Lecture 20

Analog-to-Digital Converters (continued)

— Comparator design (continued)
« Comparator architecture examples

— Techniques to reduce flash ADC complexity
* Interpolating
+ Folding
* Interpolating & folding
— Residue Type ADCs
» Two-Step flash
* Pipelined ADCs
— Architecture basics

— Effect of sub-ADC, sub-DAC, gain stage non-idealities on
overall ADC performance
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CMOS Comparator Example
Flash ADC

bl

Tpa

A Qn

Preamp. Latch

» Flash ADC: 8bits, +-1/2LSB INL @ fs=15MHz (Vref=3.8V, LSB~15mV)
* No offset cancellation

Ref: A. Yukawa, “A CMOS 8-bit High-Speed A/D Converter IC,” JSSC June 1985, pp. 775-9
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Comparator with Auto-Zero

az2
Ref+ N /"“
az3 C+ l I
e — N\ 1 ™~ ™~
11
P P2 To
n- I Latch
S 1 L~ L~
az3 -
Ref- \
/ azl
az2
/_\ normal conversion
azl aulo-zero
Note: S \
Reference & input -~ S
both differential w3

Ref: I. Mehr and L. Singer, “A 500-Msample/s, 6-Bit Nyquist-Rate ADC for Disk-Drive Read-Channel
Applications,” JSSC July 1999, pp. 912-20.
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Flash ADC
Comparator with Auto-Zero

az2
= V. azl
Ref+ Ioffsel )
az3 C+ \ I
In+ ¥_| B S~
P1 > » To
In- I1 Latch
yd 11 L~
az3 C-

Ref- _7_ \
azl
b
_/E::nm \ normal conversion
azl :

az2
VC+ Ve =

"o

(VRe f+ _VRe f- ) _VOffset

s
T

Ref: I. Mehr and D. Dalton, “A 500-Msample/s, 6-Bit Nyquist-Rate ADC for Disk-Drive Read-Channel
Applications,” JSSC July 1999, pp. 912-20.

EECS 247 Lecture 20: Data Converters: Nyquist Rate ADCs © 2010 Page 4




Flash ADC
Comparator with Auto-Zero

az2
Ref+ \— Voffsel azl
! /
az3 C+ \ I
Ine 4;__| ‘J:I.|7\ S~
P1 > » To
In- I1 Latch
/ I L~
az3 C-
Ref- \
/ azl
azl "
Vo = Aoy * Aoy [(Vlr\+ _Vlnf)*(vm _VC—)fvolfsel] 47] m— AULO-ZETO \-“_hnormal Spnversion
b3
Substituting for (V,, -V._) from previous cycle: M_/—\_s
h I
Vo =P * A, I:(VIrH _Vln—)_(VReH_VRef—):I 473 \ / E
¥

Note: Offset is cancelled & difference between
input & reference established

Ref: I. Mehr and D. Dalton, “A 500-Msample/s, 6-Bit Nyquist-Rate ADC for Disk-Drive Read-Channel
Aeplications,” JSSC Jl=|y 1999, pp. 912-20.
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Flash ADC
Using Comparator with Auto-Zero

Input
Reference clock CI‘?k
Generator Ty clack
ref+ E i
Ref_01+f— :
A= ] [
ref- |- > i
Ref 01- — E
. i . . . L] .
i 1 63 comparators Digital Out
. i . . . L] . H—
' total Backend 6 bits
. L] * ok * . .
L] Nn+ Ce N[ b ™ clock
ref+ i
Refl_63+— “N—ro + +o
- SR
Ne & SRS o [T]e [
ref- i
Ref 63- — i
= am }
Z S ——

Ref: I. Mehr and D. Dalton, “A 500-Msample/s, 6-Bit Nyquist-Rate ADC for Disk-Drive Read-Channel
Agglications " JSSC July 1999, pp. 912-20.
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Auto-Zero Implementation

vdd
LI M."Ll Lat clel'.l M6
v
M3 M4I L I MI L {Ms
L Von
>l @1
\& M9 M10
Von
Vip Ml M2 I——-vm
Lol Mi2
Lat e 1
= Lal L1

Lat_del J  L——

Ref:l. Mehr and L. Singer, “A 55-mW, 10-bit, 40-Msample/s Nyquist-Rate CMOS ADC,” JSSC
March 2000, pp. 318-25
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Comparator Example

Variation on Yukawa latch T +

used w/o preamp M9 M10
M7I:| ETMB—:j
» Good for low resolution _q":: |o- —o| |o-
ADCs (in this case
1.5bit/stage for a pipeline Voz—n dh p— Vo2
we will see later are T —,
tolerant of high offset) o T i
M5 M6
+ Note: M1, M2, M11, M12 ms - Lma
operate in triode mode X
M1 M11 M12 M2
« M11 & M12 added to vary Vi — — Vi
comparator threshold 1
+ Conductance at node X is V. Va
- +

sum of Gy, & Gyr
Ref: T. B. Cho and P. R. Gray, "A 10 b, 20 Msample/s, 35 mW pipeline A/D converter," IEEE
Journal of Solid-State Circuits, vol. 30, pp. 166 - 172, March 1995
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Comparator Example (continued)

* M1, M2, M11, M12 operate in triode

T+

mode with all having equal L M9 M10
« Conductance of input devices: ’°":: M7]:||°' "'":IM8 ::"°‘
C
G =2 Lox x[Wy (V11 -Veh)+W1 1 (VR - V)] Vor 1 Vo
C - I
Gp =X [Wy (Vi -Ven) *Wa 1 (VR4 —Ven)] @ = It
L M5 M6
_ HCox\Mp _ _Wig _
~>AG= M1-Vi2) W (VR+ VR—)} M3 ] [ ma
« To 1st order, for W1=W2 & W11=W12
Vileh = WIL/W1 x Vg Gl G2

where Vg = Vg, - Vg

> Vg, fixed W11, 12 varied from
comparator to comparator-> Eliminates
need for resistive divider

Ref: T. B. Cho and P. R. Gray, "A 10 b, 20 Msample/s, 35 mW pipeline A/D converter," IEEE
Journal of Solid-State Circuits, vol. 30, pp. 166 - 172, March 1995
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Comparator Example

« Used in a pipelined ADC with digital
correction
->No offset cancellation required

Differential reference & input

* M7, M8 operate in triode region
* Preamp gain ~10

« Input buffers suppress kick-back

* ¢, high > C, charged to VR & 0 is also
high = current diverted to latch->
comparator output in hold mode

- ¢, high-> C, connected to S/Hout &
comparator input (VR-S/Hout), current sent
to preamp - comparator in amplify mode

VDD

#4
VR ) o
SIH OUT+ o— 1
%2
smouT- =1
VR- 2 1S
#1

Ref: S. Lewis, et al., “A Pipelined 5-Msample/s 9-bit Analog-to-Digital Converter”

IEEE JSSC . NO. 6, Dec. 1987
— —
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Bipolar Comparator Example

. . DGND
+ Used in 8bit 400Ms/s AGND 5
& obit 2Gbis flesh LW -
. e Vin o R Qe G Q‘\quo
+ Signal amplification Viet o Qz Gaaes b Q12 Q14 ~
during ¢1 high, latch Q3 o0
operates when ¢1 low . > —Q
017
* Input buffers suppress e
kick-back & input Q6 |08 | DV o1 Q21
current AVas o %El{‘ Q11 Q1B o2z
(I S i1 i
» Separate ground and !
supply buses for front- AVee DVee
end preamp 2 k'(_?k' Preamp Latched Comparator
back noise reduction

Ref: Y. Akazawa, et al., "A 400MSPS 8b flash AD conversion LSI," IEEE International Solid-State Circuits
Conference, vol. XXX, pp. 98 - 99, February 1987

Ref: T. Wakimoto, et al, "Si bipolar 2GS/s 6b flash A/D conversion LSI," IEEE International Solid-State Circuits
Conference, vol. XXXI, pp. 232 - 233, Februa-ry 1988
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Reducing Flash ADC Complexity

E.g. 10-bit “straight” flash
— Inputrange: 0 ... 1V
— LSB=A:~1mV
— Comparators: 1023 with offset < 1/2 LSB
— Assuming Cin for each comparator is 0.1pF & power 3mW
» Total input capacitance: 1023 * 100fF = 102pF
* Power: 1023 * 3mW = 3W

-> High power dissipation & large area & high input cap.

Techniques to reduce complexity & power dissipation :
— Interpolation
— Folding
— Folding & Interpolation
— Two-step, pipelining
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ldea

Interpolation

— Reduce number of preamps & instead interpolate
between preamp outputs

Reduced number of preamps

— Reduced input capacitance
— Reduced area, power dissipation

— Decreased

Same number of latches (28B-1)

Important “side-benefit”

sensitivity to preamp offset

- Improved DNL
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Flash ADC
Preamp Output

"

~ A
> I F
—A Vref2 >
0.5 A (/ A // _Ai
- 1/ 7 A
2 / / i
é 7 VA Vrefl =
3 0
£ / /
3 7/ / _
& s 7 / Zero crossings (to be detected
) / /. by latches) at V,, =
0 05 15 2 25 3 Ve = 1A
Vin /A _
Vrefl Vrref2 Vier = 24
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Simulink Model
/ Vin =%)

Vi

(-

A2
*Delta Preamp2

>
Vref2

A 4

»i )

Lt

Preampl

Vrefl

A4

Al
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Differential Preamp Output

Differential output crossings

E-. @ Vin =

8 Vrefl =1A
a

% Vref2 =2A
9]

a

Note: Additional crossing of
AL&-A, (A&-A)
2 Ap-(-Ax )=A A,
-> Cross zero at:

V,oi1p = 0.5%(142) A=1.5A
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Interpolation in Flash ADC

LT Half as many reference voltages
Vin N ! and preamps
A, T Interpolation factor:x2
~_2
T
el
LmTTsl Example: For 10bit straight Flash
‘\) ADC need 2B=1024 preamps
A T---T compared 28-1=512 for x2
+ interpolation
=10 p
- \; Possible to accomplish higher
oo interpolation factor
- Interpolation at the output of
Compare A2& -Al preamps

-> Comparator output is sign of A1+A2
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Interpolation in Flash ADC
Preamp Output Interpolation
‘ Interpolate between two

consecutive output via
impedance Z

Vin

Choices of Z:
1. Resistors (Kimura)
2. Capacitors (Kusumoto)
3. Current mode (Roovers)

Ref: H. Kimura et al, “A 10-b 300-MHz Interpolated-Parallel A/D Converter,” JSSC, pp. 438-446, April 1993
K. Kusumoto et al, "A 10-b 20-MHz 30-mW pipelined interpolating CMOS ADC," JSSC, pp.1200 -1206,
December 1993.
R. Roovers et al, "A 175 Ms/s, 6 b, 160 mW, 3.3 V CMOS A/D converter," JSSC, pp. 938 - 944, July 1996.
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Interpolation in Flash ADC
Preamp Output Interpolation

- *g_
Vin I i Sos
(@)
e f
-A, g
X o
Y
=
— _Al

With 2 sets of interpolation

! resistors at each preamp
outputs - three extra

intermediate points 2> 2extra

bits
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Higher Order Resistive Interpolation

* Resistors produce

Q
£ additional levels
>
i  With 4 resistors per
3 side, the
“interpolation factor”
M=8
- extra 3bits
Interpolation —Wv v‘vmv‘v!eg‘v‘vvaa‘v‘ WA\~ .
ResiStors e Ao A\ —e AA—sAN—e—AA—1AA- * (M- ratio of
Vb1 Vb2 Vb3 latches/preamps)
Differential Vn-1 Cvn-1 Vn CVn
A Amplifiers N-1 LN Ref: TO Eirggorawtlaﬁ?l, “A
nalog Input T Vi - ol
Vi VNV A Borvarier '
Resistor jggfmépm 1993, pp.
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(a)

(b)

Preamp Output Interpolation
DNL Improvement

Output Voltage  Output Voltage

Differential
Amplitiers

AA M A A

v Vo Vez" vea [ T
vn-1 Cvn-1 vn Cvn
N
Analog Input 1 vi

Vrn 1 vrn
Rclmnc.
Resistor

* Preamp offset distributed over
M resistively interpolated
voltages:

- Impact on DNL divided by M

+ Latch offset divided by gain of
preamp

- Use “large” preamp gain

- Next: Investigate how large
preamp gain can be

Ref: H. Kimura et al, “A
10-b 300-MHz
Interpolated-Parallel
A/D Converter,”
JSSC April 1993, pp.
438-446
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Preamp Input Range

Linear region of transfer curve
-> not overlapping

o
&)

S
o

Preamp Output
o

o

o
a

o

AtA,

S
o

o

If linear region of preamp
transfer curve do not overlap

- Dead-zone in the
interpolated transfer curve!
Results in error

- Linear consecutive preamp
input ranges must overlap

i.e. input range w/o output
saturation> A

Sets upper bound on preamp
gain: Preamp,in <Vpp / A
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mmm] S ] o ﬁ;
ﬁmﬁ”‘mﬂﬁ. 127@ Interpolation v @‘ '

Resisto g
KA Mo s . Tt L N ’
Exiriamp. = M 5 Ly
. . 1029 o Y TV ~= Comparators
* 10-bit overall resolution: [T atches with Folded Differential Logic circults |
* 7-bit flash (127 preamps
and 128 resistors for | Duplex Gray Encoder |
reference V) & x8 []
interpolation | . output Butters with Gray-Binary Converter |
}
»Use of Gray Encoder 10b Digital Output

minimizes effect of
sparkle code & meta-

stability
Ref: H. Kimura et al, “A 10-b 300-MHz Interpolated-Parallel A/D Converter,” JSSC April 1993, pp.
438-446
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Measured Performance

Resolution 10b (7+3)
Maximum conversion frequency 300 MHz
Integral non-linearity +1.0LSB
Differential non-linearity +0.4LSB
SNR/THD 10MHz input 56/-59 dB
50MHz input 48/-47 dB
Input capacitance 8 pF @i~ Low input capacitance
Input range 2V @ 11 SB=2mV
Power supply -5.2v
Power dissipation 4.0W
Chip slze 9.0 x4.2 mm*
Element count 36,000
Technology 1.0 pm bipolar:ft=25GHz

Ref: H. Kimura et al, “A 10-b 300-MHz Interpolated-Parallel A/D Converter,” JSSC April 1993, pp.
438-446
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Interpolation Summary

» Consecutive preamp transfer curve linear region need to have
overlap - Limits gain of preamp to ~Vpp/A

* The added impedance at the output of the preamp typically
reduces the bandwidth and affects the maximum achievable
frequencies

* DNL due to preamp offset reduced by interpolation factor M

* Interpolation reduces # of preamps and thus reduces input C-
however, the # of required latches the same as “straight” Flash

->Use folding to reduce the # of latches
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Folding Converter

MSB
Vin ADC L
2|, pigital
| Output
LSB
ADC C

Folding Circuit

» Two ADCs operating in parallel
— MSB ADC
— Folder + LSB ADC
» Significantly fewer comparators compared to flash
* Medium fast
+ Typically, nonidealities in folder limit resolution
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Example: Folding Factor of 4

MSB y/
) bits " out
* Folding factor: ,/
> number of folds (2BMS8) 11 .
* Folder maps input to i
smaller range 10
+ MSB ADC determines L
which fold input is in p
_ 01
* LSB ADC determines S/
position within fold ,
« Logic circuit combines 00 To
LSB and MSB results i LSB
Vin Quantizer
Vesl2 Ves

EECS 247 Lecture 20:
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Example: Folding Factor of 4

* How are folds generated?

Fold 1 V,,=+V,,
Fold 2 > V= - Vi, + Vg/2
Fold 3> V =+ Vi, - Vg/2

Fold 4 > V ;= - Vi, + Vg

* Note: Sign change every
other fold + reference shift

VOU'.
//
1 ’
//

10

//
o1 K

7/
oo| 1 2 3 4
Vin
Vesl2 Ves
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Generating Folds
via Source-Coupled Pairs

DD

R1= =R2

gis

Vrefl Vref4
M M I—_Le I—\_/Lefz M> M I—\ﬁ;em I—_r-e

IS @IS IS @IS

| .

Vrefl < Vref2 < Vref3 < Vref4
As Vin changes, only one of M1, M3, M5, M7 is on depending on the input level

EECS 247 Lecture 20: Data Converters: Nyquist Rate ADCs © 2010 Page 29

CMOS Folder Output

ISxR - -~
A AT CMOS folder transfer

Ideal
Folder curve max. min.

cvos \ portions:
- Rounded

Folder Output
o

AsxR E

0 9.5 1 1?.5 2 %.5 3 35 4 - Accurate only
Vrefl Vref2 Vref3 Vref4 at zero-crossings
__ 20
E In fact, most folding
sx o ADCs do not use the
m § folds, but only the
< -209 zero-crossings!

05 1 15 2 25 3 35 4

o
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Parallel Folders Using Only Zero-Crossings

Vin
x4
—>| Folder4 > Comparator >
Tvref+ 3/4*A
x4
Folder 3 ™| Comparator "
LSB bit:
TVref+ 2/4*A Logic ——»
A (to be combined with MSB bits)
Folder 2 > Comparator
Tvref*' 1/4 *A
X4
— Folder1 > Comparator >
T Vit + 0/4 *A
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Parallel Folder Outputs

— F1
0.4 —

—F4 » 4 folders with 4 folds
502 each
g * 16 zero crossings
=0 * > 4LSB bits
=}
v

o

o
N

2 » Higher resolution
* More folders
- Large complexity
: 2

. . « Better solution:
0 1 2 5 Combine with

3
Vin /A . .
interpolation
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Folding & Interpolation

Folder 4
Tvref+ 3/4 %A £
Folder 3 N
T Fine C
Vier* 2/4*A Flash » O >
ADC D
Folder 2 E
R
Tv,ef+ 14 *A
Folder 1
Tvref+ 0/4 *A
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Folder / Interpolator Output

Example:4 Folders + 4 Resistive Interpolator per Stage

0.5
—/ Fl

504 — 2
8 11
S — 12 | 0.04
e} 0.3 — 13
502 1 o002
©
S 0.1 )
2
20 t
£ -0.02
=01 :
S .02 ] 15 16 17 18
()
*-03 Note: Output of two

0.4 folders only +

05 . . corresponding

0 1 2

interpolator only

3
Vin/A shown
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Folder / Interpolator Output
Example:2 Folders + 8 Resistive Interpolator per Stage

0.5 0.06
- —F1
— F4
§Q4 — 0.04
303 — 002
50.2 0
501 -0.02)
A / S —1 -0.04
g 0 \ N -0.08

Z-0.1 S 15 16 17 18 19 2 21
02 _
S Zero-crossing not equally
103 spaced-> Non-linear
0.4 distortion
05 T 5 3 " 5 > Interpolate only between
) closely spaced folds to
vin/A ! - .
avoid nonlinear distortion
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A 70-MS/s 110-mW 8-b CMOS Folding
and Interpolating A/D Converter

Vout ]

full-flash

Vin | folding circuit . full-flash:
AN [ finehoe | )8 1Lses 256 levels
I
‘ f01d|ng
! 1 32 levels

Ref: B. Nauta and G. Venes, JSSC Dec 1985, pp. 1302-8
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A 70-MS/s 110-mW 8-b CMOS Folding and Interpolating A/D Converter

Note:

folding amp.
folding amp.
folding amp.

Vin

> |
o= | o
f:$>—'54$§_l\
=l | =
S8 8| g =%
e a1 VIS ¥ -l g
=35
1 -

| == |

[« 4]

(2]

o

3 h

©

Total of 40 (MSB=8, LSB=32) comparators compared to 28-1= 255 for straight flash
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A 70-MS/s 110-mW 8-b CMOS Folding and Interpolating A/D Converter

DNL INL
0.25 —_ T 05
AP et Eoh-g .}
5V Ik i el of
i
! i L
025/ L FVLIELE 1| i (A s ,_" |05 parameter
03 — - S — 125 resolution &hit
1
aav i L1 1 1)“;1 '/' A i input capacitance 1.8 pF =
w 4 (LI S i“v‘* reference ladder resistance 720 Q
f - A
03 ! ) L T lies active area 0.7 mm?*
0 code 2% 0 ocode 255
technology | 0.8um, 1 poly , 2 metal, CMOS
Vdd=5V supply voltage | Vaa=5V V=33V
wbis | analog input 2Vpp 1.4Vpp
| _fckadOMHz Integral nonlinearity +0.5LSB | £1.0LSB €=
S . Differential nonlinearity | £0.2L58 | £0.3L5B <=
| N—
cheTOMI max. clock frequency TOMHz 45MHz
8 - power dissipation 110mW 45mW
|
N |
o "
tin
Ref: B. Nauta and G. Venes, JSSC Dec 1985, pp. 1302-8
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ADC Architectures

 Slope type converters

» Successive approximation
* Flash

* Interpolating & Folding

==)+ Residue type ADCs
— Two-step Flash
— Pipelined ADCs

» Time-interleaved / parallel converter
» Oversampled ADCs
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Two-Step
Example: (2+2)Bits

510 =
2-hit ADC 2-hit ADC For _r
b 1 2 3
1
272 _
@ 0.5
2
=0
)( _ ¥ 05
Dout = Vit &g L

0 1 2 3
ADC Input [LSB]

+ Using only one ADC: output contains large quantization error

« "Missing voltage" or "residue” ( -Sql)

* ldea: Use second ADC to quantize and add -&4;
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Two Stage Example

“Coarse”

2-bit ADC 2-bit DAC 2-bit ADC
-8q1+ 8q2
Dout: Vin+8q 1_8q1 + qu

Use DAC to compute missing voltage
Add quantized representation of missing voltage
Why does this help? How about &4, ?

Since maximum voltage at input of the 2" ADC is V,./4 then for 2" ADC
Vie2=Vrer/4 and thus €,,= £41/4 =V ,/16 > 4bit overall resolution

EECS 247- Lecture 20
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Two Step (2+2) Flash ADC

4-bit Straight Flash ADC

FS

1111 (15)
1110 (14)
1101 (13)
1100 (12)
1011 (1)
1010 (10)
1001 (9)
1000 (8)

0011 (3)
0010 (2)
0001 (1)
0000 (0)

0

0111 (7)

0111 (7) Ve V=T 1
0110 (8) T 10
0101 (5) 01 Tot
0100 (4) T oo
[)
00

Ideal 2-step Flash ADC

FS

"

10
FS/4

Voltage quantized
by 2nd ADC

0111 (7)
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Two Stage Example

11
V. [22 10 '\ secondADC
refl ref2 “Fine
Vmﬂ Vm 01
00
00 01 10 11
First ADC
“Coarse*

* Fine ADC is re-used 22 times
» Fine ADC's full scale range needs to span only 1 LSB of coarse

quantizer
_ Vref 2 Vrefl
€2 = 22 - 22 .92
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Two-Stage (2+2) ADC Transfer Function

D

out

1111
1110
1101
1100
1011
1010
1001
1000
0111
0110
0101
0100
0011
0010
0001
0000

i
i
i
i
i
i
i
i
|
) \)refl
Coarse Fine

Bits Bits
(MSB)  (LSB)
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Residue or Multi-Step Type ADC

Issues
Vin__ /Coarse ADC| | | pac
(B1-Bit) (B1-Bit)

 Operation:
— Coarse ADC determines MSBs
— DAC converts the coarse ADC output to analog- Residue is found by
subtracting (Vi,-Vpac)
— Fine ADC converts the residue and determines the LSBs
— Bits are combined in digital domain
* Issue:
1. Fine ADC has to have precision in the order of overall ADC 1/2LSB
2. Speed penalty >Need at least 1 clock cycle per extra series stage to resolve
one sample

Fine ADC
(B2-Bit)

@
S
5

IS

S
O
m

(B1+B2)-Bit

EECS 247- Lecture 20 Pipelined ADCs © 2010 Page 45

Solution to Issue (1)
Reducing Precision Required for Fine ADC

2-bitADC 2-bit DAC G=2B1 2-bitADC

Viﬂ———( “Coarse”

Dou Vin* €181+ &2

* Accuracy needed for fine ADC relaxed by introducing inter-stage
gain
— Example: By adding gain of x(G=281=4) prior to fine ADC in (2+2)bit
case, precision required for fine ADC is reduced to 2-bit only!
— Additional advantage- coarse and fine ADC can be identical stages
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Solution to Issue (2)
Increasing ADC Throughput

T/H+(G=281)

2-bitADC 2-bit DAC

V <
n “Coarse”

-&

T/H 2-bit ADC

Dout Vin*Eq1 g1+ &2

» Conversion time significantly decreased by employing T/H between
stages
— All stages busy at all times = operation concurrent
— During one clock cycle coarse & fine ADCs operate concurrently:
« First stage samples/converts/generates residue of input signal sample # n
+ While 2" stage samples/converts residue associated with sample # n-1

EECS 247- Lecture 20 Pipelined ADCs © 2010 Page 47

Residue Type ADCs

* Two-Step flash
==) « Pipelined ADCs

— Basic operation
— Effect of sub-ADC, sub-DAC, gain stage non-idealities on overall
ADC performance
» Error correction by adding redundancy
+ Digital calibration
« Correction for inter-stage gain nonlinearity
— Implementation
+ Practical circuits
+ Stage scaling
+ Combining the bits
+ Stage implementation
— Circuits
— Noise budgeting
* How many bits per stage?
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Pipeline ADC
Block Diagram

\Y \Y
V. Stagel | ! | Stage2 [ "% Stage k
n B, Bits ~| B,Bits B, Bits

MSB... ...LSB
Y

y

Align and Combine Data

!

Digital output
(B, +B,+... + B) Bits

Idea: Cascade several low resolution stages to obtain high overall
resolution (e.g. 10bit ADC can be built with series of 10 ADCs each 1-bit
only!)

Each stage performs coarse A/D conversion and computes its
quantization error, or "residue”

All stages operate concurrently
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Pipeline ADC
Concqyrrent, Stage Opere}tion

1 acquire conve
¢,  convert acquire
V. Stage 1 ,| Stage2 | _ Stage k
in B, Bits B, Bits B, Bits
Y Y Y
kWL L - -
M Align and Combine Data

!

Digital output
(B, +B,+...+B,) Bits
» Stages operate on the input signal like a shift register

* New output data every clock cycle, but each stage
introduces at least %2 clock cycle latency
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Pipeline ADC
Latency

ANALOG
INPUT

DATA x X
ouT n-8 n-7 X n-6 x n-5 X n-4 X n-3 X n-2 X n—1 X n n+1

Note: One conversion per clock cycle & 8 clock cycle latency

[Analog Devices, AD 9226 Data Sheet]
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Pipeline ADC
Characteristics

* Number of components (stages) grows linearly with
resolution

* Pipelining
— Trading latency for overall component count
— Latency may be an issue in e.g. control systems
— Throughput limited by speed of one stage — Fast

Versatile: 8...16bits, 1...400MS/s

« One important feature of pipeline ADC: many analog
circuit non-idealities can be corrected digitally
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Pipeline ADC
Digital Data Alignment

| acquire convert
,  convert acquire
v, Stage 1 »| Stage2 | _ Stage k
B, Bits B, Bits B, Bits
kLU
LI LT D
— — —-
CLK CLK CLK

« Digital shift register aligns sub-conversion
results in time
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Cascading More Stages

Vet Vref/ZBl Vref/2(81+82) \/ref/2(81+82+53)

v

Vin . . . |
BlbItS szlts B, bits ADC

I I I

- ADC | DAC

* LSB of last stage becomes very small
+ All stages need to have full precision
+ Impractical to generate several V
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Pipeline ADC

Inter-Stage Gain Elements
Vref VTEf Vref \Y

ref

o ¥V om ¥ v

283

Vin | . :
BlbItS szItS ngItS ADC

— ADC DAC

+ Practical pipelines by adding inter-stage gain - use single V
» Precision requirements decrease down the pipe
— Advantageous for noise, matching (later), power dissipation
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Complete Pipeline Stage

-G
\/in D—.Vres
B-bit . B-bit \
ADC l DAC i
D ;
Vref , ';'.
“Residue ; i
Plot*
Vres I
E.g.
B=2
G=2°=4
- % -~ Vi
Note: None of the blocks have ideal performance Vi, ref

Question: What is the effect of the non-idealities?
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Pipeline ADC
Errors

* Non-idealities associated with sub-ADCs, sub-DACs
and gain stages - error in overall pipeline ADC
performance

* Need to find means to tolerate/correct errors

* Important sources of error
— Sub-ADC errors- comparator offset
— Gain stage offset
— Gain stage gain error
— Sub-DAC error
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Pipeline ADC Single Stage
Model

—£ -G
\/in :? q {>—Vres
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Pipeline ADC Multi-Stage Model

in,ADE Vres] >
Ei;ﬁ Gl L@)—
€ €

ql 92
Dl DZ
) 4 ) 4
Dout UG,
G £ G
Dout =Vinanc +5q1(l_l +-2 12 |y
Gu) Gu\ Gy
Eq(n-1) 1— Gy n Ean
n-2 G n-1
H Gdj d(n-1) . Gdj
j=1 j=1
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Pipeline ADC Model

+ If the "Analog" and "Digital” gain/loss is precisely matched:

ref

Vv,
where ¢, = & Bn =# of bitsin final stage

n

“;‘q
Dout :Vln,ADC + n-1 qn ZBn
[1s,
=1 Vrsf
A A A n-1
DR. = 20log— M FS Signal o500 2V2 550 \/E 2% x ]G,
rms Quant. Noise Vet 2 j1
n-1
V12x2*]]G;

i

n-1
Bac - Iogz[zs"xHij
j=1

n-1
Buwc - B, +log,[]G;
=1

i

EECS 247- Lecture 20 Pipelined ADCs © 2010 Page 60




Pipeline ADC
Observations

» The aggregate ADC resolution is independent of
sub-ADC resolution!

* Effective stage resolution Bj=log,(G))

» Overall conversion error does not (directly)
depend on sub-ADC errors!

* Only error term in D, contains quantization error
associated with the last stage

» So why do we care about sub-ADC errors?
» Go back to two stage example
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Pipeline ADC
Sub-ADC I;rrors

* Vref ref
\A \%
in,ADC B1 =2-bits resl g\%c
-bits

I

Vref

Veest] H G,

0 —_— V. -

Vi, ref g2 Grows outside % LSB bounds
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Pipeline ADC
15-Stage Comparator Offset

X

) Vres1 € Problem: V., exceeds 2™ pipeline stage
, { overload range
1
) — =
20 ) Vies2
=
-1 2
. 1 It
2 . FOverall ADC Transfer Curve
- 1 1) 1 2 ;( =
-1
- 10
R R 0 ;% ~
First stage ADC Levels: e 5 L
: 1
(Levels normalized to LSB) Missing Code!
Ideal comparator threshold: -1, 0, +1 g
Comparator threshold including offset: -1, 0.3, +1 3 2 1 0 1 2 3
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Pipeline ADC

Three Ways to Deal with Sub-ADC Errors

 All involve “sub-ADC redundancy”

» Redundancy in stage that produces

errors

— Choose gain for residue to be processed
by the 2"d stage < 2B1

— Higher resolution sub-ADC & sub-DAC

» Redundancy in succeeding stage(s)
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(1) Inter-Stage Gain Following 15t Stage <2B1

Vf \1‘  Choose G, less than

2B1

Vi B, bits &<ADC -
« Effective stage

resolution could
become non-integer

Vref
B1e=109,G,
Vies +E.g.ifG,=3.8>
Bc=1.8Dbit
0 0 V; -Ref: A. Karanicolas et. al.,
~ " ref e
Vi, &g JSSC 12/1993
EECS 247- Lecture 20 Pipelined ADCs © 2010 Page 65
Correction Through Redundancy
Vresl
9 < “enlarged” residuum still within
2 input range of next stage
1
%
g = g Vresz
: : 1
g l'Overall ADC Transfer Curve
) 7 0 1 2 1 s
20
. 10
2 2
) = 5
If G1=2 instead of 4 22
- Only 1-bit resolution from first stage (3-bit .

total) > In spite of comparator offset: No overall

error!
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(2) Higher Resolution Sub-ADC

v, Vg .
- g + Keep G1 precise
1 \ — e.g. G,=
I
v » Add extra decision
A A levels in sub-ADC
ol i (e.g. add 1 extra bit to
1st stage)
Vresl
+ E.g.B=B+1
% . Vo . -Ref: Singer et. al., VSLI 1996
Vin 8q2
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(3) Over-Range Accommodation
Through Increase in Follpwing Stage Resolution

ref ‘ ref

\% \%

in,ADC resl

B, bits ADC |—

I

» No redundancy in
stage with errors

» Add extra decision
levels in succeeding
stage

0 ) i +“ Ref: Opris et. al.,
0 — Vie /% JSSC 12/1998
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