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Ideal B-bit Quantizer

0 Practical quantizers have a limited input
range and a finite set of output codes

0 E.g. a 3-bit quantizer can map onto
2°=8 distinct output codes

0  Quantization error grows out of
bounds beyond code boundaries

0 We define the full scale range (FSR) as
the maximum input range that satisties
e <A/2

s Implies that FSR = 25 A

Penn ESE 3400 Fall 2022 - Khanna

eq (quantization error)

__________________________________

Analog Input




Ettect of Quantization Error on Signal

0 Quantization error is a deterministic function of the
signal

= Consequently, the effect of quantization strongly depends on the
signal itself

0 Unless, we consider fairly trivial signals, a
deterministic analysis is usually impractical

= More common to look at errors from a statistical perspective

= "Quantization noise”
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Quantization Error Statistics

0 Crude assumption: e,(x) has uniform probability

density

0 'This approximation holds reasonably well in
practice when
= Signal spans large number of quantization steps
= Signal is "sufficiently active”

= Quantizer does not overload

- e
1/A —A/2 4
—AR AR e, 4472 2 y:
e
Variance e’ = I de =
A 12
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Quantization Noise

o Figure 4.57 Example of quantization noise. (a) Unquantized samples of the
signal x[n] = 0.99cos(n/10).

150 n
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Quantization Noise

o Figure 4.57(continued) (b) Quantized samples of the cosine waveform in part (a) with a 3-
bit quantizer. (c) Quantization error sequence for 3-bit quantization of the signal in (a). (d)
Quantization error sequence for 8-bit quantization of the signal in (a).

S+
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Signal-to-Quantization-Noise Ratio

0 Assuming full-scale sinusoidal input, we have

SNRq = 6.02B + 1.76 dB

B (Number of Bits) SQNR
8 50dB
12 74dB
16 98dB

20 122dB
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®: Signal-to-Quantization-Noise Ratio

0 For uniform B bits quantizer

o

2

2
06
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. Signal-to-Quantization-Noise Ratio

0 For uniform B bits quantizer

52
Z
SNRg = 10log, (§>
€
12 - 2282
= 10logg Ou
FSR?
FSR\ Quantizer range
SNRq = 6.02B + 10.8 — 201log;, ( )
9z /rms of amp
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Signal-to-Quantization-Noise Ratio

FSR\ Quantizer range
SNRg = 6.02B + 10.8 — 201log;, (i)
r

9z /rms of amp

0 Improvement of 6dB with every bit
0 The range of the quantization must be adapted to
the rms amplitude of the signal
= Tradeoff between clipping and noise!

= Often use pre-amp

= Sometimes use analog auto gain controller (AGC)

Penn ESE 3400 Fall 2022 - Khanna
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Signal-to-Quantization-Noise Ratio

0 Assuming full-scale sinusoidal input, we have

Quantizer range
SNRg = 6.02B +10.8 — 20 logy, (@)
r

9z /rms of amp
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Signal-to-Quantization-Noise Ratio

0 Assuming full-scale sinusoidal input, we have

SNRq = 6.02B + 1.76 dB

B (Number of Bits) SQNR
8 50dB
12 74dB
16 98dB

20 122dB
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Quantization Noise Spectrum

a If the quantization error is "sufficiently random", it also
follows that the noise power is uniformly distributed in
frequency

p N

—f 12 f 2

0 References

= W. R. Bennett, "Spectra of quantized signals," Bell Syst. Tech. J., pp.
446-72, July 1988.

= B. Widrow, "A study of rough amplitude quantization by means of
Nyquist sampling theory," IRE Trans. Circuit Theory, vol. CT-3, pp.
266-76, 1956.
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Non-Ideal Anti-Aliasing Filter

interference

()oise

—QN QN
Qs/2
a Problem: Hard to implement sharp analog filter

a0 Consequence: Crop part of the signal and sutfer
from noise and interference
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Oversampled ADC

..........................................................................

T (t) Sharp Analoq

-3 Anti-Aliasing - Quantizer
Filter HLp(jQﬂ ' J
.................... Oversampled ADCAD .
. : C/D Sharp Digita
X c(t) Simple Analog : Anti-aliasing _
Anti-Aliasing =>,_ 1,7 filter - IM || Quantizer
Filter J : T M'Q N) v

---------------------------------------------------------------------------
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Quantization Noise with Oversampling

' we=r/M Tq|n

. 6[ :vd[n] ¥ eqln]
=9 ~ M
X, ()

/
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ADC Architectures

L XL
‘
Penn ESE 3400 Fall 2022 - Khanna adapted from Murmann "
EE315B, Stanford



Nyquist ADC Architectures

0 Word-at-a-time
[ Eg ﬂash ADC

= Instantaneous comparison with 2B-1 reference levels

0 Multi-step
= E.g. pipeline ADCs

= Coarse conversion, followed by fine conversion of
residuals

0 Bit-at-a-time Speed
= H.g. successive approximation ADCs

= Conversion via a binary search algorithm

Penn ESE 3400 Fall 2022 - Khanna adapted from Murmann
EE315B, Stanford
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ADC Sutvey (ISSCC & VLSI 1997-2013)

Data: http://www.stanford.edu/~murmann/adcsurvey.htmi

4 Flash

> Folding
¢ Two-Step
A Pipeline

® AX

B SAR

+ Other

..... 1000fs__ _ Jitter
rms

——— 100fs Jitter
ms

-
~~~~~~~
S '~
~So '~
-~
~
Ss
~
~
Ss
-~
~
Ss
~

-~
~N\
~
-~
~

10

—

) - }; o0 Po%w oo

| | " A | [ | |
20 30 40 50 6 70 ) 90 100 110 120
SNDR, [dB]
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Flash ADCs
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Flash ADC

0 Fast
= Speed limited by single comparator plus encoding logic
0 High circuit complexity (2°-1 comparators), high input
capacitance

= Typically only use for resolution up to 6...8 bits

Vrcl' \’:)in 2B_1
; Comparators —

e 1
:

An Encoding .
Logic

\'

n

V

—

n

28-1 Decision Levels

§ A’ “ J
v
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Flash ADC

o B-bit flash ADC:

= DAC generates all possible
2B_1 levels

= 251 comparators compare
Vin to DAC outputs
= Comparator output:
s fVpae < V21
s fVpae>Vin=20
= Comparator outputs

form thermometer code

= Encoder converts
thermometer to binary code

Penn ESE 3400 Fall 2022 - Khanna adapted from Murmann
EE315B, Stanford
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Multi-channel Bio-potential Recording

Ch-lyl‘

C

3\.

’fr(

trode-M
[ S——
...
Electrode-1
—> PGA
-

Ch-1)

\A 4
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processing
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Multi-channel Bio-potential Recording

[ (3
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SAR ADC Architectures

D/A

Minimize

Dout

0 Most ADC architectures (other than flash) are based on minimizing

(reducing) the error between input and a D/A signal approximation

= Pipeline uses distributed DAC

= SAR ADC uses comparator to sense error

= Sigma-delta ADC minimizes error via integration and feedback

Penn ESE 3400 Fall 2022 - Khanna adapted from Murmann

EE315B, Stanford
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SAR ADC

CONVERT

START
-

_’

COMPARATOR

l

EOC,
DRDY,
OR BUSY

CONTROL
LOGIC:

SUCCESSIVE-
APPROXIMATION
REGISTER

(SAR)

OuUTPUT
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0 Key features:
0 High resolution

0 Fast response and low
latency

0 Power varies with
sample rate
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Pulse Oximetry Example

0 LTC23066 is part of a family of tiny ADCs sampling from
100KSps to 3MSps

0 ADCs dissipate only 7.8mW at 3MSps, 1.5mW at T00KSps

and 0.3 microwatts in sleep mode
o LTC23066 features no data latency through the ADC

Penn ESE 3400 Fall 2022 - Khanna
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Successive Approximation Algorithm

IN

—»

\J

Vegr—* DAC
X A
Control
Logic
Clock

Penn ESE 3400 Fall 2022 - Khanna adapted from Murmann

EE315B, Stanford

Start
¢ Signed input
Sample Vin, Voiu = 0,0 = 1
Vin>Von No
Yes
Y
b, =1 b,=0
Y Y
Vo= Vo + Vier/2" 1 Vo= Vou - (V72" 1)

No

i

i—=i+1

Yes

Stop
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Successive Approximation Register ADC

pAC ' VREF
V., —» 1 4
- J’ | 12 3/4 5/8 11116 21/32 41/64
Veer—>|  DAC > 4| |
' T [ BE == e = __:‘,_ﬁ__‘_——-_
Ve . : : : :
Control | | | | | |
Logic | _ : : : : 1
: : : : :
| | | | |
Clock - - - . L : .
Time

0 Binary search over DAC output
a0 High accuracy achievable (16+ bits)

= Relies on highly accurate comparator

0 Moderate speed (1+ Mhz)

Penn ESE 3400 Fall 2022 - Khanna adapted from Murmann
EE315B, Stanford 30



SAR ADC Block Diagram

Clock - SAR B0
DN 1 DN-2 D2Dl DO
\ A 4 vy VY
VREr DAC
Comparator
ViN—— S/H >

a0 Sampling phase: Sample input with Sample-and-Hold
0 Bit-cycling: Compare with DAC output, adjusting the SAR with

Vref

Vin1

3Vref/4

Vref/2

Vref/4

each clock cycle as bits are determined

Penn ESE 3400 Fall 2022 - Khanna
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Charge Redistribution ADC

Start

¢ Signed input
Sample Vin, Vo = 0,i = 1
No
Vin>Von
Yes
bi = 1 t'_)l = 0
| |

Start

Sample

V=V, i=1

A Y (Vrer/zi+ 1)

Yes

Stop

Penn ESE 3400 Fall 2022 - Khanna adapted from Murmann

EE315B, Stanford
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Multi-channel Bio-potential Recording

Ch-.M
C 3"
E/eclr‘ode;/\ifr Ch-1‘2 '
K 7
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== ) Digital signal
\ F processing
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.. >
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' ) Digital signal
4 L/ processing
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Big Ideas

o SQNR
= SQNR determined by bit resolution, B
= ENOB determined by SNR

0 Oversampling

= FEnables reduction in quantization noise and reduces stress on AAF.
More next lecture...

0 Nyquist ADCs

= Speed vs. SNR tradeoff favors certain architectures for given
application
= Flash ADCs
= Word-at-a-time for high speed, low resolution applications

= SAR ADCs

= Bit-at-a-time for low speed, low power applications

= Highly suited for medical devices

Penn ESE 3400 Fall 2022 - Khanna
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Admin

0 Lab tomorrow

= More PCB population and testing

Penn ESE 3400 Fall 2022 — Khanna
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