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Module-3: Data Converters

Main Reference: CMOS Analog Circuit Design by Allen and Holberg, Oxford Indian Edition
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Importance of Data Converters in Signal Processing
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Digital-Analog Converters
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Block Diagram of a Digital-Analog Converter

Voltage
Reference

Output
Amplifier

VOoUT =
—
KDVpgr

VREF|  Scaling DVggF
Network l
111 1

Binary Switches

fIObl by b

bp is the most significant bit (MSB)
The MSB is the bit that has the most (largest) influence on the analog output

b1 is the least significant bit (LSB)
The LSB is the bit that has the least (smallest) influence on the analog output

Different performance characteristics of DAC:
« Static characteristics: Easy to estimate, important in low frequency operation
« Dynamic charactersistics: Difficult to estimate, important for medium and high frequency

T

N-1
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Static Characteristics of Digital to Analog Converter I

Ideal input-output characteristics of a 3-bit DAC

« Resolution: Equal to no. of bits 1000 —— ——
« The Full Scale (FS): (Analog output when all bits Cosst TR AR T ) v
are one — Analog output when all bits are zero) g ILChamcmm S
~ VREF B Soest oo Fd
FS = (VREF- 3N ) - 0= VRERL - 3N I e o e
é 0.500 - ! | 5
g """"""""" / :""Vertical SlTifted"'iL """"
* Full Scale Range (FSR) A Y  Characteristc |
FSR= ™ (FS) = VREF g 00 -
< 0125
« Dynamic Range (DR): Ratio of FSR to the smallest . v S A
difference that the DAC can resolved. 0 om0 om0
FSR FSR

DR=T3R change = (FSR2N) = 2N

or in terms of decibels

DR(dB) = 6.02N (dB)
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Offset and Gain Errors

An offset erroris a constant difference between the actual finite resolution
characteristic and the ideal finite resolution characteristic measured at any vertical jump.

A gain error is the difference between the slope of the actual finite resolution and the
ideal finite resolution characteristic measured at the right-most vertical jump.

=B
51 ] & R
N 713 Actual | S 7/8 .1 Gain
8 Characteristic = . Error
E 6/8 )b E 6/8 Actual 7T
= < ot :
Seelo b = 58 Chlaract?ns’nf:
S | Offset | . | 2 DO S O T
g VO o 2 Tnfiie N lnfinite
G ' ' S 3/8}----- LR - Resol
S 3/8}-----t----}- L=~ Resolution ?_. 3/8 o 51 €50 ”“_0“_
= | ' Characteristic 3.2 7| IR A 'E—‘_’hi}r?'_c_tﬁ?_‘v’_t_lf
SB[t PN 5 ™\ Ideal 3-bit
3 ; Ideal 3-bit O R
o0 1/8 - -- - e - - e - - Resolution EC}DUS ------------ esolution -
E ) . Characteristic :%O ' Characteristic:
<~ 000 001 010 011 100 101 110 111 000 001 010 011 100 101 110 111
Digital Input Code Digital Input Code

Offset Error in a 3-bit DAC Gain Error in a 3-bit DAC
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Integral and Differential Nonlinearity |

 Integral Nonlinearity (INL) is the maximum difference between the actual finite
resolution characteristic and the ideal finite resolution characteristic measured vertically

(% or LSB).

o Differential Nonlinearity (DNL) is a measure of the separation between adjacent levels
measured at each vertical jump (% or LSB).

3 ' —— 1 * Monotonicity: Whenever digital input codes
7 | : Inf“mle Resolulmn Charafleneh{: 7 : ]
& [ e R R P of the DAC increases, if the analog output
o ; i +15LSBDML 5 : . ey
2 A S N feeeed ] never exhibits to decrease, then the
= 5 ;____IT‘HI’ET_“_‘E'?':”EI‘}‘E‘EL\'_TFJ _______ 2 A ] converter gives monotonic characteristics
ER e b B
S8 - +f i'éi&é}ﬁi""?"' N A o
o % ______________________ Yo 15 LSBDNL..... .|
:ﬁé % _______ ir _________ _._1;‘____:[(163.1 3- blt Lharactenstlc' ______
S B . ....... ISR SR P -
g ' «— Actudl 3- b1t Chardc,terlstlc .
g000 001 010 011 100 101 110 111

Digital Input Code
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DYNAMIC CHARACTERISTICS OF DIGITAL-ANALOG CONVERTERS I
Dynamic characteristics include the influence of time.
Definitions

» Conversion speed is the time it takes for the DAC to provide an analog output when the
digital input word is changed.

Factor that influence the conversion speed:
Parasitic capacitors (would like all nodes to be low impedance)
Op amp gainbandwidth
Op amp slew rate
* Gain error of an op amp is the difference between the desired and actual output voltage

of the op amp (can have both a static and dynamic influence) v, 1o "
| _ Loop Gain
Actual Gain = Ideal Gain x [ T+ Loop Gain] "%
_ Ideal Gain-Actual Gain | ﬂ A(s)
Gain error = Ideal Gain = 1+Loop Gain Actual Gain = 3— B A(s)
Ideal Gain = %
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Example I
Assume that a DAC using an op amp in the inverting configuration with C, = C, and
A4(0) = 1000. Find out the gain error.

Solution

C
The loop gain of the inverting configuration is LG = t\% Ay4(0) = 0.5-1000 = 500.

The gain error is therefore 1/501 = 0.002.
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Classification of Digital-Analog Converters

Digital-Analog Converters I

L =

v v
Parallel Serial
v v v I

‘ Curl‘ent I ‘ VOltage I ‘ Charge I ‘ Charge I

‘ Voltage and Charge I

Fast

Slow
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General Current Scaling DACs

Digital Input Word
Y oa,
g R
Current 5 * NNN—T—0 VOUT
VREF eyl Scaling — o -
Network :
I N1 n

The output voltage can be expressed as
Vour=-Rrlly + I} + b + - + In:q)

where the currents [, [}, b, ... are binary weighted currents.
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Binary-Weighted Resistor DAC
Circuit:

ic . . _
— VgeF l
= o Rp= K(R/2)
<+ L 5 L é,\’
50 51 52 SN-1 +
l Iy l I l b l I vOUT
R 2 4 IN-1 Rg ]
1,
3 4] 4 L
RusB Risp Fig. 10.2-3

Comments:
1.) Rrcan be used to scale the gain of the DAC. If Rr= KR/2, then

-KRby by by b1 by by b by
vour=-Rrlo="72 1R + 2R+ IR+ +2MIR

Vrer= VOUT:‘K{Z + 7 +Q ++ 28 ) Vrer

where b;is 1 if switch S; is connected to Vpgf or 0 if switch 5; is connected to ground.

R R 1
2.) Component spread value = Rfjﬁ =INIR = NI

3.) Attributes:
Insensitive to parasitics = fast Large component spread value
Trimming required for large values of V Nonmonotonic
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R-2R Ladder Implementation of the Binary Weighted Resistor DAC

Use of the R-2R concept to I R R 2K
avoid large element spreads: T W T W o vy
2R llu 2R l"‘ 2R lfg 2R lIN_; =  Rp=KR
How does the R-2R ladder work? Vﬁf‘p = S0 51 AY) SN-1 Io
“The resistance seen to the right of any L ) 7 —>
of the vertical 2R resistors is 2R.” [ [ 1
I 1?2 14 /8 =
VREFG—F — — —
[ = VREF [ = VREF [ = VREF [ — VREF I . VREF
Vour = —Rplp = —Rg|bol, + bily + byly + -+ by_q1Iy_4]
by by b, bn-1
Attributes: Vour = —KVggr 21 + 22 T 23 Tt N

* Not sensitive to parasitics
(currents through the resistors never change as S; is varied)

e Small element spread. Resistors made from same unit (2K consist of two in series or K
consists of two in parallel)

* Not monotonic
Dr. Ashis Maity, Electrical Engineering, Indian Institute of Technology Kharagpur 16



Current Scaling Using Binary Weighted MOSFET Current Sinks

Circuit:
VREF
£ SRR
Ri=92NPR ] c]>\’ R ¥
2 50 SN'3 . SN2 % SN L_
_ N1 4
T 2 12 ! b3 l bn-2 %;Iv_l V Al
= \* - ® - -~ —Transistor + VOUT
Az L] | | | Arrayl | | | | | | J:
PR | | | e | e | | O | | P | | P Il: =
V4 j Va C
2 N-1 matched FETs 4 matched FETs 2 matched FET's =
Operation:
vouT= Ro(bn1-I+ byo-21+ by.3-41+ - + by-2V-1.))
VREF by b1 b bn-3  Dn2 b
If 7= IREF=_2NR2, then vour=\7 +7T +§ + - +3N2+ N1+ N ) VREF

Attributes:

Fast (no floating nodes) and not monotonic
Accuracy of MSB greater than LSBs
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VOLTAGE SCALING DIGITAL-ANALOG CONVERTERS
General Voltage Scaling Digital Analog Converter

Digital Input Word
U
g
V2
Voltage d Decoder
VREF m=p|  Scaling % g [ oo —0 VOUT
Network | : 08IC
VoN R

Operation:

Creates all possible values of the analog output then uses a decoding network to
determine which voltage to select based on the digital input word.
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3-Bit Voltage Scaling Digital-Analog Converter

Attributes: v
REF Tnput = 101
e (Guaranteed R -
: R/? 1 b bp bo v
monotonic a , v c REF
. . | ‘ o S TVepml 1
o Compatlble Wlth R : :_:'_ : : VTREF'____T____-:__________:_____T________//"__
CMOS ! B 6VRer| T R
technolo 11 R Lo B 8 o L/
5y TeVREE 6T — 1 | SViep|
 Large area if NVis R P | S Bl A
large RE’ T Ly S8 |y o
. o : A e B 7 S S
 Sensitive to 4 — - |vour ﬂ// --------------------
parasitics Rs - }' T | @jjijj:jj/____jjjj:jjjjjjjjjjjjjjjjjjji
. : I | 8 | L
e Requires a buffer R ) Veer |7
: 8 YV e
* Large current can RZ .' | ) - oo oot
flow through the 1 7 000 001 010 011 100 101 110 111
resistor string. RI?
Digital Input Code
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Alternate Realization of the 3-Bit Voltage Scaling DAC

VREF
K2 by b by
8
o |
7
R 3-to-8 Decoder
6
R —
5 S
R e S S S S—
4 A
yd ! , ! ! !
R
P
o 1}
. / /, , VOoUT
R 1 —
RI2
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CHARGE SCALING DIGITAL-ANALOG CONVERTERS
General Charge Scaling Digital-Analog Converter

Digital Input Word
Charge
VREF==p|  Scaling o VOUT
Network
Fig. 10.2-9
General principle is to capacitively attenuate the reference
voltage.
5 . VREFCeq
C|eq' Vour = 2°C
‘r/f
I M 3 _byC b, C byC by_1C
vm-() 2C - Cog==  VOUT Ceqg = 20 + 21 +?+'“+ IN—-1
] - Veer [PoC  b1C  b,C by_1C
o REF |Po 1 2 N-1
1% = + + + -+
ourT ¢ L2t 7 2z 7 23 2N ]
by by b by-1
Vour = VREF 21 + 22 + 23 + -+ 2N ]
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Binary-Weighted, Charge Scaling DAC I

Circuit: .
r—CcC+C4L CLC C —O vouT

1.) All switches 01/ S0 S S R . AN r _
connected to ground Tf %)’ %f N{f N Terminating
5 2] r¢zT r¢2T r¢2T rqazT

dur ing ¢1. Capacitor
2.) Switch S;

closes to VRpFpif bj=1 or to ground if b; = 0.

Equating the charge in the capacitors gives,

VREFo [ - -

by by b, by -1
Vour = Verer |51t 5z t ozt =5 ]
Attributes:
 Sensitive to parasitics

* Not monotonic
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SERIAL DIGITAL-ANALOG CONVERTERS
Serial DACs

 Typically require one clock pulse to convert one bit

harge Redistribution DA

Implementation:
$ 72
5 51 ) 2
i IS . . .
VREF— / S35 C/—~ GO=F< St vey
Fig. 10.4-1
Operation:

Switch Sy is used at the beginning of the conversion process to initially discharge C»
Switch $7 precharges C; to VRgrif the ith bit, b, isa 1

Switch 53 discharges C; to zero if the ith bit, b;, isa 0
Switch 97 is the redistribution switch that parallels C; and C, sharing their charge
Conversion always begins with the LSB bit and goes to the M5B bit.
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Example 350-7 - Operation of the Serial, Charge Redistribution DAC

Assume that (] = ( and that N 1
the digital word to be converted e e
is givenas bg=1, by =1, bp =0, &% 53/
and b3 = 1. Follow through the %2 R
sequence of events that result in 14 1/4
}Egufirz;grsmn of this digital T 0 ——
Solution P P
1.) S4 closes setting v = 0. | ) 51 ) g
2.) bz =1, closes switch Sy causing v = VREE VREF— S O/ OG== Si vy
3.) Switch S is closed causing v = vip = 0.5 VREE |1 J_ 1 1 J_ _‘i-’_

4.) by =0, closes switch S3, causing v = 0V.

5.) S closes, the voltage across both C1 and Cy is 0.25 VRgE.

6.) b1 =1, closes switch Sy causing v = VREER

7.) S closes, the voltage across both C1 and Cy is (1+0.25)/2VrpEpr= 0.625VREE.

8.) by =1, closes switch Sy causing v = VREE

9.) S closes, the voltage across both C7 and Cy is (0.625 + 1)/2Vrpr= 0.8125VREr =
(13/16) VRgE:
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EXTENDING THE RESOLUTION OF PARALLEL DIGITAL-ANALOG I
CONVERTERS

Background
Technique:

Divide the total resolution /Vinto k smaller sub-DACs each with a resolution of .

Result:
Smaller total area.
More resolution because of reduced largest to smallest component spread.

Approaches:
e Combination of similarly scaled subDACs
Divider approach (scale the analog output of the subDACs)
Subranging approach (scale the reference voltage of the subDACs)
e Combination of differently scaled subDACs

Dr. Ashis Maity, Electrical Engineering, Indian Institute of Technology Kharagpur 27



COMBINATION OF SIMILARLY SCALED SUBDACs .
Analog Scaling - Divider Approach -

VREF
Example of combining a m-bit J
and k-bit subDAC to form a —> m-bit
mekebit DAC T st O vour
' ) 2, DAC +
VREF
—»  k-bit
’ZL_EB}—." LSB |—» =+ 2m
11S
— DAC Fig. 10.3-1
bo by bm-1 1 \(bm bm+1 bm+k—1]
VOUT=\2 + 4+ +m |VREF+ \om\ 2 +~4 + "+ 2k |VREF
by b1 bm-1 bm  bm+1 bm+k-1
VOUT=\2 T4 % om T om+l Y om2 7" v om+k VREF
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Reference Scaling - Subranging Approach
Example of combining a m-bit and &-bit subDAC to form a m+k-bit DAC.

VREF
VISE —»| m-bit N
m;.t }_' MSB +—()—vour
)2 DAC | '3
VRER/2m
4
—»  kDbit
k—LSB}—_u— I SB R
@ ﬂ bm—l % bm+1 bH1+1(—1 VREF
voUT=\T7 + T+ +2m |VREF+ |7+~ + -+ 2%k o

by by bm-1 bm bm+1 bm+k-1
2 T4t T 9m T om+l Y Om+2 T o+ Om+k VREF

YouTt =

Accuracy considerations of this method are similar to the analog scaling approach.
Advantage: There are no dynamic limitations associated with the scaling factor of 1/2,

Dr. Ashis Maity, Electrical Engineering, Indian Institute of Technology Kharagpur 29




Current Scaling Dac Using Two SubDACs
i 15R *'_a

CT}

Implementation:
= b? by l
MSB
Current —
—] I Divider 1
2 8
Y,

LSB subDAC MSB subDAC

bo b1 Dby B3
2 T4 8 TI6

by b5 bg by
2t 4787116

vOUT= RFI l +716

Dr. Ashis Maity, Electrical Engineering, Indian Institute of Technology Kharagpur
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Charge Scaling DAC Using Two SubDACs

Implementation:
Terminating LSB Array MSB Array
Capacitor r A\ \ Cs , A\ N
[ alinlnlinlinielielialinliieielininlinisielieiiisieiisiiieis  \]l - -------------------=- 1 +
\ AN : V(_)g‘f
: cL C [0 L. s (— C— C -
o0/ $== 'S g ;
: T ZT ZT | | T T T 2?:
VREFo I |
! -Clrcult for MSB Thevemn Eq-.

Design of the scaling capacitor, Cg;:

The series combination of Cand the LSB array must terminate the MSB array or
equal (/8. Therefore, we can write

c 1 1 8 1 16 1 15
8=T 1 O T3=C-20=2C"2C=2C

Dr. Ashis Maity, Electrical Engineering, Indian Institute of Technology Kharagpur 31



If all the LSB bits are zero, 1.e, bs-bs-bg-b;—0000, then

_v by y by by o T
VourMmsB) = VYREF 1 + 22 + 23 + 24

Yo~
Thevenin equivalent of LSB array: 7 : v
: ' VTH(LSB)
by bs bg by .- !
Vruwssy = Vrer 1Tzt T 24] _
If all MSB bits are zero, 1.e., bg-b;-b>-b3;=0000, then
] 3 ]
_ 15C _ Vruase) 1. Cs=2015 |
Vour(Lse) = VrH(LsB) 1 15 8 |~ 16 - - - - A h-----; ---
_I_ _I_ : 1 1 : [ —0 VOUT
. =VREF b4+b5+bﬁ+b?] E p i - E
OUT(LSE) =16 |21 T 22 T 23 T 24 N/ 11 TR (20-0/8)=15C/8

————————————————————

Applying voltage superposition:

by by by by by, bs bg by
vGUT=VREF 21+22+23+24+25+26+2T+2E§]
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neral Block Diagram of an Analog-Digital Converter

e Digital
x(t) @ \... > > Lﬁ"f Processor
>

y(kTn)

Prefilter Sample/Hold  Quantizer

» Prefilter - Avoids the aliasing of high frequency signals back into the baseband of the
ADC

» Sample-and-hold - Maintains the input analog signal constant during conversion
 Quantizer - Finds the subrange that corresponds to the sampled analog input
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Nyquist Frequency Analog-Digital Converters

The sampled nature of the ADC places a practical limit on the bandwidth of the input
signal. If the sampling frequency is fg, and /g is the bandwidth of the input signal, then

. . fB < 05f5 ‘ Continuous time frequency response of the analog input signal.

which is simply the Nyquist 4
relationship which states that
to avoid aliasing, the | .
sampling frequency must be g0 3 fs
greater than twice the Sampled data quivalem frequency respui]se where fg < 0.5fs. .
highest signal frequency. —\ /——\ /——\

-Ig 0 fp Is f5-fg f s+ 2fs-fg 2fs 2f5+fp

2
Case where fg> (0.5f5 causing aliasing.
4 ' '
-fR 0 fs fg 2fs -

Use of an antialiasing filter to avoid aliasing.
4

=== Antialiasing
"{Filter

-IR 0 1B % I
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Sample and Hold

1. Important block in many data acquisition system.

2. ltis used to sampled the input analog signal and hold for some time while ADC
converts the digital equivalent output.

3. Two categories:
a) S/H without feedback
b) S/H with feedback
» Feedback enhances the dc accuracy with sacrificing speed.

Dr. Ashis Maity, Electrical Engineering, Indian Institute of Technology Kharagpur
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Practical S/H without feedback I

® Ca ads ar am aalng memoyy |

0 Non-idealiti, 1- Q X v
D When Quy o 8ff, e chonge windar goke  Vin >'_<> Vout
MU /»)}\Dlltxd /?low,

Y For M guitch, ¢ eveaky a v\zga)n'wz %-LAZ\ Chid
Total chasge  wunder gao‘ta = Cox.W. L. Vefq. :l:
Whaone. VLff = Vagv- Vi, = (V()D._ V“%_\/b&) B

W
hon @ goes (60, tapdh f tue dharges go oug atde qud yesl oftdy ¢ide

ARpa= 4 Cox v L ( VDD - Vin - Vge,)
Ay = - Afws _ o WL (Up-Vin- Vi)
C’Wo\ QC_MJ(/

@ Obsorvehon, ¢ W avt eyver b & gignal dupendudt ervor.
B lo WL Wik nedae Huw ey of B U*S'}Vf Specd
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Practical S/H without feedback

‘vKoj, ldea . d/\artgp, CarYivy m NMOS (& ¢clk
elechrons amd o PMos A 5 e . It

9 w
m 6(204 U Nowne, e tharge vedhm, Vino E - 1 Vout
W tomedd 2adv oty | .Y |

A& 4 = C_?.ZQ_°°_L (Vop - Vin — 7y " Chid
AN ~  Cox L (s _ Ape
Howexren

» Gvyge Undedions ek be comcdied eodh Gty W Vin= Vop

1%’ v & cloagr X‘O VD.D, Mgo, ’f'rt‘/w\, PMK> C,bmmge, f'rg;.w\ N Mef A/V,/'\,
i VMin 5 oawr o *e, 4V’i/. N

Dr. Ashis Maity, Electrical Engineering, Indian Institute of Technology Kharagpur 38




Practical S/H without feedback
Anotrer windl b aiany 49 wininnae  Chock bk
’?“Mb“m‘"@g‘//w’lg@ wnfechon o, oL
&9_ % dfwb.ﬁuv ‘B\ﬂM' 0-F &‘ i
£, »w a Muwwwé G del -

Wit ® exk Joen low, Hy tharge gx'vw b\a W, wld ke foakeo —_—
0 by My o Forwn dne .

Limitalona e ¢/n wltuoudt Feed back &
B(,Hb( whrduess aun offadk .
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Practical S/H with feedback

0 Opounp wovtmen t (wpd impedama
O’f» Sl C}.YC\AiX’. Do

? Whin Pk = High, M | 2
de wvaikmn 32 Ou\/\‘o(‘d; sm:ﬁ Vo o > s i ll> +——0V,,,
domn - -

PO Gk = Lo, eld wad leop 15 bvolken =

Teauwan -

D Speed of operabion, iz Aegyadid 4o quhamte iy stakidib,

D In Jold mode, Loop 1) bvoken, ofp of Pivet 0p-cmp sbuvadsy . L Hoe et
A_aAprQL ('rpémhr')m, é(eool'ng Wa%w 0[13}’0@14 'M-S«peu\ «FWM
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Practical S/H with feedback

q)clk
Q, and Q5 prevent the first op- 1ir Q,
amp from entering into —
saturation. a 2 ¢
> 2 q
Tr l1\ Ovout
Vi, o—+ L
1 Chld
41
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Practical S/H with feedback

Cud & placed o M fedbock C..
Pokh 4o Form am vntegyodor Opamp 1 Dok “ )|
Using 7p amp 2. N - T_g-r e b \
Vin O "y 0 Vou

Whin: &1 Huvna 4, duge /ﬂo—ﬂ: Q s -
infedhion, Cornps Vi 4o il 2 = Opamp2

T dntegyakor ewgnd vategyaka, Bais  and Creabes e offsef (do) , et Loty

e tp-dmgp 1 winimizer Hfsef

tnvua! . : :
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Practical S/H with feedback

Uasge cntechm obfeds boten 3
m ! hid

c LV‘PV&_ . AL CA') Opamp 1 ¢clk 7 ” i

oMW Mo AL vzl edd g a"_ ' a L

—F 1
M 0?" wam m VinC > 1—[- \ -0~ Ovout
charge dntedin pualdan, b o[ Q, T
b off == OPamP2
= Q, Chid
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Analog to Digital (A/D) Converter

The operation of ADC is inverse of DAC function: Apply some sampled analog signal to generate the equivalent digital code.
Input-Output Characteristics

[deal input-output characteristics of a 3-bit ADC B Vv
11 1
/i |
Infinite Resolution A Vm —» A/D # D/A Quantization
110 ‘haracteristic " ' : - :
% Ummcu ristic \ 7 , + noise
'::" 101 ! 2 — v
H , P Q
s 1 LSB 2
2 100 f-ovveeesronassnnien. I »»»»»»»» TS o e mae e
;_?:; - ﬂ'df'ﬂ'f-'}i; ‘ » Quantization noise is the inherent uncertainty in digitizing an
Aaracienstc - . .. .
~ ; analog value with a finite resolution converter
010 // S — * Quantization noise=Analog o/p of finite resolution
A 11 L'SBle— characteristic- Analog o/p of infinite resolution characteristic
-3 OOO“ VQ(rms) = | = VQ dt:| = |:_j VLSB —_ dt:|
§ § Le -T/2 c —'.r‘zl : ' . : —T -T2 T -T2 T
830 AR R R, y
C:-;" 2_0.'5 \l \J \l \J \l V i VREF _V2 t3 V) = V
0 1 2 3 4 5 6 1 8 = | 2B - — _LSB
8 8 8 8 8 8 8 8 8 2
Analog Input Value Normalized to Vggg T:’ 3 T2 / l 2

Ideal input-output characteristics of a 3-bit ADC.
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* Resolution of the ADC is the smallest analog change that distinguishable by an ADC. I

* (QQuantization Noise is the +0.5L5B uncertainty between the infinite resolution
characteristic and the actual characteristic.

o Offset Error is the difference between the ideal finite resolution characteristic and
actual finite resolution characteristic

* Gain Error is the ¢ $  Gain Error = 1.515Bs

difference between o i e N
the ideal finite g ' o L S 5 Hor ), Joea! T
. S 101 “haracteristic -~ -=+-! ! 101 | -Characteristic - -~~~ ___J

re*_.sol_utmn charact- 2 N | < N
eristic and actual 100 | - : 2100 [ ; A

= 3 . o) ) | S | . ctual
finite resolution Zouy - i S0y i R Y e
characteristic 5010 e Lol 010 oot -

A - ) Offset = 1.5 LSBs & - :

measured at full- 001 |5+ - - 001 [ -r—i _
scale input. This 000 L2 ey Ve g il iy Vin

: : 0 1 2 3 4 5 6 7 8 VREF 0 1 2 3 4 5 6 7 8 Vgrr
dlfferenc:e 1S § 8§ 8 8 8 8 8 8§ 8 § 8 8 8 8 8 8 8 8
proportional to the (a. (b.)
analog input Figure 10.5-4 - (a.) Example of offset error for a 3-bit ADC. (b.) Example of gain
voltage' error fDT Fi | 3‘bit ADC
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be resolved (i.e. an LSB)
FSR FSR N
DR =T3B change = (FSRI2N) = 2
or in terms of decibels
DR(dB) = 6.02N (dB)
* Signal-to-noise ratio (SNR) for the ADC is the ratio of the full scale value to the rms
value of the quantization noise.

* Dynamic Range (DR) of a ADC is the ratio of the FSR to the smallest difference that can -

rms(quantization noise) = @ FSR

\12 7 2M[12
vour{rms)
SNK =" (ESRATZ 21
» Maximum SNR (SNR,;,,5) for a sinusoid is defined as
VR~ VOUTmairmS) - FSR/(Z_\/—Z_) - A[6 2N
max = (FSRA[12 2N) ~ FSRI(\[12 2M) ~

or in terms of decibels

62N
SNR,,,.x(dB) = 201og1¢ %—] = 10 logy9(6)+20 logo(2M)-20 logio(2) = 1.76 + 6.02/N dB
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[ m

P Effective number of bits (ENOB) can be defined from the above as

SNR - 1.76
o - et T

where SNR 4,41 is the actual SNR of the converter.

1. SNR,,,(dB) provides the best possible SNR for an N-bit ADC.
2. However, actual SNR (1.e. SNR 4, )decreases from the SNR, .., for a reduced

signal level.
3. Forexample: ina 10 bit ADC, SNR

Mmax

=(60.2+1.76) dB=61.96 dB

If the Input signal becomes half (i.e. 0.5Vg), then
SNRAa=SNR.,-201092=61.96-6.02=55.94 dB

ENOB=(55.94-1.76)/6.02=9
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Integral and Differential Nonlinearity

The integral and differential nonlinearity of the ADC are referenced to the vertical
(digital) axis of the transfer characteristic.

o Integral Nonlinearity (INL) is the maximum difference between the actual finite
resolution characteristic and the ideal finite resolution characteristic measured vertically

(% or LSB)

o Differential Nonlinearity (DNL) is a measure of the separation between adjacent levels
measured at each vertical step (% or LSB).
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VREF

C
8
8

i
8

——— e — —
|
|
|
I

7 Ideal
Characterist

r——==7

xample of INL and DNL

E

il

0

8

3

8

0 LSB

4
8

3
8

- INL

2

8

8

1

Example of /NI and DNL for a 3-bit ADC.) Fig.10.5-5

0
8

o0

opo) mdinQ) 1en
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DYNAMIC CHARACTERISTICS OF ADCs
What are the Important Dynamic Characteristics for ADCs?
The dynamic characteristics of ADCs are influenced by:
e Comparators

- Linear response
- Slew response
e Sample-hold circuits
e Circuit parasitics
* Logic propagation delay
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ADC

1 | |
Serial ADC Parallel ADC Oversampling ADC
1. Stepwise (2N iteration) /Delta-Sigma ADC

2.Bitwise (N iteration)
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Stepwise Serial ADC: Single Slope ADC

_‘,

- 'élH ] Virv
W:’n\(_VTLQ- 54,..9!!-11 ‘

Vyed  [Somi-tootn| YR
—

Romp Gen
KeseX

UK [Tnlervud

— T Cowmnker
Advantage:
1. Simple 7 L
Disadvantages: i
1. Error in ramp rate leads to gain error in ADC * ( S
2. Comparator offset introduce error ok cowﬂmg ¢ o uumg;
3. High conversion time b[m - ]m !
4. Result drifts by CLK variationljitter ‘ ‘ ‘_ 7t

> >t
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Stepwise Serial ADC: Dual Slope ADC

.-qu_

Condrel

.
—w R
\$ Ve

—_—.

oy

Contr, 74
e— yey T >
—2 L.
v §
tont Cowdig® 4, = .
_ : f;( 22T e Shop counhig
Ve VA ; | > €.
Uiw ‘ Yret i
_ RC. Re. :
& .
A \
Vagp o J
>4,

_

1. Worst conversion time 2n T for V. =V .

y Rexv- oS
e. ! Jl‘ﬂ-ado/ o [E‘.k"]
lﬂz-q; Gzl
pig M . Corbrl 7Cowx{-q !-71-7
Y/ :
ELK Dividey CanT)
T) {'Yuwmc:! Co
| I |
¥, i s
‘a‘ = Re yg}_ = VM_C,-
‘:l_"&‘*_ %erq
Re 7 ¢
“ My T W= nT Ve
o F = Mg v,ﬂ
Advantages: et
1. Result does not drift by CLK variation.
2. Ramp rate variation does not introduce error.
Disadvantage:
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Bitwise Serial ADC (Medium Speed): Successive Approximation ADC

A 1 is applied to the input of the shift register. For each bit converted, the 1 is
shifted to the right 1-bit position. B, ;= 1 and B, , through B,= 0.

The MSB of the SAR. D, . is initially set to 1. while the remaining bits, D, ,
through D, are set to 0.

Since the SAR output controls the DAC and the SAR output is 100...0. the DAC

VrEF

output will be set to ——.

VR8EF - Vger
- - It >

output is a 0 and the comparator resets D, to 0. If @ is less than v, , then the

Next, v,, is compared to is greater than v, then the comparator

comparator output is a 1 and the D, , remains a 1. D, is the actual MSB of the
final digital output code.

The 1 applied to the shift register is then shifted by one position so that B, , = 1,
while the remaining bits are all 0.

D,,issettoa 1, D, through D, remain O, while D, remains the value from the
MSB conversion. The output of the DAC will now either equal —£ (if D,,, = 0)

4
or 2L (if D = 1).

Next, v,y is compared to the output of the DAC. If the DAC output is greater than
v,y then the comparator output drives D, , to 0. If the DAC output is less than v,
then D, , remains a .

The process repeats until the output of the DAC converges to the value of v,
within the resolution of the converter.

Clock in —>y .N_blt. —> End
shift register
By BNfZ B2 B| Bo
) 2
SAR
DNll DN,Q Dz D1 D()
/ ( ¥V
Vour >
Comparator
VN — +
" S/H output
Basic Principle: First guess and then verify A Vour
VREF
1
1 Do ! 7/8
| D, | 0 6/8
1
0 Dol 5/8
D, 0 4/8
} | Dy 3/8
| | 0
0 Dy ! 2/8
: |
0 Do 178
0 0 5,
Start Tl T2 T3
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Parallel ADC (High Speed): Flash ADC

1. In many application, smaller conversion time is Y

1%
preferred. "
R

2. InFlash ADC, it is one clock cycle having 2 phases.
a) First phase: sampling and comparison

b) Second phase: Decoder produce the equivalent R
digital word as output.

:+
; Dy
Advantage: Very fast. R ; — Dy
Disadvantages: T > 2N . Digital
a) Requires 2N equal resistors; occupies more area ;o * Decoder D2 output
. : [ LA
b) Requires (2N-1) comparators; e.g., for N=6, 63 - Da
comparators are required; occupies more area S
and power. {4
c) Low input bandwidth as the input is driving (2N- R ~
1) comparators. >—

d) Input CM of comparators differ, may have
different delay.
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Oversampling ADC

Two categories of ADCs depending on the rate of sampling.

1. Nyquist rate ADC where fg = 2f; where fg is the bandwidth of the signal and fg is the sampling rate.
a) Very fast, resolution is limited to 10-12 bits due to limited matching

2. Oversampling ADC where fg > 2f

a) Different class of ADCs and does not require precise component matching.

b) Digital signal processing techniques are used in place of precise analog components.

c) The accuracy of the converter does not depend on the component matching, precise sample-and-hold
circuitry, or trimming, and only a small amount of analog circuitry is required. Switched-capacitor
implementations are easily achieved, and, as a result of the high sampling rate, only simplistic anti-aliasing
circuitry needs to be used.

d) However, because of the time required to sample the input signal, the throughput is considerably less than
the Nyquist rate ADCs.

e) It provides much higher resolution than the Nyquist rate converters.

f)  Two key principle used in oversampling ADCs: oversampling and noise shaping
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Difference between Nyquist rate and oversampling ADCs

Ang

1. Antialiasing filter requirement in oversampling
ADC is much more relaxed than Nyquist rate ADC.

S 2. No dedicated S/H circuit is required in
oversampling ADC

3.  Quantization is performed in the modulator and
encoding takes place in digital filter.

Analog Anti-aliasi Dicital F—=
7 f input— f 1;3‘[;511@ S/H Quantizer enclc!)ggli?w — Digital
Z F— output
Kot B (a)
aw- Nppnak mafe commrters, B
: - YA Digital |— . ..
A\ Mm%% Analog input modulator filter = Digital output
e e . 'Q !"“
l/ (b)
' \3(\ Typical block diagram for (a) Nyquist rate converters and (b) oversampling ADCs
74
- £ Mg
M>I.
Voxpampaing  ADC -
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2 A Modulator

The ZA modulator provides the quantization in the form of a pulse-density V

A

modulated signal. \

The density of the pulses represents the average value of the signal over MO NEEEE=nOn I

a specific period. For the peak of the sine wave, most of the pulses are

high. As the sine wave decreases in value, the pulses become distributed

between high and low according to the sine wave value.

If the frequency of the sine wave represented the highest frequency

component of the input signal, a Nyquist rate converter would take only

two samples.

The oversampling converter, however, may take hundreds of samples

over the same period to produce this pulse-density signal. |

Digital signal processing is then used, which has two purposes: " | ‘ | > 1

a) To filter any out-of-band quantization noise and to attenuate any Pulse-density output‘trom a mgna—delta modulator for
spurious out-of-band signals. a sine wave input.

b) The output of the filter is then down-sampled to the Nyquist rate so
that the resulting output of the ADC is the digital data.
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The first order A Modulator

. . . Try yourself!
1. Only one integrator is used, hence first order. iy
2.  1-bit ADC is nothing but a comparator. Z ;
3.  1-bit DAC uses comparator output y[kT] to determine if 1-7Z
+V s Or =V is summed with input x[kT] Inteerator
4. |If u[kT]. IS pos!tlve,.y[k'll']=H|gh, q[kT]=+V s and u[kT] (T] —33 + Delay ulkT] [~ T-bit > y{KT]
moves in negative direction. - 4 ADC
5. As u[kT] becomes negative, y[kT]=Low, q[kT]=-V,;and q[kT]
u[kT] moves to positive direction.
1-bi
6. Integrator accumulates the error between x[kT] and DAC Ouantizer
q[kT] and negative feedback tries to make integrator,s A first-order sigma-delta modulator,
output zero. o |
. _ | C0nmwr T r—
7. Local average of x[kT] at a particular instant should be L/ W\ .
equal to the local average of the quantizer output. / 7\
8.  This produces a pulse density modulated signal for a yv \\ -
sine wave. ] N\, e
\. /
L i
AL LU I
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The first order A Modulator

VJD([':' - 1, [KT-TJ = q/EK_‘. ‘TJ _1__ " [KT" Tj i Integrat()r

ulkT] [ Tobic

ADC  trkvoduas quankizalion ovitas . ‘ Delay , ADC > y[kT]
L - - + 6. ]:KTJ 1-bit
X \"'j’ 2 DAC Quantizer
Qe [KT] = Q/ [kT_] - R tk Tj A first-order sigma-delta modulator.
T, qLeri= QelxT] # a IkT-T1— q,[kT- 71 + ux7-7]
L bk D/A Yon e folbuig clon.
Iy YTeTdz Lee,  YTkT] =~V YIKTT = Low = ~ Ve,
4 IkTT= g F [KTD = + Vg YT = Higte = +Vrey
¢l = 9 Tx1] Here, quantization noise is getting reduced by

previous value. That is the real power of A Modulator
Ohson gLk = Qe k7] + A [xT-TT - BelkT-T7]

= a[KT-T] + @[k~ Qe TKT-T]
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Frequency domain analysis of the first order ZA Modulator I

§& = Bl + L[ x6)— ¢

Qe [KT]=q[KT]-u[KT]

= Q. [KT] +u[kT]
17 < qKT]= Qe
“, §01+ L= e+ Lx©) Y KT= 0 JkT] +ulkT]
@ " = 8e(s) S 4 x(S) Qe(i) Y(s)=Q.(s)*u(s)
S E+D x(s)—>{(3) Y Sy > () =)
- Q,® S 4 ow. L - > '
- B <) 4(s)
Y4 y[kT]=q[KT]
L L & bn Py £i oy y(s)=q(s)
wes) . Y e - A frequency domain model for the first-order sigma-delta modulator.
o * b @ R par
\ e l 0o . S 1. Quantization noise is pushed to higher frequency: noise shaping
\5'(5) / i St) Sy ) 2. Low pass filtering is then performed in digital filter to remove out-
' o of-band quantization noise.
! 3. Then, we down-sampled to yield final high resolution output.
\
/I \; )N.
&—>
YXF
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Implementation of the first order ZA Modulator

gy o
v o(KT) > WD
}‘(I) g J_/ ! vy(kT)

(|)2 4{ 1 t
N
VREF N
~ |
vy (kT) = ]
—
—VrEF

Implementation of a first-order sigma-delta modulator
using a switched capacitor integrator.
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Second order A Modulator I

1. Higher order £A Modulator use more no. of integrators and provide a greater amount of

__________________

———————————————————

noise shaping

: | ‘ I [KT]
+ : + 1, [kT]: + : + | 1-bit \_\"
x[kT) W | W Delay — [N iTe >
I M + l
I 1-bit
Try Yourself! L-bit,

YIKT]=X[KT-T]+Qe[KT]-Qe[KT-T]-{Qe[KT-T]- Q[KT-2T]}

A second-order, sigma-delta modulator.

YIKT]=X[KT-T]+Q.[KT]-2Q[KT-T]+ Q. [KT-2T]
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Second order A Modulator

1. As the order increases, more of the A
noise is pushed out into the higher
frequencies, thus decreasing the
noise in the signal bandwidth.

First-order

\

noise at all. In fact, they add < T > e f
quantization noise that is very large at
high frequencies.

3. The XA modulator should not be
construed as a filtering circuit.

Third-order

Noise shaping function

2. The XA modulators do not attenuate

> f

Signal bandwidth Sampling frequency

Noise shaping comparison of a first-, second- and third-order modulator.

Note: A high-order ZA modulator with many integrators. However, as with any system employing
feedback, stability becomes a critical issue.
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Try yourself!

1. Find the resolution for a DAC if the output voltage is desired to change in 1 mV increments while using a reference
voltage of 5V.

2. From any non-ideal characteristics of the DAC converter, find out INL and DNL in terms of LSBs.

16/16
: Infinite resolution
L5/16 DAC characteristic

14/16

13/16 \
12/16
L1/16
10/16

IO A ctual 4-bit DAC
8/16 characteristic

7/16 \
6/16

5/16
4/16
3/16

2/16
/16

Ideal 4-bit DAC
characteristic

Analog Output (Normalized to Full Scale)

—_—— ) —
OO ——
—_ — —
) p—— —
— .
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Try yourself! I

3.

Draw a serial DAC circuit. Show the conversion process with operating waveform when a digital word b,b,b,b,=1010
is applied to the serial DAC. Assume b, is LSB and b, is MSB. No need to describe the operation.

Assume M=2 and K=2, find out the transfer characteristic of this DAC if the scaling factor of the LSB sub-DAC is 3/8
instead of 1/4. Assume V, =1 V. What is the £INL and £DNL for this DAC? Is this DAC monotonic?

8\/ ref
M-bits

M-bit DAC
‘?é:’ (MSB)

g Vref
K-bits

nﬁé> K-bit DAC (lSB) F—=> +3/8
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Try yourself! I

5.  An 8-bit ADC has a reference voltage V ~4V. Find the RMS value of the quantization noise. Also find SNR of the ADC
for full scale sine wave input and half scale sine wave input.

6. Prove that the following block gives you an integrator operation

Integrator

+
Delay
+

7. Draw a second-order Z-A modulator and derive the expression of its output.

Submission deadline: 10t of November midnight
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