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What is required of a reference?

• DC voltage or current that is 

1. Independent of the Supply variation

- e.g.: VCC: 2.7V  3.0V

2.   Independent of the Temperature variation

- e.g.: T: -20°C  80°C

3. Independent of the process variation

- e.g.: β of BJTs: ± 30%
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Temperature-Independent References

• VREF = α1V1 + α2V2 (V1 is Proportional To Absolute 

Temperature, PTAT, and V2 Complementary TAT, 

CTAT)
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[M. Pertijs, JSSC, 2005]



Negative-TC Voltage

• The base-emitter voltage of a bipolar transistor VBE

exhibits a negative TC.

• For a bipolar device, IC = ISexp(
𝑽𝑩𝑬
𝑽𝑻

), where VT = 
𝒌𝑻

𝒒
and 

IS is proportional to μkTni
2.

• Temperature dependence: μ ∝ μ0T m, where m ≈ −
𝟐

𝟑

and ni
2 ∝T 3 exp[

−𝑬𝒈

𝒌𝑻
], where Eg ≈ 1.12 eV is the 

bandgap energy of silicon.

• Thus, Is = bT 4+m exp
−𝑬𝒈

𝒌𝑻
(b is a proportional factor).
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Negative-TC Voltage

• Writing VBE = VT ln(
𝑰𝑪
𝑰𝑺

), and assuming for now that IC

is held constant,

• Since 

Thus, with VBE ≈ 750 mV and T = 300K, ∂VBE /∂T ≈ −1.5 

mV/K
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Positive-TC Voltage

• The difference between two base-emitter voltages, 

ΔVBE  exhibits a positive-TC.

• To compensate for -1.5 mV/K, ln n ≈ 17.2, hence n ≈ 

2.95x10^7!!
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Bandgap Reference
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[K. KUIJK, JSSC, 1973]

• Large n can be mitigated if ΔVBE is “Amplified” 

before it is added to VBE .



Bipolar Bandgap Reference 

Three issues 

1. Gain-power-stability trade-offs

2. NPN bipolar transistors 

3. Op-amp offset
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CMOS bandgap Reference
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[B. Razavi, IEEE SSC Magazine , 2016]

• Replace resistors with controlled current sources. 

• Bipolar transistors are implemented as PNP structures.

• Large n & non-unity ratio between IE1 and IE2.



Low-Voltage Bandgap Reference (1)

• In (a), Vout is still around 1.25V.

• In (b), Vout is arbitrarily small, about 700-800mV.                     
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[B. Razavi, IEEE SSC Magazine , 2016]



Low-Voltage Bandgap Reference (2)

• Use of shunt resistors
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[H. Banda, JSSC, 1999]



PVT-Tolerant Bandgap Reference

• Effect of device mismatches is reduced.
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[T. Brooks, ISSCC , 1994]

Supply-independent biasing

Effect of MOSFET 

mismatch reduced



Compatibility with CMOS Technology

• p+ diffusion inside n-well  Emitter

• n-well  Base

• p- substrate  Collector
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[B. Razavi, Design of Analog CMOS Integrated Circuits]



Current Reference
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• Use of Widlar Current Mirror.

• Current Iout is independent of the supply voltage.



Current Reference with SC Resistor
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• Rs can be replaced by a switched-capacitor 

equivalent: Temperature insensitivity.

𝑅𝑠 =
1

𝑓𝐶𝑠
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