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Abstract

CMOS logic gates form the foundation of virtually every digital integrated circuit manufactured today.
This research presents simulation-based characterization of fundamental logic gates implemented in
180nm CMOS technology, examining propagation delay, power consumption, and noise margin
performance across NOT, NAND, NOR, and XOR configurations [, Circuit simulations employed
industry-standard SPICE models with accurate parasitic extraction to ensure realistic performance
predictions. The NOT gate exhibited the fastest propagation delay at 0.16 ns with power consumption
of 9.4 pyW at 100 MHz switching frequency. NAND gates demonstrated 0.34 ns delay with 17.8 yW
power, representing the preferred implementation for complex logic synthesis due to functional
completeness 4. NOR gates showed 0.51 ns delay and 26.2 uW consumption, while XOR gates
required 0.98 ns with 43.7 uW due to increased transistor count. Noise margin analysis confirmed
adequate immunity with low noise margin exceeding 0.62 V and high noise margin above 0.71 V for
all configurations 1. Temperature simulations from -40°C to 125°C revealed delay variations within
18% across the range, acceptable for commercial and industrial applications. The power-delay product
emerged as a useful figure of merit, with NOT gates achieving 1.50 fJ compared to 6.05 fJ for NAND
implementations. These simulation results provide reference data for digital designers selecting
appropriate gate implementations and establishing timing constraints in synchronous systems 1,

Keywords: CMOS technology, logic gates, SPICE simulation, propagation delay, power consumption,
digital circuits, VLSI design, noise margin

Introduction

Digital electronics wouldn't exist without CMOS logic gates. This bold but accurate
statement reflects the dominance of complementary metal-oxide-semiconductor technology
in modern integrated circuit manufacturing, where CMOS implementations account for over
99% of all digital logic production worldwide Bl The fundamental gates examined in this
research NOT, NAND, NOR, and XOR serve as building blocks from which all complex
digital functions derive.

The advantages of CMOS technology stem from its complementary transistor arrangement,
where PMOS and NMOS devices operate in opposition to minimize static power dissipation
61 When properly designed, CMOS gates consume negligible power in steady states, with
significant current flow occurring only during switching transitions. This characteristic
enabled the exponential scaling described by Moore's observation, permitting billions of
transistors on single chips without excessive heat generation.

Prior investigations have examined various aspects of CMOS gate performance. Research by
Rabaey established foundational analysis methods for propagation delay estimation using
RC models . Work by weste and Harris provided comprehensive treatment of noise
margins and their relationship to process variations 1. However, integrated comparisons
presenting multiple gate types under identical simulation conditions remain valuable for
establishing consistent reference data.

The present research addresses this need through systematic SPICE simulation of four
fundamental logic gates using 180nm process technology. This technology node was selected
as representative of educational and prototype applications where detailed characterization
data aids design understanding . All simulations employed identical environmental
conditions, load capacitances, and measurement methodologies to enable meaningful
performance comparisons.
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Beyond basic timing and power metrics, the investigation
examines temperature sensitivity and noise immunity
characteristics that influence reliable operation in practical
systems. The resulting dataset provides designers with
quantitative guidance for gate selection and timing analysis
in synchronous digital systems.

Theoretical Background

CMOS logic operation relies on the complementary
switching behavior of NMOS and PMOS transistors. NMOS
devices conduct when gate voltage exceeds the threshold
voltage Vth, creating a low-impedance path to ground.
PMOS transistors conduct when gate voltage falls below
VDD minus their threshold magnitude, connecting the
output to the supply rail M, Proper sizing ensures that
exactly one network conducts in any stable output state,
eliminating DC current paths.

Propagation delay arises from the time required to charge or
discharge load capacitance through the conducting transistor
network. The delay can be approximated as tpd = 0.69 x R x
CL, where R represents effective channel resistance and CL
denotes total load capacitance including gate, diffusion, and
interconnect contributions [, Series-connected transistors
in NOR pull-up and NAND pull-down networks exhibit
increased effective resistance, explaining their longer delays
compared to the simple inverter.

Noise margins quantify the immunity of logic gates to
spurious voltage fluctuations. The low noise margin NML
equals VIL minus VOL, representing the maximum noise
voltage that can corrupt a low output without triggering
incorrect recognition at subsequent inputs. Similarly, high
noise margin NMH equals VOH minus VIH. Adequate
noise margins, typically exceeding 10% of supply voltage,
ensure reliable operation in environments with switching
noise and power supply variations [,

Material and Methods

Material: Simulations were conducted at the VLSI Design
Laboratory of Wellington Institute of Technology from
November 2023 through January 2024. The simulation
platform consisted of Cadence Virtuoso version 1C6.1.8
running on a workstation equipped with Intel Xeon E5-
2687W processor and 64GB RAM. BSIM4 transistor
models for 180nm CMOS technology were obtained from a

https://www.circuitsjournal.com

foundry-provided process design kit representing typical
process corner parameters.

The target technology operates with 1.8V supply voltage
and features NMOS threshold voltage of 0.42V and PMOS
threshold magnitude of 0.38V. Minimum channel length
equals 180nm with minimum width of 220nm for both
device types. Gate oxide thickness is 4.1nm, providing
adequate drive current while maintaining acceptable leakage
levels for the technology generation 141,

Methods

Each logic gate was designed following standard CMOS
methodology with transistor sizing optimized for symmetric
rise and fall times. PMOS devices were sized approximately
twice the width of corresponding NMOS transistors to
compensate for mobility differences between holes and
electrons. Layout extraction included parasitic resistances
and capacitances for accurate performance prediction.
Transient simulations applied ideal pulse inputs with 50ps
rise and fall times, representing typical on-chip signal
transitions. Load capacitance was fixed at 10fF across all
measurements, corresponding to fan-out of approximately
four minimum-sized inverters. Propagation delay was
measured from 50% input transition to 50% output
transition, averaging rise and fall delay values.

Simulation Parameters

Spectre circuit simulator executed all transient and DC
analyses with convergence tolerance of 1e-6 and maximum
timestep of 1ps during transition events. Temperature was
set to 27°C for nominal characterization, with additional
sweeps covering -40°C to 125°C for reliability assessment.
Supply voltage remained at nominal 1.8V except during
noise margin extraction, which swept VDD from 0V to
1.8V.

Power consumption measurements employed transient
simulation over 100 complete switching cycles at 100MHz
frequency, with average power calculated by integrating
instantaneous supply current. Monte Carlo analysis with 200
iterations assessed parametric sensitivity using foundry-
specified process variation distributions for threshold
voltage, oxide thickness, and channel length (241,

Results

Table 1: Simulated performance parameters for CMOS logic gates at 180nm technology node

Gate Type tpd (ns) Power (LW) PDP (fJ) NML (V) NMH (V)
NOT (Inverter) 0.16 9.4 1.50 0.71 0.78
NAND (2-input) 0.34 17.8 6.05 0.68 0.74
NOR (2-input) 0.51 26.2 13.36 0.65 0.71
XOR (2-input) 0.98 43.7 42.83 0.62 0.73

tpd: propagation delay; PDP: power-delay product; NML/NMH: low/high noise margin. CL = 10fF, T = 27°C.

The scatter plot in Figure 1 reveals the expected correlation
between propagation delay and power consumption across
gate types. NOT gates cluster in the lower-left region,
representing optimal power-delay characteristics. NAND
and NOR gates occupy intermediate positions, while XOR
implementations extend toward higher values for both
parameters. The trend lines indicate approximately linear
relationships within each gate category, suggesting
consistent scaling behavior with load variations.

Monte Carlo simulation results in Figure 2 demonstrate
process variation impacts on propagation delay. The NOT
gate exhibited the tightest distribution with interquartile
range of 0.05ns, while XOR gates showed wider spread of
0.18ns reflecting their greater sensitivity to transistor
parameter variations. Median values align closely with
nominal simulation results, confirming the appropriateness
of typical corner models for initial design estimates.
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Fig 1: Scatter plot showing power consumption versus propagation delay tradeoff across logic gate types with trend lines
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Fig 2: Box plot showing propagation delay distribution across Monte Carlo simulation iterations for each gate type
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Fig 3: CMOS NAND gate circuit schematic showing parallel PMOS and series NMOS transistor configurations with design parameters
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Fig 4: Transient simulation waveforms showing input signals, NAND output response, and dynamic power consumption spikes during
transitions

Performance Evaluation

Simulation results confirmed expected performance
hierarchies across gate types. The NOT gate's minimal
transistor count of two devices translated directly to lowest
delay and power values. NAND gates, despite requiring four
transistors, achieved favorable metrics due to the parallel
PMOS arrangement providing strong pull-up capability
combined with the series NMOS pull-down that benefits
from stacked threshold reduction effects.

Temperature sensitivity analysis revealed delay increases of
approximately 0.8% per 10°C temperature rise across all
gate types. This behavior stems from carrier mobility
degradation at elevated temperatures, reducing transistor
drive current. The consistency of this temperature
coefficient across different gate configurations simplifies
timing derating calculations in system-level design.

Comprehensive Interpretation

The power-delay product serves a technology-
independent figure of merit for comparing gate
implementations. NOT gates achieved 1.50 fJ, establishing
the baseline efficiency for the process. NAND gates at 6.05
fJ represent the preferred complex gate due to functional
completeness any Boolean function can be implemented
using NAND gates alone. The XOR result of 42.83 fJ
reflects the inherent complexity of implementing non-
monotonic functions in static CMOS, motivating alternative
implementations such as transmission gate or pass transistor
logic for parity functions.

as

Discussion

The simulation results align well with theoretical
expectations and published data for comparable technology
nodes. Measured propagation delays fall within 15% of
first-order RC model predictions, validating the analytical
framework commonly employed for initial design estimates.
The close agreement suggests that the BSIM4 models
accurately capture the relevant device physics for this
technology generation.

Noise margin values exceeding 0.62V for all configurations
provide comfortable operating margins relative to typical
on-chip noise levels of 50-100mV. These margins decrease
at reduced supply voltages, establishing practical lower
bounds for reliable operation. Applications requiring supply
voltage scaling below 1.5V may necessitate alternative

~42 ~

circuit techniques to maintain adequate noise immunity.

The NAND gate emerges as the preferred primitive for logic
synthesis based on its combination of functional
completeness and reasonable power-delay characteristics.
Standard cell libraries typically emphasize NAND-based
implementations, reserving NOR gates for specific
applications where logic optimization favors their use. The
simulation data supports this convention while quantifying
the performance penalties associated with NOR
implementations.

XOR gates present interesting design challenges due to their
high transistor count in static CMOS. Alternative
implementations using transmission gates can reduce delay
by approximately 40% but introduce signal degradation
concerns requiring careful design attention. The simulation
results establish baseline static CMOS performance against
which alternative approaches can be evaluated.

Conclusion

This research has presented systematic characterization of
fundamental CMOS logic gates through detailed circuit
simulation using 180nm technology models. The
investigation  quantified propagation delay, power
consumption, power-delay product, and noise margins for
NOT, NAND, NOR, and XOR configurations under
identical test conditions, enabling meaningful performance
comparisons.

The NOT gate demonstrated optimal performance with
0.16ns delay and 1.50f) power-delay product, establishing
the efficiency baseline for the technology. NAND gates
achieved 0.34ns delay with 6.05f) power-delay product,
confirming their suitability as the primary building block for
complex logic synthesis. NOR and XOR implementations
showed progressively degraded metrics reflecting their
increased transistor counts and series device configurations.
Noise margin analysis confirmed robust operation with
values exceeding 0.62V for all gate types, providing
adequate immunity against typical on-chip interference.
Temperature characterization revealed consistent sensitivity
of approximately 0.8% delay increase per 10°C, enabling
straightforward derating calculations for timing closure
across temperature ranges.

The simulation dataset provides reference values for
educational purposes and preliminary design estimates.
Future work could extend the characterization to advanced
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technology nodes, examine alternative circuit topologies
such as transmission gate logic, and investigate dynamic
logic implementations for high-performance applications
requiring reduced delay at the expense of increased design
complexity.
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