Chapter 3: Introduction to Key Concepts — Power Consumption, Efficiency,
and Trade-offs in CMOS and FinFET Technologies

3.1 Introduction

This chapter introduces the fundamental concepts of power consumption, energy
efficiency, and design trade-offs in CMOS and FinFET-based circuits. Understanding these
parameters is essential for optimizing low-power digital and mixed-signal systems. While CMOS
has been the backbone of low-power logic for decades, FinFETs have emerged as a solution to
overcome limitations in leakage and scaling.

We will compare how these two technologies handle power dissipation, explore metrics for
measuring energy efficiency, and understand the trade-offs engineers must consider in
advanced designs.

3.2 Problem Statement
As circuit complexity grows and devices shrink, designers must:

e Minimize power without sacrificing speed or functionality.
e Balance dynamic power, leakage, area, and cost.
e Evaluate how CMOS and FinFET behave differently under these constraints.

The challenge is to optimize designs for specific use cases (e.g., mobile, server, 10T) while
understanding the inherent trade-offs in each technology.

3.3 Step 1: Power Consumption Components
In CMOS and FinFET logic circuits, total power (P_total) is divided into:
1. Dynamic Power (Switching Power):

Pdyn=aCLVdd2fP_{dyn} =\alpha C_L V_{dd}*2 f
o a\alpha: Activity factor (switching probability)

o CLC_L: Load capacitance
o VddV_{dd}: Supply voltage

o ff: Clock frequency



2. Short-Circuit Power:

o Occurs during gate transitions when both PMOS and NMOS conduct
momentarily.

o Generally a small part of total power but grows with Vdd and transition time.

3. Static (Leakage) Power:
Pleak=lleak-VddP_{leak} = |_{leak} \cdot V_{dd}
o Becomes significant in deep submicron processes (90nm and below).

o Includes subthreshold leakage, gate oxide leakage, and junction leakage.

3.4 Step 2: Efficiency Metrics
Energy Efficiency in digital circuits is measured using several key metrics:

e Energy per Operation:
E=P-tE = P \cdot t
Lower energy per task = more efficient design.

e Power-Delay Product (PDP):
PDP=P - tdelayPDP = P \cdot t_{delay}
Indicates trade-off between power and speed.

e Energy-Delay Product (EDP):
EDP=E - tdelay=P - tdelay2EDP = E \cdot t {delay} = P \cdot t {delay}"2
Helps optimize circuits for performance-per-watt.

A lower EDP signifies a more energy-efficient and faster design.

3.5 Step 3: CMOS vs FinFET — Power & Efficiency Comparison

Feature CMOS FinFET
Gate Control Single-gate planar 3D multi-gate (wraparound)
Leakage Power High at <45nm Lower due to better

electrostatics
Dynamic Power Higher Vdd (1V or more) Lower Vdd (0.7-0.9V typical)

Short-Channel Effects  Severe at <45nm Strong suppression



Area Smaller die per transistor  Slightly larger per transistor

Fabrication Complexity Mature and cheap Complex and costlier

Example: FinFET-based SoCs have demonstrated up to 30-40% power savings
over CMOS at the same performance level.

3.6 Step 4: Design Trade-offs in Low Power Circuits
When designing low-power circuits, engineers must balance the following:

e Power vs. Performance:
o Reducing Vdd lowers dynamic power but also reduces speed.
o Higher Vt reduces leakage but slows down switching.
e Area vs. Power:
o Parallelization reduces frequency and power but increases area.
o FinFETs occupy slightly more area but reduce leakage.
e Reliability vs. Efficiency:

o Near-threshold computing reduces power but increases sensitivity to noise and
variability.

o Aggressive scaling may impact aging and device lifetime.
e Cost vs. Efficiency:

o FinFETs improve energy efficiency but increase manufacturing cost and design
complexity.
3.7 Step 5: Python-Based Power Estimation Tool

Here’s a simple script to visualize power consumption trade-offs for CMOS and FinFET under
varying supply voltages:

import numpy as np
import matplotlib.pyplot as plt

# Constants



C =1e-15 # Load capacitance (F)
f=1e9 # 1 GHz switching frequency
alpha =0.5

# Voltage range
Vdd = np.linspace(0.5, 1.2, 100)

# Dynamic power for CMOS and FinFET
P_cmos = alpha * C * (Vdd ** 2) * f
P_finfet = alpha * (0.8 * C) * (Vdd ** 2) * f # assume 20% lower capacitance in FInFET

# Plot

plt.plot(Vdd, P_cmos * 1e6, label="CMOS', linestyle="--")
plt.plot(Vdd, P_finfet * 1e6, label="FinFET")
plt.xlabel('Vdd (Volts)")

plt.ylabel('Dynamic Power (uW)')

plt.titte('Dynamic Power vs Vdd')

plt.legend()

plt.grid(True)

plt.show()

3.8 Step 6: Summary of Key Takeaways

e CMOS: Easy to fabricate, scalable, but suffers from increased leakage and
short-channel effects at <45nm.

e FinFET: Improves energy efficiency with better channel control, but has higher
fabrication cost.

e Trade-offs: Must balance speed, power, area, and cost based on the application (loT,
mobile, servers, etc.).

e Efficiency Metrics: PDP and EDP guide optimization strategies for low-power design.

3.9 Conclusion

Power consumption, efficiency, and trade-offs form the core design considerations in CMOS and
FinFET-based circuits. Designers must:

e Understand the components of power and their behavior under scaling.

e Use efficiency metrics like PDP and EDP to guide optimization.



e FEvaluate CMOS vs FinFET based on the application domain, balancing performance,
cost, and manufacturability.
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