EE247
Lecture 22

* Pipelined ADCs (continued)
— Effect gain stage, sub-DAC non-idealities on overall ADC
performance
« Digital calibration (continued)
« Correction for inter-stage gain nonlinearity

— Implementation
* Practical circuits
» Stage scaling
» Combining the bits
» Stage implementation
— Circuits
— Noise budgeting
* How many bits per stage?
— Algorithmic ADCs utilizing pipeline structure
— Advanced background calibration techniques

* Time Interleaved Converters
» VCO Based ADCs (guest speaker: Rikky Muller)
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Pipeline ADC
Block Diagram

J—<ADC | DAC >—éa-

Stage 1 | Vs [Stage2 |[Vio Stage k
Vi B, Bits ~| B,Bits B, Bits
¢ MSB....... i ......... LSB

| 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”

EECS 247- Lecture 22 Pipelined ADCs and More © 2009 Page 3

Summary So Far
Pipelined A/D Converters

V, Vref Vf V
§° THGain [© ef

V.
in B, bits szits B, bits @» ADC

I I I
» Cascade of low resolution stages
—By adding inter-stage gain= 28Bsff
* No need to scale down Vref for stages down the pipe
» Reduced accuracy requirement for stages coming after stage 1
—Addition of Track & Hold function to interstage-gain >
 Stages can operate concurrently>
» Throughput increased to as high as one sample per clock cycle
» Latency function of number of stages & conversion-per-stage
— Correction for circuit non-idealities
* Built-in redundancy compensate for sub-ADC inaccuracies such as

comparator offset (interstage gain: G=28neff, BWf <B,)
—
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Pipelined ADC
Error Correction/Calibration Summary

Vos 83\/‘3

VIN1

DC

€Apc l D, €oac

Error Correction/Calibration
€apcs Vos Redundancy either same stage or next stage
€gain Digital adjustment
€pac Either sufficient component matching or digital

calibration

Inter-stage amplifier non-linearity | ?

I —
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Inter-stage Gain Nonlinearity

3
aSVX (V)

V V / B
) b ) »(+ Backend j—f——
P 9+2
(-
> eViesr)

* Invert gain stage non-linear polynomial
* Express error as function of Vggg,
» Push error into digital domain through backend

Ref: B. Murmann and B. E. Boser, "A 12-b, 75MS/s Pipelined ADC using Open-Loop Residue
Amplification," ISSCC Dig. Techn. Papers, pp. 328-329, 2003

—
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Inter-stage Gain Nonlinearity

3
a;Vy

VX PB N\ IDB,corr

- 7 L >+ 7
& ] () je(DB, Py
(23 + 89;:)—*/ S

-

|€(DB1p2): p.Dg" —3p, D’ +12p,Dg’ —+... |

* Pre-computed & stored in table look-up form
*p, continuously estimated & updated (account for temp. & other variations)

Ref: B. Murmann and B. E. Boser, "A 12-b, 75MS/s Pipelined ADC using Open-Loop Residue
Amplification," ISSCC Dig. Techn. Papers, pp. 328-329, 2003
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Inter-stage Gain Nonlinearity Compensation
Proof of Concept Evaluation Prototype

Vl SHA Stage1 Backend
Bbeﬁ gbeﬁ

¥ 9+2 ¥

Digital Post-Processor (Off-Chip)

DOUT+ 12b, 75MS/s

* Re-used 14-bit ADC in 0.35um from Analog Devices [Kelly, ISSCC 2001]
Modified only 1t stage with 3-b; = open-loop amplifier built with simple diff-pair +
resistive load instead of the conventional feedback around high-gain amp

+ Conventional 9-b4 backend, 2-bit redundancy in 15t stage

» Real-time post-processor off-chip (FPGA)

.

Ref: B. Murmann and B. E. Boser, "A 12-b, 75MS/s Pipelined ADC using Open-Loop Residue
Amplification," ISSCC Dig. Techn. Papers, pp. 328-329, 2003
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INL [LSB]

INL [LSB]

Measurement Results
12-bit ADC w Extra 2-bits for Calibration

(a) without calibration

— RNG=0
—— RNG=1 -

-10
0 1000 2COOdO 3000 4000 (b) with calibration
(b) with Saffbration A
10 ~ 05
0 0
10 1 ™. 05
0 1000 2000 3000 4000 "~.T ) ) ) )
Code 0 1000 2000 3000 4000
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Combining the Bits

« Example: Three 2-bit stages, no redundancy

1/22 1/22

1 1
S Bleff Dy+ SBleff ,B2eff Ds

Doy =Dy +

1 1
D,,;=Dj+—Dy+—D
out 1 4 2 16 3
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Combining the Bits

D, XX ) _
D, XX * Only bit shifts
D, XX _ _
____________ * No arithmetic
D, DDDDDD circuits needed
B,=2 B,=2 B,=2
B1eff=2 BZeff=2
Vin — stage 1 Stage 2
1D <7D,
! ’ N
MSB | =
Dout[S:O]
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Combining the Bits
Including Redundancy

« Example: Three 2-bit stages, incorporating 1- bit
redundancy in stages 1 and 2

B,=

Stage 3

“8 Wires"

2?7

Dout[S:O]
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Combining the Bits

1 1
Doy =Dy + 2 Bleff Dy + 2Bleff B2eff D3

1 1
D, =Dy+—Dy+—D
out = D1 4 2 16 3

B,=3 B,=3 B,=2
Bye=2 Boeii=2
Vin — Stage 1 Stage 2 \‘ Stage 3
af 1D, G e
— | 1
| HADEI—{ HADlJI—{ FADD H HADlJI-{ HADD I
| I
Dout[5:0]

* Bits overlap
* Need adders

D, XXX
D, XXX
D XX
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Combining the Bits

Example
B,=3 B,=3 B,=2
Bie=2 Bye=2
Vie — Stage 1 Stage 2 —@
s Dy (B Js
3
— | 1
| HADIJI—{ HADlJI—{ FADD H HADlJI—{ HADDI
I
Dout[S:O]

D, 001
D, 111
D, 10
D, 011000
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Pipelined ADC
Stage Implementation

¢, acquire convert

I LI L i
CLK o, convert acquire

o 0 O -
V,—{ Stage 1 > Stage 2 ———@

» Each stage needs T/H hold function
» Track phase: Acquire input/residue from previous stage

* Hold phase: sub-ADC decision, compute residue
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Stage Implementation

T

Vin _ T/H res

/ \ \\
\ T/H —<ADC | DAC

» Usually no dedicated T/H amplifier in each stage
(Except first stage in some cases — why?)

« T/H implicitely contained in stage building blocks
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Stage Implementation

TH res

L T/H —<ADC ( DAC

| MDAC

« DAC-subtract-gain function can be lumped into
a single switched capacitor circuit

° "MDAC"
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1.5-Bit Stage Implementation Example

— Vo

SUB-ADC DAC 2X GAIN

Ref: A. Abo, "Design for Reliability of Low- voltage, Switched-capacitor Circuits," UCB PhD Thesis,
1999
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1.5-Bit Stage Implementation
Acquisition Cycle

S L

Sy +
= = Ve=Vc =V,
Q..=C.xV,
| o N Qc=CxV;
SUB-ADC DAC 2X GAIN

Ref: A. Abo, "Design for Reliability of Low- voltage, Switched-capacitor Circuits," UCB PhD Thesis,
1999
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1.5-Bit Stage Implementation
Conversion Cycle

B > jqc

5 Lo
1[F
SUB-ADC DAC 2X GAIN

Ref: A. Abo, "Design for Reliability of Low- voltage, Switched-capacitor Circuits," UCB PhD Thesis,
1999
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1.5 Bit Stage Implementation Example

(1+ %) Vi GeVior AE V> Vi /4
_) V; if —Vip /4 < Vi < 4Viep/4
(R T

Note: Interstage gain set by C ratios /
- Accuracy better than 0.1% Vot / Ry

->Up to 10bit level no need for 1
gain calibration ‘ |

A/
Vref

Ref: A. Abo, "Design for Reliability of Low- voltage, Switched-capacitor Circuits," UCB PhD Thesis,
1999
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1.5-Bit Stage Implementation
Timing of Stages

Conversion Acquisition
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Pipelined ADC Stage Power Dissipation & Noise
* Typically pipeline ADC noise dominated by inter- stage gain blocks

» Sub-ADC comparator noise translates into comparator threshold
uncertainty and is compensated for by redundancy

Stage 1

Stage 2 Stage 3

n3

. \/2 2 2
yin. = yg4n2y nd
notse T\l 612 " 62622
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Pipelined ADC Stage Scaling

« Example: Pipeline using 1-bit.; stages

e e e e s
n1 Vnz Vn3

C,/2 C,J2 Cy2
Il Il Il
1T 1T L]
C1 CZ C3
Vi, —it IG/m 1t IG/m —— em}4-----
. i i : IR i
Total input referred noise power: Nygy o kT| L+ L —
1C1 GI'Cy GIFG2°Cs
1 1 1
Nigt < kT| —+——+ +..
|C1 4Cy 16C3
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Pipelined ADC Stage Scaling

c,2 C,/2 C,2

— —

c, c, C,

v, — = =

N, < kT L+L+L+
C, 4C, 16C,

+ If all caps made the same size, backend stages contribute very
little noise
»  Wasteful power-wise, because:
O Power ~Gm
Q Speed ~ Gm/C
Fixed speed > Gm/C filxed - Power ~C
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Pipelined ADC Stage Scaling

C,/2 C,/2 C,/2
— —
C1 CZ CB
Vi — — — ----
N,, o< kT L+L+L+
C, 4C, 16C,

» How about scaling caps down by G2=22=4x per stage?
— Same amount of noise from every stage
— All stages contribute significant noise

— To keep overall noise the same - noise/stage must be
reduced

— Power ~ Gm ~ C goes up!
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Stage Scaling
Example: 2-bit 4 /stage

Extreme 1: All Stages the Same Size

Moise Per Stage Power Per Stage

L

012 N-1 k

Extreme 2: All Stages Contribute the Same Noise

Noise Per Stage Power Per Stage

» Optimum capacitior scaling lies approximately midway between
these two extremes

Ref: D. W. Cline, P.R. Gray "A power optimized 13-b 5MSamples/s pipelined analog-to-digital
converter in 1.-2um CMQOS," JSSC 3/1996
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Pipeline ADC
Stage Scaling

* Power minimum is "shallow*

» Near optimum solution in practice: Scale capacitors
by stage gain

» E.g. for effective stage resolution of 1bit (Gain=2):

C/2 Cl4 C/8

c cr cl4
I __
Vi, — Gm I Gm J——|
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Stage Scaling Example

Cg pF
Note: Sn=2
Resolution
per stage:
->2bits
5G=4%

stage 0 comparators stage 0 sampling capacitors ~ Stage 0 opamp

) ) 0D 1 2 3 4 5 & 7
stage 0 sampling switches
Stage (k)

Ref: D. W. Cline, P.R Gray "A power optimized 13-b 5 MSamples/s pipelined analog-to-digital
converter in 1.3um CMQOS," JSSC 3/1996
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How Many Bits Per Stage?

» Many possible architectures
—E.g. B1=3, Byer=1, .-
vS. Big=1, Boer=1, Baer=1, ...

» Complex optimization problem, fortunately optimum tends to be
shallow...

* Qualitative answer:
—Maximum speed for given technology
» Use small resolution-per-stage (large feedback factor)
—Maximum power efficiency for fixed, "low" speed
* Try higher resolution stages
* Can help alleviate matching & noise requirements in stages

following the 1st stage
Ref: Singer VLSI 96, Yang, JSSC 12/01 (14bit ADC w/o calibration)
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14 & 12-Bit State-of-the-Art Implementations

Reference Yang Loloee

(JSSC 12/2001) (ESSIRC 2002)
0.35/3V 0.18W/3V

Bits 14 12

Architecture 3-1-1-1-1-1-1-1-1-3 1-1-1-1-1-1-1-1-1-1-2

SNR/SFDR ~73dB/88dB ~66dB/75dB

Speed 75MS/s 80MS/s

Power 340mW 260mW

EECS 247- Lecture 22

Pipelined ADCs and More
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10 & 8-Bit State-of-the-Art Implementations

Reference Yoshioko et al Kim et al
(ISSCC 2005) (ISSCC 2005)
0.18w1.8V 0.18w/1.8V
Bits 10 8
Architecture 1.5bit/stage 2.8-28-4
SNR/SFDR ~55dB/66dB ~48dB/56dB
Speed 125MS/s 200MS/s
Power 40mW 30mwW
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Algorithmic ADC

Digital Output

Shift Register
start of conversion & Correction Logic
Residue

Vol
"o g oo >

» Essentially same as pipeline, but a single stage is reused for all partial conversions
* Foroverall By g bits > need By grai/Bstage ClOCK Cycles per conversion

- Small area, slow
- Trades conversion time for area
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Least Mean Square Adaptive Digital Background
Calibration of Pipelined Analog-to-Digital Converters

Slow-but- D+Q

accurate
AD

[N

LMS-ADF

Inaccurate D
'u’,",1 —» T/H » pipelined
A/D

A 4

\

« Slow, but accurate ADC operates in parallel with pipelined (main) ADC
+ Slow ADC samples input signal at a lower sampling rate (f./n)

« Difference between corresponding samples for two ADCs (e) used to correct
fast ADC digital output via an adaptive digital filter (ADF) based on
minimizing the Least-Mean-Squared error

Ref: Y. Chiu, et al, ‘Least Mean Square Adaptive Digital Background Calibration of Pipelined
Analog-to-Digital Converters,” IEEE TRANS. CAS, VOL. 51, NO. 1, JANUARY 2004
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Example: "A 12-bit 20-MS/s pipelined analog-to-digital
converter with nested digital background calibration"
Uncalibrated Output

Digital
Correction

Calibrated
Output

Raw
Code

- Pipelined
ADC Core

Dig. Error

Estimation

Algorithmic Algoritlmic Output —
ADC Dty

* Pipelined ADC operates at 20Ms/s @ has 1.5bit/stage

» Slow ADC -> Algorithmic type operating at 20Ms/32=625ks/s
« Digital correction accounts for bit redundancy

« Digital error estimator > minimizes the mean-squared-error

Ref: X. Wang, P. J. Hurst, S. H. Lewis, " A 12-bit 20-Msample/s pipelined analog-to-digital converter
with nested digital background calibration”, IEEE JSSC, vol. 39, pp. 1799 - 1808, Nov. 2004
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Algorithmic ADC Used for Calibration of
Pipelined ADC (continued from previous page)

\ 1.5-bit Stage

Vi e—=e 5 X gz

W/ / SHA SHA
—Vg/4

force decision —

Residue

i<l

select Vi —Vg

» Uses replica of pipelined ADC stage

* Requires extra SHA in front to hold residue

* Undergoes a calibration cycle periodically prior to being used to calibrate
pipelined ADC

Ref: X. Wang, P. J. Hurst, S. H. Lewis, " A 12-bit 20-MS/s pipelined analog-to-digital converter
with nested digital background calibration”, IEEE JSSC, vol. 39, pp. 1799 - 1808, Nov. 2004
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12-bit 20-MS/s Pipelined ADC with Digital
Background Calibration

« Input SHA: 6pF
« Pipelined ADC: 2pF,0.9,0.4,0.2, 0.1,0.1...
« Algorithmic ADC: 0.2pF

) Chip area: 13.2mm?

i * Does not include digital

[ A=t calibration circuitry estimated
| ~1.7mm?

S Piﬁel-i-ﬁed |

Ao { « Area of Algorithmic ADC <20%

Ref: X. Wang, P. J. Hurst, S. H.
Lewis, " A 12-bit 20-MS/s
pipelined analog-to-digital
converter with nested digital
background calibration”,
IEEE JSSC, vol. 39, pp.
1799 - 1808, Nov. 2004
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Measurement Results
12-bit 20-MS/s Pipelined ADC with Digital Background Calibration

_af Without
ao2r i i
. Calibration
2 . 1]INL|<4.2LSB

. ‘ . . J
0 1023 2047 3071 4095
Code

(a)
0.5

%“ 0.25 Wlth

= o0 Calibration

z

£ 025 [INL|<0.5LSB

35 1023 2047 3071 4095

Code
(b)
Ref: X. Wang, P. J. Hurst, S. H. Lewis, " A 12-bit 20-MS/s pipelined analog-to-digital converter
with nested digital background calibration”, IEEE JSSC, vol. 39, pp. 1799 - 1808, Nov. 2004
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Measurement Results
12-bit 20-MS/s Pipelined ADC with Digital Background Calibration

- With calibration (3 MHz,68.9 (iB)
% 70 H
g 60 W1
% st
0.1 1 0 40 100
Input Frequency (MHz)
(a)
oo F Tth calibration (3 MHz,87.7 dB) ]
% B0 F i e e ; 1
= 70} H J
& g0 [ Without calibration Nyabis ]
el ra_Ie e

0.1 1 10 40 100
Input Frequency (MHz)
(b)

Ref: X. Wang, P. J. Hurst, S. H. Lewis, " A 12-bit 20-MS/s pipelined analog-to-digital converter
with nested digital background calibration”, IEEE JSSC, vol. 39, pp. 1799 - 1808, Nov. 2004
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Measurement Results
12-bit 20-MS/s Pipelined ADC with Digital Background Calibration

PERFORMANCE SUMMARY (3.3 V, 252C)
Does not include

Process 0.35pm 2P4M CMOS digital calibration
Sampling rate 20 Msample/s circuitry estimated
Active area 7.5 mm? f— 1 7mm2
Full-Scale Input 1.6 Vp-p

Without Cal. | With Cal.
Analog Power Diss. 190 mW 226 mW | e
Total Power Diss. 217 mW 254 mW | e
Max. [INL| (Pip, ADC)* 4.21 LSB 0.47 LSB
Max. [DNL[ (Pip. ADC)* | 0.60 LSB | 0.41 LSB Alg. ADC SNDR
SNDR (Alg. ADC)* 49.6 dB 59.6 dB [ 4ominated by noise
SNDR (Pip. ADC)* 58.2 dB 70.8 dB g
SFDR (Pip. ADC)* 59.4 dB 93.3 dB  |em——
THD (Pip. ADC) * 59.4 dB 92.9 dB  |emmm—
PSRR* 65.0 dB 64.8 dB
CMRR* 73.6 dB 73.4 dB
* fin=58 kHz

Ref: X. Wang, P. J. Hurst, S. H. Lewis, " A 12-bit 20-MS/s pipelined analog-to-digital converter
with nested digital background calibration”, IEEE JSSC, vol. 39, pp. 1799 - 1808, Nov. 2004
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Time Interleaved Converters

* Example:
— 4 ADCs operating in parallel at l4f~ lf
sampling frequency f; Vi : -
— Each ADC converts on one of —| ™ ADC —
the 4 possible clock phases P
. — +T —
— Overall sampling frequency= 4f, lfs K _g =
— Note T/H has to operate at 4f! — ADC — £ =
Q o]
&) =
« Extremely fast: \f+21 s £
Typically, limited by speed of T/H | apc — £ a
©)
« Accuracy limited by mismatch \f31
among individual ADCs (timing, L{ Apc |—
offset, gain, ...)
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Time Interleaved Converters
Timing
Input T =1/,
signal

sampleﬂ | |
g [ I e

* Note: Effective sampling rate> 4xf,
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VCO-Based Analog to Digital
Conversion

Rikky Muller
November 17, 2009
EE247
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ADC Resolution

Picking an ADC

1107 3 : 2 ;
24 — —12 Bit Limit | : ; : ;
22— 100K —g gt Limit [ 1175 ' /
20— Sigma-Delta 9ot |6 BitLimit | il loiiiin i :
18— E ; : :
16— e & BOL- i Libdgheiholy D E
14— e : :
WC z // :
= : : 5

10— LSS i L s
8 e
61— 50F
: : Flash a0l

IR N NN N N N 5 : ‘ :

ik 10k 100k 1M 10M 100M 1 1 E B E E - 13

0l 00 o 00! G 106G 1015 1014 1013 1012 1011 101EI

Sampling Rate 4 4
Sampling Capacitance [F]

At 6 bits you are not limited by thermal noise
* Pick an architecture which minimizes other errors

— Can trade off noise efficiency

[S. Chen, R. Brodersen, “A 6-bit 600-MS/s 5.3-mW Asynchronous ADC in 0.13-ym CMOS: IEEE J. of Solid-State Circuits, Vol. 41, No. 12,
December 2006.]
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VCO ADC Basics

vCo

* Quantizes tuning voltage ~ Vunet () Fout(t)
— Performs an integration Dout(t)

" —tr:'Wg r:ethOdS t | Fout(t) = Kv-Viune(t) Viune v
. . n :
etho cou Cyc es Dout(t) =I27['Kv'vtunE(T)'dT Ky = :‘I;:,l::e

RogOoater - Gox [T LT L L

Clock

Qut | 15 3 30 12 21 H

[M. Straayer, Noise Shaping Techniques for Analog and Time to Digital Converters Using Voltage Controlled Oscillator , Ph.D. Thesis, MIT, 6/ ‘08.]
[M. Straayer, M. Perrott, “A 12-Bit, 10-MHz Bandwidth, Continuous-Time YA ADC with a 5-bit, 950MS/s VCO-Based Quantizer” IEEE J. of Solid-
State Circuits, Vol. 43, No. 4, April 2008.]
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Method 2: Sample Phases

Ve N-Stage Ring Oscillator VCO: High frequency

o iSor Do oo o 3
Clock T Nebit Rég:;t;ﬁ C : : |_
B h § - L
.| N-bit[Register C ] ! ! I
First tt4b _ap **t 4 !
Order | .  NXORGates . |
Difference sse Low frequency

i
[ J
[Straayer JSSC '08] j/ou[

» Voltage - Frequency
* Frequency - Phase J
* Phase - Frequency

L
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Noise Shaping

Input Input | vco Quantization Output

Spectrum Harmonics Noise Noise/‘ Spectrum BehaVioral
N e Model
f f t f £t —o f
¥ 5’ N
Vtune 27 1 Ooutl ~ -
= Pl Pe-ltP L e TR
Tuning Frequency Sampler ‘\ First Order / S~ -
Gain  to Phase N Difference Sso -
\ T~ - ~~_
e
1 : H ' H H 1
poGese L L 1L L
b Ve = - : : : 1
! 1
I Oscillator 1
! 1
: Count :
[Straayer JSSC ‘08] : Error :
! +-q[0] 1-q[1] 1-ql2] F1E) I
out 3 3+ 4 i3 1 1
EECS 247- Lecture 22 - P |
Why Use a VCO ADC?
v Fully digital K, linearity
- Simple - Best for lower resolutions
- Scalable

Low-energy
v Very small area
v’ First-order noise

Amplify or integrate

shaping

- Mismatch whitening and

shaping
v Oversampling

- Efficient due to noise shaping
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Segmentation

Project: 6-bit,1GS/s, 90nm process

* Number of digital blocks

£ 2
grows as 28 (B=bits in 1
ring) 2
* Clock freg)uency grows g
as 2(N-BY1.5 (N=total e
resolution) 8
. 15x10°
» Lowest-power solution: .
—Minimize resolution g 10 1
in the ring &
. . ¥ 5F 4
—Maximize 3
oversampling: limited ol . . : : !
by prOCGSS Number of Bits in Ring Oscillator
[R. Muller, C. Thakkar]
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Tuning the VCO

+ ADC: INL as voltage deviation SFDR = 2010g[ If\:L]
* TDC: INL as frequency deviation

* Multiple ways to tune K,
—ex. Linearization resistance, current
control, direct V4, modulation or virtual rail
Vag Control Voltage

VoD Analog
Vi O] q Regulator Block
1
; e w,
V P
i [Wismar ‘07] L A 44,
Rswn .
[Straayer ‘08] [Alon ‘05] f,

Vs [Xiao ‘04]

[E. Alon, V. Stojanovic, M. Horowitz, “Circuits and Techniques for High-Resolution Measurement of On-Chip Power Supply Noise” IEEE J.
of Solid-State Circuits, Vol. 40, No. 4, April 2005.]

[J. Xiao, A. Peterchev, J. Zhang, S. Sanders, “A 4-uA Quiescent-Current Dual-Mode Digitally Controlled Buck Converter IC for Cellular
Phone Applications” IEEE J. of Solid-State Circuits, Vol. 39, No. 12, December 2004.]

Frequency
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Linearization

25
Viure —H:I x
2
B
g 1
g
os
Viune 7x ga/"

VCO Frequency vs Vgs
Actual curve
straight fine Tt

Rawt Quiput (ampled at4 GS/s)

Magrilude(de)

33dB SFDR

[R. Muller, C. Thakkar]

08 1 12
Frequency

63dB SFDR

V. 1
Viias O Vs =——=In| 1-—2 0
s\ 1,
1
T -100
s
Vs InVy T
f o 2[703 o € -150
CVDD VDD
-200
[U. Wismar, D. Wisland, P. Andreani, “Linearity of bulk-controlled inverter ring VCO in
weak and strong inversion” Analog integr Circ Sig Process, 2007, 50:59-67.] asu S
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Energy Efficient “Flash” ADC

6Bit, 1GS/s . .

Zero Static Power s g & o L s w0

591J/step 2l

Potential to be lowest FOM to T - ]
date for 1GS/s Zu s 1
Just a start: other considerations ' g I i
—Phase noise, mismatch, range, : e EEET 4 e ]
calibration, input/output interface, 2 Thiswork®g®  © A ]

%0 600 800 1000 1200 1400 1600 1800 2000

putting it in feedback loop

(stability), fully differential

implementation, etc.

Sampling frequency (MS/s)

Power

FOM =

2ENOB f

K

[A. Ismail, M. EImastry, “A 6-Bit 1.6GS/s Low-Power Wideband Flash ADC Converter in 0.13-um CMOS Technology” IEEE J. of Solid-
State Circuits, Vol. 43, No. 9, September 2008.]
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Oversampled ADCs
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Analog-to-Digital Converters

» Two categories:
— Nyquist rate ADCs 2 £, ~ 0.5, piing
* Maximum achievable signal bandwidth higher compared
to oversampled type

« Resolution limited to max. ~14bits

m=)— Oversampled ADCs - f, " << 0.5xf,

sig ampling
* Maximum possible signal bandwidth lower compared to
nyquist
* Maximum achievable resolution high (18 to 20bits!)
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The Case for Oversampling

Nyquist sampling:

Signal lfs
“narrow” L Nyquist || DSP
transition £.>0B+§ ADC

g Freq AA-Filter Sampler
Oversampling: £ >> 2
Si?nal
“wide” , j »Oversampled |  op
transition f=Mfy ADC
g Freq AA-Filter Sampler

» Nyquist rate fy ~2B
* Oversampling rate M = f /f, >> 1
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Nyquist v.s. Oversampled Converters

Antialiasing

I|X(f)| Input Signal
£y frequency
Nyquist Sampling
' : : :
i £, ~2f, 2f; frequency
Anti-aliasing Filter
Oversampling

.....
coes
..... '

£, frequency
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Oversampling Benefits

» No stringent requirements imposed on analog
building blocks

» Takes advantage of the availability of low
cost, low power digital filtering

» Relaxed transition band requirements for
analog anti-aliasing filters

» Reduced baseband quantization noise power
 Allows trading speed for resolution
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ADC Converters
Baseband Noise
» For a quantizer with quantization step size A and sampling rate f; :

— Quantization noise power distributed uniformly across Nyquist
bandwidth ( f,/2)

N

72 el s fs2
— Power spectral density:
2 2
e AT
No(f)="=| = |
fs \12)f;
— Noise is distributed over the Nyquist band /2 10 f,/2
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Oversampled Converters
Baseband Noise

I3 I3 2
Sp= [ Nuriar=| [A]]df

- - 12
T T Js N,(f)
_A(2s
12 f;
where for fg=f;/2
A2
Spy=— -£./2 f/2
12
2 S
Sp =S30[f;gj=30
s M
where M =—*-=oversampling ratio
25
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Oversampled Converters
Baseband Noise

Sp= SBO(ZfB] =M
1 M

s

where M =—"-=oversampling ratio
2/5

2X increase in M
- 3dB reduction in Sg
- % bit increase in resolution/octave oversampling

To further increase the improvement in resolution:
= Embed quantizer in a feedback loop
->Noise shaping (sigma delta modulation)
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=2/8

Pulse-Count Modulation

i ?:010
V. (kT) — Nyquist P

ADC

Oversampled
V. (kT) — i l l I I
=2/8 ADC, M =8 /—I T T m |

0 1 2

Mean of pulse-count signal approximates analog input!
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Digital

_____ . / filter
2/8

fi/4 ' f

+ Signal: low frequencies, f < B << f
» Quantization error: high frequency, B ... f,/ 2
+ Separate with low-pass filter!

Pulse-Count Spectrum

Magnitude
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Oversampled ADC
Predictive Coding

+ 1-bit | Dig
viw —( ) »  ADC

ital
ter

N-bit

Fil
DOUT

Predictor

» Quantize the difference signal rather than the signal itself
* Smaller input to ADC - Buy dynamic range

* Only works if combined with oversampling

» 1-Bit digital output

« Digital filter computes “average” - N-bit output
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Oversampled ADC

if?z: Mfy ifs2:fN+§
Signal
“wide” _ E.g. Decimator
—{ Wide _\r. [Pulse-Count—» “narrow” —=  DSP
transition /;_‘ fN Modulator transition
Analog Sam Modulator Digital
= pler :
& Freq AA-Filter AA-Filter
1-Bit Digital N-Bit
Digital
Decimator:

« Digital (low-pass) filter

* Removes quantization error for f > B

» Provides anti-alias filtering for DSP

« Narrow transition band, high-order

» 1-Bit input, N-Bit output (essentially computes “average”)
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