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FLASH ADC ARCHITECTURE
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THERMOMETER CODE
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THERMOMETER CODE
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comparators ROM encoder
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FLASH ADC CHALLENGES: EXAMPLE

e Vpp=18V
B I 1mV e 10-bit — 1023 comparators
B e V=1V — 1LSB=1mV
- e DNL<O0.5LSB — V,<0.5LSB
1v e 05mV=350 — 0=0.1-0.2mV

e 2N-1very large comparators

e Large area, large power consumption

e Very sensitive design

e Limited to resolutions of 4-8 bits
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FLASH ADC CHALLENGES

128 |-
e DNL<O0.5LSB
32 e Large Full-scale voltage (V) relaxes offset tolerance
% e Small Vi benefits conversion speed
é_ 8 I (settling, linearity of building blocks)
=
2 -
0.5 |
| | | |
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ADC INPUT CAPACITANCE

A 2
2 Vth 2
o (V)= C,=10fF/pum
( th) WL ¢} IJ
N = 6 bit 63 t
s - comparators N (bits) | # of comp. Ci, (pF)
Veis=1V — 1LSB=16 mV
6 63 3.9
o =LSB/4 — 0=4mV
8 255 250
Ao =10 mV-pm — L=0.24 um,
vl
W = 26 um 10 1023

e Small V_ leads to large device sizes, hence large area and power

e Large comparator leads to large input capacitance, difficult to drive and
difficult to achieve sufficient tracking bandwidth

M. Pelgrom, A. Duinmaijer, and A. Welbers, “Matching properties of MOS transistors,” IEEE Journal of Solid-State
[ [ / Q
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FULLY-DIFFERENTIAL ARCHITECTURE

VR" VR Vi Vf
?f 79 Pa Latch e Vis effectively doubled

e 3-dBgainin SNR
e Better CMRR

v Y

e Noise immunity

/> b, * Inputfeedthrough is cancelled

e C, nonlinearity partially removed

V4

Encoder
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FLASH ADC DESIGN CONSIDERATIONS
e Use a dedicated S/H (or T/H) for better dynamic performance

— Can be avoided when using the A/D inside a A% loop

e Large input range for the quantizer has several benefits

— Increased step-size (V gg) relaxes offset requirements on the comparators

— Reduced matching requirements result in small input cap to the S/H, easier to drive

— Reduced input cap results in smaller clock routing parasitics — power savings in clock
drivers

e Comparator Design

— See comparator design notes/slides
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FLASH ADC: REFERENCE LADDER

e Differential reference ladder

Viop
% ' e Decaps on the reference taps
bot
V’jfjﬁ:’ b ~ d<14> — large RC time-constant will not allow reference
T % im J> o restoration after kickback noise
Vref<14>"  db<14> % — Small R will lead to power dissipation
>
'_ — Optimize RC time-constant value
E 7“-
O | 4-bit data ; ;
% = | (ADC output) . St.Jbtract .references from the input in a
Vref<14> __d<0> | Z differential manner
il P J' ©
T im — Several topologies are possible
_Vb ; Vref<0> ©~  db<0> ) o
© e Several architectures for the digital backend
Vtop — May need to pipeline digital logic at high sampling

rates >500 MS/s
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REFERENCE GENERATOR (FOR Vggrp AND Vieey)

Vdda
Vref
| | |
N S 'a ! [Brooks 1994]
" ' [ vrs e e progs oo MUSL BT £
gnd

(@) Vdda

+ FR4/R3 " Vbed
Regulated Supply ::I MPs b mMPg mpw?_ +VRZ.
" o
AT

| 1) Vieto - Vem) (15/R)

R
W .
V
ond o L AP -
Ci=F -C
vdd : B 1 — ext -
> ¥ Vieim - Bs =i
| X A8 MP13
»VH» 1) Vo - Vesm)(15/R) e e
Supply _J 1 1 y | Ditferential 1
L'ﬁe;m:ts::r Slnrlup Bipolar Core Reference

External decoupling caps provide dynamic currents
— Low power reference buffer
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FLASH ADC: REFERENCE SUBTRACTION
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REFERENCE SUBTRACTION: SCHEME I

Vdda
gnda

4

% >ji14>
+ _

SRR

Vip +
+ Vim

Amax : )

% ; »“\mﬂ,:r :

#D y>

Am

Employ reference ladder for subtraction

Choose current (/) such that differential
voltage drop across R=1 V|

Ladder is part of the signal path
— Comparator input cap load the resistor taps

— Excess delay

0.5V — AV

max 2

Paton, S., Di Giandomenico, A., Hernandez, L., Wiesbauer, A.,
Potscher, T., & Clara, M. (2004). A 70-mW 300-MHz CMOS
continuous-time A ADC with 15-MHz bandwidth and 11 bits of
resolution. IEEE Journal of Solid State Circuits, 39(7), 1056—
1063.
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REFERENCE SUBTRACTION: SCHEME II

Vada  gnda e Source followers to buffer v,_
e J — reduced swing, varies with PVT
y> e Ladderis part of the signal path
? % — Comparator input cap load the resistor taps

— Excess delay

+ d<14>
e
Anas, J., Kiss, P., Prodanov, V., Boccuzzi, V., Banu, M., Bisbal,

i

D., et al. (2006). A 32-mW 320-MHz continuous-time complex
gnda  Vdda XA ADC for multi-mode wireless-LAN receivers. IEEE Journal
of Solid State Circuits, 41(2), 339-351.
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REFERENCE SUBTRACTION: SCHEME III

e Differential difference amplifier for subtracting the

vdd reference
— followed by a zero crossing detector
GS gD e Relaxes the impedance requirements on the ladder
_f e Mismatch in differential pairs and tail current

sources results in comparator offset

— current trimming (see the reference below)

Finite BW of the amplifier causes excess delay

”iﬂ

o
o
=
I
=l
=
°

C{) (+> Mitteregger, G., Ebner, C., Mechnig, S., Blon, T., Holuigue, C.,
& Romani, E. (2006). A 20-mW 640-MHz CMOS continuous-
gnd time XA ADC with 20-MHz signal bandwidth, 80-dB dynamic
range and 12-bit ENOB. IEEE Journal of Solid State Circuits,

41(12), 2641-2649.
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REFERENCE SUBTRACTION: SCHEME IV

Vrefp  Vem

LJCI(La

LC ] LC

Vdda
—Lb
2
M1 M4 C r:'qos

|_ |
LR 7| o

Ipo—————"x
Y

: Il
ML T e
Co FlLa

Vrefm Vem

{ o

&l
R

Vi
ip -

C
Vrefp [l
T
AZ "V +>
| L
Il
C ,

Switched-capacitor reference
subtraction

— Pay attention to charge injection

ADC can handle large input swing

Slow when auto-zeroing preamp is
used

— Large settling time constant

— Reference subtraction in background
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EXAMPLE: FULLY-DIFFERENTIAL COMPARATOR
P v o A

L“” iR s
Il Mi M |_l l_l Mo M |_l = Vo"o—o——-I I-——o—ovo'

Y

v
Fully-diff. PA Latch

e Double-balanced, fully-differential preamp
e Switches (M,, M) added to stop input propagation during regeneration
e Active pull-up PMOS added to the latch
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FLASH ADC: ERRORS
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FLASH ADC ERRORS

Vi Ves Vi Strobe

r o o e SHA-less
Fs L fs
7| A < ) o—n ;[ e Signal and clock propagation
: T 7 ( > delay
6 « @, N
g —f
5 . = T e 2N-1 PAs + latches must be
< o
: : : g 7> Do matched
L] 2« O— -
. = = y>_j\ 5 e Synchronized clock strobe signal
A < Oo—Py is critical
0 = 2 e N
DQ4— 0 :“_ ¢ ~ J
N1
PA + Latch

Going parallel is fast, but also gives rise to inherent problems...
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PREAMP INPUT COMMON MODE

PA1 PAj PA j+1
1 - 1 o -
Ledr - dhedn -
H H H
V; o R
-l—_w_"l_ e M\ - My
- Vg VR
Vo' < V!

Input CM difference creates systematic mismatch (offset, gain, C,,, tracking BW, and CMRR) among
preamps
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SAMPLING APERTURE ERROR

-

;F' Cqa1 Coaz ;£ ® ) Mode
L
" ! :” oMy MzF"—"—° Vr Voto TJI' oV, “high” Track
[ s | A 9
A= Coa Cys2 A~ “low” Regenerate

A\

I " - w N

e Preamp delay and Vy,,, of sampling switch (M,) are both signal-dependent - signal-
dependent sampling point (aperture error)

e A major challenge of distributing clock signals across 2N-1 comparators in flash ADC with
minimum clock skew (routing, V;,y mismatch of M,, etc.)

Universityofldaho

College of Engineering




NONLINEAR INPUT CAPACITANCE

Rs
Vin, 4

WF —o Vout Vout
Vin % ;£ Cin(Vout)

Signal-dependent input bandwidth (1/R.C, ) introduces distortion
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INPUT SIGNAL FEEDTHROUGH

> M, M, VRJ /\/—’_\

+: Vin Rs \_/
_l_ Cgsl c:gsz T

*

Feedthrough of V, to the reference ladder through the serial connection of C
and C__, disturbs the reference voltages

Vi
(o]

wy-

AAA
vy
Y

AAA

vy

AN
Wy
Y
/

AAA

gs2
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COMPARATOR METASTABILITY

Do
A . . . ) .
e T+ Assuming that the input is uniformly
il distributed over Vg, then
e A
>V 1L.SB
j
- o , Vo(t)zvi(o)‘Awsz eXp(t gm/CL)
VOS

e Cascade preamp stages (typical flash comparator has 2-3 PA stages)
e Use pipelined multi-stage latches; PA can be pipelined too

¢ Avoid branching off comparator logic outputs
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COMPARATOR METASTABILITY

Vi 1 1 14
) ‘o ) o

Ml
N

I
g

|
i

Logic levels can be misinterpreted by digital gates (branching off, diff. outputs)
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BUBBLES (SPARKLES) IN THERMOMETER CODE

[EnN
[EEN
o

AN
vy

AN
vy

—D-O—”‘_J‘_o 100
[ }ﬂ' 011

010

A
vy

wy
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wy
AAA I lJ-
wy ©
AN
vy

Static/dynamic comparator errors cause bubbles in thermometer code
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BUBBLES (SPARKLES)

Vi
L 9 .
> o —
VRj+1 T
L >— 1 1LSB
. =3 j+1
VR L >— 0
— J
<E >_ 1 i > t
) : oA
Comparator offset Timing error
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BUBBLE-TOLERANT BOUNDARY DETECTOR
Vi

- ? . 0
1 N, 1 L4
= 2 DN 3-input NAND
0
L > — »1 e Detect “011” instead of “01”
) ~ 1]l only
= :F/ >- 0 ue: ” .
3 L e “Single” bubble correction
- e . .
= / * Biased correction

Ref: J. G. Peterson, “A monolithic video A/D converter,” IEEE Journal of Solid-State Circuits,
vol. 14, pp. 932-937, issue 6, 1979.
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BUILT-IN BIAS

O 0 O 0 “01 1 ” “001 ”

0 0 0 0 Case

0 0 1 0 Det. Det.

0 0 0 1 A ) @
> 1 0 0 1

) 1 1 0 B Fail ®

1 1 1 0 .

1 0 1 1 C ® Fail

1 1 1 1 D Fail Fail

1 1 1 1

Inspecting more neighboring comparator outputs improves performance
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MAJORITY VOTING LOGIC

c =C,,C;+C,C;,+C,Cpi}

® © ©
0 0 0 0 0 0 0 0 — —
0 0 0 0 0 0 0 0 Case 011" | Majority
0O 0 0 O 1 0 0O O Det. voting
0 0 0 0 0 0 1 1 A o °
= .10 0 0 0 0 1 1 _

S0 1 1 1 1 1 0 0 B Fail @
1 1 1 1 1 1 0 0
1 1 0 1 1 1 1 1 ¢ @ @
1 1 1 1 1 1 1 1 D Fail Fail
1 1 1 1 1 1 1 1

Ref: C. W. Mangelsdorf, “A 400-MHz input flash converter with error correction,” IEEE Journal
of Solid-State Circuits, vol. 25, pp. 184-191, issue 1, 1990.
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GRAY ENCODING

prasssssaass sy — o Sy
G =TT+ T, T 0000000 |000| 000
: — 1000000 | 001|001
G, =T,T; 1100000 | 011|010
1110000 | 010|011
EG3 T4 1111000(| 110|100
LessssssssEEEEEEEEEEEEEEEEEEEEEESE - 1 1 1 1 1 O O 1 1 1 1 O 1

1111110[101|110
Only one transition 1111111 100 111
b/t adjacent codes T LL L. T Gs G, Go B B, B,

e One comparator output is ONLY used once - No branching!
e Gray encoding fails benignly in the presence of bubbles

e Codes are also robust over metastability errors
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GRAY ENCODING

Thermometer Gray Decimal
111111111111100 1011 13
111111111111010 1000 15
11111111111 1001 1010 12

§G1 T1-?3+T5-|T7:
iG,=T,T, Conversion of Gray code to binary code is
G, =T, quite time-consuming - “quasi” Gray code

Ref: Y. Akazawa, et al., “A 400MSPS 8b flash AD conversion LSI,” in IEEE International Solid-
State Circuits Conference, Dig. Tech. Papers, 1987, pp. 98-99.
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FLASH ADC: BINARY DECODERS
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GRAY ENCODED ROM DECODER
clkm?

B!
ol

ot
=
ot
3

ot
i
il

IS
9

Thermometer-to-Binary Decoders for Flash Analog-to-Digital
Converters

Erik Sill and Mark Vesterbacka
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WALLACE TREE ADDER (1° ADDER)

2§—1
2N_2
— S |—> S
lFA| T~—{FA
—| C C sk= LSB
l_.——l FA
—» S S C
—> C > C Sl
FA
— S |—> S C
SFA| T~{FA ,_.——|
— C C ] ———
)/ =
3 [ s S c— MSB
2 —{FA FA/
] — ¢ »

Wallace tree decoder for an N = 4-bit flash ADC.
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FOLDED WALLACE TREE DECODER

m
4
b1
2Nk
k N-k —i}f ) Wﬂl‘lznﬁ::tec
212 ] T encoder
. ANk Nk LSB
2Nk MUX ' —— :
P MSB—k
2ovk | 5 o i
2Nk
MSB—k+1
Py .
Nk | 3 o . :
Nk /] MSB
MUX
control
04 -—- [IEEEE K
P, PP
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MUX-BASED DECODER

T
15 1
14 0
13 N
12 o
11 1,<
10 o
9 L
R P ot
A 6 ! 1
0 L~
5 | < 0 - .h
4 1 . 1
3 0 |~
m, < 0 bo
' 2 1 D—Iv-‘l
10—-2/ e
0 1 2 3

Y

i

Multiplexer-based decoder for N = 4 bits.
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COMPARISON OF DECODER SCHEMES

L I NG Ones—counter
-—-— ROM
------- MUX-based
g S5 - — — — Folded Wallace N
% p
o
o
=
=
< 5
o ~
R
4.5 : : ' S
0 3 6 9 12 15

o, [ps]
* Mostly custom design at higher speeds

Pipeline the digital backend at high-sampling rates to meet clock timing

* Tpd<TCK'(tpcq+tsetup)
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FLASH ADC: OTHER TECHNIQUES
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OFFSET AVERAGING (1)

TNPUTS PREAMPS LATCHES DECODE

Bl =Rl
3
Q Q
SR R +r2 An n Ref(n+1) <R2
E: = =
Rl Ehm
R2/R1=1.3
:ER R
Adn E Ref (n)
=R <R2
- >
: R 3R SRl 2Rl
g :
Q
Ain f Ref(n-1)

[Kattmann & Barrow, ISSCC 1991]
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OFFSET AVERAGING (2)

T-“pm before averaging -~————0

after averaging

input —

GDNL’!G
(=]
-
=]
e

simulation —+—

[Bult & Buchwald, JSSC 12/1997]

calculation @

Kattmann([8] % —

0.1 1
ratio R2 vs. R1 [log]
[Scholtens & Vertregt, JSSC 12/2002]
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FLASH ADC WITH AVERAGING

=

clk clkb 6mA
& 3000.35
W*mﬁ clk
by i
v
Vm-'lev v
Vom0V [H03=-684dBe]
3
L f'l_k clP T om
30010.%5
Yin !
Ehgik pow
200.35 |
v
clock
dlock ek I ¥ ., ook dock
Viat }%b E » H
Vur:@)‘h <k ::2:? }-I{ SR ateh
Gain=1 * E . g . E . 2
BW=1,2GHz . <|. - -3 : .
S H T b oigs
Hi 2 Encoder
vy : o

[Choi & Abidi, JSSC 12/2001]

Resolution 6 bits
Conversion Rate 1.3 GS/s
INL/DNL @ Fs =1 GHz 0.35LSB/0.2LSB
Input Range: 1.6 Vp_p differential
Input Capacitance (T/H) 1pF
Bit Error Rate @ fs =1 GHz | < 107'°
SFDR @ fin = 100 MHz > 44 dB up to 1.3 GS/s
SNDR @ fin = 630 MHz 35dB @ 1GS/is

@ fin = 650 MHz 32dB @ 1.3GS/s
Power Dissipation 500 mW @ 1 GS/s
{50% due to logic and clock) | 545 mW @ 1.3 GS/s
Voltage Supply 33V
Active/Total Die Area 2x0.4 mm? / 2.2¢2.2 mm?
Technology 0.35-um CMOS

Gois Averaging networks designed to

reduce input referred offset by 3x

University
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OFFSET CALIBRATION

I 0O
.-
. ouT
DEC -
1 |o
Y. \
CLK
e ] Calibration .
* < PAC | Logio -

S. Sutardja, "360 Mb/s (400 MHz) 1.1 W 0.35um CMOS PRML read channels with 6
burst 8-20x over-sampling digital servo," ISSCC Dig. Techn. Papers, Feb. 1999.
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COMPARATOR WITH OFFSET CORRECTING DAC

[K.-L.J. Wong and C.-K.K. Yang, "Offset compensation in comparators
with minimum input-referred supply noise," JSSC, May 2004 .]
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HIGH-PERFORMANCE FLASH WITH CALIBRATION (1)

- (/ia;

-\le )/

- I: Gl e

Mess: m,.., o comparator
From

resistor ladder

References for References for
edge comparator middle comparator

[Park & Flynn, "A 3.5 GS/s 5-b Flash ADC in 90 nm CMOS," CICC 2006]
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COMPARATOR REDUNDANCY (1)

» |dea: Build a "sea of imprecise comparators", then determine
which ones to use...

Ideal trip—points Comparator Selection
Calibration Engine
A \ da Sc
i B A oy 5
Dg B R @ --------- 4
r Do . 2c
DAC Y
| Bl El— I CHE
r E' =~ Ja 3c 5
i -Da-----2b---- 2o 2 7 IR Et
] 3b
AmIOgUP D Za dc
SEE CEREEET L TEEEE SRS SRR LA @ --------- 1
sb

C. Donovan, M. P Flynn, "A 'digital' 6-bit ADC in 0.25-um CMOS," IEEE J.
Solid-State Circuits, pp. 432-437, March 2002.
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COMPARATOR REDUNDANCY (2)

90mW 900mW N Jodhaueto
-l
= a}
. . =1 g' .
Vit Vip  controlsignals control signals B Classical 1 bit flash ADG;
5 = 3 g Use of 2™ precise
—— £ comparators
—— SleE " b data 52 - P
N . et ] EE] B Mo 5%
g s $ | thermometer-to-binary 55 2 £
2 = converier ? £ g “
‘E comparator ] £2 £ Input Voltage
amay —— w a
sigie phase losk| - é Digital averaging by
cortol dual e ok 38 ‘ \ This n bit lash ADC;
signals clock conditioner LA g8 Use of 4 x 21-1
o | |[180° 2 E comparatars with
control - 52 overapping decision
signals &E levels
5

Input Voltage
Fig. | Mustration of the ADC operation scheme.

Paulus et al., "A 4GS/s 6b flash ADC in 0.13um CMQOS," VLS/ Circuits
Symposium, 2004
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STOCHASTIC FLASH ADC

Llnpm _>_|—E‘ Z = output

e  Fully synthesized ADC using ‘digital’ comparator cells (large
offsets)

E‘ 5 5 : e Use more than 1 comparator for a reference threshold

-1 0 1 2 3
Comparator Offset (o) . .
—  Use ‘detection theory’ to make accurate decisions around a threshold,
§ s ___émA‘ "' ) m‘gﬁ by using more than one observation
Eg Eg e Low speed designs (<20 MS/s)
256 512 . ..
5% 573 A 6b Stochastic Flash Analog-to-Digital Converter
éimr 256 éi Without Calibration or Reference Ladder
= = Skvler Weaver!, Beniamin Hershberg!, Daniel Knierim?, and Un-Ku Moon!

=]
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FLASH ADC: CASE STUDY
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CASE STUDY: DISTORTION COMPENSATING FLASH ADC

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 41, NO. 9. SEPTEMBER 2006 1959

A Distortion Compensating Flash Analog-to-Digital
Conversion Technique

Venkata Srinivas, Shanthi Pavan, Ashish Lachhwani, and Naga Sasidhar

IN - TRACK /HOLD

DOUT

aN3XOv4 Tv.LIoId

OFFSET
CORRECT
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T/H DISTORTION

TA|
ideal ‘m-nnput [oiipiit /! Vier Al v
Al  Charactenstics” |y  Real T Inpit fOutmt"""""" ref?
: ) reft 6Al ... _Characteristic Vo
§'4A :E J: E a0 3 4l l :i Vo
3A| .. Y e 3A] : :, J:E Vg
2A . yd i:l:t ! E .,...,erz 2;3 . \ iil .:Jlibx"ﬂ
] 1 1 1 | ] poeen b |::
Al eV T i B > Treft
P R T R A 2A 3A 4A 5A 6A 7A
A 2A 3A 4A 5A 6A TA Input
Input
p Fig. 3. Flash ADC behavior with a real track-and-hold having static nonlin-
Fig. 2. Flash ADC behavior with an ideal track-and-hold. carity.
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PRE-DISTORTED REFERENCES

0.5
Replica track and hold
after the linear reference
voltages. :
o :
>y Vrerr 3 : :
‘.'.--:Vr::g 2 5 / : \/
. r:; Predistorted References g
r B L s S
" Vigta — — :
Vi
5 10 20 30 40 50 60
Output Code
@) {b)
0 0
SNDR = 27.27 dB SNDR = 37.42 dB
=10} 1 =10
=20 =20

|
g

Output PSD (dB)
Output PSD (dB)
L
8

0.25 05 [} 0.25
i

05

Fig. 5. ADC output spectrum with track-and-hold having static nonlinearity

with {a) linear and (b)
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ADC ARCHITECTURE

COMPARATOR DIGITAL
ARRAY BACKEMND

'

5

T
rf%%
I

T

.

21907 334HL 40 ALIHOMYIN

Track/Hold

MNONLINEAR
REFERENGE
GENERATOR

| N

COMPARATOR
SELECT
GEMERATOR

H3IA0IN3

1,

 ha Evm

Y

Y
H3d003Q u-jo-| OL HILIWOWHIHL

1

[

]
|
.

Clock N CLOCK

GEMNERATOR
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T/H CIRCUIT

Replica frack and hold
after the linear reference

‘-'I:‘WE.‘E

RLLERLE,
niirna
SR N -

SERNEE -
ERRN, -
lillg B

....... 3

a

OUTPUT BUFFER

INFUT BUFFER
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COMPE™™™7T

LATCH
PREAMPLIFIER Vdd
o LE
vip AZ f,
| ©e LCAZ
veo . IS g
AZ Vi + &( PRST |
Az 1LY - i | S
Vretm >~ [l g2 :é:"n
o | G
m A7 AZ
LE
L
TRACK & HOLD /,—/——
OuUTPUT
PRST | | PRST
Lc [ | LC |
LE | LE
LRST I_l |_| LRST |_|
6.25ns 6.25ns
Clocks during normal operation Clocks during autozero

Vdd

) |EI 2(0.711) j!i’
Vbias2

Schematic of the preamplifier.
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NON-LINEAR REFERENCE GENERATOR

6-bit Resistor String DAC Replica T/H Weld
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g. 12. Nonlinear reference generator.
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Fig. 13. Linear reference generator.
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ADC TESTING
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Fig. 19. Normalized output spectrum of the ADC.
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Fig. 20. Ilustration of (a) continuous background autozero mode and (b) dis-
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TEST RESULTS

37 : : 7 :
f, = 100 Msps 6.5 SUMMARY OF ADC PERFORMANCE
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