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

* Sample-and-hold - Maintains the input analog signal constant during conversion
* Quantizer - Finds the subrange that corresponds to the sampled analog input
* Encoder - Encoding of the digital bits corresponding to the subrange
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Nyquist frequency: ADC

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

fB = ﬂSfj Continuous time frequency response of the analog input signal.
which is simply the Nvquist $
relationship which states that X
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Types of ADCs

Analog-digital converters can be classified by the relationship of fz and 0.5fg and by their
conversion rate.
* Nyquist ADCs - ADCs that have fg as close to 0.5f¢ as possible.

* Oversampling ADCs - ADCs that have fg much less than 0.5f5s.

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

Conversion Nyquist ADCs Oversampled ADCs
Rate
Slow [ntegrating (Serial) Very high resolution >14 bits
Successive

Medium Approximation 1 -bit Moderate resolution >10 bits

Pipeline Algorithmic

i Flash Multiple-bit _ _
Fast Pipeline Folding and Low resolution > 6 bits

interpolating
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Digital output codes

Decimal | Binary | Thermometer | Gray Two’s
Complement
0 000 0000000 000 000
| 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 Ol11111 101 010
7 11 I111111 100 001
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Input-output characteristic of ADC
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Static characteristics

* The dynamic range, signal-to-noise ratio (SNR), and the effective number of bits
(ENOB) of the ADC are the same as for the DAC

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

* Quantization Noise is the £0.5LSB uncertainty between the infinite resolution
characteristic and the actual characteristic.

» Offset Error 1s the difference between the ideal finite resolution characteristic and
actual finite resolution characteristic

. ] 1
Gain Error is the . & R sl
difference between I -J - R A E fi:r
the ideal finite P Ll T e o e g MO tralsr i i
resolution charact- & 101 [-Characteristic -+ 1| 5 101 |-Characteristic - 41+ 1i |
eristic and actual 2 100 =, PR L 2 100 Shk GNGS O
finite 1‘Esqlu_t1ml S o1t | -1 | S ont [ i - ! éhaiﬁii‘::mi
characteristic T M N . e N G O S Serl b ped g N
measured at full- 5 r 1ii | [Ofet=151sBs SOWNEE R O  C
scale input. This Wi | | L Vin N I | L, Vin
: : e L ey I e
difference is 0 1 2 3 4 5 6 7 8 Vger 0 1 2 3 4 5 6 7 8 VgeF
. R ¥ 8§ § 8 8 8% ¥ B T § 8 8 % % ¥ §
proportional to the @) (b.)
analog input Figure 10.5-4 - (a.) Example of offset error for a 3-bit ADC. (b.) Example of gain
g p p g
voltage. error for a 3-bit ADC.
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INL & DNL

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

» Integral Nonlinearity (INL) 1s 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, 1s the 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.,
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Example of INL &DNL

A
L1 1 ldeal i
i Charadteristit, : |
110 | | "= |
I I i - i + ' :
S 101 INL= o b :
2 . '\ Actual |
o .
= 100 Characteristic
& L |
3 INL = = i
e e +1LSB :
Eﬂ _ i :
= 010 i i |
001 |-+ 5
) : 1 1 1 1 i Vin
012 6 7 8 Vrer
8 8 8 8 8 8
Example of INL and DNL for a 3-bit ADC.) Fig.10.5-5
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Monotonicity

A monotonic ADC has all vertical jumps positive. Note that monotonicity can only be
detected by DNL.

Example of a nonmonotonic ADC:

‘ s
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=% | L NDNL=
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B i A7 W deal
a8 010 27"~ Characteristic
001 | =
-J,1 : : : b
000 e EE 1 1 1 in
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T ® 8 % 8 8 8§ B8

Fig. 10.5-6L
If a vertical jump 1s 2LSB or greater, missing output codes may result.
If a vertical jump is -1LSB or less, the ADC is not monotonic.
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Missing Code and Non-Monotonicity

A Do A Do
Dj+1 Dj+1 —
D; Dj
Dj_1 Dj_1
A A
- -
Missing Code Non-Monotonicity

o IfDNL = -1 LSB, a code is missing.

e Missing code, non-monotonicity, and DNL near the operating point come out when
small signal trips over them. Critical in control and video.

e Dithering is effective to smooth out DNL by spreading it over neighboring codes.
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INL & DNL of 3-bit ADC

Find the /INL and DNL for the 3-bit ADC shown on the previous slide.
Solution

With respect to the digital axis:

I.) The largest value of INL for this 3-bit ADC occurs between 3/16 to 5/16 or 7/16 to
9/16 and 1s 1 LSB.

2.) The smallest value of INL occurs 4
between 11/16 to 12/16 and 1s
-2LSB.

3.) The largest value of DNL occurs at
3/16 or 6/8 and 1s +1LSB.

4.) The smallest value of DNL occurs
at 9/16 and 1s -2LSB which 1s
where the converter becomes
nonmonotonic.

Digital Output Code

010 - X2 Characteristic

Vin

VREF
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Oversampling

! | D(f) |
S
SNR = —
Snif) N
SURIIRIRRRNR KRN NS S /2
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~fg 2 g 0 + o +g 12 _f/2

If input signal is band-limited between +fg, by putting the ADC’s output through a digital
low-pass filter with 73 bandwidth, the remaining noise is

fo/2
'fS

+f5f2 N
N’ =f S,(f)df = — Oversampling Ratio = M =
—fg)2 M

Since the desired signal is unchanged, we have

SNR' = M x SNR
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Serial ADC

Serial ADCs typically require 2VT for conversion where 7= period of the clock
Types:

* Single-slope

* Dual-slope

Single-Slope ADC . [ nT
Block diagram: nT JJMIHML.;

VREF . .
O— Rdll]p Output
Generator VT Counter
.
b & ‘W

Reset | Vin ' F====-z |
Interval 0 : .t i Output
Counter 0 nT n=N
F 3 _Hh_
Attributes: Clock M”HM”HM.;
o Fig.10.6-1

* Simplicity of operation  f=ur
* Subject to error in the ramp generator
* Long conversion time < 2VT
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Dual-slope ADC

Block diagram: Waveforms: Vin

l Vier+Vin F------- =
Vin® D—/j/} Positive Ving "
VEEE - Integrator | vin'" =vin”
Hecm—f.:f | Jntegrator | Vi .
! —
| Digital |,
i Control v
v T 6 = i -
urput 1nary 2
hebri Counter jOuLpu-L Reset Iolstait) A.h; _.I
_ Fig.10.6-2 122Nyl | Fig.10.6-3
Operation:

1.) Initially v;,,; =0 and v}, is sampled and held (v;n™ > 0).
2.) Reset the positive integrator by integrating a positive voltage until v, (0) = V.
3.) Integrate v;,™ for NpgF clock cycles to get,
"NREFT

vin11) =K |, vin™ dt +vipf0) = KNgerIvip™ + Vi
4.) After NRgF counts, the carry output of the counter closes switch 2 and-VRgF is
applied to the positive integrator. The output of the integrator at ¢ = r{+> 1S,

NowT

Vine(F14+12) = Vins(£1 )+ K [ (-Vrep)dt =V, = KNREFTViy +Vin -KNyyt TVREF = Vi

5.) Solving for Ny,,; giv ES= Nout = Nrer (Vi VReF)
Comments:  Conversion time = 2(2V)T and the operation is independent of V;; and K.
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Dual-slope
ADC
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Successive approximation algorithm

Successive Approximation Algorithm:

1.) Start with the MSB bit and work toward the LSB bit,

2.) Guess the MSB bit as 1.

3.) Apply the digital 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 1s less, change
the guess to 0.

6.) Repeat for the next MSB.
If the number of bits is N, the time for conversion will be N7 where T 1s the clock period.
[llustration:

Vuess
VREF Y- S
U-?SVREF---------:—E =
0.50V REF— —
0.25VREF} - — —
0 5 . L
0 1 2 3 4 5 6 T
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Viei—> DAC 12 314 518 7/16

Control
CLK —» Logic - b N-1 =1 b N-3 =1
tw bN2-9  pN4_y4
Do

Successive Approximation ADC

» Binary search of possible subregions.

» Fraction of VFS corresponding to each bit is successively (starting with MSB) added to
fraction corresponding to already determined bits and sum is compared to input.

» N comparisons per conversion.
» Requires a high-speed DAC with precision on the order of the converter itself.
» Excellent trade-off between accuracy and speed.
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5-bit SA ADC

ViA VoA
Analog Comp- 5-bit Digital-Analog Converter VREF
In arator 1 I ) |
+ - MSB L5SE
Analog Analog Analog Analog Analog
— Switch — Switch — Switch —{ Switch — Switch
1 2 3 4 5

- —O1LISB —o —o —o —o LSB

0 1 0 1 0 1 0 1 0 1
Gate FF; FF> FF3 FFs FF;s
R Rp S R Rp S R Rp S R Rp S R Rp S

i 1 i T l Fy b T i T

L e
Delay
G G G Gs
Delay | 3 ( 4 ( il
Clock [::Ll]ﬁe.-:*’Jlllr . ’ . '
o T I (. [ I !
|\ SR{ i SR, i SR3 i SRy i  SRs
u : : i :
) Ise . .
art puis The delay allows for the circuit ransients o~ Shift Register _
settle before the comparator output is sampled. Fig.10.7-3
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SAR ADC based on charge
redistribution (5-bit example)

//’ Analog In 541 53 52 S1ﬁ S0 S0 -
. —_ — L
N L L — £
T AT 7 47
Vin l G’) \“«\ o = . ¥ e 5
- ouT
- Ve - D
N / sa l (bg--bg)
a [

»  All capacitors have binary weighted values, i.e., C, C/2, C/4,....C/2n—1. The last two capacitors
having the value C/2n—1 are connected so that the total capacitance of the n+1 capacitors is 2C.
MOS-transistors are used to implement the required n+3 switches, and the voltage comparator
provides the appropriate steering of the switches via auxiliary logic circuitry. The conversion

process is performed in three steps: the sample mode, the hold mode, and the redistribution mode
(in which the actual conversion is performed).
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SAR ADC based on charge
redistribution: Sample-mode

'o‘i"¢§f_ Hé ; i#vref
L rsal s s2|” ﬂs‘-ﬁ n"-E g
TEEEEE
iﬁa Vel o S L -

» Sample mode

» In the sampling mode, switch SA is closed and SB is switched to the input voltage Vin.
The remaining switches are turned to the common bus B. Due to charging, a total
charge of Qin = —-2C x Vin is stored on the lower plates of the capacitors
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SAR ADC based on charge
redistribution: Hold-mode

9 e 1o

C ol e = = ]
ehehehenehe w Ver o

% T2 _TE _T_i T T16
/lfn ""ciI; I} T

1>
<+
=

» Hold mode

» During the hold mode (Figure 3), switch SA is opened while the switches S4....S0" are
connected to ground thereby applying a voltage of V ¢ = —Vin to the comparator input.
This means that the circuit already has a built-in sample-and-hold element.
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SAR ADC based on charge
redistribution: redistribution mode

Vi _ |
'"J,EbL ‘1 - i¢“ref anver3|on Step 1 determines the MSB
= = (bit 4)
sS4 }Is:ﬂﬁlsz }151 Isuﬁj’su'
- l'.!T c-lc-lCc LlCLC v'”ﬁﬂ*“refﬂ
1> T2 Ta T8 J16 [16

inda
=

ﬂlﬂ:‘
o

>

g

|_|

..‘_

» The actual conversion is performed by the redistribution mode. The first con-

» version step connects C (the largest capacitor) via switch S4 to the reference voltage
Vref, which corresponds to the full-scale range (FSR) of the ADC. Capacitor C forms a

1:1 capacitance divider with the remaining capacitors connected to ground. The
comparator input voltage becomes V ¢ = -Vin + Vref /2.

» If Vin > Vref /2, then V ¢ < 0, and the comparator output goes high, providing the most
significant bit MSB (bit 4) = 1. On the other hand, if Vin < Vref /2, then V ¢ > 0, and bit

4=0
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SAR ADC based on charge
redistribution: redistribution mode

Vin ! L | Vref
462 %E —I—J' If bit 4 =1, Vin is compared with 3/4 Vref
! D e
Sa] 7s3[% s2[*% s1[* so[* so
%fﬁ E%ET E%E%E -V, v,
T2 Ta T8 Ti6 [16 Ve =—Vin + 3/4Vres)

a1
=
=
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>
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H
I
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» The second conversion step connects C/2 to Vref . If the first conversion step resulted
in bit 4 = 1, switch S4 is turned to ground again to discharge C; otherwise it remains
connected to Vref if bit 4 = 0, resulting in a comparator input voltage V ¢ = Vin + bit 4 —
Vref /2 + Vref /4.

» According to this voltage, the next most significant bit (bit 3) is obtained by comparing
Vin to 1/4 Vref or 3/4 Vref through the different voltage dividers. Switch S3 is then
either turned to ground if bit 3 = 1, thereby discharging C/2, or S3 remains connected
to Vref if bit 3 = 0.
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SAR ADC based on charge
redistribution: redistribution mode

'"¢4€)L ref _ o _
SB __|_ If bit 4 = 0, Vin is compared with 1/4 Vref
L 3”’1 Banyen
C C
T° T2 T8 T Ti6 gz Vo = Vin+ 18lVref)

Il

/JSA ’*"i >7 Vref Eh >7

» This process continues until all bits are generated, with the final conversion step being
performed at a comparator input voltage of V ¢ = —Vin + bit 4 x Vref /2 + bit 3 x Vref /4
+ bit 2 x Vref /8 + bit 1 x Vref /16 + bit 0 x Vref /32.
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Flash ADC

A 3-bit, parallel ADC:
VREF Vin"=0.TVREF

o
R > 1
0.875Vger p
Comments: 2R > 1
: : 0.750VREF A4
* Fast, in the first phase of the clock the R
analog input is sampled and applied to the . 2 i ,

1 0.625Vrer f—h—]+ 2N | Output
comparators. In the second phase, the o i
digital encoding network determines the 0.500V ER >i encoder | i
correct output digital word. i e i “I‘[‘:]”;d

o R ~_ 0
« Number of comparator required is 2V-1  0375Vger 41,
* Can put a sample-hold at the input or can 2R ~_ 0
used clocked comparators 0.250VRer M >_
* Typical sampling frequencies can be as . %R ™~_0
high as 400MHz for 6-bits in sub-micron 0.125VReF +
CMOS technology. ER

= Fig.10.8-1
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Subranging ADC

» Reduce the number of comparators

<
X

Vi

[

, MSB'’s

SHA Coarse >
/ ADC

7 > 4 bits

Reference Ladder
<—
<€
Encoder
&

| 8 bits
SHA > LSB’s
/ Fine ADC >

oO—
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Interpolating ADC

A 3-bit interpolating ADC using a factor of 4 interpolation:

VREF Voo

" Vin Wolts
1'I-U‘:I L i &
7] I ‘DD
B> \
\
:% \
L L
_}— \
. Blo3 3-bit 1
_>_ encoder digital ) \
v ‘—> 'th ==
_REF | 14 output 4
’ >
T Vié
—2 Vib
> -
Fig.10.8-3 1 05
Comments: Fig.10.8-4

* Loading of the input is reduced from 8 comparators to two amplifiers.
* The comparators no longer need a large /[CMR
* V| and V>, 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 a latch.
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Folding ADC

» Reduce the number of comparators

Coarse
—*| Preprocessor Quantizer

Vin ©—

nl

Digital
utput

Encoding
Logic

Folding Fine
Preprocessor Quantizer

L

Fig.10.8-7

» 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 2" subranges onto a single subrange and applies
this analog signal to a fine quantizer of 2"? subranges.

» Thus, the total number of comparators is 2"'-1 + 2"2-1 compared with 2n1+n2-
1 for a parallel ADC. i.e.,if n1 =2 and n2 = 4, the folding ADC requires 3 +
15 = 18 compared with 63 comparators.
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Folding ADC

Folding characteristic fornl =2 and n2 = 3.

i A
VREF Femmmmmmmm e s e e e e e e . = 4
o 2 =
= Z No =
z 3 nl =12 Folding .
E E— FEE = 3 : E =)
< £ =
VREF l =
! =1
0 =14
0 Analog Input
MSBs = 00 01 10 Fig.10.8-9

Problems:
» The sharp discontinuities of the folder are difficult to implement at high speeds.

« Fine quantizer must work at voltages ranging from 0 to Vpgg/4 (subranging).

* The actual frequency of the folding signal 1s F times the input frequency where F'is the
number of folds
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Pipelined ADC

n4 bits n, bits N3 bits ny bits

¥ ¥ ¥ ¥

Vin Stage V1 Stage V2 Stage V3 Vk-1 Stage

—> 1 —> 5 —> 3 — . —— K
Vi + Vo
+—> S/H +
n, bits Residue

amp
H@Aﬁ D/A
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Operation of pipelined ADC

Implemented by a single programmable amplifier

Analog input
(from previous
stage)

First Stage

V- -~

0.7V——ss
0.2

0.5V (mid)—

oOV—
1bit

1

32

1 bit A/D
[Comparators)

Second Stage
- _’.—

1bit

0

l\
_'p‘

1 bit D/A

+ b

=
Residue
(to next stage)

Digital Out

Third Stage

1bit
1

Fourth Stage

0.6V
0.1

1bit

0.7/1=11.2/2%

1 < Output=11
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