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Sources of Inaccuracies in ICs
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1/f Noise Spectrum
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1/f Noise

« Other names: flicker noise, pink noise

« Caused by traps near Si/SiO2 interface

— Randomly capture and release carriers
— Less significant in BJT, JFET, bulk current flow (PMOS)

« Empirical models:

— D. Xie et al., “SPICE Models for Flicker Noise in n-MOSFETs from
Subthreshold to Strong Inversion,” IEEE Trans. CAD, Nov 200, pp. 1293-1303.
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« K:is technology dependent, numbers for EE 240B:

| 180nm Process

NMOS 4-107%°A-F 6:107%°A - F
PMOS 2:107%°A-F 3:1072°A - F
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1/f Noise Corner Frequency
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1/f Noise Corner Frequency

KQ@ af

— LHJ_& @ af

CoeL
L/—Y . . g
/s e
P T S %
Q,FApCox [ =

L oo ¥~ ({D v V

/

Qo P O 7M{ (S ® NG

S B. E. Boser EE240B - Precision Techniques 9



“Total” 1/f Noise
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Total 1/f versus Thermal Noise

S B. E. Boser EE240B - Precision Techniques 11



MOS Model with Channel Noise Generator
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Other MOSFET Noise Sources

é] QLL/ J o (‘T&,
_ 379_,.&;_, 2<% <

o ‘_gcQL /L:\or's_’

: gcow/&_ e I~ (K

T deoul o F @—9\/ Vs g)(”'” .
003, pp W\c{é?

S B. E. Boser EE240B - Precision Techniques 13



Advanced Analog Integrated Circuits

Shot Noise
(Aside ...)

Bernhard E. Boser
University of California, Berkeley
boser@eecs.berkeley.edu

Copyright © 2016 by Bernhard Boser

S B. E. Boser EE240B - Precision Techniques

14



Shot Noise in PN Junction
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Shot Noise in BJTs
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BJT Small Signal Noise Model
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Modeling Offset__
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Sources of Error an@
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Dynamic Offset Cancellation (DOC)
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Refs: [1] K. Makinwa, "Dynamic offset cancellation techniques in CMOS," ISSCC
Tutorial, Feb. 2007 (available from SSCS website).

[2] C.C. Enz and G.C. Temes, “Circuit techniques for reducing the effects of
opamp imperfections: a(gm\ze_rciry__,_@rrelated double sampling and chopper
stabilizatig&” Proc. IEEE, Nov. 1996, pp. 1584 -1614.
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DOC Techniques Comparison
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DOC versus Trimming
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Auto-Zeroing Principle
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Auto-Zero Phase ®, (DC Analysis)
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Amplification Phase @, (DC Analysis)
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What Happens to Noise?
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Noise Transfer Function
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Noise Transfer Function
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Noise Spectrum at Output
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Mitigating Charge Injection Error
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Reducing Charge Injection Error (1)
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Reducing Charge Injection Error (2)
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Multistage Offset Cancellation
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Multistage Offset Cancellation
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Comparator Example
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Comparator Example: Circuit Details
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Auto-Zeroing Residual Offset

’Eeg{M E‘(f‘dd"g
o Cunl-L( Cl:\.»\.,g)\, ’)b\)%taﬁ-

o (.Gc,o;o., Cﬁfh _ QQM \l‘os\

o Fbu* GJ«\.((’Q 8°~‘N 1 _~ iD/‘kU
CRusbiens 1

- R clbs ’

v L.au" Cﬁ*é‘
. H—[z{? Zt— a—'*'*@

_| > B. E. Boser EE240B - Precision Techniques 41




Advanced Analog Integrated Circuits

Chopper Stabilization

Bernhard E. Boser
University of California, Berkeley
boser@eecs.berkeley.edu

Copyright © 2016 by Bernhard Boser

S B. E. Boser EE240B - Precision Techniques

42



vl

Chopping Idea

EE240B — Precision Techniques



Chopping Concept
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Square Wave Modulator
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Time Domain
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Freqguency Domain
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Freqguency Domain
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Residual In-Band Noise
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Residual In-Band Noise
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Example
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[ Enz 1996 ]
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Two-Stage Chopper Amplifier
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Folded Cascode with Chopper
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Chopper Nonidealities
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Finite Amplifier Bandwidth
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Clock Feedthrough
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Summary of Chopper Design Considerations
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Objectives
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Nested Chopping
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[ Bakker 2000 ]
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Spike Dead-Banding
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Figure 23.3.1: (a) Charge injection in conventional chopper amp. (b) Chopper
amplifier with guard time.

[ Menolfi 2001 ]
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Spike Bandpass Filter

On-chip
Oscillator

UL fchop

Vin = /\ ~.D Vout

nput Preamplfier Bandpass 3rd Stage Outout
Modulator Filter Modulator

[ Menolfi 1999 ]
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Ripple Reduction with AC Coupling
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Ripple Reduction with SC Filter

Sampling instants
A

[ Bakker 1997 ]
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Ripple Reduction with Digital Filter
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Offset Compensated OpAmps
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Implementation Example

ML |
50% duty cycle

Chopper-stabilized op amps build on the classical chopper amplifier concept that was first used in
vacuum tubes. Those basic choppers modulated the input signal with a square wave and demodulated
the output. Thus, any low-frequency errors introduced by the amplifier were shifted outside the band
of interest and filtered out by subsequent stages. In a chopper-stabilized amplifier, there is a wideband
path (Al). paralleled by a high-accuracy low-frequency path (A2) that provides high gain and classic
chopping. The outputs of Al and A2 are subtracted, with the output fed back to the inverting input of
A2 and to a switch on the non-inverting input of Al that alternates at the chopping frequency between
the feedback signal and the input signal. A low-pass filter between the output of A2 and the summing
node circuit removes the high-frequency chopping noise. The clever bit is that connecting the inputs
together allows the chopping to remove the low-frequency errors from both paths.

http://electronicdesign.com/analog/chopper-stabilized-op-amps
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Application: Precision DAC

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. SC-11, NO. 6, DECEMBER 1976 795

Dynamic Element Matching for High-Accuracy
Monolithic D/A Converters
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DEM Concept
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DAC Application Example
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CMOS Temperature Sensor

&N -

[ Pertijs 2005 ]
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Bandgap Temperature Sensing
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Sensor Principle
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A/D Conversion: A Modulator
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Temperature Sensor Block Diagram
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(1) Accurate 1:p Ratio with DEM
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Sigma-Delta Modulator
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Sigma-Delta Circuit Implementation
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Evaluation

Technology

0.7pm 2M-1P analog CMOS

Chip size

4.5mm?

Supply voltage

Temperature range

—55°C - 125°C

Resolution

0.01°C at 10 conversions's

0.002°C at 1 conversion/'s

Supply current

7ouA when operated continuously

Power-supply sensitivity

0.03°C/V Irom 2.5V 10 5.5V

Inaccuracy (30)

015 : ; : ; ; : ; ; :
-60 -40 -20 0 20 40 60 80 100 120 140

+0.03°C at 30°C

+0.1°C from —55°C to 125°C

Temperature (°C)

« Other techniques used to get target performance:
- f insensitive Iy;,; generation

— Vgg curvature correction
* Nonlinear decimation filter

- Vgg averaging between Q; and Qp
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