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Announcements

• Project Report Due May 1
• Email it to me by 5PM

• Exam 3 is on May 3
• 3PM-5PM
• Closed book w/ one standard note sheet
• 8.5”x11” front & back
• Bring your calculator
• Covers material through Output Stages Lecture
• Previous years’ exam 3s are posted on the 

website for reference
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Agenda

• Bandgap Reference
• Motivation and general concept
• Generation of NTAT and PTAT voltages
• CMOS bandgap references
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Stable References for Analog Circuits

• Analog circuits require bias currents that are 
stable over process, voltage, and temperature for 
proper operation 

• The most popular circuit used to generate a 
stable reference is a “Bandgap Reference”

• A Bandgap Reference Circuit generates a voltage 
that is very stable over temperature
• This stable voltage can be used to generate a 

reference current stable over process, voltage, and 
temperature
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Bandgap Voltage Reference Concept

• VBE has a negative temperature coefficient
• VBE has a positive temperature coefficient
• Add VBE and VBE scaled by K for an output voltage with 

near zero temperature coefficient
5
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Base-Emitter Voltage (VBE) 
Temperature Coefficient (NTAT)

• For a constant IC, VBE has a negative-to-
absolute-temperature (NTAT) 
coefficient of approximately -2mV/K
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VBE Temperature Coefficient (PTAT)
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Bandgap Reference Voltage

8

   


































































1

2
00

1

20
00

0
0

00

1

2

0

0

0
0

0
02

ln

lnln1

lnlnln1

2

2

2

2

2

J
J

q
kTKVVTT

J
J

q
kTK

T
T

q
kTmVV

T
TVV

T
T

J
J

J
J

q
kTK

J
J

q
kT

T
T

q
mkT

T
TV

T
TVVKVV

VV

BEref

GBEGref

i

C

C
BEGBEBEref

BEBE

i

      ,At 

circuits) Bandgap the in true be to shown be will (this
 PTAT are currents junction thethat  Assuming

 PTAT the times K and Q2 from  NTAT an Adding



Bandgap Reference Voltage
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Setting K Value
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• The precise value of K is often set by 
“trimming” at wafer-level testing



CMOS Vertical BJTs
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CMOS Bandgap Reference Circuits
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Next Time

• Exam 3 review

15


