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» Thesis: “Background calibration of timing-skew in time-interleaved
ADCs"

» Ph.D. Advisor: Boris Murmann

> Research interests: Integrated circuits, background calibration, low
power design

o Currently working at Texas Instruments (Dallas, TX) on high-speed
data converters
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Tutorial objectives

@ To understand the theory and operation of time-interleaved ADCs
and how to design them

@ At the end of this tutorial, you will have a toolbox to analyze
time-interleaved ADCs with and a starting point from which to
design one

[Stop me whenever you have questionsj
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A broad-stroke outline

Overview of data converters

@ The time-interleaved ADC

Quantitative analysis of time-varying errors

Design of time-interleaved ADCs

Calibration
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Part |

Overview of Data Converters
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Introduction

@ Data converters important part of signal chain

Analog
Media and
Transducers

Sensors, Actuators,
Antennas, Storage Media, ...

M. El-Chammas (TI)

Conditioning

Signal < N
Conditioning AD V
H Digital
H Processing
Signal < DIA :

Time-Interleaved ADCs

[Slide taken from B. Murmann notes]
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Data converter applications

@ Consumer electronics
» Video and audio
» Digital cameras
» Automotive systems
o Communication systems
» Wireless infrastructure
» Ethernet
@ Computing and control

» Storage media
» Feedback systems

@ Instrumentation

» Medical equipment
» Oscilloscopes
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Examples

SRAM Array

@ Agilent oscilloscope
@ Published in ISSCC 2003
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Examples

e 1kS/s ADC for medical implants
@ Published in ESSCIRC 2010
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Examples

STAGE3

@ Tl ADC used in wireless infrastructure
@ Published in ISSCC 2010
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Reference books

@ Principles of Data Conversion System Design, Behzad Razavi
@ Data Converters, F. Maloberti

@ CMOS Data Converters for Communications, Mikael Gustavsson et al.

Understanding Delta-Sigma Data Converters, Richard Schreier et al.

Data Conversion Handbook, Analog Devices Inc.
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Analog-to-digital conversion

Definition
The conversion from a continuous-time signal to a discrete-time
representation

IN ADC [—OuT
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Analog-to-digital conversion

Analog-to-digital conversion consists of two operations ...
@ Sampling

@ Quantization
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Sampling and quantization

Amplitude

@ Sampling

(Discretizing in time)

@ Quantization

(Discretizing in amplitude)

[Murmann notes]
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Sampling and quantization

@ Most common approach is to discretize uniformly in both time and
amplitude

@ These two concepts alone can fill an entire semester ...

@ For more on these, see reference books
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Types of ADCs: the flash ADC

@ Flash ADC has 28 — 1 comparators

V. - | : p— )
m

@ Extremely fast with limited resolution
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Types of ADCs: the pipeline ADC

@ Pipeline ADCs have moderate speed and high resolution

Align & Combine Bits —r—
* * * Dout
Vin
— SHA }—— Stage1 Stage n-1 Stage n
V. \Y;

|—<ADC DAC
1
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Types of ADCs

e SAR

Sigma-delta
Algorithmic
Single-slope

Time-to-digital

. references previously mentioned discuss most of these
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Part |l

The Time-Interleaved ADC
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Introduction to time-interleaved ADCs

Definition
An ADC that cycles through a set of N sub-ADCs, such that the aggregate
sample-rate is N times the sample-rate of the individual sub-ADCs
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Introduction to time-interleaved ADCs

do(t)

On-1(t)

ADCN_1 O

@ Sub-ADCs tend to be identical
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Back in 1980

o William Black, Ph.D. thesis
“High Speed CMOS A/D
conversion techniques”

@ Published “Time-Interleaved
Converter Arrays”

T

N BIT A/ -
m [N BIT A0 ] ‘
|

ng

*W ~[nBrman |

Selected output
| conversion/time slot

]S’H|> NBIT A/D

<+—m timg —
slots/conversion

FIGURE 1—Converter array technique where a number of
time-interleaved converters are used to achieve a fast effective
sampling rate.

[Black 1980]

[This “high speed” technique was for a 7-bit 2.5 MHz ADC]
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... 30 years later

@ Time-interleaved ADCs are still a serious research area

@ Multi-GHZ ADCs are the norm

» Agilent, 2003: 80-way interleaved 20 GS/s
» Fujitsu, 2009: 4-way interleaved 56 GS/s
» Nortel, 2010: 16-way interleaved 40 GS/s
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How exactly does it work?

@ Intuitive in the time-domain
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First ADC samples the signal ...

X(t) yin]
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Second ADC samples the signal ...

¢ [ [ [
[ I B B
/228 I I

% [ B I B
—Gee]
() A yin] /,/\\
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And again, first ADC samples the signal ...

X(t) yin]
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Time-domain analysis

@ Each sub-ADC output is (ignoring quantization)

yiln] = x((nN + 1) Ts) (1)

@ where T; is sampling period, N is interleaving factor, and
i=0,...N—1
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Time-domain analysis

X(t)

dna()

ADCy; ———0

@ Output multiplexer combines these streams such that

ylnl =i [%] where / = n mod N (2)

M. El-Chammas (TI) Time-Interleaved ADCs Dec. 2011 29 /158



Frequency-domain analysis

@ This is less intuitive ...

o Can take the discrete-time Fourier transform (DTFT) of the
(upsampled) sub-ADC outputs and the time-interleaved ADC output

@ In theory, ...
N—-1

Y(f) =) Yi(f) (3)

i=0
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Frequency-domain analysis

@ Assume you have an input signal with the following DTFT

Xl

0 0.2 0.4 0.6 0.8 1
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Frequency-domain analysis

@ The resulting (upsampled) sub-ADC output DTFT will be
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Frequency-domain analysis

@ Replicas have different phases for each of the sub-ADCs
@ When summed, the phases cancel each other out

@ You will get the same spectrum as the input

0.8f
0.6

Y (D)l

0.4}
0.2}
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Time-varying errors

In theory, theory and practice are the same.

In practice, they are not.
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Time-varying errors

@ ldeally, a time-interleaved ADC can be blackboxed into a single
monolithic ADC
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Time-varying errors

do(t-0)
0o
o Offset Go ADC,
e Gain ha(t-a)
. /\ [o] /\
o Timing skew I X I
x(t) | lo— G ADC;, —o! | y[n]
v : v |'
o (Bandwidth) “ ; Ona(t-Tn) I‘ :
(W] © Ona [l
\/ \/
o—{Gny ADCy,; —0
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Time-varying errors

Ideal Gain
h f\j \\'t ] JI\[ \l\
Timing Skew

Offset

o VR
AKX

Time-Interleaved ADCs

A\
* A
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Sources of errors

@ PVT (Process, voltage, temperature) variations

@ Current flow, layout nonidealities, mismatch in stray capacitance, etc.

[AII of these will limit your ADC performance]
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Offset mismatch

e Each sub-ADC ideally digitizes x(t)

yil] = x ((nN + 1) Ts) (4)
e Each sub-ADC actually digitizes x(t) + o;

yi[n] = x((nN + ) T5) + o (5)

@ o; is different for each sub-ADC
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Frequency-domain effects

@ The DTFT of the sub-ADC changes because of these offsets
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Frequency-domain effects

[yl

05r

@ The DTFT of the ADC has spurs at frequencies i - /N
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Gain mismatch

e Each sub-ADC ideally digitizes x(t)

yil] = x ((nN + 1) Ts) (6)
e Each sub-ADC actually digitizes G;x(t)

yiln] = Gix ((nN + 1) Ts) (7)

@ G; is different for each sub-ADC
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Frequency-domain effects

0 0.2 0.4 0.6 0.8 1

@ The DTFT of the sub-ADC changes because of these gain differences
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Frequency-domain effects

[yl

0.8 1

@ The DTFT of the ADC has replicas at frequencies fi, — i - fs/N
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Timing skew

e Each sub-ADC ideally digitizes x(t)

yil] = x ((nN + 1) Ts) (8)
e Each sub-ADC actually digitizes x(t — 7;)

yiln] = x((nN + 1) Ts — i) (9)

o 7; is different for each sub-ADC
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Frequency-domain effects

@ The DTFT of the sub-ADC changes because of timing skew
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Frequency-domain effects

[yl

0.8 1

0 0.2 0.4 0.6

@ The DTFT of the ADC has replicas at frequencies fi, — i - fs/N
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Some notes

Gain and offset mismatch are “static” errors

Impact independent of input frequency

But ... what if gain is a function of frequency? (which it is)

And ... what if the gain transfer function varies? (which it will)

You have bandwidth mismatch ...
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Some notes ... continued

@ Timing skew is not a “static” error

X(t) X(t)

FE=EN FE=EN

Ideal Actual Ideal Actual
Sampling Sampling Sampling Sampling
Point Point Point Point

“Fast” signals suffer more sampling error due to timing skew than
“slow” signals
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Why is timing skew such a problem?

@ ADCs are generally uniform sampling systems
e What if two consecutive samples aren't at times nTg and (n+ 1) T?

» If the deviation is random, you have jitter
» If the deviation is deterministically time-varying because you are
interleaving, you have timing skew

» Timing skew becomes jitter as N — oo
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How much of a problem is timing skew?

@ Interleave N B-bit sub-ADCs

@ Input signal is sinusoid with frequency fi,

) @) ()

[Jenq 1988]
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How much of a problem is timing skew?

—+—1,=2GHz
—o— 1, =4GHz
—%—f,_=8GHz
—»—f =16GHz

o

ADC Resolution [Bits]

01 1 b v 10

Standard Deviation of Skew [ps]
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Sources of timing skew

i

7
= 2
Voull §
Vin o 15[
Vour g
£
8

o
o

0 0.2 04 0.6 038 1
Normalized Power

@ Threshold mismatch causes delay change

@ Rule: Halve deviation with four-fold increase in power (Pelgrom’s
equation)
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Sources of timing skew

o

30 Timing Skew [ps]
iy

N

.
e

@ Trace RC differences cause delay change
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Sources of timing skew

Phase Generator
H
H

@ Can easily have over 10 ps skew [Agrawal 2008]
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Part IlI

Quantitative Analysis of Time-Varying Errors
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Errors exist. What can we do?

@ Step 1: Quantify error you can tolerate

@ Step 2: Define your design space
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The sinusoidal approach

@ Most ADC simulated with a sine wave input
@ Allows you to define dynamic performance metrics

» Fundamental tone and harmonics

» SFDR: Spurious free dynamic range

» SNR: Signal to noise ratio

» SNDR: Signal to noise and distortion ratio

@ Can do the same for time-varying errors
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Bounds on time-varying errors (part 1)

@ Bound on offset

UO:\/(NIXJ | (3%‘222B>
o= (5%) (528)

@ Bound on timing skew

e Bound on gain

o, = \/(N,Y 1) ' (3 228 '2(2”’5'")2
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Examples

@ 5-bit ADC with input amplitude A=1and N =2

> 0, =25 mV
» 0, =36%
> 0r = sz (€8 fin =100 MHz, o, ~ 57 ps)

o 12-bit ADC with input amplitude A=1and N =2
> 0, =02mV
> 05 =0.028 %

> UT_zzooOfm (e.g. fin =100 MHz, o, = 0.5 ps)
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Bounds on time-varying errors (part 2)

@ In real-world applications, ADCs don't sample sine waves

@ Many systems are broadband

Data In —

TX

Channel

—_ 0

Rx

—> Data Out

[Using a sine wave at Nyquist will overdesign your systemj

M. El-Chammas (TI) Time-Interleaved ADCs

Dec. 2011

61/ 158



Cost of overdesign

More chip area

More power

Longer design cycle

More $$$

@ Use minimum-mean square error to derive more realistic bounds
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“Best-fit" approach

y[n] = xo[n] + e[n] (14)

® xo[n] is the “best-fit”

xo[n] = Gx (nTs — 7) (15)

@ Nontrivial to solve in the general sense
@ Solvable for WSS and WSCS signals [EI-Chammas 2009]
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Intuition

Gain (G)

Gain (G)

[
»

Skew (1) g

Skew (t)

Find vector that minimizes distance to sub-ADC vectors
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Wide-sense stationary

Definition
A signal is wide-sense stationary (WSS) if its mean and autocorrelation are
not a function of time

m(t1) = m(tz) = m (16)
R(ti, t1 +7) = R(t2, to +7) = R(7) (17)
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Calculate the MSE

f(G,7) = E [e[n]’] — E [e[n]]® (18)
Remember:

e[n] = y[n] = xo[n] (19)

Time-Interleaved ADCs



Calculate the MSE

2

N—-1 1 N—-1
f(@,v“-)=(G2P+ ZG272fZGR =)+ = ZO)/\P< o,) (20)

i=0

(work your “write” arm muscles and derive this)
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Calculate the “best-fit”" parameters

[Minimize f(G, ?)J

o Differentiate with respect to G and 7 and set to zero

1 N—-1
G=15 Z; GiR(# — i) (21)
N—-1
7 = arg max Z GiR(T — 1) (22)
i=0
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Mismatch or quantization limited?
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Effect of timing skew

@ Impact on timing skew is different than previously shown
@ Assume o, =0 and G; =1

A [SNRg — 1
R(7—7) >N SNRg (25)

@ Let’s make one more assumption: the autocorrelation is second order
differentiable

2
—

1
P

{\g

R”(O) 2

R(7) 0) + RSt + —— (26)
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Effect of timing skew

s \/<N,Xl> (529) (@) @)

Function of three parameters (N, B, and R"(0))
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More on autocorrelation intuition

@ Autocorrelation related to speed of signal

x(t)
X(t)

A
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Importance of signal statistics

S(f)

S(f)

Sine

f

Ideal Low
Pass Filter

R(7) = sinc(2f.7)

R//(O)

@ If you had used sine wave analysis, you would overconstrain the

variance of 7 by 3

1
—5(271'{(:)2
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Importance of signal statistics

@ Same applies to more realistic signals (e.g. WSCS)

@ If timing skew is a problem, then improve your design space by
knowing your system

e Sidenote: this viewpoint also extends to nonlinearities and jitter (See
e.g. [Gupta 2006] and [Da Dalt 2002])
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Questions?
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Part IV

Design of Time-Interleaved ADCs
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The coolest ADCs from the past 10 years

o Agilent, 2003, ISSCC
@ Terranetics, JSSC 2006
@ Nortel, ISSCC 2010

e Fujitsu, OFC 2010
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Interleaving 80 pipeline ADCs

Clos{ DL | ][] :

Clock™ | ——— ——F—4 (| H

' = OdE dF o dF 3 H

: C O dEe dE e Al o1F 1 H

- X E I E I EEE :

: EJJESJER JE2 31 54 = :

Vio | \[Clock [EX3EBJESJET (2|3 =
: 7 — o I o | dLodls :

H :,,,:_0_-9_-0_ sr® H

i | Gen CF2dECIES JES TS H

H — _dFE o 3dF s JQES 3Arei =" .

' —<dEe dre dE3 3| 5 = h

. H — =d= v dF = dFE | 2 "

BiCMOS ; — » JF JFe JF s 3F44F 4 H
Buffer i = dE dE @ JdE S 3 2muxes

Chip : — s | o I o | 10— 19— :

o 20 GS/s 8 bit ADC
e Correct for gain, offset, and timing skew [Poulton 2003]
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Interleaving 4 pipeline ADCs

THNT2 of Ni2 stages

¢ #iof N/2 stages
#1 of N/2 stages

ple[1]
p2e[1]
pil1]

p21)

C,
Fs clock p1_s[1] PNg hoe[1]

Bootstrap|
circuit

Bootstrapped Cpong
‘. main SH switch p2_sl1] plell]

Double sampled
switched capacitor load

p2[1] 1e[t

- Vemint Vemin2

p11] p2e[1]

Vemin Vemin2

3 stage Pipelined, Double
Sampled, Sub-ADC

<5 £I5)

3 stage pipelined double
sampled sub-ADC

e 1 GS/s 11 bit ADC
e Correct for gain and offset [Gupta 2006]

Time-Interleaved ADCs
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Interleaving 16(0) SAR ADCs

8x2

=3
5
L
S
s
[
=
s
£

sub-ADCs (9-16) |

multi-phase | Clock
clock generator

SFI-4
—

Memory

power splitter
Offset, Gain, Timing
control DAC arrays

1&_2F¥P'P
I, — =
z 5
= | s2|g
P
z < L
= -]
= |apc | 8
Clock L2 |

1 Test sin-wave cutput
Ref Clock | g, ; 2
ynthesizer
— 12V,
diff

@ 40 GS/s 6 bit ADC
e Correct for gain, offset, and timing skew [Greshishchev 2010]
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A 56 GS/s ADC

CHArge-mode Interleaved Sampler (CHAIS)

DEMUX

80 x ADC Inputs. , 8085 ADC Outputs

Output
1024b
437.5MHz

@ 56 GS/s 8 bit ADC and interleaved 4x80 ADCs [Dedic 2010]
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Choosing the design space

@ You have: input signal statistics + bit resolution + application space

Calculate acceptable bounds on time-varying errors
@ Choose sub-ADC architecture (beyond scope of tutorial)

@ Choose interleaving factor

Design clocking network

Deal with time-varying errors

[Looks simpler than it is]
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Sub-ADC architecture

@ Extremely low end resolution and high end resolution choice is easy

» Flash ADCs for 3 bits
» Sigma-Delta for 24 bits

o SAR, pipeline, ...
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Sub-ADC architecture

http://www.stanford.edu/~murmann/adcsurvey.html

FOM = — o5 =100
S

P fJ
conv-step

10° — e
*
* *
+ A& *
10-7 E o * " * * * **** E
* Ix oF oy E
-8 * RO x Aiﬁ %@GA * ]
10+ * Wi, &AA W 4} * - E
SN al SV ~ \
—_ N Aéﬁa W E T ]
8 10°1L SR o i
S LE A% HELRA T 2T
3 IR g 7' S
o, V-
» -10p A %) X x @ & ~
«? 10 ¢ N E
o v A A
ulo Sov v ]
107 Vo -~ O Flash 4
Vg~ A Pipeline
1022l o v ¥ SAR |
) +  Sigma-Delta }
10-13 | | | | | T - \cnher T
20 30 40 50 60 70 80 90 100 110
SNDR [dB]
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[Image from Murmann class notes]
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Interleaving can lower power*

@ Lessons from parallel processing [Horowitz 2006]
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Performance

* at the expense of complexity, area, and headache
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Dec. 2011

85 / 158



Interleaving can lower power

5497104,"':. : TS T EEEEEEE R
| e 11t [

Power [W]

i i i i i i i
0 100 200 300 400 500 600 700 800
Sampling Rate [MHZ]

e 11-bit ADC at 100 MS/s needs ~ 15 mW
e At 800 MS/s needs ~ 700 mW
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Interleaving can lower power

Power [mw]

Interleaving Factor

@ Increasing f; will force you to hit a technological wall

@ True even in the smallest ADC element - the comparator
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Clocking network

Input Clock
$ Go®) AT L e T
Phase Generator }»Tr{
by Foeenn T L e [
Frd
"""" Bo(t) Toovereeeeee T L e [
: TS
do(t) da(t) dna(t) : }» {
N y Brnaa(®) e e T
N

Sub-ADC Clocks

@ Need to provide N clocks to sub-ADCs
o ldeally offset by T
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Clocking network

@ Phase locked loops and delay locked loops

@ Can use frequencies lower than sub-ADC sample rates
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Clocking network

o Clock-gating

@ Use full-rate clocks and control sub-ADC clock with digital logic (e.g.

[Louwsma 2008])

CLKUARNAAAMRN[MM
1 < Hold
2| [T Trac
16

Fig. 2. Timing diagram of the time-interleaved T&H.
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Clocking network

o Shift registers (e.g. [Gao 2008])
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Time-varying errors?

You've chosen your sub-ADC architecture

and your interleaving factor

and designed your clocking network

How do you deal with time-varying errors?

@ Two approaches: correct by design or correct with calibration

M. El-Chammas (TI) Time-Interleaved ADCs Dec. 2011 92 / 158



Approach 1: by design

3
Voffset ~ mmV/um (30)

Pelgrom’s Model

12-bit ADC, 1 V,,_, requires less than 0.3 mV offset
WL > 100um?
In 65 nm CMOS, W > 1.5 mm ...
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Approach 1: by design

@ There exist analog offset-minimization techniques for amplifiers and

comparators
¢
I + I
Fo—1 E—qb >ﬂj—\fo
Yo 1L -
¢

Fig. 8. Circuit for offset cancellation by subtraction.

[Suarez 1975]

@ Most of these are extremely old
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Approach 1: by design

@ Trimming

@ Dynamic techniques: auto-zeroing or chopping

[Makinwa 2002]
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Approach 1: by design

@ Introduce redundancy

-

Worst-
case INL
=0.4 LSB

[Ginsburg 2008]

M. El-Chammas (TI) Time-Interleaved ADCs Dec. 2011 96 / 158



Approach 1: by design

@ Introduce redundancy

Behavioral simulations

100
80 v7 | ]
_ /f / / /
=, 60 36+1 Same Yield
s /36+6 1ch | 1xcap
S 40
/ 36ch |2.2xcap
20 36 36+6ch | 0.9
ch [0.9xca
0 // T T p
0.5 1 15 2 25

Normalized Capacitor Area

[Ginsburg 2008]
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Alternative approach for offset and gain

@ Correct with calibration
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Some design techniques for timing skew

@ Timing skew problem exists between track-and-holds

@ Use a front-end sampler
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Front-end sampler

FIRST RANK
1 Gs/s

Bootstrap
Buffer

SECOND RANK
250 Ms/s

ouT 1

<
' ouT 3

sSMP23 =

> out 4

SMP 24

"H

Fig. 3. S/H chip block diagram. All buffers are unity-gain source followers.
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Time-Interleaved ADCs

[Poulton 1987]
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Front-end sampler

M. El-Chammas (TI) Time-Interleaved ADCs Dec. 2011 101 / 158



Front-end sampler
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Front-end sampler

oo o
CLK;4 /\_l\/_
/i \.—é_. of 1\, CLK _l_l_'_|<—fs
x(t) M -: @ v |: y[n] CLKo_.JIED—
¥ LTIy ST T }*—
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Front-end sampler

IO[:]

Fs

| — -

— §N $ To Sub-ADCs
sHswitch | PINI >

Fs MU aimimre

P[] 1

pl2] 1

p[3] -

pl4]

Example time interleaving for N=4
[Gupta 2006]
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Use a better clocking scheme

@ Front-end samplers have limited application

N v Vs
cP bootstrap z DD PN
circuit A 7”7
> 4 7
=z l ,/
Z— Voo L.
o 2 |
|
i
Vi v
0 —1L
t1 t2 t>
[Louwsma 2008]
e 10 b, 1.35 GS/s
@ Transistor threshold limitation
——



Part V

Calibration
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Approach 2: use calibration

@ Straightforward for offset and gain

@ Not as trivial for timing skew
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Calibration = estimation -+ correction

Definition J

Estimation: An approximation of the value or extent of something

Definition J

Correction: The action or process of correcting something
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Types of calibration

o Digital vs. mixed-signal

@ Foreground vs. background
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Digital calibration

yo[n] | [ Adaptive _
e 5 Filter Yo[n]
- ‘2o
h
S
é Adaptive L
e yaln] © Filter ya[n]
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Mixed-signal calibration

Yo[n]

g0

X0 8%
yi[n]
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Foreground calibration

Input

Test —@

——e——e— Output
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Foreground calibration

Input —e No
._

Detection
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Background calibration

Input Output

Detection
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Offset and gain “almost” solved problem

@ Still a research topic

@ But ... there is a popular solution
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Correcting offset

@ Estimation ...

O X E D,'J
Jj

@ Correction ...
Dijj=Djj—oi
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Correcting gain

@ Estimation ...

G o< > (D)

@ Correction ...

A

Dij = Dij/Gi

M. El-Chammas (TI) Time-Interleaved ADCs
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Example 1 (1998)

Analog Digital
G |
5, A : G, &
ADC : z) -
+ l -4
"” ain

| Xy
| N

Gp | (+1,1) v

1b DAC (= : RNG ACC

|

Fig. 2. The gain calibration loop.

[Fu 1998]
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Example 1 (1998)

£ ' -
l"l‘r)ﬁfrer

ACC.

€, Y)e -
+4 0

Fig. 5. Offset calibration system for two time-interleaved ADC’s.

[Fu 1998
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Example 1 (1998)

\Iuput Signal 0dB

T~ Input Signal 0dB

Offset Mismatch Tone -46dB

Offset Mismatch Tone -87dB
ond ypy 73qg  Gain Mismatch Tone -72dB

/ 344D -72dB

oM Hp .64dB  Gain Mismatch Tone -62dB

/ 34 1D -68dB
/

Frequency (MHz) Frequency (MHz)

Fig. 11. ADC output spectrum without calibration. Fig. 12. ADC output spectrum with calibration.

@ 10-bit, 40 MS/s, two-way interleaved ADC [Fu 1998]

M. El-Chammas (TI) Time-Interleaved ADCs Dec. 2011 120 / 158



Example 2 (2001)

Chopping SHA

Vin(t) - SHA |.

C[Im] Vos

Figure 3.2: Chopper-based offset calibration for single channel.

[Jamal 2001]
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Example 2 (2001)

Gain-error Detector

axfm] e

Sample
Time
Cal

Figure 3.7: Block diagram of the gain calibration scheme

Gn]

[Jamal 2001]
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Example 3 (2007)

baseband processor

offset

>
j/_ estimation

select
FFT pilot bin

pilot
estimation

——

Fig. 2. Block diagram of the proposed calibration technique.

piiot pilot estimate pilot error
[Oh 2007]

@ Makes use of pilot tones in OFDM systems
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Example 3 (2007)

Vref_p
Length = 0.18um for all devices ‘
E 0.28um j—{ 028m }—‘

0.56um L 1= .resel
Vem — LT
ozen _ |F—= in_p in_n out_p ¥l outn
= 0.28um —= 0.56um
E 10,
A 100 0 zamm

= is

Vrefn offset adjustment pre-amplifier dynamic latch

Fig. 3. Comparator circuit with offset adjustment DAC.

[Oh 2007]
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Example 3 (2007)

Amplitude (dB)

50 60 70
Frequency (MHz)

(@)

Amplitude (dB)

50 60 70
Frequency (MHz)
®)

Fig. 7. Single tone FFT of the time-interleaved ADC array (f;;=8MHz,
£:=200MHz). (a) Before offset adjustment. (b) With ideal offset adjustments.

[Oh 2007]

e 6-bit, 200 MS/s
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And timing skew?

@ Still ongoing research

@ No single winner
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Example 1 (2001)

B

Fixed Delay

Adaptive FIR

Phase Detector

(="

Calculate
or Look-up
Coefficients

Figure 3.14: Block diagram of the adaptive sample-time calibration system.

@ Requires fractional delay filter
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Example 1 (2001)

Without Cal: SNDR=42.5 dB _SFDR=46.6 dB

o Offset(~47.4) 60
Gain&Timing(~46.6)
-120
0 2 4 6 8 10 12 &
Frequency (MHz) )
@ =
0 With Cal: SNDR=56.8 dB SFDR=70.2 dB 2
Offset(-88.4) 17
g - Gaing Timing(-90.3) 120 Without Cal..
£ >~ i
H
1205 2 10 12 207 T

4 6 8 10
Frequency (MHz) £, (MHz)
(b) )
Figure 5.2 ADC output spectrum without calibration (a) and with calibration (5). (fs =
120 MS/s, Vin = 8 Vp—p, fo = 0.99 MHz)

Figure 5.7: SNDR versus Input Frequency

[Jamal 2001]
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Example 2 (2003)

T 1 T T
_ _ 1 MByte SRAM

7 2 muxes

T T T T T
_ _ 8 Mem Controllers _

TECErrrr e e rerereren
80 Slice Decimator

T rrererrrrreerl
80 Radix Converters

TTTITTTTTTTTTTTITTTT I T TT
80 ADC Slices
[INNNNAANNRNNA NN ANRAREE|

TTETTTTTTTrTTerreT I
80 T/Hs and V/Is
INENNARARNRA RN NNA RN

0.18-um CMOS ADC Chip

[Poulton 2003]
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Example 2 (2003)

1IGHz el
nput elay
f *omon A
10 20 | |
DLL J7 Clocks  Clocks |Counters
"M
S . s | . 80|-
o [~ | [ /4 | ampling
PD = 2 I /4 | g Clocks
-\[V - 3 o 250 MHz)
"l &
%\_/7 S 50 ps
- spacing
*7

[Poulton 2003]
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Example 2 (2003)

Foreground calibration

Apply pulse train with fast edges

Use FFT to measure phase delay of T/H
Adjust time delay

Rinse and repeat

[Poulton 2003]

M. El-Chammas (TI) Time-Interleaved ADCs Dec. 2011 131 / 158



Example 3 (2005)

clock| |y

alalele)

(A
v 1 [;f (AL
A U =
st/ i
: 0 N
\ Ym-1 5 Z*(‘?:)l
f “A _
Pyy oy

Time error estimation

Fig. 6. Time-interleaved ADC system with time errors. The time errors A, are
estimated by a blind adaptive algorithm and the signal is corrected by a filter.

[Elbornsson 2005]

e Digital and background calibration
@ Uses cost function based on input statistics
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Example 3 (2005)

A ()
A(‘Jrl) A(’) v (Atl ) .
max |VV (AW)
oo M—1 2
V@)=Y 3 3 (A, - (B2, 10)
1=0 m=0 i

[Elbornsson 2005]

@ Use inverse DTFT to reconstruct signal using timing estimation

e Update timing estimation with cost function (i.e. has cost function
decreased or increased?)

@ Requires bandlimited signal (common limitation to many blind
calibration algorithms)
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Example 4 (2008)

Xm
ADC, L

nMT+mT+ Tm

' Xmeq 12D
ADCppa1

T l_ - Am+1
T (m T+, - -[STeer >

I |
| 1

6b 20b 12b
I DCDE Accumulator

| [
¢m| I @rn-ﬂ

Four-phase
Clock Generator

Fig. 3. Sample-time error calibration between two adjacent channels.

[Haftbaradaran 2008]
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Example 4 (2008)

L

D Q D Q D Q}—t
Pk D ak ' P &
Set Set Reset Reset
CLK
Start J)im ¢’m1 J)mz Din2 (I_)mB Din3 ‘5m4 Ding

DCDE
(T’ouﬁ ¢out1

Fig. 5. Four-phase clock generator and DCDE:s.

M. El-Chammas (TI)

DCDE DCDE

‘I)ou[Z ¢out2 (T)out?, ¢out3 ‘T’ouM ¢out4

[Haftbaradaran 2008]
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Example 4 (2008)

®in ﬁ.[ dout or dout

or

i t|l

Primary

By

63 Secondary
Inverters

Bs

/Bg

Binary-to-thermometer

I

Fig. 6. 6-bit DCDE.

[Haftbaradaran 2008]

@ Has 0.86 ps delay change (on average)
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Example 4 (2008)

c L | Lo
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Fig. 10. SFDR and SNDR of the ADC versus the frequency of the input signal,

before and after sample-time error calibration.

[Haftbaradaran 2008]
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Example 5 (2010)

osc ¢r—>| Delay-Locked Loop ‘
t]
*0 71[k1.<751 Tz[kl{%z' .’ Ta[k]vvae
92 o8
e [>T

e[kl > T2lkl

Demultiplexer

Timing-Skew Calibration Processor

_l clkl— > Tglk]

s(t) T s

[Huang 2010]

o 6-bit 16 GS/s flash ADC
—



Example 5 (2010)

- Z4[K] —
cglk-tl—= 2o |28K —» zc ik
»| Detect ®* | Record
¢q [k] etector zg[k] ecoraer T1 [k]
e !
: AAR ACC
—* zc zq[k] r*\ Uqlkl =7 Salkl =1 ! T2lK]
1 z >
co[k] 94—
1
1
;
— T3[k]
1
c3[k]
1
]
L] L]
L] o e
L o | Tglk]
' Og Calibration Channel —
cglk]—! I

Fig. 10. Timing-skew calibration processor (TSCP).

[Huang 2010]
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Example 5 (2010)

Te

1

1

1

1

| X6

1

1
Coarse Control ~ ~ "o it
Fine Control (binary weighted)

Fig. 15. Digitally-controlled variable-delay clock buffer.

[Huang 2010]

@ Change capacitive load on delay cells (similar to [Poulton 2003])
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Example 6 (2010)

CLK,
— Phase
— Generator
CLKq

o 5-bit 12 GS/s

@ Add extra channel (used 1-bit ADC in implementation)

M. El-Chammas (TI)

Time-Interleaved ADCs

Timing Skew
Calibration

[El-Chammas 2010]
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Example 6 (2010)

Yoln]

x(®

pusoeg
lenbig

ya[n]

< ADCcar

Fig. 8. Adding an auxiliary ADC to a 2-channel time-interleaved ADC.
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Example 6 (2010)

Fig.9. Timing adjustment to maximize the correlation between a sub-ADC and
the auxiliary ADC.

@ Maximize correlation between extra ADC and each sub-ADC by
adjusting delay cell
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M. El-Chammas (TI) Time-Interleaved ADCs

Example 6 (2010)

L1LLLLLLL LTLLLILLL  LTLLLTLLL
Decoder | | Decoder | | Decoder
| | | |
Control Bits

Fig. 18. Complete delay line.

@ Adjust delay cell load (around 0.3 ps resolution)

Dec. 2011
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Example 6 (2010)

N
(4]

SNDR [dB]
- N
[4;] o

10 20 30 40 50
Calibration Cycle

-
o

Fig. 25. SNDR during convergence of the timing skew calibration algorithm
with 500,000 samples per calibration cycle.

@ Several hundred milliseconds for initial convergence
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Example 7 (2011)

10b 10b
skew’r *

Branch1 BUTY
3.3V )
TH

IN a1 Q2 Branch0 L oUTo
T L
5
>

10b

skew I

| DIA -
CLK BW
Figure 10.2.2: Input buffers, and track and hold.
[Payne 2011]
M. El-Chammas (TI)
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And many more ...

@ There are many more approaches for timing skew calibration
@ Some require energy free bands, and others don't
@ Some use fractional delay filters, and others tune delay with delay cells

@ There is much research in both the estimation and correction blocks
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Current time-interleaved ADCs

10"
s o
10 o 3
o -
= R ) _-~"o
é’ 102 L oo O 8 % RN - O 4
> oo o _ -~ - -7
= 0¥ o060 ° __--
Tl ~ o -7 1
i -7 @ 5 -7
T T o - K- O ADCs ]
E — - — FOM=1 pJ/conv-step
o — — — FOM=0.1 pJ/conv-step
10 L L L L h n n n
15 20 25 30 35 40 45 50 55 60
SNDR [dB]

@ ADCs faster than 1 GS/s (published in ISSCC and VLSI)
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Current time-interleaved ADCs

10 T
o
_ o (] _
2 10 0o -
5 o® -
5 .-
c - —
w ot o B |
- o — -
- O Other ADCs
_ — = 7| = — ThisWork
_ - — — — FOM=1 pJ/conv-step
100 L - L L l l
15 20 25 30 35 40 45
SNDR [dB]
e ADCs faster than 10 GS/s
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Making sense of the noise

Can either minimize mismatch through careful design and layout

Or can use calibration

@ "“Optimal” type of calibration is application and system dependent
@ Be careful of throwing everything at the digital backend

A lot of room for future research
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Making sense of the noise

@ What are some common themes?

@ Some operations are better done in digital

@ Others are better in analog

@ Co-optimization of calibration and circuit design
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Summary

@ Time-interleaved ADCs important in pushing performance

Time-varying errors set performance limitations

System-level analysis improves design space specifications (e.g.
mismatch constraints and ADC architecture)

o Calibration techniques extremely useful in compensating for errors
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Questions

@ Email: manar@ti.com, manar.chammas@gmail.com
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Thank you
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