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FinFET Based Computation Intensive Sub-Circuits
Designs for Low Power VLSI Application
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Abstract—In order to improve operational efficiency for low-
power VLSI (Very Large Scale Integration) designs, the current
research presents a simulation-based comparison of the results
of basic gates, computation-intensive circuits, and basic memory
blocks designed using FinFET technology. This creative designs in
multipliers effectively consolidates input data by stacking blocks,
which significantly reduces time in next-stage operations. To
assess the suggested compressor design in terms of average power,
delay, and Power Delay Product (PDP), extensive simulations
and analyses are carried out. When conducted within the same
technological and environmental conditions as existing designs,
proposed designes demonstrate clear advantages. The proposed
compressor shows an amazing 64.91% decrease in delay, a signif-
icant 87.85% improvement in average power consumption, and
a notable 95.74% improvement in energy efficiency for proposed
4-3 compressor and similar outcomes for 5-3 compressor. In
memory design, it also demonstrates a notable enhancement,
achieving an 87.95% reduction in average power, a 49.57%
decrease in delay, and an 87.57% improvement in Energy Delay
Product (EDP) compared to both conventional NAND-based and
FinFET-based Content Addressable Memory (CAM) designs.

Index Terms—Compressors, CAM, FinFET, High speed, Mul-
tiplier, Stacking, Time delay.

Original Research Paper
DOI: 10.53314/ELS2630021G

I. INTRODUCTION

ODERN semiconductor technology depends on VLSI

(Very-Large-Scale Integration) architecture that con-
sumes less power. This design is motivated by the growing
demand for portable and battery-powered gadgets like smart-
phones, tablets, and wearable electronics. The main goal of
low power VLSI design is to reduce power consumption while
maintaining optimal performance and functionality. To achieve
this goal, it is necessary to use a variety of methods at several
levels of design, including architectural, circuit, and process
levels. Memory elements and combinational circuits constitute
fundamental components of VLSI systems, playing a pivotal
role in the development of low-power computing devices.
Memory elements, such as SRAM and DRAM, are indispens-
able for efficient data storage and retrieval, directly influencing
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power consumption and system performance. Combinational
circuits, which execute logic operations without the need for
data storage, are critical for performing arithmetic and logic
functions with high efficiency and speed. The synergy between
these elements ensures optimal data processing and minimizes
energy expenditure, thereby enhancing the functionality and
power efficiency of advanced VLSI systems. Their intricate
design and operation are paramount in driving the evolution
of energy-efficient computing technologies.

As semiconductor technology progresses towards lower
nodes, the importance of low power VLSI design increases.
This progression requires a thorough and all-encompassing
design strategy that incorporates cutting-edge materials, in-
ventive device structures, and superior power management
methods. The goal is to achieve extended battery life, minimise
heat generation, and improve the dependability of electronic
systems.

At the manufacturing level, the use of sophisticated tran-
sistor technologies like FinFETs (Fin Field-Effect Transistors)
has shown to be crucial in improving control over leakage
currents [1]. These structures in three dimensions offer excel-
lent control over the gate, which is crucial for maintaining
low levels of leakage currents and allowing operation at lower
supply voltages.

FinFET technology is employed in semiconductor devices
for low-power applications because it offers several significant
advantages compared to conventional planar transistors. The
main factors that make FinFETs preferable for low-power
applications are [1], [2]:

o Improved Control Over Channel

1) FinFETs offer enhanced electrostatic control over
the channel, resulting in a reduction of short-channel
effects commonly observed in conventional planar
transistors as device dimensions decrease.

2) FinFETs have a three-dimensional structure that
enables more precise control of the gate over the
channel. This reduces leakage currents and enhances
the switching performance of the transistor.

o Lower Leakage Currents

1) Subthreshold Leakage: FinFETs exhibit consider-
ably reduced subthreshold leakage currents in com-
parison to planar transistors. The reason for this is
that the gate completely encloses the channel on
three sides, resulting in enhanced control and less
leakage.

2) Gate-Induced Drain Leakage (GIDL) is reduced in
FinFETs due to increased gate control, resulting in
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decreased power usage.
e Lower Supply Voltage
1) FinFETs exhibit superior electrostatic control, en-
abling them to function efficiently at reduced supply
voltages. This characteristic leads to a significant
decrease in power consumption, as dynamic power
consumption is directly proportional to the square
of the supply voltage.
« Scalability
1) FinFET technology allows for continued scaling of
transistors beyond the limits of planar technology,
enabling more transistors to be packed into the
same area without significantly increasing power
consumption.

This study involved doing extensive simulations of all basic
logic gates and other combinational circuits using FinFET
technology. The simulations were compared to equivalent
designs using standard CMOS technology to assess per-
formance parameters and power efficiency. In addition, we
have thoroughly analyzed the performance of FinFETs at the
20 nm technology node, specifically studying their electrical
properties and operational benefits compared to conventional
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Fig. 1. Characteristics Curve of CMOS and FinFET.

planar transistors.

The inquiry entailed the analysis of crucial delay, power
dissipation, and overall circuit reliability. Fig. 1 shows the
characteristics curve of CMOS and FinFET. We conducted
a thorough comparison of FinFET and CMOS technologies
by modelling fundamental logic gates including AND, OR,
NOT, NAND, and NOR, as well as complex combinational
devices such as multiplexers and adders. This work emphasises
the influence of FinFET’s three-dimensional configuration on
improving gate control and mitigating short-channel effects,
which are significant obstacles in sub-20 nm CMOS tech-
nology. The paper is organised as the basic of FinFET is
described in Section II, Section III presents the related works,
Section IV presents the simulated results and Section V
discusses the conclusion.

II. OVERVIEW OF FINFET TECHNOLOGY

A FinFET is a “fin” field-effect transistor (FET). It is a
metal-oxide-semiconductor (MOS) device where the gate is
placed on two sides of a thin vertical semiconductor body
standing on a substrate as shown in Fig. 2. FinFETs, known
as Multigate Field Effect Transistor (MGFET), are predicted
to be one of the best promising devices to substitute bulk
MOSFET due to its improved SS (Subthreshold Swing) slope,
better stability, higher (I,,/I,s¢) ratio, better short channel
performance, smaller intrinsic gate capacitance. Here is the
main structure of MOSFET and FinFET gate [3].
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Fig. 2. Basic Structure of conventional CMOS and FinFET.
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A. Characteristics of a FinFET

The I-V (current-voltage) behavior of FinFETs closely re-
sembles that of conventional MOSFETSs but exhibits several
unique traits.

o Threshold Voltage (V;1): In FinFETs, the threshold volt-
age refers to the gate voltage level at which the device
begins to allow current flow. Owing to better gate control
over the channel, this voltage is generally lower compared
to that of traditional MOSFETSs [3].

e Drain-Source Current (I;): This indicates the current
flowing between the drain and source terminals. It is
influenced by both the gate-to-source voltage (V) and
the drain-to-source voltage (V). As Vg, rises, 144 also
increases, eventually entering a saturation phase where
further increase in Vj, results in minimal change in
Ias [3].
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After observing both the plots in Fig. 1 we can observe
that in CMOS after reaching certain voltage with increase in
Vbs continuously a breakdown has occurred due to the SCE
which can be minimized in FinFET based designs. The finFET
parameters of 20nm model is shown in Table I [1].

TABLE I
PARAMETERS OF FINFET [4]
FinFET Technology Leff hfin tfin toxide
Vpp(V)
parameters (nm) (nm) | (nm) | (nm) (nm)
Value 20 0.9 24 28 15 0.9

III. RELATED WORKS

There are several methods for achieving low power design in
VLSI systems, each targeting different aspects of the design
process to minimize energy consumption while maintaining
performance. Power gating is a widely used technique that
reduces leakage power by turning off the power supply to
inactive modules, Dynamic voltage and frequency scaling
(DVES) adjusts the voltage and frequency according to the
workload, Multi-threshold CMOS (MTCMOS) technology
employs transistors with different threshold voltages within the
same design, balancing speed and power efficiency by using
low-threshold transistors for critical paths and high-threshold
transistors for non-critical paths to reduce leakage.the use
of advanced transistor technologies like FinFETs enhances
control over leakage currents and allows for operation at lower
voltages, further contributing to power savings. The basic
gates can be implemented using the FinFET technology for
better performance over MOS design. Again multiplication,
an intricate and time-intensive arithmetic operation, plays a
pivotal role in numerous signal processing algorithms [5]—
[8]. Recognizing its significance, the multiplication process
is systematically delineated into three key stages: the gener-
ation of partial products, the subsequent reduction of these
partial products, and the ultimate computation of the resultant
product [3], [6], [7], [9], [10]. The exploration of various
methodologies for optimization at each stage has become a
focal point of extensive research. This includes innovative
compressor designs and the introduction of time-efficient
structures [11]-[16].

A content addressable memory (CAM) utilizes specialized
comparison logic to perform table lookup operations within
a single clock cycle [17]-[19]. CAMs are widely used in
applications that demand high-speed search capabilities. In this
work, the study and analysis of various CAM architectures
are centered around comparison circuits based on N-type, P-
type, and Transmission Gate (TG) configurations [20]-[22].
The DLPCAM design [23] proposed a TCAM memory cell
using FinFET technology and evaluated key parameters such
as search delay, average power consumption, and energy usage
in a 32-nm process. On the other hand, PVECAM investigated
the impact of process variations on FinFET-based CAMs using
a 20-nm HSPICE model [24].

Fig. 3. Schematics of basic gates.

IV. COMPUTATION INTENSIVE CIRCUIT DESIGN AND
SIMULATION

A. Logic gates Design using FinFET

In this work we have designed basic gates, inverter as
shown in Fig. 3 and few combination circuits like compressor,
Multiplier using FinFET and compare their average power
consumption and Delay for all the designs.

The comparison Table II clearly shows that FinFET-based
designs outperform CMOS-based designs. For low-power de-
sign, using FinFETs represents a significant advancement.
FinFETs can be used in lower technology nodes without being
affected by short channel effects, making them more area-
efficient as well.
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Fig. 4. Architecture of compressor circuit.

B. Compressor Design using FinFET

Compressors are basically internal components of multi-
pliers. In the context of digital circuit design, compressors
are specialized circuits used within multipliers to efficiently
reduce and process partial products during multiplication op-
erations. These compressors help optimize the overall speed
and efficiency of the multiplication process by reducing the
critical path delay, which is essential for high-performance
applications. Compressors play a vital role in handling binary
data and are integral to the internal architecture of multipliers.
Their effective implementation is crucial for achieving fast and
accurate multiplication in various digital systems.

Over the last two decades, research has focused on the use
of various compressors for partial product reduction. Examples
include the 3-2, 4-2, 5-2, and 5-3 compressors. Nonetheless,
it is important to note that these compressors perform best
when the multiplier size is minimal. Larger multipliers, like
16x16 and 32x32 bit combinations, require huge compressor
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TABLE 11
COMPARISON RESULT OF LOGIC GATE USING FINFET AND TRADITIONAL CMOS
INVERTER NAND AND OR
FinFET | Traditional FinFET | Traditional FinFET | Traditional FinFET | Traditional

DELAY (ps) 1.122 3270 1.549 7.490 4.804 19.18 4.828 20.020

POWER (nW) | 9.992 69.83 22.88 58.14 29.55 134.82 39.53 102.06
sizes. In this setting, high-order compressors appear as a VDD VDD
feasible option, providing greater power efficiency and speed. 4:3 Compressor o 5:3 Compressor
However, it is important to remember that using high-order % b1 vy ] b1 -
compressors has trade-offs because their implementation takes 5, g; b= 4Bt |va “az| 5Bt ;‘ 5 Bit ;;
up more silicon area than their low-order counterparts. The 22 Stack,, Adder 107 ag| Sk ® Adder 132
complex trade-offs between power, speed, and performance 23, ba — agq) b; —

efficiency highlight the subtle difficulties in fine-tuning the
partial product reduction phase of large-scale multipliers.

In this paper, we provide a novel stacked-based compressor
in which a specific stacking step is used to sort partial product
data. In this phase, ones (1s) in a column are systematically
moved to the Most Significant Bits (MSBs), and zeros (0s) are
simultaneously moved to the Least Significant Bits (LSBs).
We have created two compressor designs in the proposed
design: a 4:3 and a 5:3 compressor block diagram shown in
Figs. 4 and 5. Multipliers make heavy use of both designs. In
order to make the design process easier, we have purposefully
divided the entire circuit into a well-organized set of separate
functional components. Within this structure, two essential
blocks are carefully defined:

o Stacking Block: Data compression takes on a new
dimension when stacking blocks are incorporated into
multiplier design. Here, a stacking block combines the
input data by piling up the number of 1s without taking
into account their particular place values. For instance, the
stacking block output, given the input ”1010,” combines
into ”1100,” which represents the count of 1s.

In the proposed design, two different stacks a 4-bit
stack for the 4:3 compressor and a 5-bit stack for the
5:3 compressor are integrated, each specifically designed
for a different compressor. These stacking blocks are
essential to the compression process since they maximise
data representation for multiplier stages that come after.
When we examine the details of this design, one im-
portant aspect that stands out as being able to improve
performance and efficiency in multiplication operations
is the use of two stacks that are specifically designed for
separate compressors. We implemented the circuit based
on the Boolean equation we derived for proposed design
of the 4:3 and 5:3 compressor stack blocks.

Let’s consider the inputs to be ag, ai, ao, az and
respective outputs be by, ba, b3, by.

b1 = ag+ a1 +as +as (1
by = ag(az + a3) + a1 (ag + a2) + az(a; + az) (2)
b3 = az(agas + ajas + apay) + agaias (3)
by = apaiazas “4)

I_(%u

Fig. 5. Block diagram of Compressor.

Similar to the 4:3 compressor stack block, we have
derived the boolean expression of the 5-bit stack for the
proposed design.

by =a0+ a1 +az+as+aq (35
by = (aga1) + (agaz) + (agas) + (apas) + (ajaz)
+ (ara3) + (a1a4) + (aza3) + (agaq) + (azaq)
(6)
b3:P1+P2+P3+P4+P5
+ Ps + Pr + Ps + Py + Py (N
where
P1 = ao(alag), P2 = ao(alag), P3 = ao(a1a4),
Py = ag(asaz), Ps=ag(azas), Ps=ao(azas),
P; = ai(asaz), Ps=ai(azas), Py=ai(azas),
Py = az(azaq)
by = P11 + Pig + P13 + Py + Pis (8)
where
Py = (aoPr), P2 = (aoFs), Pi3= (aphy),
Piy = (apPro), Pis = (a1Pio)
bs = apaiazazay )

It is clear that several AND operations are being carried
out from equations (1) to (9). The repetition of several
AND blocks, which allows us to extract outputs from
previously computed results, is a remarkable observation.
This discovery offers a chance to reduce circuits because
we can make the process more efficient by using previous
findings. The stack block’s output then plays a crucial
role in calculating the summation for the next step,
demonstrating a clever use of previously acquired data
in the circuit.

Adder Block:The adder block, which produces the com-
pression process’s end result, is the next part of the
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Fig. 6. Output characteristics of the proposed compressors.

We can see that the number of computing blocks (AND,
OR) required for this adding block is less than the conventional
4-bit adder and 5-bit adder. The output graphs of both com-
pressors are shown in Fig. 6, and the performance comparison
is tabulated in Table III.

compressor. We assess the input conditions to this block
in proposed design strategy rather than employing a half
adder or full adder right away. Proposed method takes
advantage of the fact that the inputs are already sorted

after going through the stacking block. Because of its COMPARISON OF POWER,ET;?,I;E,I:LD PDP FOR 4-3 AND 5-3
intrinsic orderliness, the computation of the result is COMPRESSORS

made easier because there is less chance that the least

significant bits (LSB) contain 1s. Taking use of this Design Type Power Delay pPDP
feature, the approach determines the output expression 4-3 Compressor | Conventional | 428 uW | 922 ps | 394.62 aJ
by applying Boolean expression analysis to the input 4-3 Compressor | Proposed 0.52 pW | 32.35ps | 16.82 al

conditions. These phrases are rigorously verified against 5.3 Compressor | Conventional | 6.58 uW | 303 ps 198

every possible combination to guarantee that the result

is accurate in every scenario. This thorough validation —_>- compressor | Proposed LI2pW | 723ps | 8098 a)
ensures that the design is resilient and reliable and shows

that it is effective in generating accurate results for a 1) Application of Compressor: In the proposed multiplier
range of input scenarios. design as shown in Fig. 7, we have implemented the pro-

Let the final results for the 4 bit adder be Y7, Y5, Y3 and posed compressor instead of the conventional method, which
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Fig. 9. Performance analysis of proposed CAM design. Conv.NAND | Proposed
DLPCAM [23]
(MOSFET) | (FinFET)
. Avg.Power
employs half adders (HA) and full adders (FA) for partial 202.63 850 102.40
" . . . (nW)
product addition across multiple stages. By integrating the
proposed compressor, we significantly reduce the number of Delay(ps) 74.01 21 10.60
addition stages required. This reduction not only minimizes PDP(nW x ps) 14997.14 17850 1085.44
power consumption but also substantially decreases the overall Energy (f1) 313 666 164
delay. Consequently, the approach demonstrates a marked
improvement in efficiency and performance over traditional EDP(fJ X ps) 60170.13 13986 1738
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utilization of a FinFET-based compressor, as opposed to
traditional FA and HA, results in a reduced PDP. This FinFET-
based approach is more efficient in terms of delay, which is
particularly significant given that multipliers are fundamental
components of arithmetic and logical units where speed is
a critical factor. Thus, the implementation of FinFET-based
compressors enhances the overall performance and efficiency
of these operations.

C. Basic CAM Memory Design Using FinFET

CAM, also called associative memory, is a unique kind of
memory that is used to search through the data contained
inside. Traditional CAM designs use large and active parallel
hardware, which leads to high dynamic power usage. With the
move to smaller technology nodes and the shift from planar
MOSFETs to multi-gate devices, new design trade-offs are
expected in CAMs. FinFET technology helps reduce short
channel effects at these smaller scales. In this work, we present
a simple 16-bit NAND-type CAM cell shown in Fig. 8 built
using FinFETs and evaluate its performance, focusing mainly
on average power consumption and delay shown in Fig. 9.
Fig. 10 shows the timing diagram of a 16-bit CAM array using
FinFET. We have simulated the CAM design and compared
it with existing designs available and tabulated the values as
tabulated in Tables V and VI.

TABLE VI
PER BIT CAM CELLS PERFORMANCE
PVECAM Conv.NAND | Proposed
(1CELL) [24] (MOSFET) (FinFET)
Avg.Power
70.89 53.13 15.69
(nW)
Delay(ps) 72.56 10.10 3.50
PDP(nW X ps) 5143.77 536.61 54.91

V. CONCLUSION

In conclusion, the analysis of the sub-circuits, which in-
cludes FinFET based designs like basic gates, shows improved
performance as compared to MOS based designs in terms
of power and delay.The stack-based digital compressors and
unique adder blocks, showed encouraging results across multi-
ple performance parameters. The simulations and analyses in-
dicate that the proposed concept outperforms previous designs
significantly. Specifically, the results show an average power
usage improvement of 87.85% for the 4-3 configuration and
82.98% for the 5-3 configuration. Additionally, there is a delay
reduction of 64.91% for the 4-3 configuration and 76.14%
for the 5-3 configuration. Furthermore, the Power Delay
Product (PDP) decreased by 95.74% for the 4-3 configuration
and 94.97% for the 5-3 configuration. Proposed design suc-
cessfully balances power efficiency, speed, and performance,
making it a promising leap in multiplier architectures.

Detailed analysis revealed that incorporating FinFET tech-
nology into CAM design led to enhanced performance when

compared to conventional MOSFET-based CAMs. The design
achieved noticeable improvements, reducing average power
consumption by 87.95%, delay by 49.57%, and Energy De-
lay Product (EDP) by 87.57% compared to both traditional
NAND-based and earlier FinFET-based CAM implementa-
tions [24].
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