EE 505

_ecture 21

ADC Design

Flash-Like Structures

— Multi-Step Flash
— Pipeline



Review from Last Lecture

What Architectures are Actually Used

DACs ADCs
Texas Instruments Mar 1, 2023 Texas Instruments April 13 2023
String 168 SAR 728
R-2R 79 Pipeline 294
Current Source 52 Delta Sigma 187
MDAC _ 25 Folding Interpolating 66
Current Sink 17 Delta Sigma
SAR 9
Salie 7 Modulator 9
Delta Sigma 4 Two-Step 6
1-Steering 3 Flash 3
Current Steering 2

Total 1293

 These are catalog parts

« Specific details about architecture usually absent in data sheets

« Some (many) in list are slight variants and carry different part numbers
» Variety of converters used in ASIC applications will be larger



Review from last lecture

Interpolating Flash ADC

Vree Vin Vree ViN
s ~
Re | o
> =
- > S
>
Standard Interpolated
Flash Flash

Reduction in pre-amp area and power

Latches all referenced to ground

Loading on V,, reduced

Kickback to Vger reduced

V,y coupling to Vg reduced

Multiple levels can be included in interpolator array



Review from last lecture
Interpolating Flash ADC

4 —levels of interpolation
Preamp gain not critical
Common mode set at Vgge/2

A VOUT
VREF '

VRer/2 -1

+ Vour
VREF |

Thermometer to
Binary Converter

VRer/2 -1

Comparator Outputs:

Vi 0
Vk1 0
Vi 1
Vk3 1
Vk+1 1




Review from last lecture

Folded ADC Architecture

Folded ADC

vel | VFold

n4-bit
Flash
ADC

n
' ez Xout

Log
:#\

Ideal Folder

I
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nter
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Typical Folder

A VFold 4 VFold

A

VRer | VREF—

A

A

A

| Vi

1 } I -
\ VRri VRri Vr1 VRep

I
VREF

Nonlinearity in folder not a major problem since resolution nonlinearity
affects primarily the LSBs and resolution of folded ADCs not large



Flash ADC Summary

Flash ADC

Very fast

Simple structure

Usually Clocked

Bubble Removal Important

Seldom over 6 or 7 bits of resolution

Flash ADC has some really desirable properties (simple and fast)

 Wouldn’t it be nice if we could derive most of the benefits of the FLASH
ADC without the major limitations

To be practical at higher resolution, must address the major limitation of the FLASH ADC
Major Limitation of FLASH ADC at higher resolutions?

— Number of comparators increases geometrically --- 2"
— String DAC area increases geometrically

— Too many comparators making non-critical decisions increases power



Review from last lecture

Folded ADC Architecture
Folded ADC

N,-level | VFold Ir__‘;az':] :

Folder ADC | XOUT
o § A -
S5 n

4 CFoId L s
N, = 2" ounter N

Premise: Folder provides large gain and is very fast

Similar in concept to interpolating flash ADC but

 Number of comparators has been reduced
« Thermometer to Binary decoder is eliminated



Review from last lecture

Folded ADC Architecture

Folded ADC
V n1-bit
N,-level Fold ,
Vin |=20Ider Flash n
ADC Yo = XOUT
29
35 n
Fold 7
Counter Ny
0.125VRer 0.375VRer 0.625VRer 0.875V V
oV 0.25VREF 0-5VREF O.75VREF o REF

in

| |
VRi Vr2 V&3 Vrs  Vgs Vre \ VRrs

« Requires N, differential amplifiers
« Basic Folder Circuit (8 level)
« Simple Differential Pair can be very fast



Flash-Like Structures

Key Flash Limitations

— Number of comparators increases geometrically --- 2"
— String DAC area increases geometrically
— Too many comparators making non-critical decisions increases power

 Folded Architectures
——> « Multi-Step Flash

* Pipelines



Multi-Step Flash

Goal with Multi-Step Flash Approach:

» Reduce number of comparators and DAC levels
* Reduce or eliminate un-necessary comparator decisions
« Maintain high speed operation (close to that of Flash)



Two-Step Flash ADC

| Residue
VREF REF2 l
N Flash
-— as
—>  S/H DAC \_/ "\ ADC,
¥ 7N c i 7N2
Crki | MSB L \ LSB
Digital | Xout
n, Assembler n
N, =2
N, = 2"

» Can operate asynchronously after S/H

» If clocked, C, «, must be delayed from C 4,

« Full-range of Residue signal is Vgge/N4

* Reduces number of comparators from 2™ to 2™ +2™
* Vgeps Can be reduced by a factor of N, from Vgee

o No improvement in offset requirements on comparators of second-stage flash

o Common-mode signal swing on comparators in second-stage flash reduced
by factor of N,

o DAC accuracy and difference amplifier performance important



Three-Step Flash ADC

Residue 1 Residue 2

VRer l VREeF2 i

+
XiN _/ Flash - Flash
—> SH ADC; DAC1 ADC,
T T N4 Ny N3
Coi Cuks1 VISB Cikz MSB Ciks LSB

Digital Assembler

\

Xout

N1 = 2n1 n
N, = 2"
N, = 2"

Can operate asynchronously after S/H

Full-range of Residue 2 signal is Vgge/(N4N,)

Reduces number of comparators by factor from

Vrers Can be reduced by a factor of N, from Vger, 2mTTs tg 2M 2™ 4 2™
Common-mode signal swing on comparators in second-stage flash reduced by factor of N,
Common-mode signal swing on comparators in third-stage flash reduced by factor of N;N,

No improvement in offset requirements on comparators of second-stage or third-stage
flash

DAC accuracy and difference amplifier performance important

Complexity appears to be increasing



Two-Step Flash ADC with
Interstage Gain

Residue
\/REle
Flash
ADC,
f C T
CLK1 LK2 ' LSB
Digital _ _’_X>OUT
Assembler n
= 2"
Ais typically N,

Dramatic reduction on offset requirements on comparators of second-stage flash
Common-mode signal swing on comparators in second-stage flash reduced by
factor of N,

DAC accuracy and difference amplifier performance important

Amplifier accuracy and linearity important

Speed and power degrade due to A amplifier and diff amplifier

Complexity appears to be increasing even more !!



Two-Step Flash ADC with
Interstage Gain and S/H

Residue
VREFl VREFZl
Flash r Flash
as - as
> > S/H
S/H ADC; DAC A ADC,
T T 7Ny T T N>
Ciki Cux MSB Ciks Cuia | LsB
. Xout
Digital Assembler L
— oM n
N, =2

« Second S/H eliminates need to keep output of first block constant when Flash
ADC, operates

« Aistypically N,

« Dramatic reduction on offset requirements on comparators of second-stage flash

« Common-mode signal swing on comparators in second-stage flash reduced by
factor of N,

— DAC accuracy and difference amplifier performance important

— Amplifier accuracy and linearity important

— Speed and power degrade due to A amplifier and diff amplifier

— Speed and accuracy degrade due to S/H

— Complexity appears to be increasing even more !!!



Two-Step Flash ADC with
Interstage Gain and S/H

DAC

Residue
VREFZl
+ Flash
as
S/H ADC,
f i
Ciks Clka

L4 n2

LSB

Digital Assembler

Xout

Slice can be repeated to obtain three-step Flash ADC

4'n1

MSB

DAC

Residue

=+

Termination

VREle
Flash
H |
S/ @
f
CLKS CLK4

L n2

LSB

VREFl
Xin Flash
g S/H o ADC;
f ol ™
CLK1 LK1 MSB
VREFl
Xin Flash
> S/H = ADC;
!
Ciki
Ciki

Digital Assembler

Xout

| E———

n

If limitations can be mitigated, further reduction in comparators with 3-step approach



Three-Step Flash ADC with Interstage Gain and S/H

XiN
S/Hq

Flash
ADC,

Ciko

N, = 2"
N, = 2"

A, is typically N,

Cuiki

N1

MSB

N2

Termination

S/H,

Flash
ADC3

CLK4

CLK5

N3

l

A, is typically N,

Often A, =A, though not necessarily

« S/H1 frees first stage to take another sample during second stage conversion

« S/H2 frees second stage to take another sample during third stage conversion

« This has a pipelining capability
« The pipelined approach dramatically improves speed (close to Flash if A is fast)
« Significantly reduces the number of comparators

* Introduces latency but not of concern in most applications
— Performance of A amplifiers and S/H can be demanding
— But even more complexity is of concern !!!

Xout



Three-Step Flash ADC with Interstage Gain

™ S/Ho

Terination

Ciko

+ +
_ Flash = _ / Flash = Flash
~{_ADC; DAC1W SiHy ADC, DACZW SH: ADC;
f N3

nq n2 T
Ciks
Cika

Xout

e

C. MSB Cixo Cix

Can be extended to more than 3 stages

Can go up to 16 bits or maybe a little higher

Could be as few as one comparator in each Flash ADC

Further reduction in number of comparators

( e.g. if one comparator per stage, need only n comparators)

More latency with more stages but still seldom of concern

If gains are large enough, comparator offsets in later states can be large
Will show that with minor modifications, comparator offsets can even be
large in first stage

Can partition stages differently



Three-Step Flash ADC with Interstage Gain
Repartitioned Stages

™ S/Ho

CLKO

™ S/Hp

CLKO

Stage 1 Stage 2 Termination
Flash Y Flash iy Flash
as - as - as
e pac; >=( ) S/H o pac, »={( ) SH, ADC,
nq N2 T n3
CLTK4 Ciks
MSB l Xout
Ciys Cika__| Cuiks
Digital
Assembler n
Stage 1 Stage 2 Termination
Flash i Flash - Flash
as - as - as
e pac; »>={( ) S/H e pac; >=( ) SH, ADC,
Ny nz T N3
CLTK4 Ciks
MSB l Xout
Cuki1 Cikz Ciks
Digital

Assembler




SAR
Pipeline
Delta Sigma

- - Folding Interpolating
Delta Sigma
Modulator

Two-Step
Flash

Total

— S/H »| Stage 1 I Stage2 |—2 ese—» Stagek | eee —»| Stagem
f n4 f Nz f Nk % Nm
<b> <b,> <b,> <b,>

Pipelined structure is widely used

More than one bit/stage is often used

Optimal number of bits/stage still an area of debate

Conceptually can simply design one stage and then copy/paste to increase
resolution

Accuracy (and correspondingly power) in latter stages can be dramatically
reduced

Latency is inherent but not an issue in most applications

Most power consumed in op amps

Power dominantly allocated to S/H and MSB stages

728
294
187

66

1293



Pipelined ADC

Mk .

Stage 1 -, Stage 2

D

<b.> <b,> <b> <bm>

2,

— S/H

Y

ee—» Stagek ee —»| Stagem

Digital Assembler can simply concatenate individual outputs for some stage
architectures

In this case the Digital Assembler can be a set of m-parallel shift-register
blocks with output on the last stage

Latency is equal to the number of stages times the conversion time/stage



Pipelined ADC

Nm
2
Crk1 Ciks f r

Ciks Clime+1
Cixo MSB Cikz Cika

+ + +

| Flash - Flash = Flash - | Flash

S/Ho ADC; % oac >=() b S/H <{_hDey T pac; >=() » S/t J‘<ADca T oacs >=() e S/Hn ADCp,
n t ns

Xout
-

‘ Digital Assembler

Xink—— ilgsc?k S/Hc — Xoutk
c f
LK1 Cik2
—> Digital Assembler —

Pipeline Stage



Pipelined ADC

Digital Assembler

r r I
—| S/H » Stage1 |[—'»| Stage?2 2 eee—> Stagek k eee —» Stagem
n4 Ny Nk Nm
<b,> <by> <b> <bm>
Cu !
I N4 N4 Ny N4 N4 N4
<b1> bits bits bits bits bits bits
N N2 N N2 N N2 [
<b2> bits bits bits bits bits
<b3> — n3 N3 n3 n3 .
bits bits bits bits
Xout=<N{:No...:Nnp>
— Ny n —_— Ny
<ba> bits bi"és bits
—» N5 N5 I —
<b5> bits bits
<b6> —= l:?i%s —



Pipeline Stage

+
Xing——— ilgséhk DAC ‘ » S/H, > Xoutk

7Nk T
CLK2

—> Digital Assembler —

Appears to be lots of complexity

S/H is sampling a near-static signal on all stages (except stage 0)
|deally the stage gain is chosen to achieve maximum signal level
at the output if Ve fixed for each stage

Will show that dominant source of power dissipation is typically
the amplifier



Example of 1 bit/stage pipeline

« A=2 forallk

« ADC is simply comparator in each stage

» Stages could be identical though often relaxed requirements on
latter stages to reduce power

VREF |
Vin Stage 1 ijsl Stage 2 Vies2 vee _. | Stagen Vrest
- 1 bit/stage 1 bit/stage 1 bit/stage
E e e >
1 1 1
. d1 d2 dn
i . . I:)out
e - Staggered Depth Shift Register -
LK
Doyr = <d1d2 ... dn> *Functional form of output particularly
attractive and simple
n d
Vour =V — . . . .
ouT REF; D Similar relationship for any integral number

of bits/stage
24



Pipelined ADC Stage k

(Redrawn for convenience)

Pipeline Stage




Pipelined ADC Stage Kk

Pipeline Stage

LE
s, H-— X
— |
= 5
O |\e—— ¥ '
£ :
Nk J E
\
dx VRer Crk

Usually Realized as
Single SC Block



Pipelined ADC Stage k

Pipeline Stage

XouTk
»-

Usually Realized as Flash ADC

(often simple comparator if n,=1)



Pipelined ADC Stage k

Pipeline Stage for 1 bit/stage

Voutk

s =
§ | + SHHe [+
s — |
(Bl ¢ ;
: @) a i
E \ E
L i
5 A =2

\j

d VRer Cik

Assuming —V"’ZEF <V, < Veer

2ViNk +
VouTk =

V,
2V|Nk _ R2EF

VREF
2

2

VlNk <0

VINk >0



|ldeal Transfer Characteristics for 1 bit/stage

_/

Vour 4

2ViN +—VR25F Vin <0 T

vES
O

Vo =

2\/lN—% VIN>0




Consider the following circuit

d,
C
o, -2 N
Vin 0 \
1 ( ~
\ Vour
Vi C1
®, v —t
o, | |
(DZ ;
» ' >
T




Consider the following circuit

,
C
) A o
Vin \
—' o,
[
\ Vour
Vi C; —
o v
During &,
Co
4
Vin \
< >
Vour
C;
D,
Vet




Consider the following circuit

During ®;

Vour

D,




Consider the following circuit

®,
® (/:2 P,
Vin \
—' »;
( ~
V
VX C1 ] ouU
D, vt 1t
During @,

C>
%

< >
Vour
Vx C1 T




Consider the following circuit
Q= Cl(VIN _V+)

During @, Q, =C,(Vi - V')

Cz
%

< >
Vour
Vy C1 —

ve 1t

Define Q, to be the charge transferred from C, during phase @,

Qir :CI(VIN _V+)_C1(VX _V+):C1(VIN _VX)

Define Q, to be the total charge on C, during phase @,

Q2F — Qz +Q1T — Cz (VIN _V+)+C1(VIN _VX): (Cl +C2 )VIN _sz+ _CIVX



Consider the following circuit

During &,

Cz
%

< >
Vour
Vx C1 T

ve 1t

QuF =(C1+C2)VN—CoV" —CyVx

C C
Veor 2% Z(I-I——IJVIN -V -——V,
2 2 2

. C C
Vourr = Vep + V7 = (1 +C—:jVIN _C_;VX



Consider the following circuit

®,

o, (/32 o
Vi \ 1
o, ,
: ( .
Vier C1
2 ®,ed, *
5
_T ¢2°CT|<
C1 C1
VOUTF = (1 + ]VIN -~ VX
Co Co

% for V>0
Assume  V, =-

VREF
——==  for V_ <0
L 2 ‘N

If C,=C,=Cand Vx=- VRZEF i.e. Viy<0

VREF

VOUTF =2VIN +

Vour




Consider the following circuit

®,
o, 92 N
Vin \
4| Of
[
\
Vaer C:
2 Oredy
VREF Jj
- 2 q)z'CTk
C1 C1
V, = 1+ Vi -V
OUTF [ leN C, X
Voer for V>0
Vy =
VREF
Likewise ——, for Vi <0
If C,=C,=Cand Vx = VRZEF i.e. V>0

V
VouTF =2VIN ——R2EF

Vour




D,

Vour

<
Z
<9 \
O~ —~0
- N
|
©

2 Oredy JjJr
VREF

2 CDZ.CTK

Thus, summarizing

2VIN + VREF VIN <O
VO =< 2

ZWN—% VIN>0

\



1-bit/Stage Pipeline Implementation

v
P C, L B iy W 2 S/H ] Yo
[ ® | = : |
Vin \ 7y
; ( ~ | (s |
\ Vou | 3 |
VREF C1 -
7 chOdk J+ I— —————— — J
\ d
2 ®,ed v c
RE
( V
2VIN + RZEF Vin <0

ZWN_% Vin >0



1-bit/Stage Pipeline Implementation




Pipelined ADC Stage k

..... LR e

XouTk

Have implementation Have implementation
with simple comparator with Single SC Block

Have shown simple implementation with 1-bit/stage structure

Implementations with 2-bits/stage or 3-bits/stage also straightforward



Typical SC Pipeline Stage

+
a— i'gschk pacc »>=( ) » SiH, —> Xoutk

f Nk ¥

CLK1 CLK2

—> Digital Assembler —

Very simple and compact stages are used

For 1 bit/stage (Digital Assembler not shown)
OF!

(o} C,=C

[ o
Vink ’J \ 2

__
Veer I—S1 (]
2 \ o Vourtk
C 1= C ON
l\ J /

F Towk —»‘

Clock is complimentary
0D
nonoverlapping 0. ‘l




Typical SC Pipeline Stage

For 1 bit/stage (Digital Assembler not shown) X“* ™

Amplifier and S/H b,
>, C2=C
/ q) CD1
Vink o N
Veer I—/1 ( O
2 V
| C1=C CD»] OUTk
-+ VREF o i /
2
ADC I d J7 ~

do,

DAC

Pipeline Stage



Typical SC Pipeline Stage

For 2 bits/stage (pigital Assembler not shown) o, x| - » SHe > Xoom

Nk
Cuki C
®, C,=C e

r/ 4{ ®, ®, —»‘ Digital Assembler F
Vink o, —
VREF V 3VREF e
4 4
Cc @

Veee 2Veer
| ‘2 | Voutk
E + 1 + | _~
VRer
dd1 dd2 dd3

Gain =4
v =V (1+Cu+0m+0mj-[d (ijm (Cm}d (an]v V. =4V -(d_+d +d )V
out IN C:2 d1 C:2 d2 C:2 a3 (:2 REF OUTk INk dd1 dd2 dd3 REF

» Directly use thermometer code outputs
« Can be extended to more bits/stage
* Accurate gain possible with good layout



Operation of Pipelined Amplifier

Xink '
|deal transfer characteristics (1 bit/stage) L §
z )
| & [ 8
A TVREF
Vie —¢ . VRe — - ?
Vk. & ~ Vr. é S
Input Input Input Input
Stage k Stage k+1 Stage k Stage k+1

48



Operation of Pipelined Amplifier

Xink

Amp
|deal transfer characteristics (1 bit/stage) L
. 3 9)
Cik | © ‘ 5
VR+ ------------- T
d V
Ve, &
Input Input
Stage k Stage k+1

49



Operation of Pipelined Amplifier

|deal transfer characteristics (1 bit/stage)

Vey — ¢ - T
Vg, & P
Input Input
Stage k Stage k+1

X § EEE>F4;§wW
<C ]
(@)

CLK

)
Nav >+
]

A TVREF
?
e o o
9
Input

50
Stage k+2



Operation of Pipelined Amplifier

Xink E Amp E ou
|deal transfer characteristics (1 bit/stage) L /+
Vv M C_> ;U; ‘ g '
d TVREF

A Gainof Amp =2

||||||||||

Input VR«



Operation of Pipelined Amplifier

|deal transfer characteristics (2 bits/stage)

TVREF

=4

A Gain of Amp

VR+

INndinQ

EA |
Input
Stage k+2

8
Input
Stage k+1

/R+

&
Input
Stage k

/R-

VR+

Input



Interstage Amplifiers

Xink

|deal transfer characteristics (1 bit/stage)

A

|
Nav o—

Input VR«

But what really happens?
53



Interstage Amplifiers

|deal transfer characteristics (1 bit/stage X : Am X
istics (1 bit/stage) | § %*
But what really happens? o 8 g
; A
;4 2 d Tv

¢ ()
[
Vin \ _/cb2 1
4| o,
{ >
VOUT
C ON ]
@2 1 l / \;I_ T Vourta
i . C INA
Durin =2 _
J7 uring ®, 2 cC, _
R

R 2
VN ——— AW AVAYAYA
B Vour
s
SR, Rung _6A 8
R . R/+R _ -6A R - -
ﬁ_R1+R2 Arg =— R21 _1+AB_1+1AB ” 1+ABA ﬁ 54

1+ A
R, +R,



Interstage Amplifiers

|deal transfer characteristics (1 bit/stage) X V
g

Nav o+
]

But what really happens? — .
o A S DO
0¥ 2 o di TVREF

C
o HTE]
o, | ¢ iq% r / A 0A 0

During &, ﬁ=C1+CZ 0=1

If ideally C,=C, so that ideal gain is 2, will the actual gain be larger or smaller than 27?

Depends:
Finite gain of Op Amp tends to make actual gain < 2

Capacitor mismatch could make gain larger or smaller than 2 -
For reasonable gain in Op Amp, mismatch effects likely will dominate



Interstage Amplifiers

|deal transfer characteristics (1 bit/stage)

But what really happens?

AVouta

A Vb

Output Range

-

»
|

|
Voo ViNa

|ldeal Op Amp Transfer Characteristics

XINk ; Ay—i* Tk

|
Nav o—

+>/OUTA
Vina

Op Amp (not Amp above)

56



Interstage Amplifiers

|deal transfer characteristics (1 bit/stage)

But what really happens?

VOUTA

XINk : Ay—:—>

)
Nav o
]

CLK

A TVREF

4 Vouta
4 Ve
y For general FB amplifier
: A (not that in pipelined stage)
O o A 1
' — 2 = = —
Voo ~ Vma @ FB
1+AB " 8
3
For FB ampilifier in pipeline
A ©
v i > AFB = 1 +AB \A\fo ﬂ
Voo Vina

Finite Op Amp Gain

Y



Interstage Amplifiers

XINk : Am E OUTk
|deal transfer characteristics (1 bit/stage) L W
3 S 5
But what really happens? Cuc] © ‘ 8
Vours AVouta
d Iy
Voo T
DDDDD ) A
c
]
v
H
+ T v 3
ViNa >OUTA v
b ViNa 58

Output Range Limited



Interstage Amplifiers

Xink

|deal transfer characteristics (1 bit/stage)

)
Nav o
]

But what really happens? Cu

d TVREF

A
Vouta

DDDDDDD

4+ |t vV
OUTA
ViNA
- _ V::)D \;INA

Output Range Limited and Transfer 39
Characteristics are Nonlinear
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Stay Safe and Stay Healthy !
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