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Abstract. In this research paper, a design for circuit of an operational amplifier (OP-
AMP) is formulated utilizing model characteristics of FInFET using high -k gain in
the context of 22 nm technological advancements.To create an OP-AMP based on
FinFET technology, the standard design equations for MOSFET-based OP-AMP
design are tuned to FinFET based OPAMP. The OP-AMP architecture is well-suited
for implementation as a subordinate circuit in the ADC design since it supports
lower voltage, elevated velocity, and diminished power dissipation.. The geometries
of the transistors are organised to accomplish an OP-AMP that exhibits superior
fulfilment and energy efficiency.Using cadence tool schematic is captured.Results
show that the developed OPAMP exhibits a UGB of 100 GHz based on simulation
experiments and a slew rate below 10V/uS. The inverter circuit amounts to power
dissipation of 800nW, thereby rendering it suitable for a wide range of low-power
analog and digital circuits.
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1. Introduction

It is impossible to overestimate the importance of high-performance Analog to
Digital Converters (ADCs) in signal-processing applications, as they serve as the vital
interface between sensors acquiring real-world signals and digital signal processors
responsible for processing these signals in the digital domain. SAR, or the Successive
Approximation Register, is one of the many types of ADCs that are employed in signal
processing because of its significant advantages in terms of power dissipation. With
approximately 50% of their circuit topology comprising digital components, SAR ADCs
are preferred choices. It is worth noting that SAR logic necessitates a greater number of
steps to determine the corresponding pattern of digital for each analog input, resulting in
longer conversion time compared to flash ADCs, which accomplish the conversion more
swiftly Asynchronous ADC architecture presented by S. Hsieh et al. [1] aims to shorten
conversion time by removing the clock from the SAR logic. Nevertheless, despite the
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utilization of different reset operations of comparators at each step, the improvement in
conversion time remains limited [2,3]. have presented high-resolution ADCs operating
at 150 MS/s with low power dissipation [4]. showcases time-interleaved and pipelined
ADCs with SAR logic, showcasing both high-speed operation and high resolution [5].
have created an asynchronous pipelined SAR ADC using 28 nm CMOS technology that
operates at MSPS with a power dissipation of less than 3.5 mW. However, due to the
two-stage pipeline operation, the main drawbacks of this design are power dissipation
and die area. Although the SAR-based ADC is thought to be capable of obtaining high
resolution, its slower speed is caused by the SAR logic, literature offers several
approaches for SAR ADC design, focusing on achieving high resolution, low power
consumption. The efficiency of ADCs has shown improvement through scaling of MOS
transistor dimensions and power supply [6]. Analog circuits’ Signal to Noise Ratio
(SNR) has been found to deteriorate as the power supply voltage is reduced [7].
Subthreshold operation of CMOS technologies has been adopted in ADC architecture to
increase energy sufficiency, considering the trade-off among speed, noise performance,
and area requirements [8]. However, the energy efficiency of CMOS-based ADCs,
especially in low-resolution ADCs, is limited. Challenges such as current leakage and
device-to-device variation significantly impact CMOS technology of sub-22 nm. To
reduce energy consumption, it becomes vital to investigate alternatives to MOS
transistors [9]. It has been determined that Multi Gate FETs (MG-FETs) or Double Gate
FETs (DG-FETs) are promising options to address these issues. MG-FETs, particularly
in DGFETs, feature a narrow channel width and multiple gate on both sides of the contact
channel, effectively controlling current flow. MG-FETs not only minimize short channel
effects but also offer improved control over the active channel through the gate electrode,
while maintaining compatibility with conventional planar technology of CMOS. This
study focuses on the development of an OP-AMP using FIN-FET technology,
specifically for the development of high-resolution, high-speed, and low-power ADCs
using SAR logic in the context of 22 nm technology. DG-FETs exhibit twice the
capability of drive current compared to MOSFETs, enabling operation at low input and
sub-threshold voltages, thereby resulting in significantly reduced power dissipation
[11,12]. FIN-FET devices have found successful application in the design of digital-to-
analog (DA) circuits, emphasizing the need to consider FIN-FETs as the fundamental
device in OP-AMP design. Descriptive analysis of the FIN-FET model, as presented in
[13], is illustrated in figure 12. The design process for MOSFET-based OP-AMPs is
thoroughly covered by Allen Hollberg [14]. The FinFET transistor geometries required
for the OP-AMP circuit schematic are discovered using a redesigned and enhanced
design process in this work.The design process for FIN-FET-based OP-AMP design is
succinctly summarized . Existing literature [15], shows how to use 32 nm technology
with a supply voltage of 1 V, 58 W of power usage, a DC gain of 52 dB, and a unity gain
frequency of 6.4 MHz and a seventy one degree phase margin. The operational amplifier
(OP-AMP) is a crucial component in data converters, and two circuit topologies are
commonly employed: the two-stage topology and the folded cascode topology [16]. The
two-stage topology represents the simplest form of OP-AMP and provides gain in two
stages. The first stage comprises a differential amplifier using two common-source
amplifiers and PMOS current mirrors, followed by a common-source amplifier as the
second stage [17]. The common-drain amplifier, the third stage of the OP-AMP,
bypasses the common-source amplifier by connecting the differential amplifier’s output
to the common-drain amplifier’s input via a bypass capacitance. When operating with a
capacitive load at the output, the common-drain amplifier can be eliminated, resulting in
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a two-stage OP-AMP [18]. Differential amplifiers (D_A) are incorporated into the OP-
AMP’s input stage to increase gain, improve noise performance, and improve offset
characteristic. To create an OP-AMP that satisfies the necessary specifications, transistor
geometries must be systematically determined at each stage and sub-circuit [19,20]. In
order to accomplish the CMOS scaling, various nano two-dimensional (2-D) material
based devices have been seen to be potential candidates and are useful in nanoscale
device applications [21,22].

Table 1. FIN-FET Characteristics.

Parameters Value
Channel width 40 nm
Oxide-level-thickness I 2.5 nm
Oxide-level-thickness II 2.5nm
Gate length 22 nm

Source/drain length extension 50 nm

Gate-Source/Gate overlaping 2 nm

The input and output characteristics for the FinFET when taken into account with
the structural parameters listed in table 1 . By setting the drain voltage between 0.5 and
1 volts, the output is achieved. Also, by Setting the gate voltage between 0 V and 1 V
with an incremental step of 0.1 V yields the output characteristic.

The VI properties of FIN-FETs studied at a 22 nm technology with high-K dielectric
are shown in Figure 1.

Figure 2 presents gate voltage versus drain current input characteristics with
constant output voltage.

Figure 4a explains the FinFET-based inverter’s power dissipation and transfer
characteristic. With less than 800 nW of maximum power dissipation and 0.12 V of
transition width are detected.

Positive switching and negative switching current are discovered to have leakage
currents smaller than 9 pA.

The fundamental distinction between a DA and an operational amplifier is that the
DA does not require compensation for closed loop feedback because stability is not
required [23]. Because of this, there is no longer a requirement for the internal capacitor,
which increases the output slew rate. Voltage gain, slew rate, and an offset voltage for a
specific over drive are characteristics of D_A [24]. Over drive describes how much
differential voltage is present at the input pins, and it typically has a considerable impact
on reaction time [25]. When the input thresholds are crossed in typical A/D converter
applications, the D_A, which also serves as a comparator, must slew its output rapidly
and without oscillation. By providing a step input signal and timing how long it takes the
D _A to reach the final output value, the slew rate of the D_A or comparator can be
determined [26]. The M1 and M2 transistor geometries are set to 100 nm, the M3 and
M4 transistor geometries to 200 nm, the M5 and M8 transistor geometries to 400 nm,
and the transistor geometries to handle a maximum driving current of 100 pA .
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Figure 1. FIN-FET characteristics.

Figure 2. VGS versus IDS input characteristics with constant VDS.

Figure 3. High-k FIN-FET 22 nm output characteristics for variable width.
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(a) (b)
Figure 4. (a) Inverter transfer characteristics and Power dissipation; (b) Plot of leakage current with 800nW
power dissipation and 0.12V transistor width.

The (D_A) simulation entails a case of test where a piece-wise linear (PWL) signal
is utilized as the analog input. 1.8V the power supply is set, and a clock operating at 80
Megha Hertz is employed. To compensate for layout parasitic capacitance-induced clock
delay, a 0.3 ns delay is introduced. During the offset cancellation cycle, the comparator
runs in closed-loop mode. Hence, phase margin and gain simulations are performed using
the ELDO simulator. The expected gain of the Differential Amplifier ranges from
approximately 120 to 300 dB, although the gain really attained is about 180 dB. The
Differential Amplifier’s stability is influenced by the Phase Noise Margin (PNM), with
the optimal PNM often ranging between 45° and 75°. The achieved Phase Margin
measures 62°. To assess the PSRR, a 1 V AC signal is added, causing the D_A to exhibit
a full-scale output when all analog inputs are transitioned from low to high. The D_A’s
analog output is then analyzed to determine the power supply rejection. The result of the
waveform, simulated across various corners, is illustrated in figure 5.

Figure 5. Power supply rejection ratio.

The Power Supply Rejection Ratio (PSRR) is expected to be approximately 45 dB,
and it shouldn’t go above 45 dB. About 52 dB are measured by the PSRR that was
attained.



Vasudeva G et al. / Design of FinFET Based Op-Amp Using High-K Device 22 nm Technology ~ 933
2. OP-AMP Design

The D_A circuit has demonstrated successful utilization of the FIN-FET device.
Consequently, the implementation of FIN-FET as the core component must be
considered during OP-AMP design. The threshold voltage of the FIN-FET is given as
0.25 V, while the subthreshold_slope (S_S) stands at 65 mV/dec. The parameters gds
and gm, VDS and VGS are measured at 8.97 S/m and 0.18 mS/m, respectively, when it
is set to 0.3 V [25]. The on_current and off current values at I DS = 10 A/m are 6.20
A/m and 3.3 nA/m, respectively, and the ratio of g_m to IDS is 27/V [26]. With noise
power of 1.15e-13 Hz-1 and an operating frequency of 10GHz with V_GS = 0.3V, the
FIN-FET has a max operational frequency of 140 GHz. The two-stage OP-AMP is
created by using these model parameters from the technology and model files. Circuit
diagram for the two-stage OP-AMP implemented with FIN-FETs is shown in figure 6.
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Figure 6. FinFET based OP-AMP [10].
The OP-AMP design requirements taken into account for the SAR ADC design are
shown in table 2. With mobility variables taken into account from the model file and the

slew_rate is given as larger than 10 V/uS and power dissipation set to lesser than 10 uW,
the constants K’n and K’pare computed.

Table 2. OP-AMPs Design-Specifications.

Specifications Value
Slew-Rate(SR) >1V/uS

Vou range +1.5Volt
ICM Ratio 0.15-1.2Volt

Power Dissipation < 10pWatt

Vlha :‘le‘ 0.25-0.45Volt
K'pa = 1paCon/2 -455 pA/Volt2
K'na = tna Cox/2 1085 pA/Volt?

Allen Hollberg [14] provides details about the design for a MOSFET-based OP-
AMP. The design process for an OP-AMP using FIN-FET is summarized in table 3.
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Table 3. OP-AMP design procedure process.

Requirement Expression for MOSFET based OPAMP Tuning required
design [133] for FinFET design
Meeting I,=SR-C, Similar

compensation to
capacitor from L =~ 10( Voo + |VSS |J MOSFE
the load ’ 2T, T
capacitor for a

60° phase shift

Bias current is

calculated using

slew rate and

compensation

capacitor

Calculating M3 ¢ I >1 Similar to MOSFET

transistor sizing K4 [ Vi =V, (max) =Ty (max) + Vi, (min)) ] -

from the ICMR

specifications

Transconductan Em3 Limits set to 140GB
ce of the S; F>10 GB

transistor is gs3

calculated from

the gain

bandwidth

specification

Calculating S; g, Use model file
transistor sizing g =GB-C. =8, = Kr,nl parameters for
from the 25 mobility
Transconductan

ce

Calculating Vpg . I Set upper threshold
of transistor Ss Viss (sat) = Vi (min) = Vi _\/% = Vi (max) 2100 mv to 100 mV and use
from ICMR 21 mobility constant
specification S, = from model file

) K/ [VDSS (sat)]2

Finding —929% (C /C Similar to MOSFET
transconductanc Bms : ng( L c)

e of S from g
S, =S, [%]

gm3
Finding Se _ _ Similar to MOSFET
transistor sizing I = (S(’ /S, ) L= (SG /S, )(IS / 2)
from the
Transconductan
ce of gme and

gm4
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Calculating I¢ Is= (gme)*/2 K's(W/L)s Use model file
parameters for
mobility

Finding S7 from (W/L)7 =(W/L)s * I /15 Similar to MOSFET

the Ss, Is and Is

Finding Vmin(out) = Vpg7(sar) Use model file

Vmin(oUt) . parameters for

considering W7 = L mobility

K'(W/L),

Calculating the A < 28 8.6 Lambda is

power v approximately zero

dissipation of s (o 2 )L (R +27) in FinFET (assumed

OPAMP P, = ([5 +1, )(VDD + |VSS|) to be very less

Verification of number)

the gain of two-

stage

operational

amplifier

The performance of FIN FET is evident in its ability to carry high currents, as a
mere 0.1V change in gate voltage results in a 200 pA increase in drain current. This
characteristic highlights the significance of determining appropriate transistor
dimensions for the building of high-performance OP-AMPs that prioritize low power
and high-speed consumption. Equation (1) expresses the variation of gm/IDS for FIN-
FET in relation to VGS, taking into account the steep _slope (S_S) necessary to conquer
the constaint of CMOS, which typically reaches 40 V-1 [29]. It should be noted that
increasing g m/I_DS could lead to higher power dissipation in FIN-FET, which could
be regulated by decreasing V_DD in circuit designs. When designing CMOS-based OP-
AMPs, a trade-off between gm/IDS and fT = (g m/2(C_gs+ C_gd)) must be considered.
However, in FIN-FET-based OP-AMP designs, a higher gm/IDS can be achieved
without compromising the desired maximum fT requirement [30]. This characteristic
enables energy savings through lower VDD in FIN-FET-based OP-AMP designs,
without impacting the maximum frequency, drive strength, and operational bandwidth
[31]. As a result, the OP-AMP becomes a suitable foundational component for SAR
ADC designs [32].

SIps 1 = Em FINFET — cinlps = In10
NVas Ips Ips SVas SsS

M

The aforementioned equation elucidates the relationship between transconductance
(gm) and Drain-to-Source Current (IDS) in the context of FIN-FET. In FIN-FET, the
absence of channel doping results in higher effective mobility, leading to increased gm
[33]. Furthermore, the channel length modulation factor (A _c) is significantly reduced in
FIN-FET. This reduction in A enhances the gain factor in OP-AMP designs, as outlined
in table 3. To compensate for this effect, the current flowing through transistors M5 and
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M6 is reduced, thereby halving the transistor width compared to MOSFET transistor
designs [34]. The transistor dimensions for the OP-AMP design are investigated and
summarized in table 4.

Table 4. Transistor design using MOSFET and FIN-FET technology.

Transistor number  W(nM) MOSFET design W (nM) FIN-FET design

M 1 200 100
M 2 200 100
M 3 1200 600
M 4 1200 600
M_5 800 400
M 6 1600 800
M. 7 1400 700
M. 8 800 400

3. Results & Discussion

The OP-AMP circuit implementation is done using 22 nm high-k FIN-FET technology
and realized using cadence. The SPICE code simulations are conducted using the
HSPICE simulator. The FIN-FET model device configuration are obtained from an
online simulator on nanohub.org. Using PTM model files, the electric tool is configured
for validation of device models. The results for AC and DC analysis is obtained using
cadence environment. Common Mode Rejection Ratio (CM_RR), Power Supply
Rejection Ratio (PS_RR) and output voltage range are measured. In order to determine
the frequency response of the designed OP-AMP phase margin and gain margin are
determined. The simulation results yields a phase margin of 58 degrees and the design
criteria was set to achieve a phase margin of 60 degrees. The unity-gain bandwidth
(UGB), obtained from the response plot, is measured to be 100 GHz, highlighting the
wide operational capability for OP-AMP design.

The input signal without any rise time delay, exhibits a rise time of lesser than 1.2
ns for the output, and a overshoot of lesser than 4%. These results meet the desired
specifications, designing the OP-AMP suitable for high-speed applications. Figure 7
illustrates the measurement of the OP-AMP’s slew rate by giving the load capacitance
as 0.3 pF. The slew_rate is determined as 1 V/uS.
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Figure 7. Computing slew_rate of OP-AMP.

Figure 8 depicts the comparator model circuit of OP-AMP by giving DC voltage as
0 V. The comparator output switches between +/— Voltage rails demonstrating

functionality.
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Figure 8. OP-AMP arranged as comparator.

3.1. Comparison

Table 5. Comparison matrix table for OP-AMP with existing technology.[15]

OP?AMP Previous FIN-FET Proposed work FIN-FET Improvement
design technology node 32 nm technology node 22 nm (%)
specification [15] gy °

PS_RR 32.4dB 45 dB 28%

UGB 6.4 MHz 100 GHz 99.99%
SLEW_RATE 26.36 V/uS 1 V/uS 96.2%

4. Conclusions

This study presents the design of an OP-AMP circuit for the development of a high-
resolution, high-speed, and low-power ADC based on SAR logic. The model parameters



938 Vasudeva G et al. / Design of FinFET Based Op-Amp Using High-K Device 22 nm Technology

for the high-k FIN_FET model under 22 nm nodes are obtained through PTM. The I-V
results of FIN FET model are plotted, considering the 22 nm node with a high-k
dielectric. The output characteristics and inverter properties of the 22 nm high-k
FIN_FET-based circuit are designed and found to meet the required specifications. The
differential amplifier exhibits a gain greater than 50 dB and a phase margin of 58°.

Previous literature reports using 32 nm technology with 1V supply voltage
demonstrated a dc gain of 52 dB, a unity gain frequency of 6.4MHz, and a phase margin
of 71°. In this work, a 1 V supply voltage is used, resulting in a 800 nw power dissipation
for the inverter circuit. The overall performance of the OP-AMP circuit is gained by 4%.
The PS_RR is evaluated at approximately 45 dB. The OP-AMP gains a UGB of 100
GHz, a slew _rate of 1 V/us, and an over shoot of lesser than 4%. The OP-AMP is
verified by taking the responses of the inverting, non-inverting, and comparator
configurations.
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