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Outline

oelsiese’s

a Background
= General idea of multi-step/subranging A/D conversion
a Pipeline ADC basics
= Ideal block diagram and operation
0 Nonidealities and correction mechanisms
= How to cope with circuit nonidealities
o CMOS implementation details
= 1/O, MDAC, comparators, OTAs, stage scaling, ...
0 Architectural options
= OTA sharing, SHA-less front-end

0 Research topics
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Pipeline Decomposition

1 it it 1

— Stage1 |—— Stage2 p|—— Stage3 |—— Staged

~

1

—— Stage 1

Backend ADC

a Convenient to look at pipeline as a single stage plus
backend ADC
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Canonical Extension
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(ideal)
VmAI)C

out

G, £, G. Eq(n-1 Gy Eqn
D, =V, inc +gq\[l_GilJ*'GL[I_#J+"'+#[1_G(7 + n-lq

a1 d1 a2

0 First stage has most stringent precision requirements
0 Note that above model assumes that all stages use the same reference
voltage (same full scale range)

= True for most designs, one exception is [Limotyrakis, ‘05]
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Vyestnt) Backend ADC

o
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General Result — Ideal Pipeline ADC

0 With ideal sub-DAC and ideal weights (G=Gy)

g n-1
I = Bapc=B,+,109,G;

1 ]
. J=
GI

Doyt =Vin +

3

J=
0 The only error in D, is that of last quantizer,
divided by aggregate gain
a Aggregate ADC resolution is independent of sub-
ADC resolutions in stage 1...n-1
0 Makes sense to define “effective” resolution of j*
stage as Ri=log,(G))
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Common Variant: “1.5-bit Stage”

oelsiese’s

+1

0 +1 —

Vi, Eqb
Sub-ADC decision levels placed to minimize comparator count
Can accommodate errors up to Vs LSB

B =log,(3) = 1.589 (sub-ADC resolution)

R =log,2 = 1 (effective stage resolution)

See e.g. [Lewis 1992]

0O 0 0o o
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1.5-bit Stage

a B =log,(3) = 1.589 (sub-ADC resolution)
o R=log,2 =1 (effective stage resolution)
o 0.5 bit > redundancy
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Redundancy

seseees

0 The preceding analysis applies to any stage in an n-stage
pipeline
o Can always look at pipeline as a single stage + backend ADC
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Redundancy

seseees

o In literature, sub-ADC redundancy schemes are
often called "digital correction” — a misnomer!
o No error correction takes place
0 We can solerate sub-ADC errors as long as:
= The residues stay "within the box", or
= Another stage downstream "returns the residue to within
the box" before it reaches last quantizer
a Let's calculate tolerable errors for the popular "1.5
bits/stage" topology
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Combining the Bits

0 Example: Three 2-bit stages, no redundancy

B,=2 B,=2 B,=2
R,= R,=2
Via Stage 1 Stage 2 <Stage 3
2.t o, 2 o, 2 } o,
DDM 6
¥ +
1/2° 1/2

1 1
Doyt =Dy + 4 Dy +2Ds
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Combining the Bits

eelsieeels

P, XX Only bit shift
D, XX . ny.|15|.sl .
D, XX * No arithmetic circuits needed

D,,, DDDDDD

B,=2 B,=2 B,=
R,=2 R,=2
Vi Stage 1 Stage 2 { Stage 3
MSB ‘ ‘ LSB
Dok.-[s 0]
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Combining the Bits

0 Example2: Three 2-bit stages, one bit redundancy in stages 1
and 2 (6-bit aggregate ADC resolution)

oelsiese’s

Combining the Bits

D, XXX « Bits overlap
1 1 D, XXX .
Doyt =Dy +Z@ +ED3 D, xx Need adders
D,,, DDDDDD
B,=3 B,=3 B,=

R=2 R,=

2
Vi —{ Stage 1 }—{ Stage 2 I Stage 3

D,

B,=3 B,=3 B,=2
R,=2 R,=2
Via Stage 1 } I Stage 2 I /Stage 3
| “8 Wires* I
272
“6 Wires"
[T 2
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Combining the Bits
gl ooiu « Bits overlap
Doyt =Dy +%D2 + %Da Dz 10 * Need adders

D,

out[5:0]
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Gain Errors
Vn.u(n—l/
n-l
¢ o
Dn
d(n-1)
G +A g,
D = Ve + 8| 1= | ——
) G, +A
Ga+a)] ],
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out[5:0]
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¢ Gain Stage Offset
.
o Input referred converter offset — usually no problem
0 Equivalent sub-ADC offset - easily accommodated through
redundancy
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¢ Gain Errors
.
0 Gain error can be compensated in digital domain
= "Digital Calibration"
0 Problem: Need to measure/ calibrate digital
correction coefficient
0 Example: Calibrate 1-bit first stage
a Objective: Measure G in digital domain
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Calibration — Step 1

oelsiese’s
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Calibration — Evaluate

seseees

-7y 12)

Dmkm =G-
Ve
v -
_Dlmk(z) =G-( in 0)
Ve
Dnm“) _Dhmm =-=

0 To minimize the effect of backend ADC noise 2>
petform measurement several times and take the average
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¢ Digital Gain Calibration
Vm
vvel
D=0 D=1 Viea = G'(Vin - VDAC)
Vst I Vose(D=0)=0
VoscD=D=V,, 2
0
0 — Vi
Vm
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¢ Calibration — Step 2
@
Vs =GV, -0)
V,—0
D, "> = G-M — store
Ver
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¢ Gain Element Sensitivity
Vi ae
out
£, £, G g,
Do =¥y e+ sq,[l _§]+ GL’[I— Gij++#(1_c'7>]+ o
a1 a1 a2 HGd] d(n-1) HG.i,
J=l jA
0 Highest sensitivity to gain errors in front-end stages
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“Accuracy Bootstrapping”

eelsieeels

<——— Direction of Calibration “Sufficiently Accurate”

v [
L‘ Stage 1 H Stage 2 H Stage 3 |— "—<En bits l
I T T

o [A.N. Karanicolas et al. "A 15-b 1-Msample/s digitally self-calibrated
pipeline ADC," IEEE J. Of Solid-State Circuits, pp. 1207-15, Dec. 1993]

o [E. G. Soenen et al,, "An architecture and an algorithm for fully digital
correction of monolithic pipelined ADCs," TCAS 11, pp. 143-153, March
1995]

o [L. Singer et al,, "A 12 b 65 MSample/s CMOS ADC with 82 dB SFDR
at 120 MHz," ISSCC 2000, Digest of Techn. Papers., pp. 38-9]

Stage k
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Sub-DAC Errors

0 Can be corrected digitally as well
0 Essentially same calibration concept as gain errors

= Step through DAC codes and use backend ADC to measure DAC
errors

Sub-DAC Errors

oelsiese’s

0 Can be corrected digitally as well
0 Essentally same calibration concept as gain errors

= Step through DAC codes and use backend ADC to measure DAC
errors
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Stage Implementation

seseees

Flash ADC "MDAC"

Switched-
Capacitor
Circuit

Penn ESE 568 Fall 2017 - Khanna adapted from Murmann
EE315B, Stanford 28

Penn 68 Fall 2017 - Khanna adapted from Murmann
EE315B, Stanford 25
Calibration Hardware
[E. G. Soenen et al., "An
architecture and an
E algorithm for fully digital
correction of monolithic
} pipelined ADCs," TCAS I,
H pp. 143-153, March 1995]
s
3
o Digital is "free" and "easier" to build than precise analog
circuits...
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Generic Circuit
Vin o1 Calkc1]
. 1
Ir
mel
Flash ADC Sonclkc1]
o T 02 Viepn
(sample, amplify, output ) @
‘o binary
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Endless List of Design Parameters

eelsieeels

0 Stage resolution, stage scaling factor

0 Stage redundancy

0 Thermal noise/quantization noise ratio
o Amplifier architecture

0 Switch topologies

o Front-end SHA vs. SHA-less design

0 Calibration approach (if needed)

a

Technology and technology options (e.g. capacitors)

0 Very complex optimization problem!
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EE315B, Stanford 30




Thermal Noise Considerations

0 Total input referred noise
= Thermal noise + quantization noise
= Costly to make thermal noise smaller than quantization noise
o Example: V=1V, 10-bit ADC
= Ny, =LSB2/12=(1V/21?/12=(280uVrms)?
= Design for total input referred thermal noise ~280uVrms or larger, if
SNR target spec allows
0 Total input referred thermal noise is the sum of noise in all
stages
= How should we distribute the total thermal noise budget among the
stages?

= Example...

Stage Scaling

oelsiese’s

a Example: Pipeline using 1-bit stages (G=2)

4| Stage 1 H Stage 2 H Stage 3 }—— -
012

0 Total input referred noise power

Ny ckT| 4ty 1
c *ac, T16C,

Penn 568 Fall 2017 - Khanna adapted from Murmann
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¢ Stage Scaling
c,2 c2 cy2
11 Il I
Ll i i
C1 C: Cl
v, — -
Nior <kT| — L +L+..4
c1 "ac, T,

0 How about scaling caps down by 22=4x per stage?
= Same amount of input referred noise from every stage
= All stages contribute significant noise
= Noise from first few stages must be reduced to keep same
overall noise
= Power ~ G, Power ~ C > Power goes up in first few stages!
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Stage Scaling
0 Example: Pipeline using 1-bit stages (G=2)
c,2 c,2 cy2
Ik 1| 11
i L L
c, c, c,
Vin —
Niot kT l-¢-L+L+<..
C, 4C, 16C,
0 If we make all caps the same size, backend stages
contribute very little noise
0 Wasteful, because Power ~ G
= For fixed speed (Speed ~ G, /C), Power ~ C
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Stage Scaling
Extreme 1: All Stages the Same Size
Noise Per Stage Power Per Stage
012 N-1 k
Extreme 2: All Stages Contribute the Same Noise
Noise Per Stage Power Per Stage
012 N1 k 012 N1k
o Optimum capacitor scaling lies approximately
midway between these two extremes
Penn ESE 568 Fall 2017 - Khanna adapted from Murmann
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¢ Shallow Optimum
:
=0 (low speed) n=12 1 =1 (high speed)
[Chiu 2004]
: . i
H H K
] a4 a
5 5 §
$ $ 2
10"
o s e o s 2 [CR R TR
Taper factor x Taper factor x Taper factor x
0 Capacitor scaling factor = 28
= R=stage effective resolution
= x=1 - scaling exactly by gain stage
Penn ESE 568 Fall 2017 - Khanna adapted from Murmann
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Practical Approach to Scaling

0 Start by assuming caps are scaled precisely by stage gain
= E.g. for 1-bit effective stages:

C2 Cl4 C/8
I} I} Tl
i i I
Cc Cr2 Cr/4
Vo — e

0 Refine using first pass circuit information and Excel
spreadsheet

= Use estimates of amplifier power, parasitics, minimum feasible
sampling capacitance, etc.

o Or, buy a circuit optimization tool...

= Rambus, etc.
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How Many Bits Per Stage
o Low per-stage resolution (e.g. 1-bit effective)
= (-) Need many stages
= (+) Amplifiers have small closed loop gain, large feedback factor
= High speed
0 High per-stage resolution (e.g. 3-bit effective)
= (+) Fewer stages
= (-) Amps can be power hungty, especially at high speeds
= (-) Significant loading from flash-ADC
0 Qualitative conclusion
= Use low per-stage resolution for very high speed designs
= Try higher resolution stages when power efficiency is most important
constraint
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Re-Cap

0 Choosing the “optimum” per-stage resolution and stage
scaling scheme is a non-trivial task

= But, optima are shallow!

0 Quality of transistor level design and optimization is at least
as important (if not more important than) architectural
optimization...

o Next, look at circuit details

= Assume we're trying to build a 10-bit pipeline
= Recent technology, feature size ~0.18um or smaller
« Moderate o high-speed ~100MS /s
= 1-bit effective/stage, using “1.5-bit” stage topology
= Dedicated front-end SHA
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Stage Scaling Examples
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Cs pF

2
1199 03 0303
o1 23 456 7
Amplifier Power mW.

pling capacitors. ¢ 7
stage 0 sampling switches stage (k)
[Cline 1996]
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Power Tradeoff is Fairly Flat

[Chiu 2004]

n = parasitic cap at output/total
sampling cap in each stage
(junctions, wires, switches, ...)

Min. power (normalized)

0 o1 02 03 04 05 06 07 08 09 1

Speed factor 1
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1.5-Bit Stage Implementation

[Abo 199] ([Lewis 1992]) |—o

Sz cf

I
SUB-ADC DAC 2X GAIN

0 C;is used as sampling cap during acquisition phase, as
feedback cap in redistribution phase
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1.5-Bit Stage Implementation (Acquisition)

oelsiese’s

Vo
= = Ve=Ve =V,
Qc=C.xV,
Qc=CxV,;
2X GAIN
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1.5-Bit Stage Implementation (Conversion)

seseees

Vpacinduces equal currents in C; and C;:
VpacxCy =—VoxCy
Ocr =Vpac*Cs

C
Vore Yo
91 C,
V,xCp=V;xCp+¥;xCy ~Vpgc <Cs il

Towl| _ _
Ocr ﬂ’QC/Ll*QC: Vpac *Cs

C, C,
Vo =Vi| 1+ =% |=Vpcx =+
s

oelsiese’s

1.5-Bit Stage Implementation (Conversion)

([72

L{{__{

" :

}Cf—
[_SIJ’, Vo
1

t 3
+Ved— D1,00 |Voac
4 MUX
+ I I =
v b
4
L | Il
SUB-ADC DAC 2X GAIN
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¢ Residue Plot
(L4 ) Vim GViy HEVi> Vigg/a
V=1 (1+%)v if =V /4 < Vi< 4V /4
(L+ &) Vit &V Vi< —Vieg/4
+Vref
| |
A [Abo 1999]
“Vref I/ +Viret
1 |
“Vret
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Cr I DLDO | Vpse
c=cs TVid s
Vi A<V<Vp/d |0 1 0
V, =2V ~Vpac Vi<V 00 +Vy
Penn ESE 568 Fall 2017 - Khanna adapted from Murmann
EE315B, Stanford 45
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: Common Variant: “1.5-bit Stage
:
. +1
-1
K 0 +1 —
v, Fab

in

Sub-ADC decision levels placed to minimize comparator count
Can accommodate errors up to V4 LSB

B = log,(3) = 1.589 (sub-ADC resolution)

R =log,2 = 1 (effective stage resolution)

See e.g. [Lewis 1992]

0o o oo
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Timing of Stages

eelsieeels

Conversion

Acaquisition
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Stage 1 Matching Requirements

Stage 1

+Vrgt

“Vref +Vref

“Vret

o Error in residue transition must be accurate to within a
fraction of 9-bit backend LSB
= For input referred (DNL) error < 0.5 LSB, we need AC/
C<05/2°20.1%

Penn 68 Fall 2017 - Khanna adapted from Murmann
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Capacitor Matching

a 0.1% achievable in current technologies

a What if we needed much higher resolution than 10
bits?
= Digital Calibration
= Multi-bit first stage
= Each extra bit resolved in the first stage alleviates precision
requirements on residue transition by 2x

= For fixed capacitor matching, can show that each (effective) bit
moved into the first stage

= Improves DNL by 2x
= Improves INL by V(2)x
= Multi-bit examples: [Singer 1996][Kelly 2001][Lee 2007]
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Reference Designs

Reference [Yoshioka, 2007] | [Jeon, 2007] [Loloee 2002] [Bogner 2006]
Technology 90nm 90nm 0.18um 0.13um
Bits 10 10 12 14

Bits/Stage 1-1-1-1-1-1-1-3 2-2-2-4 1-1-1-1-1-1-1-1-1-1-2 3-3-2-2-4

SNDR [dB] ~56 ~54 ~65 ~64
Speed [MS/s] 80 30 80 100
Power [mW] 133 47 260 224

mWIMS/s 017 0.16 325 224
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Typical Reference Generator
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[Brooks 1994]

Vref = R2AT* 2 VT InfA)
o Vrs + R4RIVbed

Regulated Supply

a0 H

500
L vref

our
+

Difterential
L Supply L Startup ———  ———— Bipolar Core - TReforence /—
eguiator

External decoupling caps provide dynamic currents
= Low power reference buffer
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o
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Comparators

o Can tolerate large offsets and large noise with
appropriate redundancy

o Consume negligible power in a good design
= 50-100uW or less per comparator

o Lots of implementation options
= Resistive/capacitive reference generation

= Different pre-amp/latch topologies
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Amplifier Design Considerations

eelsieeels

o Static amplifier error = 1/(DC Loop Gain)

= E.g. for 0.1% accuracy in first stage of 10-bit ADC, need
loop gain > 60dB

0 Dynamic settling error

= Typically want to settle output to ~1/8 LSB accuracy
within %2 clock cycle

0 Thermal noise
= Size capacitors to satisfy kT/C noise constraint
a Start with design that will deliver enough gain

= Or think about ways to compensate for finite gain error
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How Fast Can We Go?

oelsiese’s

a Settling linearly to 0.1% precision take 7 loop time
constants; typically budget ~10 time constants

0 Ideally, we’d have Y2 clock cycle to settle lineatly,
but need more to account for slewing
= Assume 60% of half cycle is available for linear settling

o Sampling speeds of 200-300MHz are “easily”
achievable in today’s technologies

= Speed ultimately constrained by power, power efficiency,
and/or clock jitter
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Big Ideas

a Pipeline ADCs
= Used for moderate resolution
= Higher speed, but includes latency
0 Modeled as first stage with sub-ADC

= Stage bit resolution, Stage gain, # of stages - design
pammctcrs

o Non-idealities can be mostly digitally calibrated
o CMOS implementations

= Complex optimization problem!
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o Project 1 out
s Due 11/17
= Clarity on measuring dynamic settling error
= See piazza
= Modified dynamic settling error spec
= See handout on web

= Piazza announcement coming. ..
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. . .
: Measuring Dynamic Error
.
—— Vin
- —— Vou
PN ’ o = Vout() = Vin(t = A1)
| ! ,/ Vm,ampmude
[ .
| i ! i i =
Clkioig 1 ' 1 : H ' t
[ I o A Measurement Conditions:
" o - « Input frequency: fi, = ©5/10 = 1MHz
Clkgamp . - : * Input range: Vi pp = 4V
t
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