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Strain Gage £ Pre-Filtering A/D Conversion
Bridge H

Photodiode
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TRE

Wireless, cable, fiber

MUX

Data Aquisition

Microprocessor

D/A Conversion

Post-Filtering

Disc, optical, and <] |
other storage media ,’

Loud Speaker N

CRT Display
Analog Recorder <j Data Distribution
Anahjg Meter S S
Servo Motor
X-Y Plotter
Transducer /

v
!
[ o
u
u
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14 1+ Wireless

Wireless
13+ Digital
Radiography
12 1 & Imaging Digital Camera

— 1T Digital TV
2 Digital TV, VTR Studio Equipment
= & Camcoder . o
> 10 _ High Definition
o Ultra-Sonic TV
= 9 Scanner CD photo system
5 4
o ATM
w 8+
L]
o

T 1

5 1 Image Digitizer Intelligent Magnetic

For PCs ~ Copy Machine Disk Driver
Facsimile
514 Wireless

|
| | | | |

200k 500k 1M 2M 5M 10M 20M 50M 100M 200M 500M

SPEED (Samples/sec)

High-speed ADC applications
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Performance of recently published ADCs: resolution versus speed.
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Convention
Time

ADC architectures trade-off

Integrating ADC
T
&2
=.E
25
[=

Sigma-Delta ADC EZ
o

c}: SAR, Pipelined ADC
Flash ADC

Mumber of Bits of Resolution

Complexity
(Die Size)

Mumber of Bits of Resalution

Mumber of Bits of Resalution

Flash ADC

SAR,
Pipelined,

___________________._-—-—-""'_'_ Sigma-Delta ADC
Integrating ADC

Flash, SAR, Pipelined ADC

Integrating,
Sigma-Delta ADC
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1 10,000 ==|C =2" -1

& t=1
S soood 55BT [ PIPELINE
= 12" C=P x 2nP
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% 1004-2f4 ier BIT
E Em,mh_ 12 BIT SAR
o BIT C=1
x 10 t=n
= |
= | | SUCCESSIVE
= g APPROXIMATION
= 1+ &=

I

1

1
10

DECISION CYCLES -t

Tradeoff between decision cycles and comparators

EEL 410026 — Introdugdo ao Projeto de CI's de Sinais Mistos CMOS J. A. De Lima (EEL/UFSC)



Static transfer characteristic

output code

11

110

101

100

011

10

001

00a

A to D converters

Ideal
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100

011
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e ———
e —

A/D Converter (Nyquist Rate)

Digital Output

A
0...101 | Midstep
|'- ----------------------------------- |
| 0...100 —— 35-45]
] i
0..011 +—
Step width (1 LSB=4)
0..010
.-_
0...001 ——
Analog Input
0.....000 i | | >

I
|
0 A 2A 3A 44 5A

Cluantization

Error

A Quantization interval (+ 1/2 LSB)
+1/2
R EEANEA A A NEEAN s%t
LANTN N N N NV
LSB
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A/D Nonlinearities

5 Ideal Transfer

& Curve

8 ) <— Actual Transfer
~, | Negative DNL Curve

<

I: —  -—

O .

O —| [= Positive DNL

Ideal Step Size

ANALOG INPUT
(2)
Definition of ADC nonlinearities: {a) DNL

* DNL error is defined as the difference between an actual step width and
the 1deal value of 1LSB
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Q00010
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Digital Output Cede

A

Full-Scake Rangs (FSR)

Exarmple:

soent Phyesical Walue
ﬁ + 1 Corregponds

o Digital Cutput
Code O+ 1
Exarnple:;
Phweical Walue WD
Comasponding
o Digital Cutpuk
Coda O A

b

Ideal
Transfer
Functicn
i

i

| -

l"nl'

1
1
1
1
1
1
1
1
- -
Code Width = 2L8E |
1

1

1

1

1

1

1

1

1

1

1

L5E .
- -4 : DML =1L5E
1
b Y ldeal 50%
1 Transticn
= Pﬂrlt
1 ldeal Code
1 Canter

T .
I ldeal Spacing
Between Two
seant Godes

B_IDEAL = 1LSE

Firsl Transition

Lasl Transition

)» Analog Inpuit

* to guarantee no missing codes + monotonic transfer function, DNL should be less

than 1LSB (+/- 0.5LSB)
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ideal Transfer Curve
Non Ideal {INL)

Digital Code

| Analog Voltage
B

Ideal Transfer
Curve /|

Actual Transfer
Curve

DIGITAL OUTPUT
N\

Y

INL

ANALOG INPUT
(b)

Definition of ADC nonlinearities: (b) INL.

e Integral Non-Linearity is defined as the maximum deviation of the ADC transfer

function from the ideal transfer
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Linearity characterization

« A to D converters

midpoints

e

INL
DNL

*.. linear regression
of midpoints

Integral Non Linearity
Differential Non Linearity
(both are expressed in terms of LSB’s) '“I.é

output code words
1

linear regression of midpoints

08

0.6

04

0.2

missing codes

x___\\;),,

0

-0.2

-0.4

-0.8

missing codes

0.5

analog input
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analog output
o o © o
w B )] ()]

O
(S
!

0 0.2 0.4 0.6 0.8 1
digital input

D to A converter showing a strong Integral Non-Linearity (INL).
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-2 L I 1
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digital input
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transfer curve

analog outpot

» 1 I i

-1 -0.5 0 0.5 1
digital input

Unequal heights of consecutive steps are measured by the Differential Non-
Linearity (DNL). In the middle, severe DNL causes non-monotonicity.
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transfer charact A
1

Fast Fourier Transform (FFT)
* quantization noise

/
// : A = 2N/ (dyn range)
e
/
1 1 -y
/ QUANTIZER concept
// analog input analog output
4 x o AtoD| *DtoAf—o y
-1 |
quantization noise R R
A A/ /I /
V74 i/ Va4 , =<
5

L dynamic range

-1 1
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input sine wave quantization noise
\ 3-hit oversampled sine wave /

\ s b /

0.8

0.6

0.4

0.2

0

agnitude

E g2

-0.4

0.6

-0.8

=1

0 / 20 40 80 80 100 120

quantized sine wave
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10-bit oversampled sine wave

ol 7 TS,
N AL 7 1%

0.2

e} o . 4 - X ]
b » x ;4 =
E ﬂz(x”khg‘wxﬁ“x ®x o= N L x %
& z !x R R Ll I LR o TR
E.{]_QHX f xx?;(x v xixx xxv);(x v i
0.4 X )Sit& ;Zf ‘S%SS( ;3[
. wa
0.8 X -
=1 /
n, 20 40 60 80 100 120
tirme

quantization noise
(magn multiplied by 200)
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power density spectrum of quantized sine waves

Fast Fourier Transform (FFT)
spectral content

0 , |
sine wave number. of samples 2!
20k i
40b ]
60 |
[}
° N
80 quantization noise -
AN 8 bit
R VAN 10 bit
12 bat
20k ]
T 14 bat
140

10 10% 107
frequency

t s —

number of periods 37
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Spurious Free Dynamic Range

spectral content
[ T
=20 ﬁ
AMPLITUDE 0
A SFDR
=60
RMS FUNDAMENTAL SIGNAL SFDR PLOT

R
dB
&

SPURIOUS FREE DYNAMIC RANGE | ‘ ‘ ‘ | | | | |
||||||||||

=100

| _l - LARGEST SPUR W W

N fs/2 s FREQUENCY
=140 L L
10 10° 10°
) f
Assumption: v
quantization noise is uniformly distributed Real SFDR measurement
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Spurious Free Dynamic Range is the usable dynamic range of a A/D or
D/A converter before spurious noise interferes or distorts the fundamental
signal.

SFDR: ratio of the value of the signal (carrier) at the input of the ADC
or DAC to the RMS value of the next largest or

component (which is referred to as a “Spurious” or a “spur”) at its output.
SFDR i1s usually measured in (i.e. with respect to the carrier frequency
amplitude).

= SFDR as an indicator of fidelity.

SNRipeaL = 6.02 (N) +1.76 (only quantization noise!!)

(best-case: assumption that quantization noise is uniformly distributed)
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F2+F1
i i 6.001

(Second order spur)
:_;: Harmonics
4
F2.F1 s GBF B3 e oF1 2F2
oo 2F1-F2 3 3001 2F2-F1 6 5.002
(Second order spur)  2.999 - 3.002 Fregquency in GHz
(Third order spur) (Third order spur)

generation of spurious second and third-order products
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ENOB (Effective Number of Bits): A measure of overall accuracy under real-
world conditions

ENOB Measures the Combined Effects of Multiple
Sources of Noise and Distortion

Integral and Differential
Nonlinearity

Channel-to-Channel Offset

Total Harmonic Distortion
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Evaluation of ENOB

wave analyser

digital sine wa a
igital sine wave O‘f" DtoA high accuracy Ato D

converter + FFT

high purity

analog sine wave AtoD 70 FFT

PC with ENOB
Data Acquisition Resul
Board and ENOB -
Low-Distortion Scraw Terminal Software

Function Generator Panel

THD < 0.001%@1KHz

EEL 410026 — Introdugdo ao Projeto de CI's de Sinais Mistos CMOS J. A. De Lima (EEL/UFSC)



_Analn_g Fr(ﬂ End_

Instrumentation
Ampl il’ierl

Digital
Out

overall noise picked up by A/D
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Error (Distortion) Sources in ADCs

1) integral and differential nonlinearity errors: irreducible distortion,
as ADC output is not continuous , but quantized. Even perfect ADC
exhibit some integral and differential nonlinearity.

I1) noise:

a: quantization error - inherent to data conversion process
b: generated within the converter itself.

1) channel-to-channel offset: difference in the characteristics of analog

input channels

AC:
1) THD: ratio of all harmonics generated to the original signal frequency.
1) channel crosstalk: signal interference analog input channels.
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ENOB of 13.6 and 14.1 bits
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SNR,, - 1.8
6

ENOB =

because saturation is likely

to occur when the signal gets

large the SNR, which

determines the ENOB, is evaluated
by extrapolating the linear

part of the plot until F.S.

SNR ENOB
dB
ideal resolutio
a0 |13
extrapolated SNR L 12
L 11
Lo [ 10
L 9
L 8
L 7
bao |
a
]
Lap | B
. . o
linear region e
=
=
4B -80 60 40 20 *1}
Signal power
9 P -3 dB
Mref=2 1)
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SNRipeaL = 6.02 (N) +1.76

(best-case: assumption that quantization noise is
uniformly distributed)

where N 1s the number of bits of the converter. For N=10, SNR = 62dB.

» real A to D converter )
/ ENOB = SNRqBG 1.8
) =6l n‘/
U_aﬂ | '|||l||l| I

=120

. | ideal 1D'b|tl conv. example: SNR = 53 dB
10" 10 — 10 ENOB = 8.5

EEL 410026 — Introdugdo ao Projeto de CI's de Sinais Mistos CMOS J. A. De Lima (EEL/UFSC)



Ex: The input signal has two channels: a strong one (0dB) @6.72 MHz, and

a small one (—90 dB) @3.8 MHz. The sampling frequency is 16.4 MHz.

The big component generates a large third harmonic at 20.16 MHz which gets folded
down to 3.76 MHz, just 40 kHz from the small channel. Even if the SFDR is 85 dB
the spur almost completely masks the —90 dB signal.

[ R N T R N
R N
abe] A |
:: Ff / _ 531;.55..?.,“. ”
W m W M’W' Wﬁ
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Converter bandwidth
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10-bit converter R

bandwidth
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ﬂ i
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Input sine wave reguency (Hz).

SFOR (dB)
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T

&0

a0

40
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without T/H
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P '-ﬁ:p '-.Tﬂ:}

ANALOG INPUT FREQUENCY (MHz)

Spuricus free dynamic range as a function of input frequency
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CODE
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:

FLASH ADC

o 2N — | comparators

* typically consume more power than other
ADC architectures

e generally limited to 8-bits resolution

* relatively low resolution and expensive

* ideal for applications requiring very large
bandwidth

* exceed giga-sample per second (Gsps)
conversion rates

» each comparator represents 1 LSB

* output code can be determined in one
compare cycle.
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ROM encoder
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Thermometer Gray Binary
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A 10-bit Flash ADC

+ Vpp=18V
I 1mV +  10-bit — 1023 comparators
— * Veg=1V — 1LSB=1mV
+ DNL<O5LSB — V,.,<05LSB
+ 05mV=350 — o0=01-02mV

1V
— O
\ B « 2N-1very large comparators

+ Largearea, large power consumption

+ Verysensitive design

*+ Limited to resolutions of 4-8 bits
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Offset vs. Resolution

128 |-
32 + DNL<O05LSB
E » Large Vg relaxes
~ 8 offsettolerance
Z. «  Small Vg5 benefits
= s L conversion speed
(settling, linearity of
building blocks)
05
I I I I

4 6 8 10
N [bits]
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 Typical CMOS comparator

Voo Vs derives from:
+  Preamp input pair
tMﬂ My —|t M t Mg pinputp
P 1:“_1 |_I mismatch (V,,W,L)
| +  PMOS loads and

currentmirror

« Latch mismatch

+ Cl/CFimbalance
of Mg.

+ Clockrouting

+ Parasitics
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Latch Regeneration

e exponential regeneration due to positive feedback of M, and M,

® i PA tracking Latch / \
1_atch reseting) regenrating / \
Vb
o
Vo
Vo \
Vss
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e ——

AVIN: the differential input voltage at the time of latching,

A = the gain of the preamp at the time of latching,

T = regeneration time constant of the latch,

t = the time that has elapsed after the comparator output is latched

(1) large differential input voltage
(2) small differential input voltage
(3) = zero differential input voltage

N vlt)= AV, Ae T

LARGE AV, -
COMPARATOR — VALID LOGIC "1
OuUTPUT
SMALL AV, UNDEFINED
"""""" : ’ } VALID LOGIC "0"
fommnnnee I Fmemmmmmeme e nnnae
1 "t
DATA1 DATA2 DATA3
VALID  VALUD VALID
LATCH i LATCHED MODE (HOLD)
ENABLE

| +—— TRANSPARENT MODE (TRACK)

|
i
t=0

Comparator Metastable State Errors
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LATCH 1
ENABLE ,
O
0,3:]__.
O \;\ —O Q A
(1]
PREAMP LATCH
o—|- - o0Q
QUTPUT

//mu"r o{a,

0z 1o InPUT

From James N. Glles, "High Speed Transistor

BIAS
Difference Amplifier,” U.S. Patent 3,843,934, 9y Qo iitt
filed January 31 1973, issued October 22, 1974 1 1
l 2
+@ i

The AM685 ECL Comparator (1972)
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Interpolation A/D Converters

An interpolator generates an electrical value that is intermediate between two
other electrical quantities by using, for voltage inputs: resistive or capacitive
dividers and, for current inputs: schemes based on current mirrors.

ViRy + Vo R4 Vi Oy + Vol (W/L)14 (W/L)a,
Vinter = _ v o) = 11 2-2 — " = d ————=1-
t R, + R, Vinter (®2) Cit+Cy (W/L); @, an (W/L)2

Iinfer:ﬂ"jl—l'(]-_a)'jﬂ-

4 J¢ linter 12
1 [ My Mg | M,

(@) (b) (c)
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Traditional active 2x interpolation architecture.
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In Rinter Ry Ry
o—i - Vo li+1)
Vi gfli+1) LATCH —»
+ HG ut — Voul1 VDutZ

V,(i+1/2)

LATCH [—» Vg (i-1)

- Vol-1/2) V_(i+1) Iss
v 7 el LATCH > ° . il
refl) o], Rour | LATER < >
Vgli+1/2)  in
Voli-172) LATCH > = Vol vy
— Vigili-1) Vigll) Vi gqli+1) out! , “out2
V(i) Rolss
] B (b)
Vigfli-1) LATCH |-»
T >
Vin1 = Vin!
(@) - RD Iss

a) Use of interpolation in flash converters. b) Outputs and interpolated responses.
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Input
amplifiers

v, (Overflow)

4-bit interpolating flash A/D Converter
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Digital
logic

1—AA

L comparators

50T

Volts)

20 Jatches

V1’ V2a' V2bl VECT V2

0.25 0.5 0.75 10 (volts)

EEL 410026 — Introdugdo ao Projeto de CI's de Sinais Mistos CMOS J. A. De Lima (EEL/UFSC)



* Single, dual and multi-slope ADCs can achieve high resolutions of 16-bits or more are
relatively inexpensive and dissipate materially less power.

W
nisgretng integrating * input voltage (-VIN) is integrated for a fixed
e ) number of clock periods, 2".
- S—— — - ,, .
™o - S e [t then"de-integrates" Vmax by changing to
s i +VREF at input and counts the number of clock
" cycles k until it crosses zero.
' oo
o
Cou * since peak amplitudes of rising and falling

ramps are equal =

“in Rint cos.
e il -

Al onT k-T
Vref 'y ¢ V. ck v ck
—\ . Latch in——  — VYref

il . I T T

Fa T v
Vin

Vref

(a) k = 2n

Waveforms of a two-slope ADC (a) and (b) offset cancelled scheme.
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_vinE
Phase (II}
(Constant slope)

Phase (1)

Time

b
e

Wl
N A i

"%
-

T, (Three values for three inputs)

Operation of the integrating converter for three different input voliages.
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Successive-approximation A/D

* quick convertion time and moderate complexity
e binary-search algorithm

Vew —b
F5 vl . T 11
san_ — Voag " 110 Vpac
I A 101

101

Vg2 7 100

SAR

Con

| |
Samplng ~ MSB Bit #2 LSB

(a) (b)

Timing (a) and flow diagram (b) of the successive approximation tec
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Successive Approximation Converter

Clock JITTUUUTUTUILL

S&H |
pac [
bit-N-1
bit-N-2 __|
bit-0 [ ]
ouT

S&H

-
SIyp=

Pean

.
=

| erar

Basic circuit diagram of the successive approximation algorithm.

* The method uses one clock period for the S&H and one clock period
for the determination of every bit
= (n + 1) clock intervals for an n-bit conversion
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* it reduces the number of bits to be converted into smaller groups, which are then run
through a lower resolution flash converter.

* 100Msps at 8 to 14-bit resolutions

» compared to a flash converter, this approach reduces the number of comparators and logic

complexity
low resolution
+
Coarse -+ DAC
L_ADC %
@, ®, .
Vii,—= SiH » Stage 1 -~ S/H ~ Stage 2 — e o 8 — S/H »| Stage | — e e e

{ { {

N, Bits N, Bits N, Bits

Pipeline ADC architecture.
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Coarse A DAC

| ADc J(

@, ®, .
v, SH | Stage 1 — SH Jstage 2+ e e SH | Stage/i—~ s ee
N, Bits N, Bits N; Bits

Pipeline ADC architecture.

* cach stage resolves a few bits quickly and transfers the residue to the following
stage so that the residue can be resolved further in the subsequent stages

» on each stage a DAC converts the output of the coarse ADC back to analog and subtracts from
the input. The residue is then amplified.

= latency time increases with number of stages K. Delay = (K+1) clock cycles
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two-step algorithm: two clock periods, one for converting the MSBs and the

other for the LSBs.
COARSE l Residue FINE
IIuIrin
S&H ADC
MSB DIGITAL LOGIC LSB
(M+N)-bit Output
MAIN CLOCK |
AUTO-ZERO+S&H ] [ ]
COARSE ADC
DAC + RESIDUAL [ [ L
FINE ADC + OUTPUT B [ ] [

Block diagram of sub-ranging (K=1) and two-step architectures (K>1).
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Charge-Redistribution Successive Approximation ADC

Clock — —= 200
Dy Dy 1D,|Dy | Dy
Yyv ¥y Y Y
VREF DAC
Comparator
+
Vin S/H ~

L /4 -

c2N2-

= /N1

= M-

Z|§\Ctz)ml;)arat0r
>
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SRS SRR SR SR SRS S S B

16C —— 8C 4C 2C C C
b, b, b, b, b =

29 2% 2% 2% 29 2% 1 sumpieroca

1. Sample Mode: 1n this first step, all capacitors are charged to Vin
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Vx - _'Vin i
16C —— 8C 4C _T“ zc SAR
L ]335 2 Hold mode

EEEEE

<
3
=

Hold Mode: The comparator is activated by opening S2, and then all
capacitors are switched to ground = Vx = -Vin

S1 1s switched, so that VREF is applied to the capacitor array, during next
step (bit cycling)
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v
Vy = =V l S
o - BC_L 4C_T_ QC_L c_L - . SAR
b, b, b, b, b J L
_i_ == T = T - == I L ng 3. Bit cycling

uin 0—? Vref

Bit cycling: The largest capacitor (16C in the example) is switched to
VREF = Vx = -Vin + VREF/2. If VX is negative, then Vin > VREF/2 and
MSB capacitor (16C) remains connected to VREF, with bl considred now
=1. Otherwise, the MSC capacitor is reconnected to ground and bl is taken
as 0. This process is repeated N times, with a smaller capacitor being
switched each time, until the conversion is finished.

EEL 410026 — Introdugdo ao Projeto de CI's de Sinais Mistos CMOS J. A. De Lima (EEL/UFSC)



Start

¢ Signed input
Sample V=V, i=1
Mo
Va0
Yes
h
b, =1 by =0
h Y
Vo v-v, /27" Vovsey, /2"
h 4
i—=i+1
No
Yes
Stop

Flow groph for o successive approximation
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Exercise: Find intermediate node voltages at Vx during the operation
of the 5-bit DAC below, when Vin = 1.23V and VREF = 5V. Assume
a parasitic capacitance of 8C exists on the node at Vx.

SAR
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>—A A/D Converters

+» Applications:
- High-resolution needed applications;
- Audio, video, medical applications and so forth.
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+ Nyquist rate fy, = 2B
» Oversampling rate M = fJf, >> 1

Power

The Frequency Domain

Signal amplitude

SNR = 6.02N + 1.76dB for an N-bit ADC

Quantization Noise
________ Average noise floor(flat)

T
Fs/2 Fs

FFT diagram of a multi-hit ADC with & sampling frequency Fe

Oversampling by K Times

Power

Oversampling by K times

Average noise floor

kFsi2 kFs

FFT diagram of a multi-bit ADC with & sampling frequency k‘FS.

noise energy spread over a wider frequency range

SNR = 6.02N + 1.76dB
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Oversampling

%
T AT
LSE

Emor
_iSE LSB Areas are Equal
2 o "2 . s == Powers are

Quantization error - the same

modeled as noise 12MF, ]

— MF; 0 M F,
2 2
K2 . .
M =——: Oversampling Ratio (OSR)

fran
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Anti-aliasing Filter

Relaxed requirements with oversampling

Anti-aliasing Filter
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The Digital Filter

Power | ! Digital filter response

Ovarsampling by K times

P

! Noise removed by filter

Fs/2 kFsj2 kFs

Effect of the digital filter on the noise bandwidth.

e cach factor-of-4 oversampling increases the SNR by 6dB, and each 6dB increase
1s equivalent to gaining one bit.

*A 1-bit ADC with 24x oversampling achieves a resolution of four bits

* to achieve 16-bit resolution , one must oversample by a factor of 415, which is not
realizable = noise shaping technique
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without noise shaping:

SNR = 6.02N +1.76+101og(OSR) dB

4x OSR — 1bit resolution

13 Bits @ 8 kHz Voice > 1 Bits @ 134 GHz

13 Bits @ 300 kHz | ISDN > 1 Bits @ 5 THz

16 Bits @ 40 kHz |Digital HiF> 1 Bits @ 172 THzZ

1 bit improves ADC linearity but sampling frequency will be huge !!!
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Noise Shaped Spectrum

Power Signal amplituda

The integrator serves as a
highpass filtar to the noise.

The result is noise shaping

kFg/2 k Fyg

Filtering the Shaped Noise

Power i Signal amplitude

Digital filter response

HF noise removed by
the digital filter

kFep2 kFg

Affect of the integrator in the sigma-delta modulator.

Effect of the digital filter on the shaped noise.
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[ 1 In-Band noise of Nyquist Samplers

: [ In-Band noise Oversamplers
Nyquist | |
Sampler (1 bit) Il n-Band noise of Noise-Shaped Oversamplers

Power

Density First order Sigma-Delta Modulator

Oversampler

L |

fa Frequency Fg/2

Spectrum of a First-Order Sigma-Delta Noise Shaper
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with noise shaping (first-order loop):

SNR =6.02N +1.76-5.17+9.0310og,(OSR) dB
SNR =6.02N +1.76—5.17+30log,,(OSR)  dB

2x OSR — 1.5bit resolution

13 Bits @ 8 kHz

Voice > 1 Bits @ 233 kHz

13 Bits @ 300 kHz | ISDN > 1 Bits @ 8.36 MHz

16 Biis @ 40 kHz

Digital HiF> 1 Bits @ 2.56MHz
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summary:

Why SA?

- Quantization Noise reduction in baseband.
- High-resolution.

- Anti-aliasing filter relaxing.

- Analog blocks flexibility.
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Delta modulation and demodulation

1-bit quantizer

Signal

fg —D-H-I—T
| x(1)
Analog *+ }E{t}-}{(t) y(t) Channel x(f)
] ™ Jl_ Butput ! \\ &

X ()
(1)

ﬂMndulatinn

J —

L I

i LT[
Predictor of x(t) y(t)
Channel _| ¢ Lowpass Analog /\
inpu l f" Fiter [ Signal /
y(t) x(t)

x(t) ' \y

(b) Demodulation
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» Delta modulation is based on quantizing the signal amplitude change
from sample to sample rather its absolute value (rate of change)

* since the integrator output tries to predict the input x(t), the integrator
works as a predictor.

« prediction-error term x(t) — x(t) is quantized and used to make the
next prediction.

e prediction error (delta modulation output) 1s integrated in the receiver
just as 1t 1s in the feedback loop = receiver predicts the mput signals
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x(t

x(1)

1-bit quantizer
fs

'

A

=

SN Y M M O | trtr
A ¢¢

(a) Modulation
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>—A modulation

Analog
Signal

Analog

Signal

1-bit quantizer

Analog
[ Channel__,.| | Lowpass | Signal
_ > J Filter | ™
)
Modulation {1‘} Demodulation
1-bit quantizer Analog
+ .
_4|: Channel Lowpass Signal
Filter g

J’

(b)

MNote: Two Integrators (matched components)

Derivation of Sigma-Delta Modulation from Delta Modulation
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e ——

Analog 1-bit quantizer Analog
Signal - Signal
g J o [ ,Channel Lmﬂfnass g
+ - _ Filter
Modulation Demodulation
Note: Only one integrator
MNis)
Integration N
Xis) 1 * Lowpass | X(s)
" 5 Y Filter g

Block Diagram of Signa-Delta Modulation
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| |

| |
Signal In : Delta Sigma Maodulatar Bitstream Low Pass Filter ' Signal Out
(Analogue —7® ranalogue or Digital) * {2analogue or Digital) —* [Analogue
or Dugital) : : or Digital)

| |

e e e e e e mmmeen ADCOrDAC oo -- :

Block Diagram of a Delta Sigma Converter

* The bitstream is a one-bit serial signal with a very high bit rate. Its major property is
that its average level represents the average input signal level.
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+ - Digital
x(t) "@ - J — - jli -y - » Decimation |——» X(N)

- 1 Filter 16
x(t) . 6.4 MH . 100 kH
T% 1-bit i1 blt]z Fs:1s (16 hltsz]

DA,

First orderZA loop

Block Diagram of First-Order Sigma-Delta A/D converter

* the term Sigma-Delta comes from putting the integrator (sigma) in front of the delta
modulator. >—A modulator produces a bitstream, whose average level represents
the input signal level.

e input to the integrator is the difference between the input signal x(t) and the
quantized output value y(n), converted back to the predicted analog signal, x(t).

e difference x(t) - x(t) at the integrator input is equal to the quantization error.

e error is summed up in the integrator and then quantized by the 1-bit ADC
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= y(t)

0.6

0.4 | A

L Xx(t)

!
H
|
0.0 H
I

0.2

0.4 B

0.6

TIME [t/T]

Input and Qutput of a First-Order Sigma-Delta Modulator
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* in each clock cycle, output of the modulator is either plus or minus full scale,
according to the results of the 1-bit A/D conversion

e when the sinusoidal x(t) is close to a plus full scale, the output is positive during
most clock cycles. Conversely, when x(t) is close to minus full scale, output is
mostly negative. In both cases, the local average of the modulator output tracks
the analog input.

 When x(t) is near zero, the modulator output varies rapidly between a plus and a
minus full scale with approximately zero mean.

+ . n) Digital
Xt Z —= —- I Decimation |——X(N)
'O 'l B 1 Flin:erI 16

X(t) . 6.4 MH . 100 kH
T 1[;?: {1 umz Fs:1s (16 bltsz]

First orderZA loop
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AX converter operation with
0 volt analog input

Flip-flop output

oj1|jojL|j0o|l|jO0|Ll|O|Ll|O|1]|0O0]|1

AN AN N AN AN AN N
SN NV NV NV N

Integrator output

e if the analog input 1s 0V (ac), the integrator will have no tendency to ramp
either positive or negative, except in response to the feedback voltage

= FF output will continually oscillate between "high" and "low," as the

feedback system goes back and forth, trying to maintain the integrator
output at OV.
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Viy = OV A /\ /\ /\ /\ /\ /\ INTEGRATOR

I AR VAAVAVAAVARVAR L

COMPARATOR

B —OUTPUT

o 1 01 61 0o 1 0 1 0o 1
Vret
"'.'IH =+ INTEGRATOR
2 A f NN —— OUTPUT
=3/4

68 — . — — COMPARATOR

= B | OUTPUT

o 111 0 111 o0 111 0

 averaging 4 samples gives 2 bits of resolution
e averaging 8 samples gives 3 bits of resolution
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INTEGRATOR

i

Vin |
o * 3 ® : DIGITAL N-BITS
| | FILTER
| | AND
| - '\ |PECIMATOR|
| LATCHED | J
! COMPARATOR | |
| (1-BIT ADC) |
| *VRer I
' i 1-BIT,
| 1-BIT DATA | Kf
i 1-BIT STREAM |
i DAC |
E ~YREF i
i SIGMA-DELTA MODULATOR |

_______________________________________________________

First-Order Sigma-Delta ADC
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VRef+

Analogue
Input

WRef-

2 % VRef+
Difference UI_J—I/“H\H\HJ‘U\U\U—/‘LFU’
2 u WRef-
=0
tntegrotor %
=0

vt | T il

A A I O I I | | I

Latch

oLl L I . I

WRef+ BEEEEEEEE M T

1-Bit DAC
URef-L__ L I A Ll

cock L A A AR L

Signals within a First Order Analogue Modulator

Fs
- ¥(n)

x(t * . j - J[_
K—(t} 1-bit

DiA

First orderZA loop
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N(s) : quantization noise Comparator (discretizer)

integration N
Xis)

Lowpass | XA(s)
Filter

Signal Transfer Function:  Y(s) = [X(s)- Y(s)] 1
(when N(s) = 0) §

1
Y(s) _ s _ : lowpass filter
)((5) 14 1 s+ 1
s

Moise Transfer Function: Y(s) = —Y(s)l +N(s)
(when X(s)=0) S
Y(s) _ 1 _ s - highpass filter
N(s) 14 1 s+1
5

* loop integrates the error between the sampled signal and the input signal
» signal 1s low-passed and noise 1s high-passed

= the signal is left unchanged as long as its bandwidth doesn’t exceed the filter’s
cutoff frequency, but the X—A loop pushes the noise into higher frequencies
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Q=
QUANTIZATION
NOISE

ANALOG FILTER Y

H(f) =

Y4 1(X-Y) +aq

REARRANGING, SOLVING FOR Y:

X Qf
= D 4 M1
Y= 41 7 fe

/ N\

SIGNAL TERM NOISE TERM
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+ Digital
){(t]——h J — - |_ =" y(n} - L Dec:g':atinn ﬁ"—hx(n}
- | 1 Filter 16
t . 6.4 MH . 100 kH
y() 1-bit (1 hit]z Fs:Ts (16 hitsz]

D/A

First orderZA loop

Block Diagram of First-Order Sigma-Delta A/D converter

-

Di?ital

Analog | | 1 16:1 |16 4:1 16 Oufputs
Input —A100PS 70 o mb Filted” | FIR Filter [

! !

6.4 MHz 400 kHz 100 kHz
1-bit Resolution 12-bit Resolution 16-bit Resolution

Digital Decimation Process
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_50 |
~ I
3 I
. I
3 —100 -
= I
on
S I
= L
—150 |-
_200 ] | | 1 | | | 1 | | | | | 1 | | 1 | | | |
1074 1073 0.01 0.1 1

Frequency (fif5)
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Nyquist Sampler (1 bit) Third Order ZA Modulator

Second Order ZA Modulator

First Order A Modulator

Oversampler

fa Frequency Fe/2

Mote: Higher order Noise Shaper has less baseband noise

Multi-Order Sigma-Delta Noise Shapers

2L+1

SNR = 37” A2 (2L +1)2B-1) -
T

* L : loop order
* B: no. of bits in discriminator
eA =28-1]
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X
—i.%.)_a a,i(z)

VI —
K

First-order A~ modulator block diagram.

a,l(z)

a,l(z)

'I_l

3

L 3

Second-order A modulator block diagram.

X
i.q.)_. a,l(z)

—;?—‘ ayl(z)

a4l(2)

L‘ﬂ

Third-order A% modulator block diagram.

ad(z)

+

al(z)

a,l(z)

al(z)

Fourth-order A% modulator block diagram.
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=120

=141

—1EA I I I I I

o =D 2000

(a) First order sigma-delta (b) Second order sigma-delta (c) Third order sigma-delta

NMOTE: Frequency band of interest {in-band): 0 - 5 kHz
Rest of frequency band will be removed by digital decimation filters

Spectra of Three Sigma-Delta Noise Shapers
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dBFS/NBW
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--------------------------------------------------------

-~ Slmulatecl spectrum .. .1 ..:
(smmthed)--.i.-..;._:
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¥ ¥
s s sy
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1073 1072 10‘
Normalized Frequency

Spectrum of 2nd-order modulator

Ref: Schreirer and Temes
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120

100

80

SNR
(dB)
60

40

20

THIRD-ORDER LOOP*
21dB/ OCTAVE

SECOND-ORDER LOOP
15dB / OCTAVE

FIRST-ORDER LOOP
9dB / OCTAVE

*>2nd ORDER LOOPS DO NOT
OBEY LINEAR MODEL

4 8 16 32 64 128 256

OVERSAMPLING RATIO, K

Ref: Kester, M. - Analog Devices, MT - 022 Tutorial
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CALCULATED PERFORMANCE OF THE IDFAL AY MobDULATOR (1-BIT/4-BIT QUANTIZER)

n 2 3 &£

OVR SNR DR OL SNR DR OL SNR DR OL
16 37/61 49/73 i 53/76 65 /88 ) 68/ 91 80/ 103 !
32 52/76 04 /88 1 74 /97 86/ 109 1 95/118 107 /131 !
64 67 /91 797103 1 95/118 107 / 130 ) 1227146 | 134/158 !
128 | 827106 94/118 1 1167139 | 128/151 1 149 /173 | 161/ 185 I

OL (overload level) : defined as the maximum input signal amplitude for
which A/D still operates correctly
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P50 of a 2nd-Order Sigma-Delta Modulator (detail)

D I I I ! I I I
-20 ' """" 7]
40 ENR1:312*15@05R:12§ _______ _
B0 f-eemmobeeeeeocboeeeno oL RO 15,19 bits @ QSR=428 |
—ED -~~~ =="r===-= ==Tr-=-===- -r- b M --'-':'---- == ----'i'-
o :
= 1
= -100 -
@ | I |
o 120 | ILI.L r 4]l
140 LU - ey _
L e
180 ff*------ boseoenes boseoenes beeoenos becoennos s s boeoee -
200 | | i | |
15 2 25 3 35 4
Freguency [Hz] " ’1[]'4
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x(1) _ _ y1(n) .
—| First order Noise Shaper e Bit v(n)
. .
Q1 . . vo(n) manipulation ———*
First order Noise Shaper L node
(a) Second-Order Noise Shaper
x(t) _ . y4(n)
—™|  First order Noise Shaper -
' Bit
\_Ql ¥a(n) o y(n)
First order Noise Shaper »= manipulation ——m
Q2 yE{n] node
\—» First order Noise Shaper ——— =
(b) Third-Order Sigma-Delta Noise Shaper

Second-Order and Third-Order Sigma-Delta Noise Shapers
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e 21d_grder X—A modulator

e Continuous-Time (CT) Integrators

Integrator Integrator Quantizer

TGN + Digital
z Filter

1-BIT DAC
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e 21d_grder X—A modulator

e Discrete-Time (CT) Integrators

Out(z)

Block diagram of a second order ZA modulator
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Differential 2nd order ZA modulator
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2" Order
Delta Sigma
Modulator

I—h

Sinc3 DATA[15:0]
Decimation
Filter

High-level view of delta-sigma modulator
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Decimation

e decimation 1s used 1in a 2—A ADC to

1) downsampling (eliminate redundant data at the output); re-
sample the signal at Nyquist rate.
1) attenuate noise above baseband

* Nyquist theorem: sample rate only needs to be 2x the input-signal
bandwidth to reliably reconstruct the original signal

* However, the input signal was grossly oversampled to reduce the
quantization noise

= there 1s redundant data that can be eliminated without introducing
distortion to the conversion result.
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Essentially, decimation is both an averaging filter function
and a rate reduction function performed simultaneously.

Decimation reduces the original sampling rate to a lower rate,
the opposite of interpolation.

—> output sampling rate by ignoring all but every Mth sample

Original Signal

Decimated Signal

H "
k L
' [4
- i
n HL
T N
H | E

Q a0 100 Q 10 20 30
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time

Interpolation

Decimation

time
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fg/2 fg/2 fg/2M

BLOCK DIAGRAM AND SPECTRAL REPRESENTATION OF THE DECIMATION PROCESS
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e decimation comb filter

Signal

Digital LP Filter Sinc? — 1

Y | [

Attenuation (dB)

|
|
|
|
o 50 100 150 200 250 |
|
|
|

A20 Py .

1]
faf2

fs

ABD f
5 56 57 GB 59 60 61 62 453 B4 6 fsfZM s/
Frequency {(Hz)

Decimation does not cause any loss of information,

Low-pass function performed by 5inc? filter.

e programmable decimation ratio

e the digital filter is generally designed so that zeros occur at the mains
frequencies of 50 Hz/60 Hz.
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Frequency response of a sinc filter with N = 32.
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e >A - ADC can also be viewed as a synchronous voltage-to-
frequency converter followed by a counter.

“If the number of "1"s in the output data stream 1s counted over
a sufficient number of samples, the counter output will
represent the digital value of the input”

e This method of averaging only works for dc or very slowly
changing input signals.

o 2Nclock cycles must be counted in order to achieve N-bit

effective resolution, thereby severely limiting the effective
sampling rate.
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Sinc filter realized with a counter.
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_ _ - — 10 __ Full Scale

Deilta Sigma
Modulator
Qutput

1-bit ADC

1-bit ADC
stream from the
modulator

Accumulale
(sum 1-bil results over 16 cycles)

Accumulate | S ;
(sum 1-bit results over 16 cycles) %I 16 | 0315 | Decimated resuit

ZA A/D stream accumulated and decimated to represent an n-bit value of the input
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Sample Rate Reduction == >> More Resolution

= O=2000=_2aD=22D0=20=

16 1-bit inputs

16 : 1 decimation 7

= 0.4375 = 0111
16

average

1 multi - bit output

speed is exchanged for resolution

Simple Example of Decimation Process
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Sinc” Filter

Differentiator / Decimator

ADC_OUT
[15:0]

Sinc3 digital decimation filter

EEL 410026 — Introdugdo ao Projeto de CI's de Sinais Mistos CMOS J. A. De Lima (EEL/UFSC)




—
e i

Jf decimation.w i

ff Decimation filter with Sioc3 filter followed by Sf Decimation Filter
S Differs=ntiator and Decimation rr
Ir f* Decimation stage (HClkOwt/ WordClk) =/
modnle decimation | alwmy=z ai{n=gedge DEH clk i or posedge Besst i)
DEH 1, if [Reset i}
DEH elk i, word comnt <= §'4d0;
WerdClk 1) else
Beset i, word count <= word count + 8'dl;
DWoxrd ro):
£
input DEH elk a; f/ DEM-zate clock (bait S Differsntiator and Decimation
clock) frs
input WordClk i; // Outpot Word-rate clock alway=s @ (posedge WordClk i or posedge Beset i)
input Bes=t 1 Jf Active-hi reset if (Reset i) begin
input ]:I_i: ff Inmpnt from Hodulator .H..r_'rr:3_r_d2 <= 24'dD;
output [15:0] DWord ro: #f lé-bit Dotput Word Diffl gl r <= 24'dD;
Diff2 gl r <= 24'dD;
Teq [23:0] Acel =: Diffl ¢ <= 24'dD;
TEq [23:0] Acel r: Diff2 ¢ <= 24'40;
=g [23:0] .!u:r_'3_:|.'.: Diff3_r <= 24'40;
=g [23:0] &Aced gl & =
=g [23:0] Acc3 g2 r: else hegin
=g [23:0] Diffl x: Diffl = <= Aecl r - Accd g? r;
b [23:0] Diff2 x; Diff2 ¢ <= Diffl r - Diffl gl r:
Teq [23:0] ]:Iiff3_r; Diffj_r == DiffE_r - Diffz_ql._r:
=g [23:0] Diffl ql =x: Aoed g r <= Aeccd r;
b [23:0] Diff2 g2 r: Diffl gl r <= Diffl x;
=g [15:0] ]:I"m.'d_m.: Diff2_-:_|l._r == DiffE_:l.'.:
£
/¥ Internal Wires DWord ro <= Diff3d =[23:8];
' end
ff 2"s-comp version of DWord endmodul =

wire [23:0] ]:I"ncl.'d_zcl:mp_v;
/f Bine Filter
assign DWord Zcomp w = (D5H i==1"b0) * 24'dDd : 24'dl:

#f Bocumalator (Integrator)

slways @ (negedge DSM clk i or posedge Resst 1)
if {(Reset i)} begin
J* initimlize acc registers om E:—s-et_:i. LF
Boel © == 24°4d0;
Acc? r <= 24°40;
Boed r == 24°40;
end
slze begin
/* perform accumlation process *f
Accl r© <= Accl r + DWord Zocomp w;
.i.i:r_'z_r o= .!.i:r_'z_r + .i.h:cl._r;
Bced r <= Bced © + Rccl? I:
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PSD with and without Finite Gain
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Output spectra with ideal and finite gain ( Ay = 100) op-amp.
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PSD [dB]

PSD with EH of the First Gp—Arrp 200 Wips P50 with SR of the First Op-Amp 73 V/ ps
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Class-D Power Amplifiers:

Speaker
Gate
. Cirive
?A%’;‘T'Ell IEE Delta Sigma Modulator | Bitstream
il DigiEaI]l *| (analogue or Digitall "

Power Amplifiers using a Digital Output Stage

e Both output transistors operate in push-pull mode

* bitstream 1s amplified to the high level of the power supply and is
available at the output with low impedance
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