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SOQNR = Best possible SNR(signal to noise ratio)
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Quantization Noise Modeling
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] \ Quantization error
x(n) y(m) _ = inputdt outputll XItO|
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— Related to the input signal

c¢iny = winy —xin)

Fig. 18.1 Quantizer and its linear model
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— Independent of the f (Sampling frequency)
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versamP“"g Advantages

Oversampling occurs when|% > 21 < Nyquist-rate £, = 21

¥

(Signal of interest = £, Sampling frequency = £)

: : f
Oversampling ratio, OSR =—- (18.8) —

Every doubling of OSR, SNR improves by 3dB.
2f

0 (ex) OSR=4 - + 6.02dB
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N-bit quantizer
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" Oversampling Advantages

Input signal power,

2
V V.2 A%
P=——=| =—= (18.9)
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(assume, sin wave of peak-to-peak Vi) — (Ves =A2") e

K, :(AJ 1 (18.2)

Quantization noise power of input signal, P\ ‘/1_2 fs _________ l
2 [x2 A o i

P, = [* S2(f)H(F)f df = [* k2atf = 2o & _|A ( - j<18.10> i OSR=_2-  (18.8)}
/2 o f. 12 |12\ OSR e ZA P

I:> OSR 1 (sampling frequency 1), Quantization noise
power |

Maximum SQNR

SQONR,,, = 10|09(%j =10log @ 2N j +10log(OSR) (18.11)

e

=6.02N +1.76 410log(OSR ) (18.12)

|:> 3 dB/octave or equivalently 0.5 bits/octave £
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ample

A 13-bit quantizer has an input frequency of 2MHz. Compare the SQNR if
1) Nyquist-rate (f, = 4MHz)
2) Oversampling (f, = 16MHz)

{Input signal frequency f, = 2MHz |
{OSR = 4 ;

Nyquist-rate Oversampling
\/in(rms) P
SQNR =20log SONR =10log| =
VQ(rms) Pe
_ ref /ZJ_ =10|Og §22N +10|Og(OSR)
201log 5
LSB /J_
_6.02N+1.76 dB =6.02N +1.76 +10log (OSR)

L Oversampling improves overall SNR by 10log(OSR)
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Delta-Sigma A/D converter system

Xin(H) Xo(t) Xen) Xysm(1) Xip(M) X5(n)

Anti- Sample AY Digital
—plaliasing —p{ and == q —» low-pass P l OSR >
filter hold | || M9 |{, |- cilter f :
. » 2f;
E : Decimation filter .
Analog . R T
. - Digital

Fig. 18.4 Block diagram of an oversampling A/D converter

C  Low input frequency bandwidth, high accuracy

2*  Low conversion rate




Oversampling with Noise Shaping

Noise shaping by High-pass filtering
Noise Level

power nower nower
4 power
A
Red
. ~ T
./
7/
- d._ .-
- e — > f
fO fs,nq /2 / fO fs,over /2
Nyquist rate A e =~~~ """" /- ------------- ' Oversampling ADC
E . ' with Noise shaping
' L~ '
> Low SNI |
foq/2  f

Reduce the noise
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/Signal / Noise transfer function

Signal X Filter = Filtered Signal

power power power
A A A
Input signals Low Pass Filter
x — Rejected unwanted signal
unwanted signals
I 1. | | | | » f » f »
— ' ™ — ! ™ — £ ™
fO ] fs,over /2 1:O ] fs,over /2 fo ] fs,over /2
2 2 2
(a) Signal Transfer Function (S+¢)
power power power
A A A
High Pass Filter Reduced noise in input bandwidth(f,)

.

x —
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f I /2 fO -l:s,over/2 f fl I
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White Noise
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(b) Noise Transfer Function (N+g)
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“Noise-Shaped Delta-Sigma Modulator

Signal and Noise Transfer-Functions

u(n) Hez) ﬂ _,_I'rl_ p V(M
_ Quantizer Y(Z):{U (Z)_Y (Z)}H(Z)
l LPF
(a) Y (Z) H (Z)
= = 18.18
e(n) Sre (2) U(z) [1+H(z) ( )
u(n) H(z) o .é p V(M
- Y(z)=E(z)-Y(z)H(z)
‘ HPF
(b) N (z)= e 41 (18.19)
Fig. 18.5 A general AZ modulator and its linear model. E(Z) 1+ H(Z)

.

Voo

A | /STF(Z)U(Z) Y (2)=S,(2)U(z)+N (2)E(z) (18.20)

Modulator pushes noise power out of

the signal bandwidth

T ) Bandwidth of the modulator
Signal bandwidth
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Integrator, H(z)

S, (Z)EY(Z) _ H(z)

U(z) frH(z)|FF

_Y(@)_
Nye (Z) = E(Z) = 1+H(Z) HPF

_Y(z)  H(z) 1
Se (2200 " T 1oz
1 1
—>1+H(Z)—1_Z
H(Z):—z
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Delay = Z_l

[

n-th order LPF =

N

(1-z)
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n-th order HPF =(1-z")
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Integrator, H(z)

Y(z) | H(z) /Delayzzlﬁj_ A
o (Z) ] Y (Z) : S (Z) o n-th order LPF = 1
, (1—2 1)
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Integrator




First-Order Noise Shaping

x(n)
u(n) TR ERad _,_rrl_ p V(M
Quantizer
Fig. 18.5(a)
v(n) X(n)

u(n) *@_, 1 _rl_rl_ p Y

gtediaiel Quantizer

Fig. 18.6 A first-order noise-shaped interpolative modulator

* Time domain View
v' Average value of integrator input v(n)= 0 (i.e., average value of u(n) — y(n) = 0)

v Average value of u(n) = average value of y(n)
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First-Order Noise Shaping

= Frequency Domain View

High pass filter(feedback)

L
&
v{ AN f
Low-pass fijter ’
3 f
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" First-Order Noise Shaping

= Frequency Domain View

Signal and Noise Transfer-Functions

X(n)

- = —rrl_l' y Y S, (2 )EY (z) 1/(z-1) 1 (1822)
. (z) 1+1/(z-1)
Quantizer N ( ) _ Y (Z) 1 B (1_ Z_l)
Fig. 18.6 A first-order noise-shaped interpolative modulator E (Z) 1+1/ (Z 1)

(18.23)

Calculation of SQNR to fine the enhancement by Noise shaping,(z=e"" =¢e!*"'*)

aiths _ g-int/fs

NTF (f ) — 1_ e—j27rf/fs — % 2] xe—jﬂf/fS — S|n(7;-—f)x 2] xe—jﬂf/fS (1 824)
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P N E 3
SONR._ .. =10log PS =10log 2 +10log —Z(OSR) (18.28)
e —7[ -

= 6.02N +1.76 -5.17 + 30Iog(OSR)

17



First-Order Noise Shaping

Oversampling without noise shaping

SONR__, =6.02N +1.76 +10|0g(OSR) (18.12)

3 dB/octave or equivalently 0.5
bits/octave

Oversampling with noise shaping

SONR,, =6.02N +1.76 —-5.17 + 30log(OSR) (18.29)

9 dB/octave or equivalently 1.5
bits/octave
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' Switched-Capacitor Realization of a First-
Order A/D Converter

Quantizer

-
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1-bit D/A |<— i
!

1
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Analog . Digital

Fig. 18.6 A first-order noise-shaped
| _interpolative modulator

. .. la
Discrete-time integrator

C
¢ i
\ b CI—- i_ Comparator
in o——\j-| -
Q2 741, + y
J— J_ t out
Vi e/ 2 u¢2' ¢ }C'I_ Iatch on 5 falling
(02 .
J=' 0y, 92 <> Vi, high

'['1"* }1 {'11‘2} < >'|,u,rum low
(b)

Fig. 18.7 First-order A/D modulator : (a) block diagram; (b) switched-
capacitor implementation
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Operation of First-Order A/D Converter

- Vout = ngh
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Operation of First-Order Modulation

— 0
= V.. = Low I
'/"'\ 11
'Vin} C
+~_

(i'.l. V|n O_Tl }ﬂ —0 Vout
\' bhc ¢ Comparator P (Vrefl I J.— g
e P :

bz b, + .V L
J__ J__ _ out =
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+ - ’
P2 "in = /’, + —0 Vout
Fig. 18.7 First-order A/D modulator I+ 0 |
; switched-capacitor implementation - -

V,,: = High > Added V, +V,
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First-Order Noise Shaping

Y(z) [ 1 |HPF X(z) 1
N (2)= E(2) | 5H () (18.19) H(z)zv(z) =57 (1821

H(z) should have a pole at DC (e, z=1)

X(2)(z-)=V(z)

zX(2)- X(z2)=V(z) = x(n+1)-x(n)=v(n)

Quantizer

u(n)

Integrator

Fig. 18.6 A first-order noise-shaped interpolative modulator

= Time domain View
v" Average value of integrator input = 0 (i.e,, average value of u(n)

v Average value of u(n) = average value of y(n)
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First-order A-Z ADC

Input = 0.82

Discrete-time integrator

uin)

Quantizer

Xsfbﬁ-h

1-bit D/A

X

—

4 Analog |

Digital

Fig. 18.7 First-order A/D modulator

1+1+1+1

=1 (+0.18)

Digital filter —
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Analog Input
N

0.82

Operation of First-Order A/D Converter

4t phase

t/T

\ 4

t/T

\ 4




First-order A-Z ADC Input = 0.82

Analog Input

N

0.82

8th phase
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Digital filter —

1+1+1+1-1+1+1+1

8

Operation of First-Order A/D Converter

=0.75
(-0.07)
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Operation of First-Order A/D Converter

First-order A-Z ADC Input = 0.82

Analog Input 16th phase

N\
0 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 U7

Xs
N
1.0
0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T > tT
1.0
X3
N
20t Ler o - 1.69 Lo .
113 1.17
0.95 0.99
1.0fozs 0.77 il 0.63
[~ 1057 0.59 !
i 0.39 041
_l_%o.os 22 00 R
G I | | | | I | | | | I I I I  — T T T T T T T T T — T T T T T 7 t/T
-0.15 -0.13 -0.11
M1T111-11111111111v1111 1111111171 11111

. . 1+1+1+1+1-1+1+1+1+1+1+1+1+1+1+1-1
Digital filter — =0.88

16 (+0.06)
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Operation of First-Order A/D Converter

First-order A-Z ADC Input = 0.82

Analog Input

32t phase
O.SZ,I\—
0.00

| [ | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | I | I> t/T
0O 1. 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
Xs
N
1.0
O | | | | | | | | | | | | | | | | | | | | | | | | | | | | I> t/T
1.0
X3
N
20t 167 1.69 171
1.49 131 1.51 133 1.53 135
1.13 1.15 1.17
0.95 0.97 0.99
1.0 F0.75 0.77 0.79 0.81 0.63
[~ L0.57 0.50 .61
- 0.39 Q.41 022 025
_I_% 0.03 — 0.05 o0z .
0 I I I I Iﬁ T T T T T T T T T m T T T T T T T T T m T T T T T T T7 t/T
Xn1111-1111111111111111111111-1171T 111711

Digital filter — 0.8125 (-0.0075)

26



“High-order Noise Shaping

u(n) T B J_,—l_r > y(n)
)

F 3

Z -
Quantizer
Fig. 18.9 Second-order A~ modulator.
power power
A Signal amplitude A Signal amplitude
Noise in A/D converter
Noise in A/D converter TTTTT

o f /2 f, f, f /2 f
With 15t order noise shaping With 2"d order noise shaping

C  Np(f) = high-pass filter
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High-order Noise Shaping

20 + . "
Third-order e
2 16 1 \ .~ Second
- -order _—
s 81 |
~ /- First-order
4 4 -

4 8 16 32 64 128 256 512
Oversampling ratio

Fig. Comparison of resolution

» ASs order increases,

©)
©)

Noise |, Resolution 1

(

= Stability issue 1
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Xin“)

Xc(t)

Xs(N)

Anti- Sample AY Digital
—plaliasing —p{ and [—p q —»|  ow-pass [P lOSR —p

filter hold modif, . filter f, .
: » 2f;

: : Decimation filter :

Analog . S resesssmsmsmmmmEmes e

Digital

v' Anti-aliasing filter : 0.5-f, 2} =1t term== filtering etL}

v' Decimation filter : f,(high)Z X cl|st StCt

=42 fy(low)2 2 filtering
(averaging)

.0

A Decimation filter A

. B
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Appendix : Input Signal Power Calculation

P, oc’\/‘2

pi2rot _ g-i2afyt

sin(27f,t) = R _ ,;
1 o[V i : P -
P.==|2|| = [sin(2zf) | dt 2 E -6y
TO T2 2 < Frequency (Hz)
B 2 Time (Second
1 -%o V,:S 2 1— COS(47Z'fOt) " | ime (Seconds) | |
= T_O'[O 5 <sine wave> <frequency domain representation>

t=10

2 2 2 4
L [LS) t— Ve in(4rtt) *
T |2 167

t=0
2 2 o . v

_Vrs _| VFs o l fo
8 2\/§ Frequency (Hz)

<power spectrum>

Power (Watts)
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