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Importance of Data Convertersin Signal Processing
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Digital-Analog Converters

Digital Signa
Processing
System
Microprocessors DIGITAL- Anal
Compact disks ANALOG Filter ifi naog
Read only memory . |CONVERTER Ampl ifier f— Output

Random access memory | :
Digital transmission
Disk outputs

Digital sensors

YVY

A 4

A 4

A 4
A 4

A 4

RefeTrence Fig. 10.1-01
Characterigtics:
 Can be asynchronous or synchronous
* Primary active element is the op amp

« Conversion time can vary from fast (one clock period, T) to slow (2NO- of bits.T)
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Analog-Digital Converters

Digital Signal
Processing

System
Sample ANALOG- Microprocessors
Analog aIl(I:l) DIGITAL Compact disks

—>
Input CONVERTER Read only memory
Hold Random access memory

Digital transmission
Disk outputs
Digital sensors

[

YVY

YvY

A 4

o
(]

060922-01 Reference

Characteristics:

 Can only be synchronous (the analog signal must be sampled and held during
conversion)

* Primary active element is the comparator

« Conversion time can vary from fast (one clock period, T) to slow (2No- of bits.T)
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SECTION 10.1 - CHARACTERIZATION OF DIGITAL-ANALOG
CONVERTERS

STATIC CHARACTERISTICS
Block Diagram of a Digital-Analog Converter

voltage |VYREF|  scaling DVeer | output | vour=
Reference - Network | Amplifier KDVReg
Binary Switches
JO Jl J’Z blz-l Figure 10.1-3

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

bn-1 isthe least significant bit (LSB)
The LSB isthe bit that has the least (smallest) influence on the analog output
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[nput-Output Characteristics
Ideal input-output characteristics of a 3-bit DAC

1.000
N 0875 1 Hnfinite Resolution
g [T T T {Characteristic . [~ 1 7
> - ! ! ! : :
e N T N
B [ F P A R 7
é 0.625 lLSB
5 [T A N
Z 0500 | ! ! ! ! ! 3 1
g : : : L " :
3 [ e e Veticd St
; 0.375 | w---xt  Charecteristic |
a : : : : : :
1= S e [T SRR SRS SRS S
% 0250 F | /
® 0 e A R S S S S
e
< 0125 F /
0.000 ; : : : : : :
000 001 010 012 100 101 110 111
Digital Input Code Fig. 10.1-4
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Definitions
* Resolution of the DAC is equal to the number of bitsin the applied digital input word.
» Thefull scale (FS):

FS = Analog output when al bitsare 1 - Analog output al bitsare O

VREF 1

FS=(VREF- 2N ) - OZVREF[l'Z_N]
* Full scalerange (FSR) is defined as

FSR =
 Quantization Noise is the inherent uncertainty in digitizing an analog value with afinite

resolution converter.

Quantization Noise
A

- ) Y A R R R R

05LB R R R
K K
/l /] /1 /l /\ Digita
OLSB -5 |;01 |/10 |/11 |70 Vl I/lo (g '”p“t
-0.5LSB ————————————————————————————————————————————————

Fig. 10.1-5
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Mor e Definitions
» Dynamic Range (DR) of aDAC istheratio of the FSR to the smallest difference that
can beresolved (i.e. an LSB)
FSR FSR
DR =SB change = (Fsri2N) = 2V
or in terms of decibels
DR(dB) = 6.02N (dB)
» Sgnal-to-noiseratio (S\R) for the DAC istheratio of the full scale value to therms
value of the quantization noise.

. . 1 FSR
rms(quantization nmse)zv TJLSBZ[T 05] dt = \/—2 W12

Vout(rms)
MR = (Fsry122Y)
» Maximum SNR (SNRyax) for asinusoid is defined as
VouTpgy('MS) FSR(2\2) 62N
SNRme = (FRiJ12 2N) " FSRINI229) = 2
or in terms of decibel N
NRyax(dB) = 20Ioglor7] =10 10g10(6)+20 log;o(2N)-20 log1o(2) = 1.76 + 6.02N dB
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Even Mor e Definitions

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

SNRac i - 1.76
ENOB =385

where SNRaa 1S the actual SNR of the converter.

Comment:

The DR isthe amplitude range necessary to resolve N bits regardless of the amplitude
of the output voltage.

However, when referenced to a given output analog signal amplitude, the DR required
must include 1.76 dB more to account for the presence of quantization noise.

Thus, for a 10-bit DAC, the DR is 60.2 dB and for afull-scale, rms output voltage, the
signal must be approximately 62 dB above whatever noise floor is present in the output
of the DAC.
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Accuracy Requirements of thei-th Bit
 The output of the i-th bit of the converter is expressed as:

o Veep(2n _
The output of the i-th bit = i1 |2n) = 27i-1 LSBs

* The uncertainty of each bit must be lessthan +0.5 LSB (assuming all other bits are ideal.
Must use £0.25 LSB if each bit has aworst case error.)

 The accuracy of thei-th bit is equal to the uncertainty divided by the output giving:

_ . *05LSB 1 100
Accuracy of thei-th bit = sni-i g5 =2ni = 207 %

Result: The highest accuracy requirement is alwaysthe MSB (i = 1).
The LSB bit only needs £50% accuracy.
Example:
What is the accuracy requirement for each of the bits of a 10 bit converter?

Assuming all other bits are ideal, the accuracy requirement per bit is given below.

Bit Number | O 1 2 3 4 5 6 7 8 9
Accuracy % | 0.098 | 0.195| 0.391 | 0.781 | 1.563 | 3.125 | 6.25 | 125 | 25 50
(If all other bits are worst case, the numbers above must be divided by 2.)
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Offset and Gain Errors

An offset error is aconstant difference between the actual finite resolution
characteristic and the ideal finite resolution characteristic measured at any vertical jump.

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

rr e S R B e I B
> Adud > i Gan | T
e 8 Characteristic © o I8  Error
Bt [ B ot
Bl [ | Byl Charmterisic
5 | Offset | £ r— |8 s

4/8} - R N B L o 4/8k----- AN S S 74N S S
g Er3r0r L] Infinite | 3 Infinite
T 3/gf-t}- L Resolution | Saglti - Resolution
5 ! ' Characteristic| 5 L | Characteristic
8 2/8f----4----, ‘ SN R m—--- e--- F | S g T et it
E ‘ . \lded 3-bit | 3 ™\ Ideal 3-bit
o V8- - Resolution | 18 Resolution ----
T, .| Characteristic | @ 0 . | Characteristic;
< " 000 001 010 011 100 101 110 11 ~000 001 010 011 100 101 110 111

Digital Input Code Digital Input Code
Offset Error in a3-bit DAC Gain Error in a3-bit DAC
Fig. 10.1-6
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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).

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

DNL = V- Vs- |52 —(—VCX 1) LB
— VX~ Vs= VS - VS - S
where V¢ is the actual voltage change on a bit-to-bit basis and Vgistheidea LSB
change of (VEsr/2N) g —
. 7 ‘ ‘ Infinite Resolution Characterisxic >
Example of a 3-bit DAC: o BT +15LSBDNL ; r—f
g g R A Bx; fffff e
S s ;,,,,,L,,,Ng”,fncz@ﬁ?,nlc',tx ,,,,,,,, R N
B4l T rt,a%%!w,a,
6 8| +15LSBINL > A
93 | ] v -.: 15LSBDNL ,,,,,,,,,,,,,
5 8 |
g % ,,,,,,,,,,,,,, e <—Idea|3b|t Charactenstlc ,,,,,,,,
Al ]
g L — Actual 3 b|t Charactensnc ‘
§000 001 010 011 100 101 110 1i1

Digital Input Code Fig. 10.1-7
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Example of INL and DNL of a Nonideal 4-Bit Dac
Find the zINL and +DNL for the 4-bit DAC shown.

15/16

14/16
13.16
612/16
g 1116 ‘-2 HSB DNL -
= 10116 Ideal 4-bit DAC [34 |«--15LSB |
T Characteristic \ Y1 INL
2 916 [
3 <«—+1.5LSB DNL
N 816 v —
® -2L.SB DNL
£ 7/16 11
S KD Actual 4-bit DAC
‘g 6/16 +1.5LSB INL}> Characteristic |
g 5/16 ~.
5
o 4/16
o
T 316
<
2/16
1/16
0/16
bpO OOOOOOO 111111111
bpO 0 0012 11 1 00O0O01 1 11
0 0 1 1 0 0 1 1 0 O 1 1 0 O 1 1
b0 1 0 1 0 1 01 0 1 0 1 O 1_ 0 1
Digital Input Code Fig. 10.1-8
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DYNAMIC CHARACTERISTICSOF DIGITAL-ANALOG CONVERTERS
Dynamic characteristics include the influence of time.
Definitions

» Conversion speed isthetimeit 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 dew 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)

Loop Gain
Actual Gain = ldeal Gain x 1+ L(g)op Galn
) Ideal Gain-Actua Gain 1
Gain error = Ided Gain = T+Loop Gain
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Example of Influence of Op Amp Gain Error on DAC Performance

Assume that a DAC using an op amp in the inverting configuration with C, = C, and
A 4(0) = 1000. Find the largest resolution of the DAC if Vrgg is 1V and assuming worst
case conditions.

Solution

C
The loop gain of the inverting configuration is LG = TZCZA\,d(O) = 0.51000 =

500. The gain error is therefore 1/501 = 0.002. The gain error should be less than the
guantization noise of £0.5LSB which is expressed as

: 1 VREF
Gain error =5p1 = 0.002 < 5N+ T

Therefore the largest value of N that satisfies this equationisN = 7.

CMOS Analog Circuit Design © P.E. Allen - 2006
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[ nfluence of the Op Amp Gainbandwidth
Single-pole response:
Vout(t) = AcL[1 - e@Hl]vin(t)
where
AcL = closed-loop gain

R1 C2
oH =GB [WRz] or GB (m)
To avoid errorsin DACs (and ADCs), vgut(t) must be within £0.5LSB of the final value
by the end of the conversion time.
Multiple-pole response:

Typically the response is underdamped like the following (see Appendix C of text).

vouT(t)
A
\
Final Valuet ¢ Nt/ \._________Upper Tolerance
€ \
vouT Final Value ---- I e
V| #
| N Fina Vaue-¢ |---————— ,,,,,,i ,,,,,,,,,,,, ‘,,,,It,oyy,ef:[,o,lqg[lge
\ |
[« Settling Time »i
0 > t
0 Ts Fig. 6.1-7
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Example of the Influence of GB and Settling Time on DAC Performance
Assume that a DAC uses a switched capacitor noninverting amplifier with C, = C,

using an op amp with a dominant pole and GB = IMHz. Find the conversion time of an
8-bit DAC if Vrgg is 1V.

Solution

From the results in Sections 9.2 and 9.3 of the text, we know that

C
oy = (m) GB = (20)(0.5)(106) = 3.141x106

and Ac = 1. Assume that the ideal output is equal to Vrgr. Therefore the value of the
output voltage which is 0.5LSB of VRgr is

1- ﬁ =1-eonT
or

ION+1 = g T
Solving for T gives

N+1 N+1 9
T= [CU_H] In(2) = 0.693 (w—H] = [m] 0.693 = 1.986us

CMOS Analog Circuit Design © P.E. Allen - 2006
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TESTING OF DACs
Input-Output Test

Test setup:
ADC
Digita NIt |y | ADEWEB O Digita Digita
Word DAC motrr(]a m?)oAuCI on Subtractor > Error
Input under Na”2 g 7" | (N+2 bits) OutputDl
(N+2 bits) test (N+2 bits) (N+2 bits)
/(T Fig. 10.1-9
Comments:

Sweep the digital input word from 000...0 to 111...1.

The ADC should have more resolution by at least 2 bits and be more accurate than the
errors of the DAC

INL will show up in the output as the presence of 1'sin any hit.
If thereisa 1 in the Nth bit, the INL is greater than +0.5LSB
DNL will show up as a change between each successive digital error output.

The bits which are greater than N in the digital error output can be used to resolve the

errors to less than +0.5L.SB
CMOS Analog Circuit Design © P.E. Allen - 2006
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Spectral Ted 1111 Vout Mout(i®)l  Noise floor
Test setup: 000 1 due to non-
00171 t linearities
011 1 vper _ ¥ o
Comments: : fsig
Digital input pattern isselected to | Dpigita N-bit o /
have a fundamental frequency Pattern | —\| pac |Vou | Distortion Spectral

. . A al
which has a magnitude of at least Generator ——"1 under nalyzer Output

6N dB above its harmonics. (Nbits fest

Length of the digital sequence I : g, 10110
determines the spectral purity of the  Clock
fundamental frequency.

All nonlinearities of the DAC (i.e. INL and DNL) will cause harmonics of the
fundamental frequency

The THD can be used to determine the SNR dB range between the magnitude of the
fundamental and the THD. This SNR should be at least 6N dB to have an INL of less
than £0.5LSB for an ENOB of N-bhits.

Note that the noise contribution of Vrgr must be less than the noise floor due to
nonlinearities.

If the period of the digital pattern isincreased, the frequency dependence of INL can be
measured.
CMOS Analog Circuit Design © P.E. Allen - 2006
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SECTION 10.2 - PARALLEL DIGITAL-ANALOG CONVERTERS
Classfication of Digital-Analog Converters

Digital-Analog Converters I

1

Seridl Paralldl
v v v
Charge | | Current | | Voltage | | Charge
v v
Voltage and Charge I
Slow Fast Fig. 10.2-1
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CURRENT SCALING DIGITAL-ANALOG CONVERTERS
General Current Scaling DACs

Digital Input Word

o

o

—>
l1 Rr
Current ; AAAY, oVouT
VREF —» Scaling — _
Network :
IM +
— Fig. 10.2-2
The output voltage can be expressed as
Voutr=-Rr(lp+ 11+ 12+ - +1In1)
where the currents g, 14, |5, ... are binary weighted currents.
CMOS Analog Circuit Design © P.E. Allen - 2006
Chapter 10 — Section 2 (12/8/06) Page 10.2-3
Binary-Weighted Resistor DAC
Circuit:
% VREF @2
- — RE = K(R/2
1 é é é
" %y Sy S Sv1 WV
llo lll llz llN.l VouT
R 2 4 ON-1R )
) o)L 1
Rviss R.ss Fig. 10.2-3
Comments.
1.) Rr can be used to scale the gain of the DAC. If Rp = KR/2, then
oy KRB bbby BN
Vour=-Relo =2 R * 2R+ 2R **+ 2NIRVRrer = Vour=-K|2 + 4 + 7§ +++ 2N VRer

where bj is 1 if switch § is connected toVRgfg or 0 if switch § is connected to ground.

Rvss R 1
2.) Component spread value = R.g = 2VIR= 2N 1

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

Use of the R-2R concept to R R 2R
avoid large element spreads: YWV
2RZ]lo 2RIy 2Rl 2RZ]Ingt = Re=kR
V : — l l l l Wy ?
REF= 5 S S SN-1 | v
7 ? A ot
. '
- =  Fig.102-4=
How does the R-2R ladder work? 8| 4 2| |
“Theresistance seento theright of ... —™>  ~= == ==
any of the vertical 2R resistorsis ° /\g\’ /\/R\/\/ /\/z\é\’_—l;
2R l4| l2| ll
Attributes: 2R 2R 2R
— = — Fig. 10.2-4(2R-R)

» Not sensitive to parasitics
(currents through the resistors never change as § is varied)
» Small element spread. Resistors made from same unit (2R consist of two in seriesor R
consists of two in paralel)
» Not monotonic

CMOS Analog Circuit Design © P.E. Allen - 2006
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Current Scaling Using Binary Weighted MOSFET Current Sinks
Circuit:

L | | | | AN —0
= 5L S STST BT
S N1

bo lzN_ll - - %IN ll

T Transistor VOUT
Array
A )
AN Y___ l___ . ~ J \ J i
2N-1 matched FETs 4 matched FETSs 2 matched FETs Fig. 10.2-5 =
Operation:
vouT = Ro(bn-1+1 + bn-2-21 + b4l + - + bg-2N-1.1)

bg by by bn-3 bN-2 BN
7+Z+§+ +2N_2+2N_1+ 2N VREF

E
If | =IRep :2N—F\’2’ then voyrt=

Attributes:
Fast (no floating nodes) and not monotonic
Accuracy of MSB greater than LSBs
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High-Speed Current DACs
Current scaling DAC using current switches:

NG
Ry, %RL
o+
3 Your
b ho b b1 b 7 b N
o o ‘o S o oy =
I I I I
2 4 g 2N
— = = — 060926-01
bo by b2 bN-1

VouT=IR |2 +Z7+8+++oN
where
+1if thebitis1
| :{-1ifthebitiso
A single-ended DAC can be obtained by replacing the left R by a short.

CMOS Analog Circuit Design © P.E. Allen - 2006

Chapter 10 — Section 2 (12/8/06) Page 10.2-7

High-Speed, High-Accuracy Current Scaling DACs
The accuracy isincreased by using the same value of current for each switch as shown.

VDD
A A
RL %RL
0 +
Your
p— p— — — — ---d = O—
do b di dy d2 d d3 d3 d4 dy 2N N
o o o o o 5 o S o o o =
1 1 1 I I 1
2N 2N 2N 2N N 2N
do d dz d3 d4 oo o dZ-N
N to oN Encoder
S S SR
bo b1 by by 060926-02

For a4 bit DAC, there would be 16 current switches.
The MSB bit would switch 8 of the current switches to one side.
The next-M SB bit would switch 4 of the current switches to one side.

Etc.
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Increasing the Accuracy of the Current Switching DAC

The accuracy of the previous DAC can be increased by using dynamic element matching
techniques. Thisisillustrated below where a butterfly switching element allows the
switch control bits, dj, to be “randomly” connected to any of the current switches.

VDD
A A
R % R
o+
vour
p— p— p— p— e p—
q0 q0 941 q1 92 q2 93 q3 g4 q4 92N 42N
o o ‘o Ho ‘o s o s oy s T %
I I I I I I
2N 2N 2N 2N 2N 2N
q0 q1 q2 q3 q4 e e o qoN
Butterfly Randomizer - Any d; can be connected to any ¢;
according to the dynamic element matching algorithm selected.
do ] di| d] a3 ] ds | eoe dN]
N to 2V Encoder
§ b beasld
bo by by by 060926-03
CMOS Analog Circuit Design © P.E. Allen - 2006
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VOLTAGE SCALING DIGITAL-ANALOG CONVERTERS
General Voltage Scaling Digital Analog Converter

Digita Input Word

J

V1 .
Voltage Vo,
. | Decoder
VRer —p| Scaling V3 . Logic Lo VouT
Network : 9
VoN
Fig. 10.2-6

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

VRer VRer
The voltage at any tap can beexpressed as: voutr=—"g8 (h-0.5)="15 (2n-1)

b Guaranteed RI2 bg bg bg_ bf'- bp 50
monotonic 8 —
. . R
o Compatible with 7
CMOS
%VREF —>6
technology R _
. . 2
« Largeareaif Nis " ., °
large 4 Vout
... R
» Senditiveto 3
parasitics R "
* Requires a buffer R 0 S N N SN N
1 000 001 010 011 100 101 110 111
* Large current can RI2 B
flow through the [ @ Digitd '(EF;‘“ Code
resistor stri ng. Figure 10.2-7 - (a.) Implementation of a 3-bit voltage scaling DAC. (b.) Input-output
characteristics of Fig. 10.2-7(a.)
CMOS Analog Circuit Design © P.E. Allen - 2006
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Alter nate Realization of the 3-Bit Voltage Scaling DAC

VREF

Py

; VouTt

CMOS Analog Circuit Design © P.E. Allen - 2006
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INL and DNL of the Voltage Scaling DAC
Find an expression for the INL and DNL of the voltage scaling DAC using aworst-case
approach. For an n-bit DAC, assume there are 2" resistors between Vrgg and ground

and that the resistors are numbered from 1 to 2N beginning with the resistor connected to
veer VREE @nd ending with the resistor connected to ground.

Ri Integral Nonlinearity Differential Nonlinearity
Rl The voltage at the i-th resistor from the top is, Theworst case DNL is
; (@R DNL = vgep(act) - Vgep(ideal)
Rs Vi = (2 )R +1R Vrer Substituting the actual and
34 where there are i resistors above vj and 2n-i below. ideal stepsgives,
2 For worst case, assume that i = 2n-1 (midpoint). (REAR)VRer R Veer
o i = = =" 2R - 2R
i1 Define Rmax = R+ AR and Ryjin =R - 4AR.
R The worst case INL is _ [RiAR R) Vrer
. 3T INL = Vona(actual) - Vona(ideal) - R TR 2
"
i+1 Therefore, a +AR Vrer
on-2é Vi 2“’1(R+AR)VRE|: VREF AR - R 2n
Ron1 INL = 20 R¥AR) + 2"(R-AR) - 2 = 2R Vrer  Therefore,
o on (AR AR [V AR 4R
Ron [ ——
mi+ |INL=5n [m]vREFzzn-l [ﬁ] [%]:21-1 [ﬁ] Lses |PNL="R LSBs
Fig. 10.2-085
CMOS Analog Circuit Design © P.E. Allen - 2006
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Example 10.2-1 - Accuracy Requirements of a Voltage-Scaling digital-analog
Converter

If the resistor string of a voltage scaling digital-analog converter is a 5 um wide
polysilicon strip having arelative accuracy of +1%, what is the largest number of bits that
can be resolved and keep the worst case INL within £0.5 LSB? For this number of bits,
what is the worst case DNL?

Solution
From the previous page, we can write that
AR 1 1
2n-t [T] = 2“(@] <2
Thisinequality can be simplified
2n <100
which has a solution of n = 6.
The value of the DNL for n = 6 isfound from the previous page as

+1
DNL =190 LSBs = +0.01LSBs
(Thisisthe reason the resistor string is monotonic.)
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CHARGE SCALING DIGITAL-ANALOG CONVERTERS
General Charge Scaling Digital-Analog Converter
Digital Input Word

J

Charge
VRer —p| Scding |—o VouT
Network
Fig. 10.2-9
General principleisto capacitively attenuate the reference C1
voltage. Capacitive attenuation is simply: I o+
+
VRer= Co =< Vout
Calculate asif the capacitors were resistors. For example, Fig. 10.2-9b
1
C2 C1
Vout="T 1 VREF=C1+Cy VREF
Ci1tCo
CMOS Analog Circuit Design © P.E. Allen - 2006
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Binary-Weighted, Charge Scaling DAC
Circuit: >

ckcle L 1l vour

i 2 2 2N T~ N1
Operation: o1
1.) All switches S Terminating
connected to ground ¢2 ¢z ¢z r¢2 r¢2T Capacitor

during ¢1. VReFo L Fig. 102-10

2.) Switch § closesto VRgf if bj = 1 or to ground if b = 0.
Equating the charge in the capacitors gives,

/.

b:.C bC bn-1C
VREFCeq = VRer (boC + 2+t t W] = Ciot VouT = 2C VouT
which gives
Vout = [bo21 + 0122 + by23 + ... + b1 2N VRer

Equivalent circuit of the binary-weighted, charge Ceq.
scaling DAC s /lr\V o
Attributes: +

» Accurate VREF 2C-Ceq=< VouT

» Sengitive to parasitics B

O  Fig.10.2-11

e Not monotonic

» Charge feedthrough occurs at turn on of switches
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Integral Nonlinearity of the Charge Scaling DAC

Again, we use aworst case approach. Assume an n-bit charge scaling DAC with the

MSB capacitor of C and the LSB capacitor of C/2"-1 and the capacitors have a tolerance
of AC/C.

Theideal output when the i-th capacitor only is connected to VRgf is

) C/2i-1 Vrer (2“] 2n
Vour (ideal) =2C~ Vrer =727 (27 = 27 LSBs

The maximum and minimum capacitance is Cyjgx = C + AC and Cyyjjn = C - AC.
Therefore, the actual worst case output for the i-th capacitor is

(CxAC)/2i-1 Veee AC-Vgee 20 2nAC
Vour(actudl) ="—2C Vrer =727 £72C =21 £ 2iC LSBs

Now, the INL for thei-th bit isgiven as

) _ +2nAC  27iAC
INL(|) = VOUT(aCtual) - VOUT(|dea|) = 21C = C LBs

Typically, the worst case value of i occursfor i =1. Therefore, theworst case INL is

AC
INL =+ 201" LSBs
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Differential Nonlinearity of the Charge Scaling DAC

The worst case DNL for the binary weighted capacitor array is found when the MSB
changes. The output voltage of the binary weighted capacitor array can be written as

Ceq.
Vout = (2C-Cy) + Cq Vrer

where Cgq are capacitors whose bits are 1 and (2C - Cgy) are capacitors whose bits are 0.

The worst case DNL can be expressed as

Vgep(WOrst case) VouT(1000....) - vout(0111....)
DNL = Vap(ided) - 1= [B -1 LSBs

The worst case choice for the capacitorsis to choose C; larger by AC and the remaining
capacitors smaller by AC giving,

1 1 1 1
C1=C+AC, C2 =2(C-AC)....,.Cn-1= 5n-2(C-AC), Cr=5n-1(C-AC), and Cern=5n-1(C-AC)
n

Note that ZCi + Cigrm= Co+ Cag+-+ Cpp.1+ Cn+ Cterm = C-AC
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Differential Nonlinearity of the Charge Scaling DAC - Continued

[ C+AC J (C+AC]

Vout(1000...) = {(C+AC)+(C-AC)/Vrer =\ 2C Vrer

and
1

(C-AC) -Cterm (C-AC) - 5n-1(C-AC)
Vout(0111...) = {{C+AC)+(C-AC))VRer =~ (C+AC)H(C-AC) Vrer
54
={72C \1-2n)Vrer
V, 1000...) - v, 0111... C+AC C-ACy 2 AC
- Yourl )LSBOUT( ) 1 sBs= 2n( 5C ] n( 5 ](1%]-1 = (2n-1) ¢ LSBs
AC

Therefore, DNL=(2"-1) ¢ LSBs
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Example 10.2-2 - DNL and INL of a Binary Weighted Capacitor Array DAC

If the tolerance of the capacitors in an 8-bit, binary weighted, charge scaling DAC are
+0.5%, find the worst case INL and DNL.

Solution
For the worst case INL, we get from above that
INL = (27)(£0.005) = +0.64 LSBs
For the worst case DNL, we can write that
DNL = (28-1)(+0.005) = +1.275 LSBs
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Example 10.2-3 - Influence of Capacitor Ratio Accuracy on Number of Bits

Use the data shown to estimate the number of W Hoﬁ;w_cmm

bits possible for a charge scaling DAC assuming a 2 | 20d Lot, Group 1,
worst case approach for /NL and that the worst & o 161 data
conditions occur at the midscale (1 MSB). % : 1. I
Solution 3 . i |
Assuming an INL of 0.5 LSB, we can write that ;
2 e
INL = iZN']-& < il — [AC] L § A e
C 2 C 2N 3 f ':_-u_____‘_: — \‘_'__. ]
Let us assume a unit capacitor of 50 ym by 50 3 | o . ]
um and a relative accuracy of approximately = \\
+0.1%. Solving for N in the above equation gives £ : : |
approximately 10 bits. However, the £0.1% figure  § I l|
corresponds to ratios of 16:1 or 4 bits. In order to & |
get a solution, we estimate the relative accuracy of ] ]
. . 26«25 ABx38 S0x50 ThHw 75 11}D 100 .
CapaCItor ratlosas (0.318) (0.73) (1.265) (2.848) (5.0
AC 0.001 + 0.0001N Unit Size (um2) and Unit Gapacitance (PF)

Using this approximate relationship, a 9-bit digital-analog converter should be
realizable.
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Binary Weighted, Charge Amplifier DAC

- d1
= Veer

T. Cr = 2NC/K

¢1K bK bo q)lKl_‘B,K_bll ¢1K EK b ¢1| Bng\ b\ q)1 N KbN 1 H |—<,_$
ZAR 2N-2C=< 2N-3ICT/ oc _L . _]_ v(?UT

T Fig. 10.2-12

Attributes:
* No floating nodes which implies insensitive to parasitics and fast
 No terminating capacitor required
« With the above configuration, charge feedthrough will be AVerror = -(CoL/2CN)AV

 Can totaly eliminate parasitics with parasitic-insensitive switched capacitor circuitry
but not the charge feedthrough
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Summary of the Parallel DAC Perfor mance

DAC Type Advantage Disadvantage

Current Fast, insensitive to Large element spread,

Scaling switch parasitics nonmonotonic

Voltage Monotonic, equal Large area, sensitive

Scaling resistors to parasitic

capacitance

Charge Fast, good accuracy | Large element spread,

Scaling nonmonotonic
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SECTION 10.3- EXTENDING THE RESOLUTION OF PARALLEL
DIGITAL-ANALOG CONVERTERS

Background
Technique:

N
Divide the total resolution N into k smaller sub-DACs each with aresolution of .

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

Approaches:
» Combination of similarly scaled subDACs
Divider approach (scale the analog output of the subDACs)
Subranging approach (scale the reference voltage of the subDACs)
» Combination of differently scaled subDACs
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COMBINATION OF SIMILARLY SCALED SUBDACs
Analog Scaling - Divider Approach
Example of combining a m-bit
and k-bit subDAC to form a m-MSB
m+k-bit DAC. bits

VREF

—»{ m-bit
}T’ MSB S vour
—» DAC +

VREF

k-LSB
bits

~ LSB
—» DAC

v
o

)
3

} —>  k-bit

_ (@ b, %) {i][b_m Py By k—l]
Vour=(2+ 4+ +2omVeert 2m|2 + 74 + -+ 2k |Vrer

by by by Bn B B i1
2+t g4+ +2om+ 2l +o2me2 + -+ Ok VRer

VouTt = [
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Example 10.3-1 - [llustr ation of the Influence of the Scaling Factor

Assume that m =2 and k = 2 in Fig. 10.3-1 and find the transfer characteristic of
this DAC if the scaling factor for the LSB DAC is 3/8 instead of 1/4. Assume that Vrgg =
1V. What isthe +INL and +DNL for thisDAC? Isthis DAC monotonic or not?

Solution
Theideal DAC output isgiven as

bp by 1[b2 bs} bp b1 by bg
Vour=2+t4+42+t4)=2+t4+8+%16-

The actual DAC output can be written as

bo by 3b, 3b; 16b, 8b; 6b, 3bs
Vout(act)=2+Z72+1+32 =32 +32+ 32+ 732

The results are tabulated in Table 10.3-1 for this example.
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Example 10.3-1 - Continued
Table 10.3-1
Ideal and Actual Analog Output for the DAC in Ex. 10.3-1,

Dllngll:; Vout(act) | Vour VO_UVT(aCt') \?harzgzztl)n_ Table 10.3-1 contains all
Word out OU2T/32 the information we are
0000 032 032 032 - seeking. _An LSB for this
0001 | 232 2/32 132 1732 example is 1/16 or 2/32.
0010 6/32 4132 /30 132 The fourth column gives the
0011 /32 6/32 3/32 132 +INL as 1.5L.3B and the -
0100 8/32 8/32 0/32 -3/32 INL as OLSB. The fifth
0101 11/32 10/32 1/32 1/32 column gives the +DNL as
0110 14/32 12/32 2132 1/32 -0.5LSB and the -DNL as
0111 17/32 14/32 3/32 1/32 -1.5LSB. Because the -DNL
1000 | 16/32 16/32 0/32 -3/32 is greater than -1LSB, this
1001 19/32 18/32 1/32 1/32 DAC IS not monotonic_
1010 22/32 20/32 2/132 1/32
1011 25/32 22/32 3/32 1/32
1100 24/32 24/32 0/32 -3/32
1101 27132 26/32 1/32 1/32
1110 30/32 28/32 2/32 1/32
1111 33/32 30/32 3/32 1/32
CMOS Analog Circuit Design © P.E. Allen - 2006
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Refer ence Scaling - Subranging Approach
Example of combining a m-bit and k-bit subDAC to form am+k-bit DAC.

VRlEF

A 4

m-MSB

—»{ m-bit
bits }

f’ MSB —t@—vaUT
+

—» DAC
VREE/2M

y

} —>»  k-bit

k-LSB
bits

LSB
DAC

Fig. 10.3-2

[@ by M) [b_m Bm1 bm+k-1][VREF]
VouT=|2 +Z ++omVRee+ [2 + 4 ++" 2k || 2m

bg by bni  Pm  bme P k-1
2+ + -+ om + omel tome2 + o+ omek |VREF

VouT =
Accuracy considerations of this method are similar to the analog scaling approach.

Advantage: There are no dynamic limitations associated with the scaling factor of 1/2M
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Current Scaling Dac Using Two SubDACs
I mplementation:

<o RE VouT

1
4 2

o=

Y Y .
LSB subDAC MSB subDAC Fig. 10.3-3

_ [[@ﬁ@&]i[&%%ﬁ”
Vour=Rel[2+2+8+16/t162t2+8 16
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Charge Scaling DAC Using Two SubDACs
I mplementation:

VREF o

Terminating LSB Array MS3B Array
Capacitor A\ N ﬁs - s
\ V
\QLQLQLCL;;QLQLQL il
v 4 2 SR8T 4 2
0/ S 3 §
87 b9 bgp bsP by
¢2T ¢2T ¢2T ¢2T ¢2T ¢2T <I>21> ¢2T
[ [ [ [ [ __L Fig. 10.3-4

Design of the scaling capacitor, Cg:

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

c__1 1.8 1 _16 1 15
8=1 1 O C,=C-2C=2C-2C=2C
C.t2C
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Equivalent Circuit of the Charge Scaling Dac Using Two SubDACs
Simplified equivalent circuit: \ | Cs=2C/15

c + 7C/8 —o VouT

=15C/8;
where the Thevenin equivaent voltage : : Fig. 1035
4

of the MB array is

1 1/2 1/ 16 bo by by bs]
Vl—HT]bo (T]bl“L[T]bz"L _F ba REF —15 2+ 74 +78+16 Vrer
and the Thevenin equivalent voltage of the LSB array is

Va = Hl/l] by + [1/2] bs + [1/4] be + (1/8] b7} VReF = [24 + 815 + %6 + l138] Vrer

Combining the elements of the simplified equivalent circuit above gives

1.5 8
212 15 [ 15+15-15 ] [ 16 ] 15 1
Vour=|T 15 8 |Vi*|1 15 8 |V2= (15+15.15+16)V11|15+15.15+16/V2= 16V1716V2

212 115 212115

o, b be by by by B b7y L bV

Vour=(2 +4 +8*+16+32+ 64+ 128+ 256 VReEF = 5~ 21
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Charge Amplifier DAC Using Two Binary Weighted Charge Amplifier SubDACSs
I mplementation:

C/8y|
11

,g Cy ,g Ci¢{
A SR L2 @

b. o1 Vi b ¢
4 C/2 HZCI—‘Ol J_,go CcI2 L
1

b1 ¢1
J_,KGCMF ““@CMF 5
/bsﬂdn_“ VRer = /bzﬂdn_“ —I_

T

I
T+

VREF[- C/8 HE: C/8
_n_/g7 F _1\_/63 F
b7 o1 | b 41|
LSB Array MSB Array Fig. 10.3-6

Attributes:

« MSB subDAC is not dependent upon the accuracy of the scaling factor for the LSB
subDAC.

* Insengitive to parasitics, fast

 Limited to op amp dynamics (GB)

* No ICMR problems with the op amp

CMOS Analog Circuit Design © P.E. Allen - 2006




Chapter 10 — Section 3 (12/8/06) Page 10.3-10

COMBINATION OF DIFFERENTLY SCALED SUBDACs
Voltage Scaling MSB SubDAC And Charge Scaling LSB SubDAC
I mplementation:

m-MSB bits v OUT

-bit, MSB vol
::l:alﬁlg sub];z(t?ageﬂ Ck— J_Ckl J_Cz J_Cl J_ J_

k-1 k-2 —
m-to-2m Decoder A 3 C 2 C 2C

Bus A
Ri| Ry| R3 Rom-2 [Rom-1|Rom SkA k LA SZA
ii\/\ﬂ#\/\ﬂ#\/\m---0-/\/\,—0-/\/\,—0-/\/\,-|—_|
s Sk B Sk 1,B

VREF—
REF_ m-to-2m Decoder B

BUS B k bit, LSB charge
SF = scaling subDAC
m-MSB bits Fig. 10.3-7

Operation:
1.) Switches Sr and S1g through S g discharge all capacitors.
2.) Decoders A and B connect Bus A and Bus B to the top and bottom, respectively, of
the appropriate resistor as determined by the m-bits.
3.) The charge scaling subDAC divides the voltage across this resistor by capacitive
division determined by the k-bits.
Attributes:
* MSB's are monotonic but the accuracy is poor
» Accuracy of LSBs isgood
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Voltage Scaling MSB SubDAC And Charge Scaling LSB SubDAC - Continued
Equivalent circuit of the voltage scaling (MSB) and charge scaling (LSB) DAC:

Cr= J_Ckl J_Cz J—Cl J_ J_ Bus A | v °
BusA 2% 1CT Zk 2¢ T =2 =C Nl - o
) vour 2 mVRER 2KC - Coy==V'OUT
Sk A k 1,A $24 A
9 mVREF Bus B - vour
Sk B Virer _

v REF

where,
by by Oz Dms
V'rer = VRer 121+ 22+ -+ + 2mI + Dm
and
VREF b brml brrr+k brm k-1 bm brml bm+k brm k-1
Vour="2m (2 + 22 + -+ 2kl +~ 2k )= VRep|2m+I + ome2 + -+ + Dmk-1 + Dk

Adding V' greg and V' gy gives the DAC output voltage as

bo b1 bmo b1 bm bmi Ptk Bkt
VouT = V'Rrer + V out = VRer 21+22+ omIt om tomrItom+2t - tomrk-1H omk

which is equivalent to an n+k bit DAC.
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Char ge Scaling MSB SubDAC and Voltage Scaling LSB SubDAC

(o2

* Ci= J_cz- 1 cml 1 cm J_cm Ry
2mC T 2m'1C _21C =C R
/ A/ /
Ve = S1.A 82A szA Sm k- Re= VREF
REF = to [ T
1‘, / S8 2B Sm-1|3 ok |t
] =
o Decoder 4
= m-bit, MSB charge scaling subDAC Rox2
R:
2 kebit,
Rox LB
voltage
Fig. 10.3-9A 5 = scding

bo by By brg Vi B Brmer Pk P
Vout = (2122t +om i1+ Dm VRE|:+2m where vy = 21+ 22 t+ kit 2k VRer

by by B2 Bmi B b Bk Bk
Vour =21+ 22+ - +2mi1+ 2m +2mtl + 2me2 + - + Dmek-1 + 2mrk | VRer

Attributes:

* MSBs have good accuracy

» LSBs are monotonic, have poor accuracy - require trimming for good accuracy
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Tradeoffsin SUbDAC Selection to Enhance L inearity Perfor mance
Assume am-bit MSB subDAC and ak-bit LSB subDAC.

MSB Voltage Scaling SUbDAC and LSB Charge Scaling SUbDAC (n = m+k)

INL and DNL of the m-bit MSB voltage-scaling subDAC:

2" AR AR _AR 2n +4AR
INL(R) = 2™l5m g =21 g LSBs and DNL(R) = om = 2R LSBs
INL and DNL of the k-bit LSB charge-scaling subDAC:
AC AC
INL(C) = 2k1 = LSBs and DNL(C) = (2~-1) ¢ LSBs

Combining these relationships:

( AR AC]
INL = INL(R) + INL(C) = |21 ") + 2k1 7 | LSBs

AR AC
and DNL = DNL(R) + DNL(C) = [Zkﬁ+ (2x-1) T] LSBs
MSB Charge Scaling SubDAC and LSB Voltage Scaling SUubDAC

AR AC
INL = INL(R) + INL(C) = (Zk-lﬁ + 2n-1f] LSBs

AR AC
and DNL = DNL(R) + DNL(C) = [ﬁ+ (2n-1) ¢ |LSBs
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Example 10.3-2 - Design of a DAC using Voltage Scaling for MBSs and Charge
Scaling for LSBs
Consider a 12-bit DAC that uses voltage scaling for the MSBs charge scaling for the
LSBs. To minimize the capacitor element spread and the number of resistors, choose m =
5and k = 7. Find the tolerances necessary for the resistors and capacitors to give an INL
and DNL equal to or lessthan 2 LSB and 1 LSB, respectively.
Solution
Substituting n = 12 and k = 7 into the previous equations gives
AR AC AR AC
2=21"p +26= and 1=2"Tr+(2-1) ¢
Solving these two equations simultaneously gives

AC 24-2 AC
C =211-26.24=0.0071 » © =0.71%

AR 28-26-2 AR

R = 218-213. 211 = 0.0008 - g =0.075%
We see that the capacitor tolerance will be easy to meet but that the resistor tolerance will
require resistor trimming to meet the 0.075% requirement. Because of the 2n-1
multiplying AR/R in the relationship, we are stuck with approximately 0.075%.
Therefore, choose m = 2 (which makes the 0.075% easier to achieve) and let k = 10
which gives AR/R = 0.083% and AC/C = 0.12%.
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Example 10.3-3 - Design of a DAC using Charge Scaling for MBSs and Voltage
Scaling for LSBs

Consider a 12-bit DAC that uses charge scaling for the MSBs voltage scaling for the
LSBs. To minimize the capacitor element spread and the number of resistors, choose m =
7 and k = 5. Find the tolerances necessary for the resistors and capacitors to give an INL
and DNL equal to or lessthan 2 LSB and 1 LSB, respectively.
Solution

Substituting the values of this example into the relationships developed on a previous
dide, we get

AR AC AR AC
2=24R+2l = and 1=g +(2121) ¢
Solving these two equations simultaneously gives
AC 24-2 AC AR 3 AR
C =216.211.24 = 0.000221 - ¢ =0.0221% and R ~»5.1=0.0968 - R =9.68%
For this example, the resistor tolerance is easy to meet but the capacitor tolerance will
be difficult. To achieve accurate capacitor tolerances, we should decrease the value of m
and increase the value of k to achieve a smaller capacitor value spread and thereby
enhance the tolerance of the capacitors. If we choose m = 4 and k = 8, the capacitor
tolerance is 0.049% and the resistor tolerance becomes 0.79% which is still reasonable.

The largest to smallest capacitor ratio is 8 rather than 64 which will help to meet the

capacitor tolerance requirements.
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Summary of Extended Resolution DACs

* DAC resolution can be achieved by combining several subDACs with smaller
resolution

» Methods of combining include scaling the output or the reference of the non-MSB
subDACs

» SULDACs can use similar or different scaling methods

* Tradeoffs in the number of bits per subDAC and the type of subDAC allow
minimization of the INL and DNL
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SECTION 10.4 - SERIAL DIGITAL-ANALOG CONVERTERS
Serial DACs
» Typicaly require one clock pulse to convert one bit

» Types considered here are:
Charge-redistribution
Algorithmic

Charge Redistribution DAC

I mplementation:

Operation:
Switch S isthe redistribution switch that parallels C; and C, sharing their charge
Switch S precharges C; to VRgf if theith bit, bj, isa 1
Switch Sg discharges C; to zero if theith bit, bj, isa0
Switch & is used at the beginning of the conversion processto initially discharge Co
Conversion always begins with the LSB bit and goes to the MSB hit.

CMOS Analog Circuit Design © P.E. Allen - 2006




Chapter 10 — Section 4 (12/8/06) Page 10.4-2

Example 10.4-1 - Operation of the Serial, Charge Redistribution DAC

Assume that C; = C, and that
the digital word to be converted
isgivenasbg=1,b;=1,by,=0,
and bz = 1. Follow through the
sequence of events that result in N N S 0 .,
the conversion of this digital CrES T L T
input word.

Solution

1) $4closes setting veo = 0.

2.) bz =1, closes switch S, causing V1 = VReF.

3.) Switch Sy isclosed causing vc1 = ve2 = 0.5VReE.

4.) by =0, closes switch S, causing ve1 =0V.

5.) $ closes, the voltage across both C1 and Co is 0.25VReE.

6.) b1 =1, closesswitch S causing vc1 = VREF-

7.) $ closes, the voltage across both C1 and C» is (1+0.25)/2VReg = 0.625VREE.

8.) bg =1, closes switch S, causing vc1 = VREE.

9.) S closes, the voltage across both Cq and C2 is (0.625 + 1)/2VReE = 0.8125VReE =

13/16 34l _I_ 13/16

vc1/VRer

(13/16)VREE.
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Pipeline DAC

The pipeline DAC is simply an extension of the sub-DACs concept to the limit where the
bits converted by each sub-DAC is 1.

I mplementation:

1/2 1/2 12
00— zl— zl = z1 —o Vout
bN_]_ =+
=z+1 bN-2= = Po==1
(LVREF Fig. 10.4-3

Vout(2) = [bozt + 210,22 + -+ + 2-(N-2y 5z-(N-1) + by 1 ZN] Virer
where by is either 1 if theith bit is high or low. The z1 blocks represent a delay of one
clock period between the 1-bit sub-DACs.
Attributes:
» Takes N+1 clock cyclesto convert the digital input to an analog output
» However, anew analog output is converted every clock after the initial N+1 clocks
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Algorithmic (lterative) DAC
I mplementation:

+VREF 0—"%

Sample
+1
] 8 and »—oVouT

+1 hold

4 FIG. 10.4-4

Closed form of the previous series expression is,
bizVrer
Vou(d =T-0571
Operation:
Switch Ais closed when the ith bit is 1 and switch B is closed when theith bit is 0.
Start with the LSB and work to the MSB.

-VREF 0—F&
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Example 10.4-2 - Digital-Analog Conversion Using the Algorithmic M ethod
Assume that the digital word to be converted is 11001 in the order of MSB to LSB.
Find the converted output voltage and sketch a plot of vout1/Vree as a function of t/T,

where T isthe period for one conversion. VOUT/VREF

Solution 201
1.)The conversion starts by zeroing the
output (not shown on Fig. 10.4-4). o

2.)The LSB =1, switch Aisclosed and Vrer
sl

is summed with zero to give an output of
+VRer. 009 1 2 3 4 5 T
3)Thenext LSB=0, switchBisclosedand Y4
VouT = -VRrer+0.5VRer = -0.5VRrer. o
4.)The next LSB = 0, switch B is closed and
VouT = -VRrer+0.5(-0.5VRer) = - 20} Flo. 1049
1.25Vper.

5.)Thenext LSB = 1, switch Aisclosed and vo 1 = Vrept0.5(-1.25VReg) = 0.375VReE.

6)The MSB =1, switch Aisclosed and VouT = VRer + 0.5(0.375VRE|:) =1.1875VRer =
(19/16)VRer. (Note that because the actual Vrer of thisexample if £Vieg or 2VRer,
the analog value of the digital word 11001 is 19/32 times 2Vrgg or (19/16)VRreg.)
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Summary of Serial DACS
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Table 10.4-1 - Summary of the Performance of Serial DACs

Serial DAC | Figure Advantage Disadvantage
Seria, Charge|10.4-1 | Simple, Slow, requires complex
Redistribution minimum area | external circuitry,

precise capacitor ratios
Seridl, 10.4-3 |Simple, Slow, requires complex
algorithmic minimum area | external circuitry,

precise capacitor ratios

CMOS Analog Circuit Design
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SUMMARY OF THE PERFORMANCE OF DIGITAL-ANALOG CONVERTERS

DAC Figure Primary Advantage Primary Disadvantage
Current-scaling, binary 10.2-3 | Fast, insensitive to parasitic capacitance | Large element spread, nonmonotonic
weighted resistors
Current-scaling, R-2R ladder | 10.2-4 | Small element spread, increased accuracy | Nonmonotonic, limited to resistor

accuracy
Current-scaling, active 10.2-5 | Fast, insensitive to switch parasitics Large element spread, large area
devices
Voltage-scaling 10.2-7 | Monotonic, equal resistors Large area, sensitive to parasitic
capacitance
Charge-scaling, 10.2-10 | Best accuracy Large area, sensitive to parasitic
binary weighted capacitors capacitance
Binary weighted, charge 10.2-12 | Best accuracy, fast Large element spread, large area
amplifier
Current-scaling subDACs 10.3-3 | Minimizes area, reduces element spread | Sensitive to parasitic capacitance, divider
using current division which enhances accuracy must have +0.5LSB accuracy
Charge-scaling subDACs 10.3-4 | Minimizes area, reduces element spread | Sensitive to parasitic capacitance, slower,
using charge division which enhances accuracy divider must have +0.5LSB accuracy
Binary weighted charge 10.3-6 | Fast, minimizes area, reduces element Requires more op amps, divider must
amplifier subDACs spread which enhances accuracy have +0.5LSB accuracy
Voltage-scaling (MSBs), 10.3-7 | Monotonic in MSBs, minimum area, Must trim or calibrate resistors for
charge-scaling (LSBs) reduced element spread absolute accuracy
Charge-scaling (MSBs), 10.3-8 | Monotonic in LSBs, minimum area, Must trim or calibrate resistors for
voltage-scaling (LSBs) reduced element spread absolute accuracy
Serial, charge redistribution 10.4-1 | Simple, minimum area Slow, requires complex external circuits
Pipeline, algorithmic 10.4-3 | Repeated blocks, output at each clock Large area for large number of bits
after N clocks
Serial, iterative algorithmic 10.4-4 | Simple, one precise set of components Slow, requires additional logic circuitry

CMOS Analog Circuit Design
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10.5- CHARACTERIZATION OF ANALOG-DIGITAL CONVERTERS
INTRODUCTION
General Block Diagram of an Analog-Digital Converter

xo—{ |\ |—v—/— ‘ i |—vpr[z)ifr Y(KTN)

Prefilter Sample/Hold  Quantizer Encoder Fig.10.5-1

* Prefilter - Avoidsthe 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
» Encoder - Encoding of the digital bits corresponding to the subrange
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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 isfs, and fg is the bandwidth of the input signal, then

fg < 0.5fg

which is simply the Nyquist

relationship which states that

to avoid aliasing, the A o s

Sampl [ ng frequency must be Sampled data equivalent frequency response where fg < 0.5fs,

Continuous time frequency response of the analog input signal.

greater than twice the highest A R
-fg 0 fs fg fsfe fs fstfg 2fsfg  2fs  2fstip » f

Case where fg > 0.5fg causing aiasing.
A

IRV VN RNy

-fg 0 fs fs 2fg

2
Use of an antialiasing filter to avoid aiasing.
A

\""", Antidliasing
X‘(’Filter
A > f

fg 0 fg fZS fs Fig. 10.5-2
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Analog-digital converters can be classified by the relationship of fg and 0.5fgand by their

conversion rate.

* Nyquist ADCs - ADCsthat have fg as close to 0.5fg as possible.
» Oversampling ADCs - ADCs that have fg much less than 0.5fg,

Table 10.5-1 - Classification of Analog-to-Digital Converter Architectures

Conversion Nyquist ADCs Oversampled ADCs
Rate
Slow Integrating (Serial) Very high resolution <14-16 bits
Successive
Medium Approximationl-bit Moderate resolution <10-12 bits
Pipeline Algorithmic
Flash Multiple-bit
Fast Pipeline Folding and Low resolution < 6-8 bits
interpolating

CMOS Analog Circuit Design

© P.E. Allen - 2006

Chapter 10 — Section 5 (12/8/06)

Page 10.5-4

STATIC CHARACTERIZATION OF ANALOG-TO-DIGITAL CONVERTERS
Digital Output Codes

Table 10.5-2 - Digital Output Codes used for ADCs

Decimal | Binary | Thermometer | Gray Two's
Complement
0 000 0000000 000 000
1 001 0000001 001 111
2 010 0000011 011 110
3 011 0000111 010 101
4 100 0001111 110 100
5 101 0011111 111 011
6 110 0111111 101 010
7 111 1111111 100 001

CMOS Analog Circuit Design
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[nput-Output Characteristics
Ideal input-output characteristics of a 3-bit ADC

111 : ‘ ‘ ‘
| i Infinite Resolutioh | |
110 f-----ee- pooseee r—--Characteristic 71—+ B .
) : : : : \>/ ; ;
3 : : : :
Q : : : : :
S son |t 2
a ! ! ! ! !
5 ! 11LSB: ! ! ! !
(@] : : : B : : !
100 f------- e R S T S ottt e .
B : : T : AN L :
2 : : : ; Ideal 3-bit ‘
O 011 p-------- S oo fmgimad- - Characteristic .--t------- 4
010t
) ohisle
001 -
000 L L L L L L L
Eé 10 “,,,,,,,,L,,,,,,,,L,,,,,,,,jl,,,,,,,,% ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
N | L R T R
N | 05 T T T T a T r
Sy A A 4 4 4 4 £
g 5 0.0 1 1 >
S35 ‘ ] ‘ ] ‘ VREF
O’Z_Os .V V. [ I [ I " N A N N R,
0 1 2 3 4 5 6 7 8
8 8 8 8 8 8 8 8 8

Analog Input Vaue Normalized to Vrer
Figure 10.5-3 Ideal input-output characteristics of a 3-bit ADC.
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Definitions

» The dynamic range, signal-to-noise ratio (S\NR), and the effective number of bits
(ENOB) of the ADC are the same asfor the DAC

 Resolution of the ADC is the smallest analog change that distinguishable by an ADC.

» Quantization Noiseisthe +0.5LSB uncertainty between the infinite resolution
characteristic and the actual characteristic.

* Offset Error isthe difference between the ideal finite resolution characteristic and
actual finite resolution characteristic

» Gain Error isthe a1
differencebetween ., f
theideal finite Sl

U

resolution charact- 3 1 |
eristic and actual é on |

finite resolution So10 [
.. (a] F
characteristic 001 |
measured at full- 000
scaleinput. This (
differenceis Figure 10.5-4 - (a.) Example of offset error for a 3-bit ADC. (b.) Example of gain

proportional tothe  error for a3-bit ADC.
analog input voltage.
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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.

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

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

DNL = (D - 1) LSBs
where D, isthe size of the actual vertical step in LSBs.

Note that INL and DNL of an analog-digital converter will be in terms of integers in
contrast to the INL and DNL of the digital-analog converter. As the resolution of the
ADC increases, this restriction becomes insignificant.

CMOS Analog Circuit Design © P.E. Allen - 2006
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Example of INL and DNL

A
Wi ded T
[ | Chaacteristisy, 4 |
el I B I
e e v o S
3 o ais b A
= 100 AR W ' Characteristic
3100 I ] I + I ] | I
= R 1P < L A R R
3 NL= W/l DNL=
O ***** |N - ] it el - T I
R T A
S o10] 7 SN 2T S R S—
R NN
AL OIS I R A
00| 7 =V >\ DNL=
ey,
172 3 5 6 7 8 Vrer
8 8 8 8 8 B 8 8 8

Example of INL and DNL for a3-bit ADC.) Fig.10.5-5
Note that the DNL and INL errors can be specified over some range of the analog input.
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M onotonicity
A monotonic ADC has all vertical jJumps positive. Note that monotonicity can only be

detected by DNL.
Example of a nonmonotonic ADC:
A

111 I N P e R ,'r/ 1

L Actual || .

10| Characteristic

© D N i L

ko] | | | | [t | I

B o |

5 0| e e

o Y S 1. —— 1

- A N S R

g OLLf A 2l SB

S 1 | A4 Nlde 1

5 010| 7t Characteristic

oo <
A in
00 0 1 2 3 4 5 6 7 8 VRer

8 8 8 8 8 8 8 8 8

Fig. 10.5-6L

If avertical jump is 2LSB or greater, missing output codes may result.
If avertical jumpis-1LSB or less, the ADC is hot monotonic.
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Example 10.5-1 - INL and DNL of a 3-bit ADC
Find the INL and DNL for the 3-bit ADC shown on the previous dide.
Solution

With respect to the digital axis.
1.) The largest value of INL for this 3-bit ADC occurs between 3/16 to 5/16 or 7/16 to
9/16 and is 1L SB.

2.) The smallest value of INL occurs A
between 11/16 to 12/16 and is 111
-2LSB. 110

3.) Thelargest value of DNL occursat
3/16 or 6/8 and is+1LSB. S 101

4.) The smallest value of DNL occurs 3 100
a 9/16 and is -2LSB which is g
where the converter becomes g 011
nonmonotonic. g 010

001} =X
000

Fig. 10.5-6DL
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DYNAMIC CHARACTERISTICS
What arethe Important Dynamic Characteristicsfor ADCSs?
The dynamic characteristics of ADCs are influenced by:
» Comparators
- Linear response
- Slew response
» Sample-hold circuits
e Circuit parasitics
* Logic propagation delay

CMOS Analog Circuit Design © P.E. Allen - 2006
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Comparator
The comparator is the quantizing unit of ADCs.

Open-loop model:

Vos
V1 * _ . 0
. Ro
$ R| Vi AV(S) VI VO
Vo - 0
Comparator = Fig.1057
Nonideal aspects:

* Input offset voltage, Vos (a static characteristic)

 Propagation time delay
- Bandwidth (linear)

0 0
Afs) = QV( L Sﬁ;/('i' )1
ot

- Slew rate (nonlinear)

AV
AT ="7 (I constant) = Slew Rate

CMOS Analog Circuit Design © P.E. Allen - 2006
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Example 10.5-2 (Ex. 8.1-1) - Propagation Delay Time of a Comparator

Find the propagation delay time of an open loop comparator that has a dominant pole
at 103 radians/sec, a dc gain of 104, a slew rate of 1V/us, and a binary output voltage
swing of 1V. Assume the applied input voltage is 10mV.

Solution

The input resolution for this comparator is 1V/104 or 0.1mV. Therefore, the 10mV
input is 100 times larger than vj,(min) giving a k of 100. Therefore, we get

_ 10310200 _
] =103 In[lgg] =5.01ps

co Ly [2-100
P~ 103 '"M2.100-1

For slew rate considerations, we get

104
Maximum slope = 103 10mV = 103 V/sec. = 0.1V/ps.

Therefore, the propagation delay time for this case is limited by the linear response and is
5.01ps.
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SAMPLE AND HOLD CIRCUITS
Requirements of a Sample and Hold Cir cuit

The objective of the sample and hold circuit is to sample the unknown analog signal and
hold that sample while the ADC decodes the digital equivalent output.

The sample and hold circuit must:

100%
1.) Have the accuracy required for the ADC resolution, i.e. accuracy = oN :

2.) The sample and hold circuit must be fast enough to work in a two-phase clock. For an
ADC with a 100 Megasample/second sample rate, this means that the sasmple and hold
must perform its function within 5 nanoseconds.

3.) Precisely sample the analog signal at the same time for each clock. An advantage of
the sample and hold circuit is that it removes the precise timing requirements from the
ADC itself.

4.) The power dissipation of the sample and hold circuit must be small. The above
requirements for accuracy and speed will mean that the power must be increased as the
bits are increased and/or the clock period reduced.
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Sample-and-Hold Cir cuit

Waveforms of a sample-and-hold 3 S/H Command
circuit: Hold | Sample Hold
w 1 ' Output of S/H

«—fg—> e t;— e valid for ADC-»

Definitions:
 Acquisition time (tg) = timerequired
to acquire the analog voltage

Amplitude
= /
g
- PR
\2"/ .
-~ *
N

N

N

N

AY

\

/

=
8

= o

= 8

<
[¢]
=
z.
)
=

» Settling time (tg) = time required to 3 e L Vin(t)_ -+
settle to the final held voltage to within | Time | Fie1059
an accuracy tolerance

Tsample=ta * ts — Maximum sample rate = fsgmple(Max) = Teample

Other consideratons:

 Aperture time= the time required for the sampling switch to open after the S'H
command is initiated

» Aperturejitter = variation in the aperture time due to clock variations and noise
Types of S/H circuits:

» No feedback - faster, |ess accurate

» Feedback - dower, more accurate
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Open-Loop, Buffered S/H Circuit

Circuit:
A
Vin(t), Vout(t
ol 2 in(t), Vout(t) Vo Vin®), Vout(®
Vin(t) /¢ | 3 E ___Vin®
2{, Switch : Switch™>--" Switch
T (sample) | (hold) | (sample) |
Time Fig.10.5-10
Attributes:

 Fast, open-loop
» Requires current from the input to charge CH

» DC voltage offset of the op amp and the charge feedthrough of the switch will create dc
errors
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Settling Time
Assume the op amp has a dominant pole at -wgz and a second pole at -GB.

GB2
The unity-gain response can be approximated as, A(S) =2 1 GBs+ GB2

4 3
\/; e0.5GBt V; GBt + ¢]

Defining the error as the difference between the final normalized value and Vgt(t), gives,

The resulting step response is, Vout(H) =1 - sin

4
Error(t) =€ = 1 - vou(t) =7\ /3 €0-5GBt

In most ADCs, the error is equal to +0.5LSB. Since the voltage is normalized,

Solving for the time, tg, required to settle with £0.5L3B from the above equation gives
2 4 1
ts-GB In[ﬁ 2N] =GB [1.3863N + 1.6740]

Thus as the resolution of the ADC increases, the settling time for any unity-gain buffer
amplifiers will increase. For example, if we are using the open-loop, buffered S/H circuit
in a 10 bit ADC, the amount of time required for the unity-gain buffer with a GB of
IMHz to settle to within 10 bit accuracy is 2.473us.
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Open-L oop, Switched-Capacitor S/H Cir cuit
Circuit:

7

—7, )"( 6*
+ 1d
b /%

.—o
+
Vin(t) c t
- %9—‘ %ﬂt X Vin(®) % Vot ()
—|q_)2 —|q_)1 - ¢2 ¢1[> -
L — - , —O
’ ) ¢1di_{ {C >
Switched capacitor SH circuit. Differential switched-capacitor SH
Fig.10.5-11

» Delayed clock used to remove input dependent feedthrough.

» Differential version has lower PSRR, cancellation of even harmonics, and reduction of
charge injection and clock feedthrough
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Open-L oop, Diode Bridge S/H Circuit

Diode bridge S/H circuit:

Vpp

Blowthru Capaciter

rd rd \ \’,_,
VIN(T) vout(t)  VIN() vour()  VIN(D) 3¢ i

O—
D4 CH rd rd CH "‘,’1‘ ,:‘:“\ CH
I Ron=rq I Ropp=oo} I
Clock | ' T .
o¢ Sample phase - diodes Hold phase - diodes
060927-01 = forward biased. reversed biased.
MOS diode bridge S/H circuit:
VbD
Clock 0 I ' Blowthru Capacit(:)r
1 : 1 ~
&m m NV
VIN(L) vouT(t) VIN() vour()  VIN®) 53N Tt vout(d)
© © O TN
L 1 ",’— 4 \f\ : —_|jo
ICH 8m 7 CH '\Y/' :I:CH
— RON: 1/8m ' L ROFF= o ! 1
Clock Ip ’ . ’
¢ 0 Sample phase - MOS Hold phase - MOS
060927-02 = diodes forward biased. diodes reversed biased.
CMOS Analog Circuit Design © P.E. Allen - 2006
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Practical |mplementation of the Diode Bridge S/H Cir cuit

IB@/DDCb I D5 IB®VDD<1> I I8 s

l¢
¢ ——
Vin(t) y I w D2 Vin(t)Dl-Y-
ZB| Vour(1) o—] l 21 Vour(1)
D3Y 2% p4 L, o D3Y-|vB o
_’ L
I N
d
o—|[ MI'M2 |o D6 o—|[ Ml M
Hold Sample Hold
2Ip 2Ip
Vss Vss
Practical implementation of the diode bridge Hold mode.
sample and hold (sample mode). 060927-03

During the hold mode, the diodes D5 and D6 become forward biased and clamp the upper
and lower nodes of the sampling bridge to the sampled voltage.
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Closed-L oop S/H Circuit
Circuit:

b1 Ch

. o Y

2 Vout(t) .,

. Vin(t) — Vout(t)
Vin(t) o1 o2 Lo

Page 10.5-21

T L
Closed-loop S/H circuit. ¢1 isthe sample Animproved version.
phase and ¢2 is the hold phase. Fig.10.5-13
Attributes:
» Accurate

* First circuit has signal-dependent feedthrough
» Slower because of the op amp feedback loop

CMOS Analog Circuit Design © P.E
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Closed-L oop, Switched Capacitor S/H Circuits

Circuit:
o [ } ¢2d
H CH
o e | A
92 ¢1(TQ | ?
o o1 b2d
Vin(t) /1in Vout(t) Vin(t) _I__+_| Vout(t)
AK }l/ I L5
= d |
Ch ¢2 CH o, o1\
Switched capacitor S/H circuit ¢1 ) h2dL-
which autozeroes the op amp A differential version that avoids
input offset voltage. large changes at the op amp output
Fig.10.5-14
Attributes:
e Accurate

 Signal-dependent feedthrough eliminated by a delayed clock

 Differentia circuit keeps the output of the op amps constant during the ¢, phase
avoiding slew rate limits

CMOS Analog Circuit Design © P.E
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Current-Mode S/H Circuit

Page 10.5-23

Circuit:
Vbb
. IB i
lin out
C—P / <+—
o1 / ¢p2—©
$1
S
— — Fig.10.5-15
Attributes:
e Fast
* Requires current in and out
» Good for low voltage implementations
CMOS Analog Circuit Design © P.E. Allen - 2006
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Aperature Jitter in S/H Circuits
Ilustration:
Clock
If we assume that vi(t) = Anaog l Digital
VpSI na)t, then the Input Output
. . Anaog-Digita
maximum slope is equal /\/_. Converter :>
to a)Vp. -

Therefore, the value of AV
is given as

a)VpAt

Aperature Jitter = At
Figurel0.5-14 - Illustration of aperaturejitter in an ADC.

Vin
AV = |t | At= wVat.
The rms value of this noise is given as
dVin
AV(rms) = |t

\2

The aperature jitter can lead to a limitation in the desired dynamic range of an ADC. For
example, if the aperature jitter of the clock is 100ps, and the input signal is a full scale
peak-to-peak sinusoid at IMHz, the rms value of noise due to this aperature jitter is
111V (rms) if the value of VREF = 1V.
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TESTING OF ADCs

| nput-Output Test for an ADC

Test Setup:

N-bit
Vin ADC
under
test

Digital
Word
Output
(N bits)] DAC with
more resolution
than ADC
(N+2 bits)

Page 10.5-25

The ideal value of Qp should be within +0.5LSB

Can measure:

» Offset error = constant shift above or below the 0 LB line
» Gain error = contant increase or decrease of the sawtooth plot as Vj, isincreased

 INL and DNL (see following page)

CMOS Analog Circuit Design
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[llustration of the | nput-Output Test for a 4-Bit ADC
A
2.0 LSB 4
I~ 1
1.5LSB i i
—_ 1 1 +2LSB
@ I ! Y
3 1.0 LSB I/' :
o - A | : :
2 05LSB| | / ; | / | (o158
Z 1 i 1 1 i | ! DNL |y
0.0 LSB T T T T T T 4 T >
g I /i/: | /o EERERE
= | i | | | 1
E 05LSB 7 i +2LSB | /I !
= - | | —> | 1 1
S _1.0LSB : DNL || Vo)
o - i | A
[}
-1.5LSB V s
- 1
2.0LSB v | N
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16
Analog Input Normalized to Vggr Fig.10.5-18
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M easur ement of Nonlinearity Using a Pure Sinusoid

Thistest applies a pure sinusoid to the input of the ADC. Any nonlinearity will
appear as harmonics of the sinusoid. Nonlinear errors will occur when the dynamic range
(DR) islessthan 6N dB where N = number of bits.

fsig 111 1 Vout(DAC) Vout(iw)| Noise floor
Vin Y 000 1 due to non-
000 1
t 00171 t DR linearities
Vrer %0t ' Veer - o
Sig
Harmonic \, N-bit \, N-bit Distortion /
free  |Vin | ADC _DF;AC Vout(DAC)  or Spectral
sinusoid under Wi tbi g+2 Spectrum Output
: Anayzer
test resolution Y
L I i Fig. 10.5-19A
Clock
Comments:

* Input sinusoid must have less distortion that the required dynamic range

* DAC must have more accuracy than the ADC

CMOS Analog Circuit Design
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FET Test for an ADC
Test setup:
Clock
fc
\ 4 v
Pure Analog- FFT
Sinusoidal Digita e Post- Fsrpeg;‘r?sg
Input, fin Converter processor | ¥ L on
ig.10.5-

Comments:

» Storesthe digital output codes of the ADC in aRAM buffer
 After the measurement, a postprocessor uses the FFT to analyze the quantization noise

and distortion components

» Need to use awindow to eliminate measurement errors (Raised Cosine or 4-term

Blackmann-Harris are often used)
* Requires a spectrally pure sinusoid

CMOS Analog Circuit Design
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Histogram Test for an ADC
The number of occurances of each digital output code is plotted as a function of the

digital output A
code. 5 8 i
ion: S idal Input !
lllustration: z § N nusoIad Tned Triangular Input i
1] T U :
Z0 l
0 1 1 Output
0 Mid Full Code
. Scal
Comments. Scale © Fig.10.5-20
» Emphasizes
the time spent at a given level and can show DNL and missing codes
* DNL
. Width of the bin asafraction of full scale H(i)/Ng
DNL(i) = Rafio of the bin width to theidedl binwidth -1= ~P@) -1
where
H(i) = number of countsin theith bin
N; = total number of samples
P(i) = ratio of the bin width to theideal bin width
 INL isfound from the cumulative bin widths
CMOS Analog Circuit Design © P.E. Allen - 2006
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Comparison of the Testsfor Analog-Digital Converters

Other Tests

« Sinewave curve fitting (good for ENOB)

 Beat frequency test (good for a qualitative measure of dynamic performance)

Comparison
Test — Histogram Sinewave Beat
Error or FFT Test Curve Frequency
! Code Test Fit Test Test
DNL Y es (spikes) Y es (Elevated Yes Yes
noise floor)
Missing Codes | Y es (Bin counts with Y es (Elevated Yes Yes
Zero counts) noise floor)
INL Yes (Triangle input Y es (Harmonics Yes Yes
gives INL directly) in the baseband)
Aperature No Y es (Elevated Yes No
Uncertainty noise floor)
Noise No Y es (Elevated Yes No
noise floor)
Bandwidth No No No Yes (Measures
Errors analog bandwidth)
GainErrors | Yes(Peaksin No No No
distribution)
Offset Errors | Yes (Offset of No No No
distribution average)
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SECTION 10.6 -MODERATE SPEED ANALOG-DIGITAL
CONVERTERS

INTRODUCTION
M oder ate Speed ADC Topics

* Serial ADCs - require 2NT for conversion where T = period of the clock
Types.
- Single-slope
- Dual-dlope

* Successive approximation ADCs — require NT for conversion where T = the clock
period

* 1-bit per stage, pipeline ADCs—require T for conversion after adelay of NT
* Iterative ADCs—require NT for conversion
* Self-calibration techniques
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SERIAL ANALOG-DIGITAL CONVERTERS
Single-Slope ADC
Block diagram:

Vin® [« nT —

P 111

VREF
o—»| Ramp VT Output
Generator| vy Counter
A o
Z} t

R g
R/_J

Interval Output
Counter 0 nT

Clock >t

o Fig.10.6-1
f=UT

Attributes:

» Simplicity of operation

 Subject to error in the ramp generator
» Long conversion time < 2NT
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Dual-Slope ADC

Block diagram: Waveforms: Vin
1 Vrer+Vin

Vin' o— Positive

Vint
2
—VREFQ_< Integrator Vin
i
i Digital
1

! Control
iCary Vin
Binary 0

0 - L* t »kt;i}«
Outtput Fig.10.6-2 Reset to(start)

t2— NoutT Fig.10.6-3

t
----- Counter

Operation:

1.) Initialy vint =0 and Vi is sampled and held (viN* > 0).
2.) Reset the positive integrator by integrating a positive voltage until vt (0) = Vin.
3.) Integrate vin* for Nreg clock cyclesto get,

NREpT
Vin(t1) =K J o vin* dt +Vint(0) = KNrerTVin® + Vin
4.) After NRgg counts, the carry output of the counter closes switch 2 and-VRgg is
applied to the positive integrator. The output of the integrator at t = t1+to is,
NoutT N
Vine(t1+t2) = Vim(t1)+K J ty (-Vrep)dt =Vih — KNRerTVin +Vih -KNout TVREF = Vih

5) SOIVIng for NOUt giveS, Nout = Nrer (V,n /VREF)

Comments.  Conversion time < 2(2N)T and the operation is independent of V%and K.
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SUCCESSIVE APPROXIMATION ANALOG-DIGITAL CONVERTERS
[ ntroduction
Successive Approximation Algorithm:
1.) Start with the MSB bit and work toward the LSB hit.
2.) Guessthe MSB bit as 1.
3.) Apply thedigital word 10000.... to a DAC.
4.) Compare the DAC output with the sampled analog input voltage.

5.) If the DAC output is greater, keep the guess of 1. If the DAC output is less, change
the guessto 0.

6.) Repeat for the next MSB.

Vguess
VREF Ao

0.75VRepg}-------- —

0.50VRep _ ‘

0.25VReg}-------- — —

0 ; : ‘ ‘ »
0 1 2 3 4 5 6 T
Fig.10.7-2
CMOS Analog Circuit Design © P.E. Allen - 2006
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Block Diagram of a Successive Approximation ADC'
o——+
Vin r/
Comparator <—|
< L
Digital-Analog |< Output «
VREF Converter ! | Register L
oO—»| < = < ‘_I Shift L Clock
. ___| Register
l e ul Conditional
Output Gates Fig.10.7-1

TR. Hnatek, A User's Handbook of D/A and A/D Converters, John Wiley and Sons, Inc., New York, NY, 1976.
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5-Bit Successive Approximation ADC

g o 5-bit Digital-Analog Convert v
-0l Igital-Analo onverter
In arator A \ A A |
¥ - MSB LSB
Analog Anaog Analog Analog Anaog
— Switch — Switch — Switch — Switch — Switch
1 2 3 4 5
T boums| o 7| ko 7| ko T | loLs
0 1 0 1 0 1 0 1 0 1
Gate FF1 FF2 FF3 FF4 FFs
RRp S RRp S RRp S R Rp S RRp S
J 14
— N 1
S S
Delgy Gy Gy G3 Gy Gg
JUIL L il il il
pigiyind !
Clock pulses’
1: 1: 1: 1: 1
C|—| SR1 : SRy : SR3 : SRy : SRg
! : : : :
Start pulse The delay allows for thecircuit transientsto ~ Shift Register _
settle before the comparator output is sampled. Fig.10.7-3
CMOS Analog Circuit Design © P.E. Allen - 2006
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m-Bit Voltage-Scaling, k-Bit Char ge-Scaling Successive Approximation ADC
Operation:

m-MSB hits
1.) Withthetwo S m-bit, MSB voltage ===
switches closed, all argamne | | e Lol Selodel
capacitors are paralleled LA DIEER 1/ BUSA 20 A T"/ T )
and connected to V" Ri| Ro Rs|  [Rom|Romi|Rom 1A/ S2al 7SI
. MAPANS--- AN

which autozeros the Ve —/ A | -1B | B | B
comparator offset - fmto-2m Decoder B S ) BusB kbt LSB charge
voltage. = 4% S ~ scaling subDAC
2) With all capacitors m-MSB bits v;* o—|Cai)iC|:c;r S/\:tches CI(?ck )

N cee v S:
still in parallel, asuc- MMSB bits¢ St;fcve?pﬁroxiraltilon_

e . . register & switch control 1ogic
cessive approximation | T 3 1
search is performed to Fig10.7-4 (m+k) bit output of ADC ~ Start

find the resistor segment
in which the analog
signal lies.

3.) Finaly, asuccessive approximation search is performed on charge scaling subDAC
to establish the analog output voltage.
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Voltage-Scaling, Char ge-Scaling Successive Approximation ADC - Continued
Autozero Step

Removes the influence of the offset voltage of the +\3CI - oVos
comparator. +1 2kC
The voltage across the capacitor is given as, Vin* +
vc = Vin" - Vos -7 Vos
Successive Approximation Search on the Resistor String = = Fig10.7-5
The voltage at the comparator input is : i‘;ﬁj‘B
Veomp = VRi - Vi n / VZin zchC;m

If Veomp > 0, then Vi > Vin®: if veomp < 0, then VR < Vip"  Vr=Vrer =
Successive Approx. Search on the Capacitor SUbDAC
The input to the comparator is written as, s = Hg107-6a
Ceq 2kC-C
Veomp = (Vri+1 - Vin) 2«C t (Vri - Vi) 2xC
However, Vit = Vi + 2MVper
Combining gives,

C 2kC-C
— i *y —ed ) — — &g
Veomp = (VR + 2MVrer -Vi) 2kC + (VR-ViN) ~2KC
C 0.10.7-
_ . i eq Fig.10.7-6b
=Vri- ViN + 2MVger 2kC
CMOS Analog Circuit Design © P.E. Allen - 2006
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SINGLE-BIT/STAGE, PIPELINE ANALOG-DIGITAL CONVERTERS
Single-Bit/Stage Pipeline ADC Architecture

I mplementation: MSB
+ - + -
+1 +1
VREFo
Stage 1 Stage 2 Stage N
Operation: Fig.10.7-9
» Each stage multipliesitsinput by 2 and adds or subtracts Vgrgg depending upon the
sign of the input. ViV Rer
* i-th stage, Fp ] p0
bis1 | 3 3 3
Vi = 2Vj1 - biVRer :ltl / /
1 ‘ 0 ‘ L,
. Lo /05 |0 05 1o Vi/VReF
where b; is given as bi+1! | / |
. =1 | | |
+1if Vi.1>0 V4 N Vo S R
bi = {-1if Vi_4<0 b= 1= +1—

b, bj 0,0 0,1 1,0 1,1 ; .
CMOS Analog Circuit Design [(bibiea] 1001 [04] (100 [L1] F19.10.7-105 £ Allen - 2006
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Example 10.6-1 - lllustration of the Operation of the Pipeline Algorithmic ADC
Assume that the sampled analog input to a 4-bit pipeline algorithmic analog-digital
converter is2.00 V. If Vrer isequal to 5V, find the digital output word and the analog

equivalent voltage.
Solution
Stage No. Input to theith stage, Vj.1 Vj.1 >0? Biti
1 2V Yes 1
2 (2V-2) -5=-1V No 0
3 (-1V-2) + 5= 3V Yes 1
4 (3V-2) -5=1V Yes 1
1 —
Ilustration: o8 | : <7
>E 0.6 St/| 5 / / / %/ 5 ’{/ /
[1 11 1 YR i el AR NN AN L S
Vandog =92 -24+8+16 B o2 | [ L] /
_ 5(0.4375) = 2.1875 B oo b R b
' . § -0.2 / / . / / }.‘/ //
wherebj = +1if theith-bitis1 & 04 /----3‘6721 S RPNy
and bj = -1if theith bit is0 § ool 0l il

-1
-1 -08 -06 -04-02 0 02 04 06 08 1
v inNREF
CMOS Analog Circuit Design © P.E. Allen - 2006

Chapter 10 — Section 6 (12/8/06) Page 10.6-11

Achieving the High Speed Potential of the Pipeline Algorithmic ADC

If shift registers are used to store the output bits and align them in time, the pipeline ADC
can output adigital word at every clock cycle with alatency of NT.

[lustration:

MSB
?
R
= M%B_l Digital Ouput Word
xR R
T A
R R
f f
R R

+ [+ - } i

L, 2, 2, Vi1
=1 !
V
R Sage1 StageN
Fig.10.7-9B
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Errorsin the Pipeline ADC

Types of errors:

» Gain errors — x2 amplifier or summing junctions

* Offset errors — comparators or summing junctions
[llustration of errors:

Vo/VREF

Vo/VREF
A

060927-04

Gain error, A;. System offset error, VOS;i. Comparator offset error, V(.

An error will occur if the output voltage of one stage exceeds +VRgF (saturates).

CMOS Analog Circuit Design © P.E. Allen - 2006
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Digital Error Correction
In the previous slide, we noted that if the analog output to the next stage exceeds +VRefr

that an error occurs. Thiserror can be detected by adding one more bit to the following
stage for the purposes of detecting the error.

[lustration (2" bit not used for error correction):

Input/output characteristics of a 1-bit stage Input/output characteristics of a 2-bit stage
Vour(i)
4 10 11
f v Nveer 1T f
1 Input e a It _ Input
: Vin(i) Range / ! 1/ 1 10Vin(i) Range
VREF for next i ! v E}VOI for next
EO Stage S B B4 el Bl et Stage
2 TS DO TR0 W ) RepY Y4200}
[0o] [o1] ' [1o]  [11] S S
S=3=8=5= 8235 060930-01
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Digital Error Correction — Continued

If the gain of 4 amplifier is reduced back to 2, the input/output characteristics of the 2-bit
stage become:

Vour(i)
00 01 4 10 11
A A 177 A ST
Input
vier i,/ 1 /1] /10 Vi Range
/i ! /i \/:VREIIDOI " for next
Copref e Suge
SR 775 O IO L
33333 = ===
E 2=z =82 3 =
SEEEZZEE e
The output bits can be used to determine the error. If these bits are 00, then 0.5LSB must

be added to get the correct digital output. If the bitsare 11, then 0.5LSB must be
subtracted to get the correct digital outpuit.

CMOS Analog Circuit Design © P.E. Allen - 2006
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M odified Digital Error Correction (1.5 bits per stage)

In the previous dlide, it was necessary sometimes to perform digital subtraction whichis
not easy to implement. To avoid this problem, a 0.5LSB shift has been added to the
input/output characteristic resulting in the following.

Movement of all comparator thresholds

Removal of the comparator at 0.75LSB.

to the right by 0.5LSB. .
Vour(i) Vour(i)
101 | 111
L __AVREE_ . USRS NP N PR SRR
AU B SO0 SO SO | R :
B ek ikl RSV R Y R (] Input —¥---1 10 Input
- F/4 e "'74\71?[5’,1:'“'; Vin(i) Range £¥- - - Vin(i) Range
RS V;V\“ " for next o for next
SRR RGN Stage ! Stage
Dl tVpgp| P i1 1100 1 00
BT3B BT = T==
S E=2==2coo=m
S oo =33 =co
A M A e o 060930-03

To obtain code 11 out of the stage after correction, the correction logic must increment

the output of the stage.

To obtain code 00 from this stage after correction, the correction logic need do nothing.
Therefore, only two comparators are needed which produce outputs of (00, 01, 10).

CMOS Analog Circuit Design
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How Doesthe 1.5 Bit Stage Correct Offset Errors?
Consider a+0.25VReE comparator offset shift in the input-output characteristics of the

1.5 bit stage.
Vgut! l ) V()MZ{Z)
 VREF  VREF
Comparator shift 4 Comparator shift 4 .
e 1 e
fI‘:OIn 025VREF / T fI‘:OIII 0725 VREF\ /:
to OVREF Y 10.5 Input t0 0.5VREF '0.5 Input
: l ¢ o Vin@) Range : — v Vin@ Range
! /ili ' 0 VREF for next ! S ' 0 VREF for next
! ' -0.5 Stage ! ¢ -0.5 Stage
q -3 -2 .1 o 1 2 3 q -3 2.1 0o L 2 3
4 4 4 4 4 4 4 4 4 4 4 4 061001-01

When the shift is to the left, the comparator will not be in error until the shift is greater
than 0.25 VReg. Thisis because the comparator thresholds were shifted to the right by

0.25 VREE.

When the shift isto the right, the input to the next stage will be greater than 0.50VRgeE.
Thiswill cause the output code 10 which indicates that the digital word should be
incremented by 1 bit.

The range of correction +Vrer /2B*1 where B is the number of bits per stage.

CMOS Analog Circuit Design © P.E. Allen - 2006
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| mplementation of the 1.5 Bit Stage

in oLl ¢ _Lif
ino————"6—T17—t—T——% —T 1% -"""3;--""
1 I\ I
ﬁ)zc o Vin 2+7VRfFE C C /lq)l
! S | ( | (
VREF | « = | ; q)]/ I\ A /
4 (Dl/ I Ir ------ 0 ¢2 — ¢2 V. 1
¢2 = ! o _Oou
— 1
L
= 1if — VREF '_— + (D]
VREF: | T+ =
C Vip <———— | = ;
Vin o'/d)] H < ol_n ______ 4!":’"-""' =
/%, e T
VREF | - = € L= VREF L
— = "o - ' !
4 7] ¢1/ ! 5 ‘Do 5
fz — ! ! Multiplying
= Sub-ADC 06100103 > Sub-DAC

The multiplying Sub-DAC must implement the following equation:

2Vin - VREF if Vin > VRer/4
Vout = 2Vin If -VRef/4 < Vinh < VRep/4
2Vin + VREF if Vin < -VRer/4
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Example 10.6-2 - Accuracy requirementsfor a 5-bit pipeline algorithmic ADC

Show that if V;, = Vreg, that the pipeline agorithmic ADC will have an error in the 5th
bit if the gain of the first stage is 2-(1/8) =1.875 which corresponds to when an error will
occur. Show the influence of V,,, on thisresult for V;, of 0.65Vgee and 0.22Vger.

Solution

For Vi, = Vrer, We get the results shown below. Theinput to the fifth stage is OV
which means that the bit is uncertain. If A; was dlightly less than 1.875, the fifth bit
would be O whichisin error. Thisresult assumesthat all stages but the first are ideal.

i |Vj(idea) |Biti(ided) |Vj(A1=1.875) |Biti (A1=1.875)
1 1 1 1.000 1
2 1 1 0.875 1
3 1 1 0.750 1
4 1 1 0.500 1
5 1 1 0.000 ?
Now let us repeat the above results for V;, = 0.65Vgee. The results are shown below.
i | Vj(idea) | Biti(ided) | V;(A1=1.875) Biti (A1=1.875)
1| +0.65 1 0.6500 1
2 | +0.30 1 0.2188 1
3| -040 0 -0.5625 0
4 | +0.20 1 -0.1250 0
5| -0.60 0 0.7500 1

CMOS Analog Circuit Design
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Next, we repeat for the resultsfor Vi, = 0.22Vgee. The results are shown below. We
see that no errors occur.

i | Vj(idea) Bit i (ideal) Vi(A1=1.875) Biti (A1=1.875)
1 +0.22 1 0.2200 1
2 -0.56 0 -0.5875 0
3 -0.12 0 -0.1750 0
4 +0.76 1 0.6500 1
5 +0.52 1 0.3000 1

Note the influence of Vjp in the fact that an error occurs for Aj= 1.875 for Vi =

0.65VRgF but not for Vjn = 0.22VRer. Why? Note on the plot for the output of each
stage, that for Vi, = 0.65VREF, the output of the fourth stage is close to OV so any small
error will cause problems. However, for Vi = 0.22VREF, the output of the fourth stage is
at 0.65VReE which is further away from OV and isless sensitive to errors.

The most robust values of Vi, will be near -Vrgg , 0 and +VRgg. or
when each stage output is furthest from the comparator threshold, OV.
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ITERATIVE ANALOG-DIGITAL CONVERTERS
Iterative (Cyclic) Algorithmic Analog-Digital Converter

The pipeline algorithmic ADC can be reduced to a single stage that cycles the output
back to the input.
Implementation:

V .
X2 o P X2
- 1
1
E+VREF

Sample 1Y 1

i

Sample
Hold Veer o
Hold
Iterative agorithm ADC Different version of iterative algorithm ADC implementation
Fig. 10.7-13
Operation:
1.) Sample the input by connecting switch S to Vip".
2.) Multiply Vjn* by 2.
3.) If V3> VRefR, st the corresponding bit = 1 and subtract VReg from Va.
If V4 < VRep, Set the corresponding bit = 0 and add zero to V5.

4.) Repeat until al N bits have been converted.
CMOS Analog Circuit Design © P.E. Allen - 2006
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Example 10.6-3 - Conversion Process of an lterative, Algorithmic Analog-Digital
Converter

The iterative, agorithmic analog-digital converter isto be used to convert an analog
signal of 0.8Vger. The figure below shows the waveforms for V, and V,, during the
process. T isthe time for oneiteration cycle.
1.) Theanalog input of 0.8Vger givesV, = 1.6Vrer and Vp = 0.6Vrer and the MSB as 1.
2.) Vpismultiplied by two to give V; = 1.2Vger. The next bitisalso 1 and Vy, = 0.2Vger.
3.) Thethird iteration givesV, = 0.4Vger, making the next bit is0 and Vp = 0.4Vger .
4.) Thefourth iteration gives V,; = 0.8V ggr, giving Vp, = 0.8Vgrer and the fourth bit as 0.
5.) Thefifthiteration gives V, = 1.6Vrer, Vp = 0.6Vrer and the fifth bit as 1.
The digital word after the fifth iteration is 11001 and is equivalent to an analog voltage of

0.78125VRer:  vaveer ViVeer
2l0 A 2l0 A
16 oy - mmm e me — 16
12 Ao 12

08 f--tocfoo—t [0 S
W 0-4//%%/
0.0 L. L L yT 00 »t/T
0 0 1 2 3 4 5
Fig. 10.7-14.
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SELF-CALIBRATION TECHNIQUES
Self-Calibrating Analog-Digital Converters

Self-calibration architecture for am-bit charge scaling, k-bit voltage scaling successive

roximation ADC /
app m-bit subDAC Sl To Successive
L L 1T 1 1 - Approximation
ciT c C -Eml cnT cm + Register

SH

?
S A .
o o o
I ; —
—VRrer = —
I c
Register
-— = mH+2-bit
k-bit Calibration Adder
mcontrdl lines subDAC DAC Data Register
{Yk-bits T
Successive Control K- = I
Approximation Logic — Poree-
Register J o
1L mekebits e
€
Comments: Data Output “ Fgio71s

» Self-calibration can be accomplished during a calibration cycle or at start-up
* |nthe above scheme, the LSB bits are not calibrated
» Calibration can extend the resolution to 2-4 bits more that without calibration

CMOS Analog Circuit Design © P.E. Allen - 2006
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Self-Calibrating Analog-Digital Converters- Continued
Self-calibration procedure starting with the MSB bit:
1.) Connect Cq to VRer and the c
1 Vx

remaining capacitors (Co+Cgt-+Cpyy

[ + + C
+Cm= C1)togroundand close ¢, Veer = c1I VREF = Vier 1—@
2.) Next, connect Cq to ground and 1 K

bonnectic;n of -Cl to VRer. ) Connection 6f Ci to VRer.
Cq1 to VREE- Fig.10.7-16

C -G
3.) Theresult will be V,; = [ﬁ] Vree. If C1 = C1, then Vg = 0.

4.) If Vyq = O, then the comparator output will be either high or low. Depending on the

comparator output, the calibration circuitry makes a correction through the calibration
DAC until the comparator output changes. At this point the MSB is calibrated and the
MSB correction voltage, V1 is stored.

5.) Proceed to the next MSB with Cq out of the array and repeat for Co and Co. Store

the correction voltage, Vo, in the dataregister.
6.) Repeat for C3 with Cq and Co out of the array. Continue until all of the capacitors of

the MSB DAC have been corrected.

Note: For normal operation, the circuit adds the correct combined correction voltage.
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Summary of Moder ate Speed Analog-Diqital Converters

Type of ADC Advantage Disadvantage
Serial ADC High resolution Slow
Voltage-scaling, High resolution Requires considerable
charge-scaling digital control
successive circuitry
approximation ADC
Successive Simple Slow
approximation using a
serial DAC
Pipeline algorithmic Fast after initial Accuracy dependson
ADC latency of NT Input
Iterative algorithmic Simple Requires other digital
ADC circuitry

Successive approximation ADCs also can be calibrated extending their resolution 2-4 bits
more than without calibration.
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SECTION 10.7 - HIGH SPEED ANALOG-DIGITAL CONVERTERS
INTRODUCTION
Characteristics of High-Speed ADCs
Conversion timeis T where T isaclock period.
Types:
 Paralel or Flash ADCs
Interpolating/averaging ADCs
Folding ADCs
Speed-Area Tradeoffs
- Multiple-Bit, Pipeline ADCs
- Digital Error Correction
Time-Interleaved ADCs
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PARALLEL/FLASH ADCs
Parallel/Flash ADC Architecture

Anal : !
nalog Vin(o): Sample :
Input o= and Hold :
VREF Circuit
T E Vin*(f) E
Volt Vi) ‘ A1y
oltage 70— 7 by
Scaling F——o—» L o L. 5
Network _o_._.v3 ' _o_.d3: L ob 20 .
: Vg 2N-1 da! 2N | b3 Digital
creating | %, 1) Word
all possible ;| Compar : to N
. ators : Decoder Output
discrete ! | by
analog  [V,N ! dzz\l? ——0
voltages F—o—» -l
= H—Phase 1—>54—Phase 2_.5
060928-01 «——— One Clock Period, T—»-

 The notation, vjn* (t), meansthe signal is sampled and held.

 The sample and hold function can be incorporated into the comparators
» The digital words designated as d; form a thermometer code
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A 3-bit, parallel ADC

VREF Vin*=0.7VRer

General Comments:

« Fast, in the first phase of the clock the 0.875VRer
analog input is sampled and applied to the
comparators. In the second phase, the
digital encoding network determines the 0.625VRer
correct output digital word.

0.750VRer

1+ 2N-1 Output
R > ol ©N Digital

« Number of comparators required is2N-1  0.500Vrer N encoder Word
which can become largeif Nislarge R ~_ 0 101
» The offset of the comparators must be less  0-375Vrer \—>
+ N+1 R > 0
than xVRgp/2 - 0.250Ver \_>
« Errors occur as“bubbles’ in the o
thermometer code and can be corrected 0.125VRer +
with additional circuitry
» Typical sampling frequencies can be as il Fig 1081

high as 1000MHz for 6-bitsin sub-micron
CMOS technology.
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Example 10.7-1 - Comparator Bandwidth L imitations on the Flash ADC

The comparators of a 6-bit, flash ADC have a dominant pole at 104 radians/sec, a dc
gain of 104 a slew rate of 10V/us, and a binary output voltage of 1V and OV. Assume
that the conversion time is the time required for the comparator to go from its initial state
to halfway to its final state. What is the maximum conversion rate of this ADC if Vg =
1V? Assume the resistor ladder is ideal.
Solution:

The output of the i-th comparator can be found by taking the inverse Laplace
transform of,

voues = g 1l
L = |[Vouw(® ={g105H + 1/ s = Vou(t) = A1 - 10 (Viy* - V).
The worst case occurs when
Vin*-Vgi = 0.5V, g = Vree/27 = 1/128
o 0.5V = 104(1 - e104T)(1/128) — 64x10-4 = 1- e-104T
or, el®T =1 -64x104 =0.9936 — T=1041In(1.0064) =0.6421us

1
Maximum conversion rate =y 6421 s = 1.557x106 samples/second

Checking the slew rate shows that it does not influence the maximum conversion rate.

AV
SR =10V/us — AT =10V/us — AV = 10V/us(0.6421us) = 6.421V > 1V

CMOS Analog Circuit Design © P.E. Allen - 2006
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Physical Consequences of High Speed Converters

Assume that clocked comparators are used in a SO0MHz sampling frequency ADC
of 8-bits. If the input frequency is 250MHz with a peak-to-peak value of VRgF, the clock

accuracy must be AV VREp/2N+1 1
At < wVp = 2af(0.5VREF) = 29-zf = 2.5ps

Since electrical signals travel at approximately 50xm/ps for metal on an IC, each metal
path from the clock to each comparator must be equal to within 125xm to avoid LSB
errors due to clock skew. Therefore, must use careful layout to avoid ADC inaccuracies
at high frequencies.

An equal-delay,clock distribution system for a 4-bit parallel ADC:

Clock
Generator

!

! ! ! !
lllllllllllllllrl_]

~
Comparators Fig.10.8-2B
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Other Errorsof the Parallel ADC

* Resistor string error - if current is drawn from the taps to the resistor string this will
create a“bowing” effect on the voltage. This can be corrected by applying the correct
voltage to various points of the resistor string.

* |nput common mode range of the comparators - the comparators at the top of the string
must operate with the same performance as the comparators at the bottom of the string.

» Kickback or flashback - influence of rapid transition changes occurring at the input of a
comparator. Can be solved by using a preamplifier or buffer in front of the comparator.

» Metastability - uncertainty of the comparator output causing the transition of the
thermometer code to be undetermined.
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INTERPOLATING AND AVERAGING
Illustration of a 3-bit interpolating ADC using a factor of 4 inter polation

VREF
= VbD

Vin \{th v V?!ts
- Vo DD
Az
+ VpoR —%
- a
2R >
%R Vap S
Vop VacSRITE 8t03 3 hit
] ViR 15> encoder digita ver
1 i
VReF[ |, %R _>— output
2 - Vla >_
R Vlb% RITK
Vlc%R _>_
i R
Fig.10.8-3 it 0
Comments:

» Capacitive loading at the input is reduced from 8 comparators to two amplifiers.

e The comparators no longer need alarge ICMR

* V1 and Vo, are interpolated through the resistor string and applied to the comparators.

* Because of the amplification of the input amplifiers and a single threshold, the
comparators can be simple and are often replaced by alatch.

* If thedotsin Fig. 10.8-4 are not equally spaced, INL and DNL will result.
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A 3-Bit Interpolating ADC with Equalized Comparator Delays

One of the problems in voltage (passive) interpolation is that the delay from the amplifier
output to each comparator can be different due to different source resistance.

Solution:

V
EF Voo Vin
Vin o— A
18
177
e 8t03
to :
. 3-hit
_>— encoder digital
VREF _}— output
2 -
R
%R V1b A >_
1 Vic R R4 ,,—-
- - _>_
Fig.10.8-6 il
CMOS Analog Circuit Design © P.E. Allen - 2006
Chapter 10 — Section 7 (12/8/06) Page 10.7-9
Active Interpolation
Example of a3 level current interpolation:
I 311, 12 211,21 .31 I
W 4+41| 2]
I1h2_|13_1 syl 2hyp Wy n 2]} 2211 312 31| 22 2
l 4l| 4| 4| 41 41 41 l 4 l 41 41 41 4l|

x

R

= 060928-02

RITT
At

T h

This type of interpolation works well with current processing, i.e., current comparators.
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I nterpolation using Amplifiers

:

VR j+1

=

VRj

3

V. Interpolating
o" Preamplifiers Amplifiers
l: b FF o
v, >V e
L - - N~ - - o
Ajr1
L+ ¥
V(]3 o 00
| F P N+ £ O
> Vx > Vo 1 eo e
- - - - 0
A;j

Page 10.7-10

. 060928-03
Vo3 = K(Vy — V) which is between Vy and Vy.
CMOS Analog Circuit Design © P.E. Allen - 2006
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Averaging'
In many cases, the comparators VoD VoD VoD
consist of a number of pre- Termination Termination Termination
o Resistors Resistors Resistors
amplifiers followed by a latch.
Averaging is the result of Al A1z A13
interconnecting the outputs of
each stage of amplifiers so that % % % % % %
the errors in one amplifier T A21> A2 Ar3
chain are balanced out by T
adjacent amplifier chains. % % % % % %
Result: The offsets are reduced é é % % % %
allowing the transistors to be Ty 53 AN-23 AN-23
made smaller and therefore B
reducing the parasitics % % % % % %
increasing the speed of the Ty AV AN
ADC. B
Termination Termination Termination
Resistors Resistors Resistors
060928-04 — =

P.C.S. Scholtens and M. Vertregt, “A 6-b 1.6-Gsample/s Flash ADC in 0.18 zm CMOS Using Averaging Termination, |EEE J. of Solid-State

Circuits, vol. 37, no. 12, Dec. 2002, pp. 1599-1609.
CMOS Analog Circuit Design
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Analog Front End of an ADC using Averaging

g_{“vleh"j )
= ‘ ; | A1
E 1 ! N
@ ) P .
- || Sl [ -
e | | N F B>y
5Y N Ry-Ry | TRzRf L \“ Gy,
3 Veet1of—+ t ) Ot \| De
4 : i ‘ | Ao I' | 3818: J ‘.C“":i
Lol [ N L A YW <<
n (l (| l U Hc.‘""-“"';,; -
® HIRE {, ( Byp ™ 7 ¥C\z,:»:;""fl S
el el |||l | - < WS
& wefs) JLILJI e I 3 O A G TS
Sl Veea| [ 1 *
- L 1 l' 1
® RIRIBIR
2 U ‘| [ 1
- | | : :
i {1,
Viet2! L .J,.; |
4 - -y —
i 4 | | i} Al -
< | | (RS
=L n it
g U |
@ | |
[« ] | |} r i
CL: vm! !
R 4 A
5 Vmpul ] 1
L continuous time L discrete time N
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Folding Analog-Digital Converters
Allows the number of comparators to be reduced below the value of 2N-1,
Architecture for afolded ADC:

nl
Coarse bits
Preprocessor Quantizer nl+n2
, bits_  Digital
Encoding # g
Vin n2 Logic Output
Folding Fine bits
Preprocessor Quantizer
Fig.10.8-7

Operation:

The input is split into two or more parallel paths.

« First path uses a coarse quantizer to quantize the signal into 2n1 values

« The second path maps all of the 2n1 subranges onto a single subrange and applies this
analog signal to a fine quantizer of 2N2 subranges.

Thus, the total number of comparatorsis 2n1-1 + 2n2-1 compared with 2n1+n2-1 for a

parallel ADC.

l.e,if n1 =2 and n2 =4, thefolding ADC requires 3 + 15 = 18 compared with 63

compar ators.
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Example of a Folding Prepr ocessor
Folding characteristic for n1 =2 and n2 = 3.

A
VREF |-

No |
Folding 1

32

< After Analog
Preprocessing
>
[
|
N

Folding

----------- r-----------'

i
m

—

8

<
<

v

|
|
0 i |
0 Analog Input VREF
MSBs = 00 01 10 11

Problems:
» The sharp discontinuities of the folder are difficult to implement at high speeds.
 Fine quantizer must work at voltages ranging from O to VRgg/4 (subranging).

I
Q@
=
o
®©
©

» The actual frequency of thefolding signal is F times the input frequency where F isthe
number of folds
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M odified Folding Preprocessors
The discontinuity problem can be removed by the following folding preprocessors:

Folder that removes discontinuity problem.

060928-04

In the second case, the reference voltage for all comparatorsisidentical which removes
any ICMR problems.
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A 5-Bit Folding ADC Using 1-Bit Quantizers (Compar ator s)

Block diagram:
| coarse 2 bits
> MSBs
(n1=2)
AN 5-bit
] :v =P digital
Folder 1 output
Vino—
RN j>7
Folder 2 | _g
1 1 ] g .
_ | & |3hits
: ] LBs
IR AN j>
Folder 7 _
Comparators Fig.10.8-11
Comments:

* Number of comparatorsis 7 for the fine quantizer and 3 for the course quantizer
» The zero crossings of the folders must be equally spaced to avoid linearity errors
» The number of folders can be reduced and the comparators simplified by use of

interpolation
CMOS Analog Circuit Design © P.E. Allen - 2006
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Folding Circuits

I mplementation of VoD
atimes 4 folder: RL% % Folding

Outputs

@ [ o [ > Vou
1
CH a a j a j

1 Vg

1 Vi 1 Vo 1 V7
Vin B B N =
Comments: R, | Yo e
» Horizontal ﬂ /\ /\ /\
shifting is oy
achieved by "

0 Vi ) 3 \Z1 5 Ve V7 Vg VREF
modifying the - |
060928-06 AR\ NN N !

topmost and

bottom resistors of the resistor string
 Folding and interpolation ADCs offer the most resolution at high speeds (=8 bits at

500MHz)
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Use of a S/H in Front of the Folding ADC
Benefit of a S/H:
» With no S/H, the folding circuit acts as an amplitude-dependent frequency multiplier.
BW of ADC = BW of Folding Circuit
« With S/H, all inputsto the folding circuit arrive at the same time.
- Thefolding circuit is no longer an amplitude-dependent frequency multiplier
- BW of the ADC is now limited by the BW of the S/H circuit
- Settling time of the folding and interpolating preprocessor is critica
Single S/H versus Distributed S/H:
« Single S/H requires high dynamic range for low THD
» Dynamic range requirement for distributed S/H reduced by the number of S/H stages

* If the coarse quantizer uses the same distributed S/H signals as the fine preprocessor,
the coarse/fine synchronization is automatic

» The clock skew between the distributed S/H stages must be small. The clock jitter will
have a greater effect on the distributed S/H approach.
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Error Sourcesand Limitations of a Basic Folding ADC

Error Sources:

 Offsetsin reference voltages due to resistor mismatch

 Preamp offset (reduced by large WIL for low Vg4V, with common-centroid geometry)

* v, feedthrough to reference ladder via Cy of input pairs places a maximum value on
ladder resistance which is dependent on the input frequency.

* Folder current-source mismatches (gives signal-dependent error = distortion)

» Comparator kickback (driving nodes should be low impedance)

» Comparator metastability condition (uncertainty of comparator output)

» Misalignment between coarse and fine quantization outputs (large code errors possible)

Sampling Speed Limitations:

* Folding output settling time

» Comparator settling time

* Clock distribution and layout

 Clock jitter

Input Bandwidth Limitations:

» Maximum folding signal frequency > (F/2);,, unlessa S/H is used

* Distortion due to limited preamplifier linear range and frequency dependent delay

« Distortion due to the limited linear range and frequency dependent delay of the folder

» Parasitic capacitance of routing to comparators
CMOS Analog Circuit Design © P.E. Allen - 2006
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HIGH-SPEED, HIGH-RESOLUTION ADCs
Multiple-Bit, Pipeline Analog-Digital Converters

A compromise between speed and resolution isto use a pipeline ADC with multiple
bits/stage.
I-th stage of a k-bit per stage pipeline ADC with residue amplification:

Clock

Vi1
S/H

Residue

Clock

Residue

V V V V
REF RIEF REF RlEF 4ok
A 4 A 4
k-bit k-bit k-bit k-bit
ADC ? DAC i-th stage ADC ﬁ DAC i+1-th stage
k-bits k-bits 061002-02
by by b2  bk1

Residuevoltage=Vj.1 - |2 + 52+ - +5k1 +_2k_] VREE

Potential specifications range from 100-300 Msps and 10 to 14 bits.
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A 3-Stage, 3-Bit Per Stage Pipeline ADC
[llustration of the operation:

A

I Stage 3 I

VREF T |

| 110 |

2 T

2 VREF 100 l

2 o011 .~ |

= N\ 0./ |

P\ 001
0 l 000 —» Time

'«— Clock 1 —«— Clock 2 —<— Clock 3 —

Digital output = 011 111 00]
MSB LSB Fig.10.8-14
Converted word is011 111 001

Comments:

* Only 21 comparators are required for this 9-bit ADC

» Conversion occursin three clock cycles

» Theresidue amplifier will cause a bandwidth limitation,

S50MHz
GB =50MHz — f3gg =~ 53 =~6MHz
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Multiple-Bit, Pipeline Analog-Digital Converters- Subranging

The amplification of A, = 2K for each stage places a bandwidth limitation on the
converter. The subranging technique shown below eliminates this problem.

Clock Residue Clock Residue

V:

Vi1 5 i ey Vitl
--- —0—»{S/H - - (3 ) S/H - - >3- -—-
B 77 7= 3 e O g sl I e = e e
l VRer()=VREF(i-1)/2k VREF(1+1)=V11EF(1)/2’<

k-bit k-bit k-bit k-bit
: i+1-th stage \ ADC : DAC

k-bits k-bits 061002-03

i-th stage

Note: the reference voltage of the previous stage (i-1) isdivided by 2K to get the reference
voltage for the present stage (i), VReg(i), and so forth.
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Subranging, Multiple-Bit, Pipeline ADCs
[llustration of a 2-stage, 2-bits/stage pipeline ADC:

VREF‘#****SE:L 1 Stagez 1

11 ! !

Comments: 0.7500VRerF |- - - —_ 5 5
» Resolution of the 10 ' '

@ : :
comparators for t_he £ 0.5000Vrer | - . - :
following stagesincreases 5 0.4375Vrep |-~~~ S T
but fortunately, the 2 S SR/ E
tolerance of each stage 0.2500Viep | -~ - — 700" :
decreases by 2K for every w0 ! !
additional stage. : :

' — Time

» Removes the frequency

imitati e ' Clock 1 :
limitation of the amplifier ‘_ —>«— Clock2 —»

Digital output word= 01 10 Fig.10.8-15
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| mplementation of the DAC in the Multiple-Bit, Pipeline ADC

Circuit: Comments.
Analo A good compromise between area and speed
out d VRer Vin® » The ADC does not need to be aflash or
' parallel if speed isnot crucial
éR » Typical performanceis 10 bits at
OFF >_. 1 50Msamples/sec
EEBEn *@:
R h
ON 2 \_>—‘ 1---
=L @:
R >
OFF T ,\_>—' Q...
ERar > <E(:
R >
OFF i ,\_>—' Q...
e
1 1 1 1 o
: b ! Fig.10.8-16
CMOS Analog Circuit Design © P.E. Allen - 2006
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Example 10.7-3 - Examination of error in subranqing for a 2-stage, 2-bits/stage
pipeline ADC

;’fge_ zagesof_the'elz-st:gDe(,: et ) |Vi/n(2) X o)
-pits/stage pipeline in | 2-hit | 2-bit | & v | 2-bit > 2-bit | Vout
cown below areided, | AOC { ac [*E™ anc oA
However, the second VIIEF 6 l VRTEF VRTEF S l VFIEF

stage divides Ve by 2 bo b1 2 by b3 2 Fig10817
rather than 4. Find the £INL and £DNL for thisADC.

Solution

Examination of the first stage shows that its output, V(1) changes at

Vi) 123 4
Veer =4 4 4 andz.

The output of the first stage will be Vegr S 2774

Vi@ 123 4
The second stage changes at Veer =8 8 8 andg
where

Vin(z) = Vin(l) - Vout(l)-
The above relationships permit the information given in Table 10.7-1.
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Example 10.7-3 - Continued
Table 10.7-1 Output digital word for Ex. 10.7-3

Vin(D)[bolb1[Vout(D) [Vin(2) [b2[b3] Ideal Ouput un
VREF VREF |VREF bg by b2 b7 1o
o lolol o o lolololololo 1ot dkal Finite Characterisiic
116 [0]0] 0O 1716 |o]ofolofo|1 1o
2116 |0] 0] 0 2116 |o|1]o]o1]0 lon
316 [0]/o] o [3n6of1]olof[1]1] g zomw :
a6 [0]1] 416 | 0 |ofofo[1[0]0]| §wm S v
5/16 [0 1| 4/16 | 1/16 |[0]0|0|1]|0[1| 3 1000 + ——
6/16 [0]1] 4/16 | 2/16 [0[1]0[1[21[0| Z ow
7/16 |0 1] 416 | 3/16 [ol1]o]1[1][1] B omo 8
8/16 | 1| 0| 8/16 0 |(o]lof1]o]o]o0 o101 -INL=2L.5B
9/16 |1]0| 816 | 1716 [o|o|1]0|0]1 0100
10/16[1 0] 8/16 | 2/16 [0[1[1]0[1]0 oot f
11/16]/ 1|0 816 | 3/16 |o|1|1]0o]1]1 o0 +DNL=2| SB
12/16]1]1] 12126 | 0 Jolol1]1]0]0 oor |
13/16] 1] 1] 127116 | 1716 |olo|1]21 |01 -
14/16|11|1| 12/16 | 2/16 |0|1|1|1|1]|0 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
15/16 1 1 12/16 3/16 0 1 1 1 1 1 16 16 16 16 16 16 fndig|nﬁ,t\}3[£§ 16 16 16 16 16 16

Comparing the actual digital output word with the ideal output word gives the following:
+INL = OLSB, -INL = 0111-0101 = -2L.SB, +DNL = (1000-0101) - 1LSB = +2L.SB, and
-DNL = (0101-0100) - 1LSB = 0LSB.
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Example of a Multiple-Bit, Pipeline ADC

Two-stages with 5-bits per stage resulting in a 10-bit ADC with a sampling rate of
5M samples/second.

Architecture:

Vin Vin* MSB
o—» SH " ADC

DAC Increment
by 1
Vrl,,
LSB
— ADC PLSBS

A
Vi2

Fig.10.8-21

DAC

Features:
« Requires only 2V2-1 comparators

» LBsdecoded using 31 preset charge redistribution capacitor arrays
» Reference voltages used in the LSBs are generated by the MSB ADC
* No op amps are used

CMOS Analog Circuit Design © P.E. Allen - 2006




Chapter 10 — Section 7 (12/8/06)

Example of a Multiple-Bit, Pipeline ADC - Continued

MSB Conversion:

Operation:

1.) Sample Vip* on
each 32C
capacitance
autozeroing the
comparators

2.) Connect each
comparator to a
node of the resistor
string generating a
thermometer code.

CMOS Analog Circuit Design

DAC
Vr2
4—
Vi1 Analog
<« MUX

MSBs

Page 10.7-28
Latch
Bank MSB
and »Output
Binary
Encoder
Fig.10.8-22

© P.E. Allen - 2006
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Example of a Multiple-Bit, Pipeline ADC - Continued

LSB Conversion:

¢Vr2

Vin* o—{ ADC set to Code 11111 [

1Vrl

‘Vrz

Vin* ©— ADC set to Code 11110 |—»

1Vrl

¢Vr2

Vi o—{ ADC set to Code 00010 ||

1Vrl

‘Vrz

Vin* ©—% ADC set to Code 00001 [—»

VA

Latch
Bank
and
Binary
Encoder

AN

e e[z le |

Vy zw
Vi

L

CMOS Analog Circuit Design

set
"Code"

s

~ Switches
T fo

Operation:
1.) MSB comparators are preset to each

LSB
Output

Fig.10.8-23

of the 31 possible digital codes.

2.) Vy1 and V2 are derived from the

MSB conversion.

3.) Preset comparatorswill produce a

thermometer code to the encoder.

Comments:

Requires two full clock cycles

Reuses the comparators

Accuracy limited by resistor string and
its dynamic loading

Accuracy also limited by the capacitor
array

Comparator is a 3-stage, low-gain,
wide-bandwidth, using interna
autozeroing

© P.E. Allen - 2006
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Digital Error Correction

Like many of the accuracy enhancing techniques, there are particular applications where
certain correcting techniques are useful. In the pipeline, analog-digital converter, a
technique called digital error correction is used to remove the imperfections of the

components.
Pipeline ADC:
* Stage 1 Stage 2 Stage K
V| e P> o0oe
N Bhits[ | Bhits[ - "°" | B bits
S
: . |Digita| KB
) LOgiC bits
041007-11 4
Operation:

1.) Stage 1 resolves the analog input signal to within one of B subranges which
determines the first B bits.

2.) Stage 1 then creates the analog residue (analog input — quantized analog output) and
passes on to Stage 2 by either amplifying or subranging.

3.) Stage 2 repeats this process which ends with Stage K.
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Comparator Error in a Pipeline ADC
Subranging Pipeline ADC Example (B =2, K = 3):

Ideal ADC ADC with first stage erorr
A A
Stageli iStage2i i Stage3i Stageli iStage2i i Stage3i
1= e T e R e Il s A Rt N R
P P i Comparator P P i
P P i Error P P i
orvees [ L H S . e T
1 1 1 1 1 \ 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
. R i T S | —>Ezzzzzzzg;
0.50VRef |------- e e EEEEEEEH 0.50VRef }------- b |—»E==222221
Vin* = 0.45VRep[------~ Fo-ck=s--s-choopE====s22 Vin* = 0.45VRep[-----"" o o !
T Sl P i P P i
1 | S g 1 1 1 1 1 1 1 1
e I oosveer [ b
P P i P P i
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 . 1 1 1 1 1 .
L L L Time 0 L L L Time
Clock 1 Clock 2 Clock 3 Clock 1 Clock 2 Clock 3
Digital output word = 01 1 00 Digital output word = 10 00 00 041007-14

Note that if the comparator in the first stage makes the wrong choice, the converter
cannot recover as shown in the example on the right.
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Digital Error Correction — Continued

Digital error correction uses one of the bits of each stage (except the first) to correct for
any errors caused by the previous stage.

Subranging Pipeline ADC Example (B =2, K = 3) using Digital Error Correction:

. ADC Wlth first stage erorr 4 ADC with Digital Error Correction

First StageVrer WSﬁtgggflf: : Stage 2 ! b i Stage3 i : VRer 75;;;1(,](;717I : Stage 2 b Stage 3 |
Comparaton i i i i i i I I i i
Error o L : o mmsaon :
0.75VRer ‘; 77777 i —>:L T ’i i i 0.75VRef |------- i — :15‘5)]?)_3‘:%1' i i
b | | 1100101 ! i All-101
- i i | 1010-00! i -101—>11
0.50VReg |------- |—>L ! ; ! 0.50VRef |------- Il G012 01:7 -~ 100—10
Vin® = 0.45VRgp[---=--~ Foner Fon ! 00 Vin® = 0.45VRer[ - """ : = 01101
oo | | Lo : o0 | T\.010-00
P P i i i\ 001—-01
0.25VRgr |------- P - ! 0.25VRgF |------- ! ! N000—-10
0o i i T i 00 | i
T P i i i
0 S e ~— Time 0 S — —> Time
Clock 1 Clock 2 Clock 3 Clock 1 Clock 2 Clock 3
Digital output word = 01 00 00 Digita output word = 10 -01 00 041007-15
Corrected digital output word = 01 11 00
Comments:

» Add acorrecting bit to the following stage to correct for errorsin the previous stage.

» The subranging or amplification of the next stage does not include the correcting bit.

 Correction can be done after all stages of the pipeline ADC have converted or after
each individual stage.

CMOS Analog Circuit Design © P.E. Allen - 2006
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Example of a Pipeline ADC with Digital Error Correction
ADC uses 4 stages of 4-bits each and employs a successive approximation ADC to get
13-bit resolution at 250 ksamples/sec.
Block diagram of a 13-hit pipeline ADC:
1 N2 N3

N
Vin—=|  gH N &) »  SH A SH ~(P X~

|: ADC-N1 bitH™| DAC-N1 bit |: ADC-N2 hit [ DAC-N2 bit |: ADC-N3 bitT DAC-N3 hit
VREF L 4 ! : 4

——-» 3hits

SHH 3 hits

> N2 bit REG »| N2 bit REG |_> 3 bits
[ N1 bit REG »| N1bitREG] ~@|_> 4vits

0.5 LSB offset 0.5 LSB offset
Comments:
» The ADC of thefirst stage uses 16 equal capacitorsinstead of 4 binary weighted for
more accuracy

» One bit of the last three stagesis used for error correction.
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12-Bit Pipeline ADC with Digital Error Correction & Self-Calibration’

Digital Error Vin

Correction:

» Avoids saturation
of the next stage

* Reducesthe
number of
missing codes

* Relaxed
specifications for
the comparators

o Compensates for
wrong decisions

» DAC

ADC ADC
3 bits 4 hits

Clock
(o,

%‘ J |12 bits

) Digital Error Correction Logic
in the coarse J 9 - |:>
. Fig. 11-30
quantlzers
Self-Calibration:

 Can calibrate the effects of the DAC nonlinearity and gain error
» Can be done by digital or analog methods or both

*J. Goes, et. d., CICC' 96
CMOS Analog Circuit Design © P.E. Allen - 2006
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Digital Error Correction using B.5-Bit Pipeline Stages

The top and bottom comparators can be removed to achieve digital error correction more
efficiently.

Input-output characteristics for different per-stage resolutions (B = 1, 2, and 3):

v Vout Vout Vout
REF Offset Offset Offset
Correction~] ' Cortection ' Correction
i I~ H i S ' i ~
VREF Range ) it — Range

VI L. (i)
VT T

2 -1 1 513 -1 | 1 5 13-11-9+7-5-3-111.3 5 7:91113
4 4 'B=1 8 18 8 |8 8 1 ]6]6]616]616]6]6]6@]61616
! : B=2 \B=3
—-VREF : : - : .
—Vgrer _VREF  VREF  Vggr _Vggr _VREF o  VREF  Vpgp _Vggr _VREF (o  VREF  Vggp
2 2 2 2 2 061002-01
VREF

If all elseisideal, the offset voltage correction range is equal to 5B+
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TIME-INTERLEAVED ADC CONVERTERS
Time-Interleaved Analog-Digital Converters
Slower ADCs are used
in parallel. I
Ilustration: —» SIH —»{ N-bit ADC No. 1
T2
v
—» S/H » N-bit ADC No. 2 \o Digital
Vin 0— | . word
T ! / out
> S/H |—>|N-bit ADC No. M|
'« N-bit ADC No. 1 ,
| Tcie N-bitADC No. 2| »
ANV el |
3 : | N-bltAPC No. M :
1 1 1 1 1 1 :t
Comments: T1 To Tm Ti+Tc To+Tc Tm+Tc  Fig.10.8-20

 Can get the same throughput with less chip area
* If M =N, then adigital word is converted at every clock cycle

» Multiplexer and timing become challenges at high speeds

CMOS Analog Circuit Design
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Summary of High-Speed Analog-Digital Converters

Type of ADC Primary Advantage Primary Disadvantage

Page 10.7-37

Flash or parallel | Fast Areaislargeif N> 6

Interpolating Fast Requires accurate
interpolation

Folding Fast Bandwidth increases if
no S/H used

Multiple-Bit, Increased number of bits | Slower than flash
Pipeline

Time- Small areawith large Precise timing and fast
interleaved throughput multiplexer

Typical Performance:
* 6-8 bits
» 500-2000 M sampl es/sec.

 The ENOB at the Nyquist frequency istypically 1-2 bits less that the ENOB at |ow

frequencies.
» Power is approximately 0.3 to 1W

CMOS Analog Circuit Design
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INTRODUCTION
What is an over sampling converter?

Page 10.8-1

SECTION 10.8 - OVERSAMPLING CONVERTERS

An oversampling converter uses a noise-shaping modulator to reduce the in-band

quantization noise to achieve a high degree of resolution.

» What is the range of oversampling?
The oversampling ratio, called M, is aratio of the clock frequency to the Nyquist
frequency of the input signal. This oversampling ratio can vary from 8 to 256.

- Theresolution of the oversampled converter is proportional to the oversampled ratio.
- The bandwidth of the input signal isinversely proportional to the oversampled ratio.

» What are the advantages of oversampling converters?
Very compatible with VLS technology because most of the converter is digital
High resolution
Single-bit quantizers use a one-bit DAC which hasno INL or DNL errors
Provide an excellent means of trading precision for speed (16-18 bits at 50kspsto 8-10
bits at sampling rates of 5-10Msps).

» What are the disadvantages of oversampling converters?

Difficult to model and simulate
Limited in bandwidth to the clock frequency divided by the oversampling ratio

CMOS Analog Circuit Design
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Nyquist Versus Oversampled ADCs
Conventional Nyquist ADC Block Diagram:
A A
T - KT,
X(® | j J o S Digital L(’ N)
Processor
Filtering Sampling Quantization Digital Coding
Fig.10.9-01
Oversampled ADC Block Diagram:
A
X(t imati Y(KTN)
(t) j R s »| Modulator Decimation |\
Filter
Filteri Sampli ti zati Digital Codi
iltering pling Quantization igi oding Fig 10602
Components:

* Filter - Prevents possible aliasing of the following sampling step.

» Sampling - Necessary for any analog-to-digital conversion.

 Quantization - Decides the nearest analog voltage to the sampled voltage (determines
the resolution).

 Digital Coding - Converts the quantizer information into adigital output signal.

CMOS Analog Circuit Design
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Freguency Spectrum of Nyquist and Oversampled Converters
Definitions:

fg = analog signal bandwidth

fn = Nyquist frequency (two times fg)
fg= sampling or clock frequency

Page 10.8-3

e = quantization error
The mean square value of the quantization error is

A/2 A2
2
eris = = Z fe(x) dx =12

CMOS Analog Circuit Design

fs fs . .
M =f, = 2fg = oversampling ratio
Frequency prespective:
Conventional ADC with fg= 0.5fN=0.5fs,
O, 1 ~iTransition band
'g 1Ay
é- w& Anti-gliasing filter
<
0 —>f
0 fg 0.5fy = 0.5fg fs=fn
Oversampled ADC with fg= 0.5fy<<fs,
% A : 3
3 Signa Bandwidth
= <«— Anti-aliasing filter
g \4 Trar:sition band
0 —>f
0 fg= fy 0.5fs fs=MfN
0.5fN Fig.10.9-03
CMOS Analog Circuit Design © P.E. Allen - 2006
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Quantization Noise of a Conventional (Nyquist) ADC
Multilevel Quantizer: output, y
A
51 AI
3T %eal curve
6 -4 21 Input, X
+-3
Th ized signal b ™
€ quantized signal y can be Quantization error, e
represented as, o 1}\ ot x
=i RSN
where I I S S TR [0 Xe Mo}
G =gainof the ADC, normally 1
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Quantization Noise of a Conventional (Nyquist) ADC - Continued
Spectral density of the sampled noise:
When a quantized signal is sampled at fg (= 1/7), then al of its noise power folds into

the frequency band from 0 to 0.5fs, Assuming that the noise power is white, the spectral
density of the sampled noiseis,

E() = e o= msy2F

where t=1fg and fg=sampling frequency
The inband noise energy no is
fg 2 2 (2fB err%ms €ms
No? = (f)EZ(f)df =ems (2fg7) = erms(—fg] =M = No="/M

What does al this mean?

» One way to increase the resolution of an ADC is to make the bandwidth of the signal,
fg, less than the clock frequency, fs. In otherwords, give up bandwidth for precision.

» However, it is seen from the above that a doubling of the oversampling ratio M, only
gives a decrease of the inband noise, ng, of 1/A/2 which corresponds to -3dB decrease
or an increase of resolution of 0.5 bits

As a result, increasing the oversampling ratio of a Nyquist analog-digital converter is

not a very good method of increasing the resolution.
CMOS Analog Circuit Design © P.E. Allen - 2006
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Oversampled Analog-Digital Converters

Classification of oversampled ADCs:

1.) Straight-oversampling - The quantization noise is assumed to be equally distributed
over the entire frequency range of dc to 0.5fg, Thistype of converter is represented

by the Nyquist ADC.

fs¢
2.) Predictive oversampling - Uses noise shaping ~ nPuty Quantizer Output
plus oversampling to reduce the inband noise to
amuch greater extent than the straight- oo
oversampling ADC. Both the signal and noise - F”te'? <
guantization spectrums are shaped. Fg.10.9-05
fs
v

predictive oversampling except that only Filter
the noise quantization spectrum is shaped
while the signal spectrum is preserved.

3.) Noise-shaping oversampling - Similar to the Input, Loop Ouant Output
O—»( % > > uantizer O

Fig.10.9-06

The noise-shaping oversampling ADCs are al'so known as delta-sigma ADCs. We will
only consider the delta-sigmatype oversampling ADCs.
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DELTA-SIGMA MODULATORS
Gener al block diagram of an oversampled ADC

fs fp<fs
P;?‘Sll:)tg f_> AZ Modulator N Decimator .| LowpassFilter _2‘:B Digital
x() (Analog) " (Digital) " (Digita) PCM

Fig.10.9-07

Components of the Oversampled ADC:

1.) AX Modulator - Also called the noise shaper because it can shape the quantization
noise and push the majority of the inband noise to higher frequencies. It modulates the
analog input signal to a simple digital code, normally a one-bit serial stream using a
sampling rate much higher than the Nyquist rate.

2.) Decimator - Also called the down-sampler because it down samples the high
frequency modulator output into a low frequency output and does some pre-filtering on
the quantization noise.

3.) Digital Lowpass Filter - Used to remove the high frequency quantization noise and to
preserve the input signal.

Note: Only the modulator is analog, the rest of the circuitry isdigital.

CMOS Analog Circuit Design © P.E. Allen - 2006
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First-Order, Delta-Sigma M odulator

Block diagram of afirst-order, delta-sigma fg
modulator: &
5P inegrato ¥ :A/DTV
Components: Ul
. . . D/A
* Integrator (continuous or discrete time) F10.108.08 QUETiZer
» Coarse quantizer (typicaly two levels)
- A/D which is acomparator for two levels
- D/A which isaswitch for two levels
First-order modulator output for a sinusoidal input:
1 T
0.5 { 3
@
5 0
>
-05
\\\ /,
-1
0 50 100 150 200 250
Tme (Unitsof T, clock period) Fig.10.9-09
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Sampled-Data Model of a First-Order AX M odulator

q[nT4]

yInTd = q[nTg +[nT .
vinTg] =w[(n-1)Tg| + V[(n-1)T¢]
yInTg = g[nTg+W{(n-1)Tg]+v{(n-
DT = alnTg H{X[(n-1)Tg]-y[(n-1)Ts]} +V{(n-1)Tg]
But the first equation can be written as
YI(N-DTg = al(n-D)Tg +v(n-HT  —  al(n-1)Tg] = y[(n-D)T} - vI(n-1)T4
Substituting this relationship into the above gives,
yInTsl = X[(n-1)Tg] + qlnTy] - a[(n-1)T4]
Converting this expression to the z-domain gives,
Y(2 =zIX(9) + (1-z1)Q(2

Quan-
tizer

. . N |
Writing the following relationships, ~ *("Td J;?W[”TS] + n vnTd 4~ YT
s £

Fig. 10.9-10

Definitions:
: : Y(2)
Signal Transfer Function = STF = xyy = z1
, . Y(2)
Noise Transfer Function = NT F= 0K = 1-z1
CMOS Analog Circuit Design © P.E. Allen - 2006
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Higher-Order AX Modulators
A second-order, AX modulator:

q[nTy

X[nTq] 4 + Integ:;te?;; + n + Integ:;ttecl);; + n l[gTS]
- Quan-
tizer

Fig.10.9-11
It can be shown that the z-domain output is,

Y(2) =72X(2) + (1-z)2Q(2)
The general, L-th order AX modulator has the following form,

Y2 =zX@) + (1-zHLQE@

Note that noise tranfer function, NTF, has L-zeros at the origin resulting in a high-pass
transfer function.

This high-pass characteristic reduces the noise at low frequencies.
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Noise Transfer Function
The noise transfer function can be written as,

NTFg (2 = (1-z)L
Evaluate (1-z1) by replacing z by e®Tsto get

gnflfs  (gaflfs - erjnflfs) _ o
(1-zY)=(1- elwTy) {2]) gnflfs = 2] 2j eljrflts = sin(af/Ts) 2j ejntlfs
|1-zY| = (2sinafTy) — INTFg(f)| = (2sinafTgL
Magnitude of the noise
. 10 ————
transfer function, 2 | ]
53 L=3 ]
2| ]
£ | 1
o - _
- g 4 ; ,/ L=2 |
rI:Iot_e. Snglegop modhulators =4 / /f_,ﬂff— ]
aving noise shaping charac- g | e L=1
terigtics of theform (1-z1)L £ “fier /-’»’fﬁ——rf
are unstable for L>2 unlessan & 00% = | =
i . . fb fs/2
L-bit quantizer is used. Frequency Fo 10012
CMOS Analog Circuit Design © P.E. Allen - 2006
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In-Band Rms Noise of Single-L oop AX Modulator
Assuming noise power iswhite, the power spectral density of the AX modulator, S=(f), is

Se(f) = INTFQP 5 — SQ(f)l

A2
Next, integrate S=(f) over the signal band to get the inband noise power using =12
fo
S8 =, |(28inafT92L Todf =~ |2 +1\2Lv1) T2)  Where sinafTs~ afTg for M>>1.
_fb
Therefore, the in-band, rms noiseis given as
( ) 1 [ A ] ( ak ) 1
no =~/Sg = \2L+1/\ML+05)\12) = \\2L+1/(ML+0.5) &rms

Note that as the AZ is a much more efficient way of achieving resolution by increasing M.

€rms
ng < ML+05 = Doubling of M leads to a 2L+0.5 decrease of in-band noise

resulting in an extra L+0.5 bits of resolution!

. Theincrease of the oversampling ratio is an excellent method of increasing

the resolution of a AX oversampling analog-digital converter.
CMOS Analog Circuit Design © P.E. Allen - 2006
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[Hlustration of RM S Noise Versus Oversampling Ratio for SingleLoop AZ
M odulators

Plotting ng/erms gives,
np ( i 1
erms ~ \W2L+1/(ML+0.5
Oversampling range is too small
0 resulting in increased inband noise.
\
C | _ |
- — L\O (Nyquist Converter) _
-20 B
B \ \\'
[ L=1 :
-40r ]
efnes(dB) i L=2 \ ]
e C \ ]
—80: L=4 ]
-100— : : : : : : ]
1 2 4 8 16 32 64 128 512 1024
Oversampling Ratio, M 061003-01
CMOS Analog Circuit Design © P.E. Allen - 2006
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Dynamic Range of A Analog-Digital Converters
Oversampled AX Converter:
The dynamic range, DR, for a 1 bit-quantizer with level spacing A =VRgFr, IS

(A)z

Maximum signal power 22 32L+1
2L+1 [M2L+1 12

Nyquist Converter:
The dynamic range of a N-bit Nyquist rate ADC is (now A becomes =VRgg for large N),

Maximum signal power  (VREF/2V2)? 3

DRZ = %) =" 212 =2 22N — DR=+/152N
Expressing DR in terms of dB (DRyg) and solving for N, gives
DRyg - 1.7609
N= 6.0206 or DRy = (6.0206N + 1.7609) dB

Example: A 16-bit AX ADC requires about 98dB of dynamic range. For a second-order
modulator, M must be 153 or 256 since we must use powers of 2.

Therefore, if the bandwidth is 20kHz, then the clock frequency must be 10.24MHz.
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Multibit Quantizers v
A single-bit quantizer: ?D—,—o y
A=VREF = i v<0
Advantage is that the DAC islinear. <”—Ej

v>0
Multi-bit quantizer: . VRZEFé ;*VRZEF
Consists of an ADC and DAC of B-hits. Fig- 109-13 1T
VREF s = =

A=2B1 |
Disadvantage is that the A v
DAC isno longer perfectly  —% " A/D y
linear. To get large VLEF iA
resolution delta-sigma >
ADC_:s requires highly l T u
precise DACs. — Fig. 10.9-135 < D/A
Dynamic range of amultibit AX ADC: Quantizer

32L+1 Fig. 10.9-14

DR2 = 2 W M2L+1 (28_1)2
CMOS Analog Circuit Design © P.E. Allen - 2006
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Example 10.8-1 - Tradeoff Between Signal Bandwidth and Accuracy of AX ADCs

Find the minimum oversampling ratio, M, for a 16-bit oversampled ADC which
uses (a.) a 1-bit quantizer and third-order loop, (b.) a 2-bit quantizer and third-order loop,
and (c.) a 3-bit quantizer and second-order loop. For each case, find the bandwidth of the
ADC if the clock frequency is 10MHz.

Solution

We see that 16-bit ADC corresponds to a dynamic range of approximately 98dB.
(a) Solving for M gives
[2 DR2 72 ]1/(2|_+1)
= (32L+1 (2B-1)2

Converting the dynamic range to 79,433 and substituting into the above equation gives a
minimum oversampling ratio of M = 48.03 which would correspond to an oversampling
rate of 64. Using the definition of M as f/2fg gives fg as 10MHz/2-64 = 78kHz.

(b.) and (c.) For part (b.) and (c.) we obtain a minimum oversampling rates of M = 32.53

and 96.48, respectively. These values correspond to oversampling rates of 32 and 128,
respectively. The bandwidth of the convertersis 312kHz for (b.) and 78kHz for (c.).
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Z-Domain Equivalent Circuits

Page 10.8-17

The modulator structures are much easier to analyze and interpret in the z-domain.

winTg

X[nTg] t@
|

Integrator

T
ORI O

X2 .
o—

W(2) +

&

| ntegrator

X(2) +_;

1

z
Y0 = Q@ + | 1] X0 - Y2

Y(2) = (1-z1)Q(2) + z1X(2)

CMOS Analog Circuit Design

z1
z-1

qinTy
nTq + y[nT4q
Quan-
tizer
Q2
V(i &+ Y(2)
_o
Quan-
tizer
Q2
+ Y2
—O
Fig.10.9-16

1 zl
Y(2) (m] =Q(2 + [m] X(2)

NTFQ (9 = (1-z1) forL=1

© P.E. Allen - 2006
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Cascaded, Second-Order AYX Modulator

Page 10.8-18

Since the single-loop architecture with order higher than 2 are unstable, it is necessary to
find alternative architectures that allow stable higher order modulators.

A cascaded, second-order structure:
Y1(2 = (1-z1)Q1(2) + z1X(2)
71
X2(2) = [m} X3 -Y1(2

[ T E

D@ + zIX(@2)]

Q2
X2 + z1 +
Tz
Y2(2)
Q2
7l C%i(f) Y(Z)
Fig.10.9-17

2 2

Ve Ve
Yo = (L2710 + 71002 = (1-2 Q) + | 101] XD - 2204 - | Lort] X2

= (1-z1) Q2 - z2Qu1(2)

Y2 =Y2(2) - z1Y2(2) + 22Y1(2) = (1-z)Y2(9) + 22Y1(2)
= (1-21)2Qx(2) - (1-z)z2Q1(9) + (1-zH)22Q1(2) + z3X(2) = (1-21)?Qx(2) + z3X(2)
Y(2 = (1-21)2Q2(2) + z3X(2)

CMOS Analog Circuit Design
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Third-Order, MASH AY Modulator
It can be shown that

Y(2) = X(2) + (1-z1)3Q3(2) X@) +
Thisresultsin a 3"-order noise shaping and no iz
delay between the input and output.

Y3(2)

Fig. 10.9-17A
Comments:

» The above structures that eliminate the noise of all quantizers except the last are called
MASH or multistage architectures.

* Digital error cancellation logic is used to remove the quantization noise of all stages,
except that of the last one.

CMOS Analog Circuit Design © P.E. Allen - 2006
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A Fourth-Order, MASH-type Modulator using Scaling of Error Signals'
01(z)

/E‘ D1(z) I Dour(z)

Xin(z) . -
m + 27_1 + % J’;@ o I » -l —>@—o

2 1-7

/A

z + z -1 .
- _ - + -z ¥ 1-z

| ~+
>
Q
=R
)

061207-01

The various transfer functions are (a1=1, ap=2, b1=1, bp=2, A1=2and C=4) :
D1(2) = Xin(2) + (1-z1)2 (@
D2(2) = (UO)(-Q1(2) + (1-7Y)? Q(2)
Dout(?) =xin(2 + (1-z1)*Q2(2)

T U.S. Patent 5,061,928, Oct. 29, 1991.
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Distributed Feedback AX Modulator - Fourth-Order

X +

R
a1z1] Y1 [apz1] Y2 [agz1] Y3 [anz 14 ¥ _,[1bit
1-z1 1-z1 1-z1 A/D

+ +
1-bit
D/A

Amplitude of integrator outputs:

CMOS Analog Circuit Design

amplitude of integrator output / VREF

1.50

1.25

1.00

0.75

0.50

0.25

0.00

fourt

Fig.10.9-20

h order distributed feedback modulator

al=0.1, a2=0.1, a3=0.4, a4=0.4

—*vyl —*—y3

-1.00

-0.60 -0.20 0.20 0.60
input signal amplitude / VREF

1.00

Page 10.8-21
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Distributed Feedback AX Modulator - Fourth-Order - Continued

X +

%
a1z Y1 [ayz1| Y2 [agz 1] Y3 [aaz 1]¥4 ¥ _,|1-bit
1-z1 A/D

1-bit

A/D

Amplitude of integrator outputs:

CMOS Analog Circuit Design

amplitude of integrator outputs

1.50

1.25

1.00

0.75

0.50

0.25

0.00

fourth order feedforward modulator
al=0.5, a2=0.4, a3=0.1, a4=0.1
L L L

Fig.10.9-20

—0—y2

-1.00

-0.60 -0.20 0.20 0.60
input signal amplitude / VREF

1.00

Page 10.8-22

© P.E. Allen - 2006




Chapter 10 — Section 8 (12/8/06) Page 10.8-23

Cascaded of a Second-Order Modulator with a First-Order M odulator

du

+
X % aizll + apz’l tA\
O [ ’GTL) "1z TR

A 4

- A

circuit
)

A 4

Digital error cancellation

Fig.10.9-21

Comments:
» The stability is guaranteed for cascaded structures

» The maximum input range is almost equal to the reference voltage level for the
cascaded structures

 All structures are sensitive to the circuit imperfection of the first stages

» The output of cascaded structures is multibit requiring a more complex digital
decimator

CMOS Analog Circuit Design © P.E. Allen - 2006
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Integrator Circuitsfor AX Modulators
Fundamental block of the AX modulator:

Vi(Z)IEI +l/g(z) D Viéz)_> a_ZTiLl l)éz)
£

Fig.10.9-22
Fully-Differential, Switched
Capacitor |mplementation: = = )|
P2 \ 91 Gi
S
°_/¢1) innCamP °-
9273/ 91 Ci
L L )| .
It can be shown (Chapter 9) that, Flg109:23
Vout(? (gs)[ zl] Vou(e T) (g] glom” [@) [ C, ][ wT/2 ] i
Vind =\G)1-z1) = Vi‘;(ejm): G, j2 an(w1/2) (wT) = [oTC,) \Sn(wT/2)) (E77)

VO(l).It(ejuﬂ) . Cl )
m = (Ideal)x(Magnitude error)x(Phase error) where w, = TC, = |deal = jo
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Power Dissipation Vs. Supply Voltage And Oversampling Ratio
The following is based on the above switched-capacitor integrator:
1.) Dynamic range:

The noise in the band [-fs,fg] isKT/C while the noise in the band [-f/2M,f42M] is
KT/MC. We must multiply this noise by 4; x2 for the sampling and integrating phases
and x2 for differential operation.

2
Vpp2/2 VppMCs
DR=2KTIMCs =~ 8kT

2.) Lower bound on the sampling capacitor, Cs:  Cg= SkT—DR
VDDI\/I
3.) Static power dissipation of the integrator: Pint = 1bVDD

4.) Settling time for astep input of Vg max:

c Vomax_ ( Cie)(gs )_CSVDD
b =C Teatle Teattle/ \Ci VDD) = Tetle

. Pint = 2MfNCeVDD2 = 16KT-DRAfy
Because of additional feedback to the first integrator, the maximum voltage can be 2Vpp.
P1gt-int = 32kT-DR-f

CMOS Analog Circuit Design © P.E. Allen - 2006

= CsVpD(2fy) = 2MfNCsVDD

Chapter 10 — Section 8 (12/8/06) Page 10.8-26

| mplementation of A Modulators

Most of today’ s delta-sigma modulators use fully differential switched capacitor

implementations.

Advantages are:

» Doublesthe signal swing and increases the dynamic range by 6dB

» Common-mode signals that may couple to the signal through the supply lines and
substrate are canceled

» Chargeinjected by the switches are canceled to afirst-order

Example: @
X + 05z1| + 05z1| + Y

First integrator @_l 'Lzl‘@"Lﬂ"éTﬁ

dissipates the

most power and §

requiresthemost . Vet Ve

accuracy. Ref" T T Ref’ T 2{({: Ref T T Ref I_J: 2Ic<: qll

J>E§ b<

N TN e I
S e
WW AERVACRW j I

VRef" J> <L/Rer = 2Ié VRefJ> Ref” + ZIé Fig.10.9-24
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Example - 1.5V, ImW, 98db AZ Analog-Digital Converter’

1-bit| Y
A/D

HE)—

T-bit
Fig. 10.10-06 D/A
where a; = 1/3, ap = 3/25, az = 1/10, a4 = /10, by=6/5, b,=1and o = 1/6
Advantages:
» The modulator combines the advantages of both DFB and DFF type modulators:
Only four op amps are required. The 1st integrator’s output swing is between +Vger
for large input signal amplitudes (0.6Vreg), even if the integrator gainislarge (0.5).
» A local resonator isformed by the feedback around the last two integrators to further
suppress the quantization noise.

» The modulator isfully pipelined for fast settling.

TA.L. Coban and P.E. Allen, “A 1.5V, ImW Audio AX Modulator with 98dB Dynamic Range, “Proc. of 1999 Int. Solid-State Circuits Conf., Feb.
1999, pp. 50-51.

CMOS Analog Circuit Design © P.E. Allen - 2006
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1.5V, 1ImW, 98dB AX Analog-Digital Converter - Continued
Integrator power dissipation vs. integrator gain

0.8 ’ ;
Cs O H
o)

o
)

—O

integrator gain = Cs / Ci

power dissipation, (mW)
o
n

0.2

0 1 1

102 10" 10° 10'
first integrator gain

DR =98 dB

BW =20 kHz

Cg=5pF

0.5 yum CMOS
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1.5V, 1ImW, 98db AX Analog-Digital Converter - Continued

Modulator power dissipation vs. oversampling ratio

0.4

W)

o o
N W

©
—

power dissipation, (m

CMOS Analog Circuit Design

3

Suppy Voltage (V)
DR=98 dB
BW =20 kHz

Integrator gain = 1/3
0.5um CMOS

Page 10.8-29
JOSR = 64
OSR =32
OSR =16
OSR =8
4 5

© P.E. Allen - 2006
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1.5V, 1ImW, 98dB AX Analog-Digital Converter - Continued
Circuit Implementation:
L >
4 Cb1 1a/ 2d
b izd _1d :Cbz
refp refm VIC Git 4 Ve Gi2 <1_}{Ed\.uc ci3 reg refm VIC Cia
vod v T, [ e TH [ Ty T i vod Ly T
i 1d 1d 2 1d 1
Tﬁ-‘a{ﬁl-\-mf ;; -L) cggr: ;; Cs3 ';;“‘ :@@J&{Zﬂl‘
1d__Cs1 Cs2 Cs3 — Csd
AL ’ f’f A I L YA
refm refp VIC | vie de | \d vie cia refm refp VIC cia
£ T ez
e} %
“Icpi 1d
Cai{ i Ed—b
Capacitor Values
Capacitor | Integrator 1| Integrator 2 | Integrator 3 | Integrator 4 1 _/_\ [\
Cs 5.00pF 0.15pF 0.30pF 0.10pF 1
G 15.00pF | 1.25pF 3.00pF 1.00pF o1 L
Ca - - 0.05pF - 2 [ [L
Cp1 : : : 0.12pF 2d__ LT\
Ch : : ; 0.10pF Fig.10.9-25

CMOS Analog Circuit Design

© P.E. Allen - 2006




Chapter 10 — Section 8 (12/8/06) Page 10.8-31

1.5V, 1ImW, 98dB AX Analog-Digital Converter - Continued
Microphotograph of the AX modulator.

clock

bootstrappers
& switches
CMOS Analog Circuit Design © P.E. Allen - 2006
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1.5V, 1mW, 98dB AX Analog-Digital Converter - Continued
Measured SNR and SNDR versus input level of the modulator.

100 . I . .

—e— SNR

_. 80 —&— SNDR i

% 1 kHz signal

~ 60} VREF =15V (diff.)

=)

Z

D40t -

o

pd

@ 20t

0 1 1
-100 -80 -60 -40 -20 0
input level, (dBr)
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1.5V, ImW, 98dB AX Analog-Digital Converter - Continued
M easured baseband spectrum for a-7.5dBr 1kHz input.

0 .
-7.5 dBr, 1 kHz signal
o VREF=1.5V (diff.)
o 2048-point FFT
- -50
[}
=
[}
o
G
S -100T .
@
Q
AV R————————
-150 : : :
0 5 10 15 20
frequency, (kHz)
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1.5V, ImW, 98dB AX Analog-Digital Converter - Continued
M easured baseband spectrum for a-80dBr 1kHz input.

0 :
-80 dBr, 1 kHz signal
— VREF = 1.5 V (diff.)
Q 2048-point FFT
—~ -50} ]
[
2
o
(o}
IS
B —100} .
[}
(o X
w
-150 | - '
0 5 10 15 20

frequency, (kHz)
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1.5V, 1ImW, 98dB AX Analog-Digital Converter - Continued

Measured 4th-Order AX Modulator Characteristics:

CMOS Analog Circuit Design

Table 5.4

Measured fourth-order delta-sigma modulator characteristics

Technology : 0.5 um triple-metal single-poly n-well CMOS process

Supply voltage 15V

Die area 1.02 mm x 0.52 mm

Supply current 660 uA
analog part 630 pA
digital part 30 uA

Reference voltage 0.75Vv

Clock frequency 2.8224MHz

Oversampling ratio 64

Signal bandwidth 20kHz

Peak SNR 89 dB

Peak SNDR 87 dB

Peak S/D 101dB

HD; @ -5dBv 2kHz input  -105dBv

DR 98 dB

© P.E. Allen - 2006
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DECIMATION AND FILTERING

Delta-Sigma ADC Block Diagram

The decimator and filter fs fo<fs

are implemented digitally

and consume most of the !

area and the power. P;rrlgll?tgL AXModulator | |  Decimator | | LowpassFilter _Zf’B Digital

Function of the decimator ~ x) (Andlog) (Digital) (Digital) PCM

and filter are; Fig.10.9-07

1.) To attenuate the quantization noise above the baseband

2.) Bandlimit the input signal

3.) Suppress out-of-band spurious signals and circuit noise
Most of the AX ADC applications demand decimation filters with linear phase
characteristics leading to the use of finite impulse response (FIR) filters.
FIR filters:

For a specified ripple and attenuation,

f
Number of filter coefficients « ff

where fgisthe input rate to the filter (clock frequency of the quantizer) and f; isthe
transition bandwidth.
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A Multi-Stage Decimation Filter

To reduce the number of stages, the decimation filters are implemented in several stages.
Typica multi-stage decimation filter:

A A A

Lo Lo |
T L+1-th Firgt-half Second-half Droop

order band filter band filter correction
Fig.10.9-26

1.) For AX modulators with (1-z1)L noise shaping comb filters are very efficient.

» Comb filters are suitable for reducing the sampling rate to four times the Nyquist
rate.

» Designed to supress the quantization noise that would otherwise aliasinto the
signal band upon sampling at an intermediate rate of fg.

2.) Theremaining filtering is performed by in stages by FIR or IIR filters.
 Supresses out-of-band components of the signal
3.) Droop correction - may be required depending upon the ADC specifications

CMOS Analog Circuit Design © P.E. Allen - 2006
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Comb Filters

A comb filter that computes a running average of the last D input samplesis given as
1D-1 )
yinl=p 3 x{n-]
i=0

where D isthe decimation factor given as

fs
D=fq
The corresponding z-domain expression is,

p 11-2zb
Ho(@= 321 =p1-z1
i=1
The frequency response is obtained by evaluating Hp(2) for z= &24Ts,
1 sinafDTg
where Tgis the input sampling period (=1/f5). Note that the phase responseislinear.

For an L-th order modulator with a noise shaping function of (1-z1)L, the required
number of comb filter stagesisL+1. The magnitude of such afilter is,
1 sinafDT ),
IHo() =D “SinafTy
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M agnitude Response of a Cascaded Comb Filter
K=12and3

IHp(f)| dB

100 )] SN SN (N [
0 fp fs 215 3fs 4fs
D D D D

Frequency Fig.10.9-27

CMOS Analog Circuit Design © P.E. Allen - 2006
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I mplementation of a Cascaded Comb Filter
I mplementation:

Numerator Section

X + + +
1 > 1 »> » 1 >
6?_ z 6?_' z Wi fs/D“

K =L +1 Integrators

Denominator Section
D——-

» 71
K = L +1 Differentiators

Y

| v+
L-?

\ 4

\ 4

Fig.10.9-28
Comments:

1.) The L+1 integrators operating at the sampling frequency, fs, realize the denominator
of Hp(2).

2.) The L+1 differentiators operating at the output rate of fg1 (= fg/D) realize the
numerator of Hp(2).

3.) Placing the integrator delays in the feedforward path reduces the critical path from
L+1 adder delaysto asingle adder delay.
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I mplementation of Digital Filters'
Digital filter structures:

x(n) h(0) y(n) y(n) h(0) X(n)
O > > O o—« < O
Input 4 Output Output + Input
z1ly z14
h(1) h(1)
> A < A
z1ly z14
h(2) h(2)
> A < A
z1ly z14
h(3) h(3)
[} [} [} [}
1 1 1 1
A A
z1ly z14
h(N-1) h(N-1)
Direct-form structure Transposed direct-form
for an FIR digital filter. FIR filter structure. _
Fig.10.9-29

T S.R. Norsworthy, R. Schreier, and G.C. Temes, Delta-Sigma Data Converters-Theory, Design, and Smulation, IEEE Press, NY, Chapter 13, 1997.
CMOS Analog Circuit Design © P.E. Allen - 2006
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Digital L owpass Filter

Example of atypical digital filter used in removal of the quantization noise at higher
frequencies

10
-20

o

)

() L

S 50

=i

g

=
-80"
. . [

- 4000

Frequency (Hz)
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Illustration of the Delta-Sigma ADC in Time and Freguency Domain
f

s fo

) y

adog 18| IA | | peoivatorl | OVTASY Ze
Input MODULATOR FILTER digita
/ 7 FOM
Time Time
Freguency Freguency Frequency
CMOS Analog Circuit Design © P.E. Allen - 2006
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BANDPASSDELTA-SIGMA MODULATORS
BandpassAY Modulators ¢
Block diagram of a bandpass modulator: f
X + \Y; y
_ o—o@—» Resonator—»{A/D|
Components: \
» Resonator - a bandpass filter of order u D/A |
2N’ N= 1’ 2""' Fig.10.9-27A uantizer

» Coarse quantizer (1 bit or multi-bit)
The noise-shaping of the bandpass oversampled ADC has the following interesting
characteristics:
Center frequency = fg -(2N-1)/4
Bandwidth = BW = fg/M
[llustration of the Frequency Spectrum
(N=1): Ve B 2V,
Attenuation | o
|

0 lfs l 3fS fs Fr;quency
4 4 Fig. 11-32
Application of the bandpass AZX ADC is

for systems with narrowband signals (I F frequencies)

CMOS Analog Circuit Design © P.E. Allen - 2006




Chapter 10 — Section 8 (12/8/06) Page 10.8-45

A First-Order AYX Bandpass M odulator

Bandpass Resonator:
X2 + N V((Z))
V(2 =z1[X(2) - z1V(2)] = z1X(2) - z2V(2) \
V(2 Zz1 1 e
V(@ (1+229) = 71X — X(2) = 1,2 ' ‘ Fig. 10.9-27C
Modulator:

Q)
X@ . 21 + Y2
O—’C?—’ 72| —
Fig.10.9-27B

zl 1+72 zl
Y(2) = Q(2 + [X(2) - Y(2)] (1 +22) - Y(2= (1 + Zl_zz)Q(Z) +(1 + zl_zz)x(z)

( 1+72 )

TheNTFQ (2 hastwo zeroson the jw axis.

CMOS Analog Circuit Design © P.E. Allen - 2006
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Resonator Design
Resonators can be designed by applying a lowpass to bandpass transform as follows:

X(2 +<T> V(2) -1
1 Z
\ —> Z o) 1-71

u Replace z1 by -z2

X0+~ [S2]1 VO 2
N 1+22

Fig. 10.9-27D

Result:

e Simple way to design the resonator

* Inherits the stability of alowpass modulator
 Center frequency located at f4/4

CMOS Analog Circuit Design © P.E. Allen - 2006
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Fourth-Order Bandpass A M odulator
Block diagram:

§ Y(2)
z-2
1+22 —_F ©

v

Fig. 10.9-27E
Comments:

» Designed by applying alowpass to bandpass transform to a second-order lowpass AZ
modulator

» The stabilty and SNR characteristics are the same as those of a second-order lowpass
modul ator

* The z-domain output is given as,
Y(2) =24X(2) + (1+22)2Q(2)
» The zerosarelocated at z=£j which corresponds to notches at f4/4.

CMOS Analog Circuit Design © P.E. Allen - 2006
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Resonator Circuit Implementation
Block diagram of z2/(1+z2):

X@ 4 —» z1 » z1 V(<Z>)
+
' Fig. 10.9-27F
Fully differential switch-capacitor implementation:
T2
_ . A=
2T —T—2 s —T—2
_ B TRNSEe _ EATRNSEE
T | T et T T by
oy I__J\z_ - ¥ —\J1_“_|\2_ —+> _:J'
Vin ° B 2 . out
T T e e
LN+ LR
1 I c -{1 1 1 I c J-/1 1
24 2 24 12
= el cl 4 il -
Fig.10.9-31 : }2_5_[
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Power Spectral Density of the Previous Fourth-Order BandpassAX Modulator
Simulated result:

Fourth-order bandpass delta-sigma modulator

8

|
o
o

Input frequency © 1MHz
Sampling frequency ' 4MHz

Power Spectrum Density (dB)

1
n
o

-160 1
0 08 1

Frequency (Hz)

0.2 0.4 08 12
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DELTA-SIGMA DIGITAL-TO-ANALOG CONVERTERS
Principles
The principles of oversampling and noise shaping are also widely used in the
implementation of AX DACSs.
Simplified block diagram of adelta-sigma DAC:

Input N-bit - Newii|  Digital Analog
po—f—> I?;ﬁrﬁ?g L b|=t delta-sigma bli DAC » lowpass ‘_O»uct)put
N MfN| modulator |MfN MEN[  filter
Digital Section Analog Section
Figl0.9-29

Operation:

1.) A digital signal with N-bits with a data rate of fy is sampled at a higher rate of Mfy by
means of an interpolator.

2.) Interpolation is achieved by inserting “0” s between each input word with arate of
Mfy and then filtering with alowpassfilter.

3.) The MSB of the digital filter is applied to a DAC which is gpplied to an analog
lowpass filter to achieve the anal og output.
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Block Diagram of aAX DAC

Digital

Input fs, f fs MSB K
s Tnterpol- |y~ -> Digital 9 nalog
o Lation / Filter Analog |output
fs — ~* Lowpass|—>
f=Mfy Digital Code Filter

Conversion

0—100000000000000 =-1{ f5
1-011111111111111 =1

Fig10.9-31

Operation:
1.) Interpolate a digital word at the conversion rate of the converter (f,) up to the sample
frequency, f.
2.) Theword length is then reduced to one bit with adigital sigma-delta modulator.
3.) The one bit PDM signal is converted to an analog signal by switching between two
reference voltages.
4.) The high-frequency quantization noise is removed with an analog lowpass filter
yielding the required analog output signal.
Sources of error:
 Device mismatch (causes harmonic distortion rather than DNL or INL)
» Component noise
 Device nonlinearities
 Clock jitter sengitivity
* Inband quantization error from the A-X modul ator
CMOS Analog Circuit Design © P.E. Allen - 2006
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1-BitDAC for the AX Diqital-to-Analog Converter - The Analog Part
The MSB output from the digital filter is used to drive a 1-bit DAC.
Possible architectures:

VRef | Ref
E% Analog 2 Analog
y o lowpass |[Analog y(k) lowpass [Analog
J__/z filter | Output filter with | Output
_— with -3dB -3dB
) frequency 92 C =R frequency
y(% of 0.5\ vl T of 0.5\
-1 - -
'VRefl Rer@
Voltage-driven DAC with a Current-driven DAC with a
passive lowpass filter stage. passive lowpass filter stage.
Fig10.9-32
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Errorsin the 1-Bit DAC
Offset Error:
Vref = [Vref| O lref = |-lref]f = Offset error

Influence of offsetsin the voltage reference:

yik)
Vieg A Vopg ——
—- (1)
Ny +AVypp —=7—
viK)
The resulting transfer functioniis:
V(t) = Vref + Avrefl’ y(k) =1
or
V(t) = “Vig + AVrefZ' y(k) =-1
AV, 41 - AV, AV, ., + AV
. V(t) — Vref + refl ref2 y(k) + refl 2 ref2

Thisresultsin again or an offset error, but the output is still linear.

CMOS Analog Circuit Design © P.E. Allen - 2006
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Errorsin the 1-Bit DAC - Continued

Switching Time Error: Typical Waveform, v(?)
VREF oy YT 1 o
i » Time
e e
Average of the v(k) waveform over one clock cycle | :
VREF}-----t-eeeerfrmmm e e
(1-0)VREF =g I A
i i — Time
Let, v(K) = VRer, Y(K) = 1 BVREF |-t e
_ “VREF }--mmmmtoomm b 061005-04
andy(k-1) =1
V() = (1-o)VRer,  Y(K)=landy(k-1) =-1
v(K) = -VREF; y(k) =-landy(k-1) =-1

V(K) = -(1-B)VRer,  y(k) =-landy(k-1)=1
Therefore, the transfer function becomes,
V(K) = [(B-0) + (atB)y(k-1) + (4-a-B)Y(K) + (a-RB)y(K)-y(k-1)] (VREF/4)
(Note: The ¢, switch in the voltage DAC removes this error by resetting the voltage at

every clock.)
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Switched-Capacitor DAC and Filter

Typicaly, the DAC and the first stage of the lowpass filter are implemented using
switched-capacitor techniques.

VRef
$D7
y(K)
Ci
« [
)i/
o1 02 1
1

y(K) 1
'VRefl ) ) ) Fig10.9-34

It is necessary to follow the switched-capacitor filter by a continuous time lowpass filter
to provide the necessary attenuation of the quantization noise.

CMOS Analog Circuit Design © P.E. Allen - 2006
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Erequency Viewpoint of theAZ DAC
Frequency spectra at different points of the delta-sigma ADC.:

Magpitude
I nput /—\/—\
T T ] (r | | >
056 0| 05 fy ~ (M-D)fy Mfy Frequency
Interpolation
filter outp%
/ [ (T / | \
-05fy 0|  05fy R Mfy Frequency
Delta-sigma j
modulator
output
! ' - 1 >
-05fN 0]  0.5fy -~ Mfy Frequen
Lowpass
filter Quantization noise after
output filtering
T T N } >
-05fy 0 05fy R Mfy Frequency

Figl0.9-33
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Comparision of the AYX ADC and AYX DAC

Both the AZ ADC and AX DAC have many of the same properties
 Loopswith identical topologies have the same stability conditions
» Loopswith identical topologies have the same amount of quantization noise for agiven

oversampling ratio

» Higher order loops give better noise shaping and more dynamic range
» Multiple bit DACs are also used in AX DACsaswell asAX ADCs

CMOS Analog Circuit Design
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SECTION 10.9- SUMMARY
Comparison of the Various Types of ADCs
Speed Area Dependence
A/D Converter Type Maximum (Expressed in terms | on the number of
Practical Number | of T aclock period) | bits, N, or other
of Bits (£1) ADC parameters
Dual Slope 12-14 bits 2(2NT) Independent
Successive Approximation 12-15 bits NT o« N
with self-correction
1-Bit Pipeline 10 bits T (After NT delay ) o« N
Algorithmic 12 hits NT Independent
Flash 6 bits T o« 2N
Two-step, flash 10-12 bits 2T o« 2N/2
Mulitple-bit, M-pipe 12-14 bits MT « 2N/M
A-Z Oversampled (1-hit, L
loops and M= oversampling
ratio=f cl OCk/Zfb) 15-17 bhits MT x L

CMOS Analog Circuit Design
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Comparison of Recent ADCs

Resol ution versus conversion rate;

Page 10.9-2

25 ‘mmeWI T T TTTI T T TTTI T T 1T
L A 4
20 A
- L 4
=) L 4
T | o ]
© L A v _
S 15 Aw
g. i A A v i
5 i A A T
O -l O Flash EEAV 9y % 1
| v Pipelined i
10 H M Algorithmic A B-O—w
V Successive approximation v
| ® Dual-slope T
| & Detasigma aAd O o 1
- | A Folding/Interpolating (o) .
| | O Bandpass delta-sigma ) 9 ]
1 102 104 106 108 1010
Conversion rate, (samples/sec.) Figure 10.10-1
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Comparison of Recent ADCs - Continued
Power dissipation versus conversion rate:
1000 LI IR LILLLILLY T LI T LI UL I} LI LI
= ! ! ! A : 4 ‘V" 3
C| O Flash v ) .
| v Pipelined oviv o .
V Successive approximation O m
100 A Deltasigma n =
- | A& Folding/Interpolating = -
- | O Bandpass delta-sigma A .
s L . i
E 10 E v A =
c E 3
5= = 3
" C ]
%— L i
a1k v |
5 F A 3
= C ]
o L A i
01t 3
= A =
001 LI LIl L L1l L L 1L L L 1Ll LI LIl
1 100 10 * 10° 108 1010
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CONCLUSION

» Key aspects:

1.) Square law relationship:

. ‘W 5
ip="2C (VGs- V1)
2.) Small-signal transconductance formula:

2KWID
Om= L

3.) Small-signal simplification:
9m = 10gmbs =~ 100g4ds
4.) Saturation relationship:
2Ip
Vpg(sat) ="\ K (WIL)
» Remember to think and understand the problem before using the simulator.
» Any questions concerning the course can be e-mailed to pallen@ece.gatech.edu
 Other analog resources can be found at www.aicdesign.org

CMOS Analog Circuit Design © P.E. Allen - 2006




