threshold voltage
	2.1. Threshold voltage basics
	2.2. Time dependence of threshold voltage
	2.3. Technology node dependence of threshold voltage
	2.4. Threshold voltage extractors

	3. Proposed efficient threshold voltage extractor
	3.1. Proposed circuit overview
	3.2. Analytical evaluation of proposed circuit

	4. Simulation results
	4.1. Simulation scenarios
	4.2. MOSRA simulation for the aging effect
	4.3. Experimental evaluation

	5. Conclusion
	Declaration of competing interest
	Acknowledgment
	Appendix A. Supplementary data
	References


