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Outline

• Limits of Ultra-Low-Power Analog Circuit Design

• Limits of Ultra-Low-Voltage Analog Circuit Design

• MOS transistor in Weak Inversion 
– Definition

– Properties

– Impact of Short-Channel Effects on Weak Inversion

• Analog Circuits in Weak Inversion

Note: Contents of this Lecture are taken from a Short Course given in 
ISSCC 2012
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Limits of Ultra Low Power
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Limits to Ultra Low Power
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Limits to Ultra Low Power
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Min. Power Consumption versus SNR
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Min. Power Consumption versus SNR
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Practical Limits
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𝑃𝑚𝑖𝑛for a Transconductance Amplifier
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𝑃𝑚𝑖𝑛for a Transconductance Amplifier
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Why Low Voltage?
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Impact of Supply Voltage Reduction on Power Consumption
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Consequences of Supply Voltage Reduction
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Minimum Supply in Weak Inversion for Different 𝑉𝑇
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MOSFET Models
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45-min Seminar [1]

• BSIM6 Model description (EKV)
• Why use Charge-based Models?
• Background on Charge Based Symmetric Model
• Charge, Current and Voltage Expressions in more details
• All transconductances expressions
• Special Cases
• Important Derivations

[REF1] C. C. Enz and E. A. Vittoz, Charge-Based MOS Transistor 
Modeling - The EKV Model for Low-Power and RF IC Design, John Wiley, 
2006.
[REF2] E. A. Vittoz and C. C. Enz, "EKV Model of the MOS Transistor," in 
Sub-Threshold Design for Ultra Low-Power Systems, Springer, 2006.
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Drain Current
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Charge-Based Forward and Reverse Currents

• 𝐼𝐷 = 𝐼𝐹 − 𝐼𝑅
• Normalized drain current (Inversion Coefficient - IC):

– 𝑖𝑑 = 𝑖𝑓 − 𝑖𝑟 = qs
2 + qs − (qd

2 + qd)

– qs: Normalized charge density in the channel near the source

– qd: Normalized charge density in the channel near the drain



© Mohamed M. Aboudina, 2014

Modes of Operation (𝑖𝑓 𝑣𝑒𝑟𝑠𝑢𝑠 𝑖𝑟)
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Approximate Current Expression (Valid in all regions)



© Mohamed M. Aboudina, 2014

Moderate and Weak Inversion
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Moderate and Weak Inversion
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Moderate and Weak Inversion
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Moderate and Weak Inversion
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Drain Current in Weak Inversion
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Drain Current in Weak Inversion
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Drain Current in Saturation versus VGS
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Inversion Coefficient
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IC versus Overdrive Voltage
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[1] Lowest Saturation Voltage
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[2] Maximum Current Efficiency (𝐺𝑚/𝐼𝐷)
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[3] THD of Drain Current versus IC
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[4] Matching
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[4] Matching – Downscaling improves Matching
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[4] Matching
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[5] Limiting the Speed (Bandwidth)
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Summary of Properties
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Velocity Saturation
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Effect of Velocity Saturation on Drain Current
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Effect of Velocity Saturation on Current Efficiency
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Transit Frequency Scaling


