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Abstract— In the anticipated spectrum, a lot of work
has gone into managing the trade-offs between power,
location, and efficiency in the moderate efficiency,
moderate power region. However, research into the
extremities of this spectrum remains restricted. In
particular, there hasn't been enough research done on
the extremes of extraordinarily low power
consumption with appropriate efficiency and
extraordinary efficiency with energy that is within
realistic bounds. In this work, very low subthreshold
power levels are used to study the power consumption
characteristics of digital logic circuits in static
Complementary Metal-Oxide-Semiconductor
(CMOS) devices. The study shows that operating
transistors below their threshold voltage might result
in significant energy savings. This research
emphasises the significance of subthreshold design
strategies for contemporary electronic circuits that
aspire for low-power operation without sacrificing
efficiency. The results highlight the potential for
significant progress in energy-efficient circuit design
and highlight the delicate balance between preserving
performance and cutting power usage. As a result, this
research adds to our understanding of low-power
electronics and provides information that may lead to
the development of future technologies that are more
efficient and sustainable.

Keywords— Power consumption analysis, Digital
logic circuits, Ultra-low power, Subthreshold operation,
Static CMOS gates

INTRODUCTION

The growing need for low-power Very Large-Scale
Integration (VLSI) has forced advances in a number of
design levels, such as the technological phases related to
building, circuitry, structures, and procedures. Choosing
the right logic type during the circuit design phase is
essential because it affects all of the important variables
that effect power loss, such as shifting capacitance,
transitional action, and short-circuit power currents. This
work extends to a broader class of logical gates, enabling
both qualitative and quantitative comparisons of energy
degradation qualities. Previous research have mostly
concentrated on particular logical cells.

The increasing need for low-power Very Large-Scale
Integration (\VVLSI) can be satisfied by utilising a number
of design layers, including constructional, circuit,
structural, and procedural technological phases [1]. A
multi-element circuit can save a significant amount of
energy during the circuit design phase by choosing the
right logic type. This is due to the fact that all the
important variables that effect power loss—such as
shifting capacitance, transitional action, and short-circuit
power currents—are greatly impacted by the logic type
selected [2]. It is impossible to create universal rules for
perfect logical designs since different efficiency factors
need to be taken into account depending on the
application, kind of circuitry, and design methodology.

Energy dissipation plays a crucial role in VLSI design,
and energy consumption is given special significance by
sub micrometer and nanoscale approaches. Interest in
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low-power goods has increased due to the growing
popularity of battery-operated portable devices and the
emphasis on energy conservation in embedded circuits.
Knowing the power characteristics of digital logic circuits
in static CMOS gates is crucial since operating these
circuits at subthreshold voltages drastically lowers power
usage.

This study investigates and evaluates the energy-use
behaviour of digital logic circuits inside static CMOS
gates when they are functioning in the subthreshold range.
The study intends to illustrate the efficiency and trade-
offs of subthreshold logic circuits in comparison to
conventional CMOS techniques by thoroughly assessing
energy consumption.

Nevertheless, research on low-power logical types that
have been published in the literature has largely focused
on particular logical cells that are utilised in particular
mathematical circuitry, like complete adders [3]. These
investigations are extended by this study to a far wider
class of logical gates and, consequently, to any
combination of circuits. Energy degradation qualities of
various current logic designs can be compared both
gualitatively and quantitatively thanks to real-world logic
gate constructions and computations under realistic
circuit configurations and operating settings [4].

Energy dissipation is one important consideration that
must be made in VLSI design. Submicrometer and
nanoscale techniques have now given energy
consumption a distinct relevance, whereas in the early
days of computerised circuit design, the main concerns
were efficiency and die surface. When many technical
node choices are unavailable, it is critical to carefully
select methodologies and circuit designs in order to
realise the greatest energy savings possible during this
stage of the design process [5].

The popularity of battery-operated portable devices and
the increased emphasis on energy efficiency in embedded
circuits have led to a recent spike in demand for low-
power goods. Virtual logical circuits that function at
incredibly low voltages below the threshold have been
proposed as a possible remedy for this issue [6]. By using
transistors in the below-threshold region—where the
gate-source voltage is below its threshold potential—
below-threshold operations significantly reduce power

consumption when compared to standard CMOS
operations. To optimise their usefulness and incorporate
them into contemporary electronic devices, it is vital to
comprehend the power characteristics of these circuits in
static CMOS gates [7].

The aim of this work is to investigate and evaluate the
energy-use behaviour of digital logical circuits in static
CMOS gates operating in the below-threshold region.
This study intends to clarify the economics and efficacy
of below-threshold logical circuits in contrast to
conventional CMOS techniques by a comprehensive
assessment of energy consumption [8]. Along with
looking into additional efficiency criteria, the study
project will also examine trade-offs related to below-
threshold operation, such as speed, noise margins, and
robustness against processing swings. These realisations
are critical to propel future generations of low-power
device circuit builders forward and elevate the bar for
affordable digital electronic technology [9].

Il. RELATED WORKS

Dynamic power elements and static power elements are
the two basic categories into which energy utilisation in
contemporary VLSI circuits can be divided. Typically,
dynamic power consumption happens when the output
nodes of the gate receive a transitional signal. Due to its
two independent components—the charging and
discharging of circuit capacitors and short circuits
brought on by finite slopes in the input signal
transitions—all networks are nonetheless able to function
simultaneously [10]. As a result, the current has a low-
resistance path from the power supply to the rails. As this
essay concentrates on, efficiency is not the main
consideration when planning for extremely low energy
loss. Electronic circuits operating in sub-threshold state is
one method for achieving this goal [11].

The reason for running the system in subthreshold mode
is the ability to employ subthreshold leakage current as
the operational driving power. Gate voltage and
subthreshold current have an exponential connection,
which is expected to cause delays to increase significantly
and energy consumption to decrease significantly [12].
The results of the simulation show that power
consumption often decreases with each shift because the
voltage decrease is greater than the lag gain [13].
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Table 1: Showing Recent works CMOS Gate

Research Gap

Very few research compares the energy consumption of
below-the-threshold digital logic devices and standard
CMOS static gates.

The trade-offs between CMOS and below-the-threshold
circuits in terms of efficiency (speed, resilience) in static
environments have not received enough attention.

The difficulties in incorporating and scaling below-the-
threshold logic circuits into existing CMOS architecture
designs are not well studied.

Research on the effects of below-the-threshold operations
on circuit durability and variation control in static CMOS
situations is scarce.

I11. PRELIMINARIES
Subthreshold Operation

In the subthreshold zone, when the transistor functions
below its threshold voltage, digital circuits can function.
In the subthreshold region, the drain current is determined
by:

= Vin

Ves
Ips = Ip eXP(—n v )
T

Where I, is a scale factor, Vg is the gate-source voltage,
Vr is the thermal voltage, and n is a subthreshold swing
coefficient.

CMOS Inverter Operation

A CMOS inverter's delay can be roughly expressed as
follows:

Vthn)
Vthp)

_ Cload(VDD -
IDSp Vop —

© 2024, I]SREM

| www.ijsrem.com

DOI: 10.55041/I]SREM36879 |

Page 4


http://www.ijsrem.com/

#g‘! \3::%

@R;ﬁ INTERNATIONAL JOURNAL OF SCIENTIFIC RESEARCH IN ENGINEERING AND MANAGEMENT (IJSREM)

w VOLUME: 08 IssUE: 07 | JULY - 2024

SJIF RATING: 8.448 ISSN: 2582-3930

Where C;,,4 is the load capacitance, Vpp is the supply
voltage, Vip, and V., are the threshold voltages of
NMOS and PMOS transistors respectively, and I, is the
drain-source current of PMOS transistor.

Energy Consumption

An electronic circuit's energy consumption is computed
as follows:

1 2
E = P X T = E CloadVDD

Where P is the power dissipation, T' is the operating time,
Crouaq 1S the load capacitance, and Vyp is the supply
voltage.

Dynamic Power Dissipation
The dynamic power Pgypam;c dissipated during switching

activities in CMOS circuits is given by:

Paynamic = aCloudVDsz
Where « is the activity factor (average fraction of
switches toggling per clock cycle); Ciouq is the load
capacitance being switched; V, is the supply voltage; f
is the switching frequency.

Power Delay Product (PDP)
The power delay product quantifies the trade-off between
power dissipation and circuit speed. It is defined as:

PDP = Pgynamic X T
Where 7 is the delay of the circuit

Energy Dissipation per Cycle
The energy E,. dissipated per cycle due to switching
activity is:

Ecycle = denamic XT

Switching Energy
The switching energy Egyitcn » Which is the energy
consumed per transition of a node, can be approximated

by:

Eswiten = ECloudVgD
The analysis of dynamic power dissipation and energy
consumption during switching activities in digital CMOS
circuits relies heavily on equations (1-7). They are
essential for maximising performance and power
efficiency in integrated circuit design.

Static CMOS

Most static energy application comes from power currents
that run through a system while it is not moving or in a
continuous condition. It consists of all the unwanted
power currents generated by the system's less-than-ideal
devices. The subthreshold current (Isub), the opposite of
the bias junction electricity, and the tunneled gate
material electricity are three essential components
required for the proper operation of electronic circuits, as
seen in Fig. 1. Because the VDD and thresholds are near
together, the first one takes place in the weakest inverted
operations zone. It is the main source of dynamic loss in
electronic VLSI circuits and can be identified by the
following characteristics in Fig. 1.

Isup = logs-10 VGS+n(VDS_SVDD)_KyVSB ®)

loff is therefore below the threshold power and Ky is a
technology-related factor for VGS=0 and VDS=VDD. It
is evident that there is an exponential relationship
between the voltage applied and the VGS and VDS of this
component.

Gate Leakage G

Reverse-based Junction.--=~

" Subthreshold leakage
BTBT

substrate

|
bulk

Fig 1. llustration of static currents in MOS device

Power Consumption

Power can be divided primarily into two groups: static
and dynamic parts. The first one often occurs when the
gate output node presents an interim message. Two
networks can still function simultaneously since they can
still be classified into two types: the short circuit caused
by the input transition's restricted slope and the
charge/discharge of the connecting circuit capacitances. It
creates a path with little resistance for electricity to go
between the power source and the rails. The charging and
discharging element has a form that is well known, to be
exact. It depends on the node capacitor values, supply
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voltage, and circuit velocity. This is an illustration of what
is seen in Fig. 2.

Ll d | | [
:= = =::

Fig. 2: Subthreshold circuit in bursty computation

IV.  Circuit Design

The miniature signal circuit equivalent to a CMOS
inverter with sub thresholds. The first type of assessment,
depicted in Fig. 3(a) and (b), considers the Barkhausen
stability requirements as well as the small-signal
comparable description of the sub-blocks. This approach
considers the single gates as operating at a specific point
in time (biassing or linearity criteria) and analyses the
entire system in the time domain.

Subthreshold CMOS Inverter Circuit

This circuit illustrates how an inverter functions at the
subthreshold region, which is the weak inversion mode
for both PMOS and NMOS transistors. With gate-source
voltages Vs, and Vs, , respectively, below their
threshold voltages Vp,, and Vi, the NMOS and PMOS
transistors are biassed. It uses less power than
conventional CMOS inverters to accomplish logic
inversion. le

M
Vssa—Lk

—l Mp
LIVDD

Vou

ng
Vin I I ovand
(o,
I
Ca— v =
gm m |d Cdb C
Gnd

Fig. 3. (@) Conventional CMOS inverter (b) Small-
signal circuit of sub thresholds CMOS inverter

Vs
Voo
r-"m
M L M
v 1 T3
” 4"-\:I-DUT laut |UDD
Vin=Von/2 @\fvﬂmfz
C

Vour
Fig. 4. Subthreshold CMOS Inverter

Subthreshold CMOS NAND Gate

This design demonstrates the construction of a NAND
gate using subthreshold CMOS logic. Multiple stages of
below-the-threshold converters are connected to achieve
NAND performance. Because subthreshold functioning
reduces both static and dynamic power consumption, it is
suitable for low-power applications.

B A

P-channel

Qa | as a

N-channel N-channel P-channel

(@)
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+Vbp

Output
(high)
End
(b) A=B=0V
Ves1 = Ves2 = -Vop
Veasz = Vaa = 0V
A=0----® oo ©:
! Output
: (hiah)
B= ---------------
Gnd
(c) A=0V, B=+Vpp
Ves1 = -Vbp
Ves2 = Vesz = OV
Veaa = Von
+Vop

(d) A=B=+Vpp
Vis1 = Vgs2 = 0V
Vess = Vess = +Vpp

Fig 5. CMOS NAND gate

A Subthreshold CMOS NAND gate circuitry uses
subthreshold operating concepts to achieve lower energy
costs without compromising the functionality of
traditional CMOS logic gates. This circuit design
connects multiple levels of subthreshold CMOS inverters
to produce a NAND gate. The transistors that comprise
each step depicted in Fig. 5(a) through (d) are both NMOS
and PMQOS, and they are located below the threshold
zone, where gate-source concentrations are lower than the
corresponding criteria voltages. Because the result of each
inverting phase is connected in series, the NAND gate's
ultimate output is only low in this architecture when both
inputs are strong.

This design approach significantly reduces both static and
dynamic power consumption when compared to
traditional CMOS NAND gates, making it suitable for
battery-powered devices, biomedical implants, Internet of
Things sensors, and other applications requiring ultra-low
power operating. The subthreshold CMOS NAND gate
exhibits low active power consumption and reduced
current leakage, which underscores its potential for
energy-efficient integrated circuit development for
various low-power applications.

CMOS SRAM Cell Below Threshold

This section displays a Static Random-Access Memory
(SRAM) cell made using subthreshold CMOS techniques.
use memory made of subthreshold transistors to access
nodes in the operation depicted in Figure 6. They are
ideal for ultra-low energy use in storage controllers
because they have less write/read electricity consumption
and ocean current leakage.

WL = Vdd

BLB Clamped
to vdd 1 PUPT

Vi
y

E WL=Vdd
BL Clamped
Vns PuP2 L ova

PG1 b62

"
+Vn-
PF %ﬂ Kf Vinl lin

Fig. 6. CMOS SRAM cell

V. RESULTS AND DISCUSSION

This section discusses how circuit topologies affect the
power loss of a single logic gate. An industrial method
with a pitch of 0.35 um is used for transistor modelling.
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The importance of the two dynamical power elements is
first investigated with regard to the CMOS inverter gate
dimensions, the consequent loads, and the input slopes.
Table 2 shows the variable power power for a minimal
calibrated inverter for each cycle (that is, a high-to-low
and a low-to-high transition), keeping the ratio Wp/Wn =
2 to create an asymmetrical gate.

Energy (fJ)
Charge/Discharge 100
Short-Circuit 22

Table 2 Power Consumption of Subthreshold CMOS
Inverter

Because smaller transistors require less resistance and a
lower voltage supply, scaling reduces the amount of
energy used. This result is a byproduct of efforts to keep
chip energy density constant as technologies advance.

VI. CONCLUSION

There is a significant opportunity for lowering the power
consumption of contemporary electronic devices,
according to an analysis of power consumption in digital
logic circuits operating at extremely low subthreshold
power levels within static CMOS gates. Minimizing
active and leakage currents is achieved by using the
subthreshold region, where transistors function with gate-
source voltages below their threshold values. Despite
trade-offs including slower switching rates and increased
sensitivity to process fluctuations, threshold operation in
static CMOS gates is optimal for ultra-low power
applications.

VII. FUTURE DIRECTIONS

1. Boost subthreshold circuit reliability in the face
of temperature and process changes.

2. Create resilient design strategies to reduce
performance trade-offs.

3. Investigate hybrid strategies that combine above-
and below-threshold reasoning.

4. Look into new transistor topologies and materials
to further cut subthreshold leakage currents.

5. Apply subthreshold logic to a wider range of
applications, such as edge computing devices and
artificial intelligence.

6. Subthreshold SRAM cell optimization is needed
for greater density and quicker access times.

7. Cutting-edge methods and tools for precise
modelling and simulation.

8. Next-generation wearables and
should have energy-efficient
circuitry.

loT devices
subthreshold
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