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Self Introduction

O B.SC. and M.Sc. from Ain Shams University in Cairo, Egypt

O Ph.D. from the University of Pennsylvania

O Fellow at Analog Devices

0 Work on high-speed data converters and digital-assistance
algorithms

O Author of "High Speed Data Converters”, published in

2016 by the Institution of Engineering & Technology (IET)
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Outline

0 Introduction to data converters
[0 Performance metrics of data converters
[0 Pipelined ADCs and their non-idealities

O Some ADC calibration techniques (Digitally assisted A/D converters)
B Impairments of pipelined ADCs as an example of multi-step ADCs
B Correlation-based (dither-based) calibration techniques
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Data Converters

Continuous-time Discrete-time
Continuous-amplitude Discrete-amplitude

Real World Processing World
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Applications

Wireless Communicatio @
% Defense
Medical ®\e\
\L Wired Communication

Satellite Q
Q@ Instrumentation
Video @ Automative

[IoT Radar
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Data Converters (Multi-Disciplinary)

x(?)

x, ]

[Analog Circuit Design} [Digital Circuit DesignJ

- Amplifiers and buffers X,ln]

- Samplers
- Integrators and filters

Digital processors
Digital filters
Digital up/down converters

- Comparators Multi-rate processing

- References r ~ - Adaptive signal processing

- Clocks and PLLs Algorithms - Digital linearization

- Analog signal processing Signal Processing - System identification

- Analog linearization Software - Digitally-assisted analog
. J
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A/D Converter (ADC)

AAmplitude

x[n]

Quantizer

> Sampler
T, 2T, 3T, 4T, 5T, 6T, Time

Sampling Rate: f,=1/T, ADC

Resolution N: A=V, /2N
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Ideal A/D Converter Quantizer

ADC Output

ZNVin
0 ADC Output =
ZVRef
B Where:
O [x] is the integer value closest
to x

0 N is the number of bits
O 7, is the analog input signal

O Vi,is the ADC reference
voltage

B Usually in fully differential
ADCs:

O Vig=2Vg,,
B The step size A is given by:
O A=V./2V

Step Size A _~

| |

'VRef'

Quantization

Error

A
A2=LSB/2 |

Ve

Ty

SV

~Al2=-LSB/2 |
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PERFORMANCE METRICS
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Common ADC Performance Metrics

O0O00d

0O O

Sampling Rate
Resolution
Signal-to-Noise Ratio (SNR)
Signal-to-Noise-and-Distortion
Ratio (SNDR or SINAD)

Noise Spectral Density (NSD)

Spurious-Free Dynamic Range
(SFDR)

Total Harmonic Distortion (THD)

Inter-modulation Distortion
(IMD)

}Define the converter

ODooOooooOooooaod

Integral Non-linearity (INL)
Differential Non-linearity (DNL)
Offset error

Gain Error

Bit-Error-Rate (BER)

Power consumption

Clock jitter

Input bandwidth

Input impedance

Input full-scale range

Ahmed Ali
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Signal-to-Noise Ratio[1]

SNR/SINAD are defined as the ratio
of the signal power to the noise
power excluding DC:

SNR (dBc) = 10log(Signal Power /
Noise Power)

SINAD/SNDR (dBc) = 10log(Signal
Power / (Noise + Distortion Power))

SNR (dBFS) = 10log(ADC FS Power /
Noise Power)

SINAD/SNDR (dBFS) = 10log(ADC
FS Power / (Noise + Distortion
Power))

NSD is the noise spectral density in
dB/Hz:

NSD=-SNR-10log(f./2)
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Spurious-Free-Dynamic-Range [1]

Signal Power s
SFDR(dBc) = 101log

Worst Harmonic or Spur Power

SFDR SFDR

SFDR(dBFS) = 10 1og<
w (dBc) (dBFS)

ADC Full Scale Power -
Worst Harmonic or Spur Power

5 N

-1zc=--'IM

Frequency
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Ideal Quantizer

Shown:

« Offset = 0

e Gain error = 0
« DNL =0
«INL=20

« The DNL and INL
capture the deviation
of the transfer
characteristic from
the ideal stair-case

ADC Qutput

Step Size A //

Vin

s

+
s

’

VRer

Ahmed Ali
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Non-Ideal Quantizer

ADC Output

Shown: |
¢ ‘/;"e ) T Vre —: /
« Gain error LSB p
° DNL INL(]) — ‘/;’ef(J) R V’qef(j)fd.ea.l //‘ g
° INL LSB Offset «— )__Q

| l A
« Poor large signal Vi 14 Ve

non-linearity (INL) j
» Poor small signal  INL(j)=) DNL(i)
non-linearity (DNL) i=1
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INL with Inter-stage Gain Error [1]

Direction of missing codes

»- Graph - 16b INL 3/4/2009 11:11:14 AM

File
B3 E B e | = E] = e

-
Dats = 3/4/2009 8 BOO0 12000 18000 24000 000 30000 000 @000 42000 00 48000 00 54000 BOOO0
Time = 11:11:14 AM
ple Frequency = 30 4 O O O
INL =-8.062 LS
MMMMMMMMM < Output (Code) odes
ze INL = 7.02 LS
Max Location = 28741
of Hits = 104857
g. Hit ¥ Codes =
of Zeros = 1
-l
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INL with Sub-LSB Error [1]

P Graph - Tiger 14b INL 1/16/2009 11:34:48 AM

A AlE | &2 B [HE] B
=l Inpurt 1 3

Date = 1/16/2003 1500 3000 4500 5000 7500 5000 10500 12000 13500 15000
Time = 11:34:48 AM

e Output (Code) 16000

Min Location = 5471 16

Maxc INL = 0.635 LSBs COdeS

Max Location = 15242
# of Hits = 1048576

Avg. Hit # Codes = 71 e
Hof Zeros =0

0g

Error

LSB

(LSB)|—

-0.8

2
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PIPELINED ADCS
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Flash A/D Converter

Ll

Compares input to all threshold
levels simultaneously

Very high speed (f, ~ GS/s):

Not efficient for high resolutions:
B Area & Power o 2V

Limited accuracy: (< 6bit)

For higher resolutions, multi-step
ADCs are usually used

R

R

R

SH

h
i
&

AW ——AMVH

A

241
Comparators

i

Thermometer
code
."lll
+ ¥

DECODER

Binary code

‘Dam‘ o ‘D_'-‘D'_D[I
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Pipelined A/D Converter

< 7; —
N )y N

A 4

Win
—» S/H

=H

k2-bit
ADC

[ k2-bit
DAC

k1 hits
MSBs

k2 bits
Accuracy |

- kn-bit
ADC

kn bits
LSE

not y v
critical Digital E}&\(hrrecﬁon

Amplified Residue

l MDAC Output
Comparator Offset A
N bit - | Frzeweer
D1 = O’ il R iz’ i3 ceey i2k1—1 s | | [ Flash Error Correction Budget
| /{ | Fsi4=vrefi2
_ _ ok1-1 a o
Vol — Gl (Vin _ Vdac) Gl = 2 /
. 1 -FsiaE-vrefi2
V —_ G V. _ D1 VRef [ Flash Error Correction Budget
ol — 1 l 2 k1—-1 —I-FS/2=Vref
1111 0000 0001 0010 0011 0100 0101 0110 0111
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NON-IDEALITIES IN PIPELINED
ADCS
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Inter-stage Gain Errors

In pipeline and pipe-SAR
ADCs

Amplified Residue
MDAC Output

Due to non-ideal gain in the 1

| FSf2=Vref

i nte r_stage a m pI ifier N Inter-stage Gain Error
. K r - . FSH:iereﬁ'Z r t / P

' ,// / VI:
Leads to breaks inthe ~~ 7| 7 7 7 7

transfer characteristics e

| -FS/2=-\ref

1111 0000 0001 0010 0011 0100 0101 0110 0111
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Inter-stage Gain Errors

ADC Output

In pipeline and pipe-SAR
ADCs e

Due to non-ideal gain in the /

inter-stage amplifier // Vin

r
e
ks
£
y Amplified Residue
G MDAC Output
s A
e
r

Leads to breaks in the , -
transfer characteristics N P

s
-
s < & ' & < & H

P . Y / . . . . P / Vi

s >

p >

P 7 7 7 7 7 7 7 7
7 7 7 7 v v G v
s e s < & & & '
a “ ~ s s s - o o
s s “ s s s & ~
”

s
Ve

s —_—
/ -FSi2=-Vref

1111 0000 0001 0010 0011 0100 0101 o110
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INL with Inter-stage Gain Error [1]

Direction of missing codes

ADC Output
P Graph - 16b INL 3/4/2009 11:11:14 AM /
File e
s ra - EEEE S
=l Imput 1 3 “
ZEEm s 8 5000 12000 18000 24000 30000 36000 42000 48000 54000 0000
Time = 11:11:14 AM /

Mz Location = 23741 =
# of Hits = 1048576

Awg. Hit / Codes = 16
# of Zeros = 1 £

st | Output (Code)  ¥oud P

Vin

Error |3 | . /
(LSB) |~ -

1.5 /

. nl~3, n~13

SFDR~6Nn+3n1~87dB*

_8_
* H. Pan and A.A. Abidi, “Spectral Spurs due to Quantization in Nyquist ADCs,”” IEEE Trans. Circuits and Systems-1: Regular
Papers, 51(8), pp. 1422-1438, August 2004.
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Example: FFT with IGE Errors [1]
SNR~75dB, SFDR~86dB

» Graph - AD9467 Average FFT 3/4/2009 11:10:49 AM EEX
File

- 16D INL 3/4/2009 11:11:14 AM

ASE =& e |[= AR E
BOlE REe|F E|E[FEE e
= Ch. AFFT 3

Hegee it 10 1.5M M 45M BN 75M 9 105 M 12M 135M
Date = 3/4/2008

Time = 11:10:43 AM Fofeement

Sample Frequency = 30 MHz 0 H Z 3
Samples = 65536 N\
SNRFS =74.501dB
SINAD = 74.021 dBFS o
DC Power = -29.126 dBFS 15
Fund Frequency = 2 213 MHz
Fund Power = -0.357 dBFS @
Ham 2 Power = -104.13 dBFS
Ham 3 Fower = -86.323 dBFS -0 =
Harm 4 Power = -91.957 dBFS "
Harm 5 Power = -106 931 dBFS S F D R

Harm & Power = -89.467 dBFS 45 =
‘Worst Other Frequency = 13.525 MHz

‘Worst Other Power = -85.452 dBFS
Noise / Hz =-146.262 dBFS / Hz
Average Bin Moise =-119.656 dBFS
THD =-83.821 dBFS

SFDR = 85.452 dBFS

.
5000 12000 18000 24000 30000 36000 42000 48000 54000 50000

-B0

dB

: A -86dB
mlHMJLJﬂJh”HMNMHmmMAHMHM n1~3, nv13

MW SFDR~6Nn+3n1~87dB

Slih
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Effect of INL Sawtooth Error on SFDR*
At 0dBFS, SFDR ~ 86dB

= =

—116

105

100

95

SFDR in dB

ni~3, n~13

"9\:\/\\) SFDR~6n+3n1~87dB
—80

- Input Amplitude in dBFS

0 -20 -40 -60 -80 -100

* A.M.A. Ali, High speed data converters, Institution of Engineering and Technology (IET), London, UK, 2016.
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Effect of INL Sawtooth Error on SFDR*
At -6dBFS, SFDR ~ 84dB

= =

181 3/4/7009 11-11-14 AM
ECEEEEERE

nnnnnnnnnn

—116

105 “ m

100

95

—90

SFDR in dB

ni~2, n~13
SFDR~6n+3n1~84dB

—80
- Input Amplitude in dBFS

0 -20 -40 -60 -80 -100

* A.M.A. Ali, High speed data converters, Institution of Engineering and Technology (IET), London, UK, 2016.
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Effect of INL Sawtooth Error on SFDR*
At -18dBFS, SFDR ~ 78dB

= =

344/7009 11-11-14 AM
@ = [ [l [ e | |

—116

=T
su00 sz veson caoon Moo sson a0 semon seoo soooo
o INL = Y .
#of Hia - 1048576
g, 1t Godes - 16
2ot zems 1 15 '
4 w
) M I
.\ | n [ il |
o J —_—
10 5 | l ’p w )
a5
s
a5
s

100

- 1

—90

SFDR in dB

nli~0, n~13

‘WW\\) SFDR~6Nn+3n1~78dB
—80

>
- Input Amplitude in dBFS

0 -20 -40 -60 -80 -100

* A.M.A. Ali, High speed data converters, Institution of Engineering and Technology (IET), London, UK, 2016.
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First Stage Residue with Stage DAC Error

[0 In pipeline and

Amplified Residue

. MDAC Output
pipe-SAR ADCs A
_ | FSi2=Vref
I(__.P-h- DAC Error
[0 Due to non- / P | Fsia=vrefi2
idealities in the L
stage DAC 4
T -FS/4=-Vref/2
| -Fsi2=-\ref
0 Leads to breaks
. 1111 0000 0001 0010 0011 0100 0101 0110 0111
in the transfer
characteristics
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First Stage Residue with Stage DAC Error

ADC Qutput

[0 In pipeline and
pipe-SAR ADCs

[0 Due to non-
idealities in the _
stage DAC

I —+ DAC Error
L

[0 Leads to breaks

in the transfer
characteristics

[ FSi4=-Vrefi2
Missing Codes

due -Fsrz=-vret
to DAC Error 11

0000 0001 0010 0011 0100 0101 0110
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INL Showing DAC Errors [1]

HBits 14 s@ [4.00 !

S amples 524269 BN s Error :L

Encode 50 MHz |4 |2 CSBY TR T

&nalog 1 MHz == i

Min 8321 Codes =2=1200 f[-------------- FErrErT

MinLoc 812 Codes B2 ;

Max 85803 Codes 100 Fo-eeeeeeeeee- R RRnh it LN TLY | [[CEEREE

Max Loc15595 Codes % i

Missing 0 Codes o |000 }——7-------- STCRNITE  SRRCURE R e S ST
*+= _ILSBs ; . :
del |00 f----f AN - - oo :
e 5
‘EFE'E'UU e { R B 3 e e Rt ;
R e R R !
Cig |-4.00 .
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Low Order Harmonic Distortion

ADC Output

B Poor large signal non-linearity

B Harmonic distortion is
generated in the frontend

B Third order compressive non-
linearity

i -
- -
Ve
, P
e -
-
’ -
s L-
~
s -
-~
P2 N
y
;
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INL Showing 3™ Order Non-Linearity [1]

» Graph - 16b INL 2/5/2009 2:23:53 PM
File

EEX

AAE FIEe|F | EE

Date = 2/5/2009

E000

12000 18000 24000 30000 3E000

42000

48000

54000

E0000

Time = 2:23:53 PM

Sample Frequency = 50 MHz
Min INL =-5.643 LSBs

Min Location = 50743

Max INL = 5.555 L5Bs

Max Location = 12669 5
# of Hits = 2097152
Awvg. Hit / Codes = 32 4
Hof Zeros = 1

Error D

Codes

(LSB)| -

Ahmed Ali
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FFT Showing HD3 Non-linearity [1]

- Input 1
” ]
Date = 5/2/2013 0M 60M S0M 120M 150 M 180M 210M 240M 270M
Time = 54246 PM
Sample Frequency = 600 MHz dB HZ
Samples = 32768 - ,
SNR = 65887 B

SNRFS =67.074 dB
SINAD = 65,825 dBc
DC Frequency = 0 MHz 15
DC Power = -40.95 dBFS

Fund Frequency = 12102 MHz
Fund Power = -1.187 dBFS

et 4 Powet = -97.
Hamm 5 Power = -99.581 dBc
Harm 6 Power = -96.4 dBc
‘Woust Other Frequency = 254134 MHz
‘Worst Other Power = -32 537 dBFS -60
Noise / Hz = -151.846 dBFS / Hz
Avetage Bin Noise = -103 219 dBFS
THD = -84.326 dBc
SFDR = 85136 dBc

-45

135
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Memory and kick-back errors [1, 2]

0 8000 16000 Codes
4.5 LSB

Error
-‘-—-ﬁ:‘_
_3:
‘h";;""_—%s——_
e

45 _4-5 LSB f
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Memory and kick-back errors [1, 2]

,|0dB 500MHz

dB

-75dB

} MIJ HM

1]
i ‘ J
105 L.
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CALIBRATION TECHNIQUES:
DIGITALLY-ASSISTED CONVERTERS

Ahmed Ali Calibration Techniques in ADCs
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Why Calibration? Process Scaling

O
O
O

Digital circuits have become more efficient with process scaling
Analog circuits get more challenging and can be even less efficient
In planar processes, finer geometry gives:

B Faster switches

B Lower parasitics

But ...

B Lower output impedance

B Lower intrinsic gain

B Worse dynamic range

FINFETs are more analog friendly, but are not getting faster

Digital processing can be used to correct for analog and interleaving non-
idealities

Ahmed Ali Calibration Techniques in ADCs
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Calibration Types and Components

Using a combination of Mixed-signal Linearization
analog and digital signal

processing 4/

Correction and estimation Al

Foreground Calibration Analgg [Lipearization L

m Fixed .

B May need an input stimulus _ ADC s D_|g|ta_|
Background Calibration Input Calibration

B Converters can measure
their own performance
without disrupting normal o _ o
operation and adaptively fix Digital Linearization

their non-idealities

B Tracks process, supply,
temperature, aging, etc.
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Real World Challenges

0 Improve performance and lower power consumption

[0 No disruption to normal operation => background
B Combine foreground and background calibrations as needed

[0 Robustness with input amplitude, input frequency, sample rate, supply,
temperature, etc.

[0 Convergence time

[0 Manufacturability
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ADC Impairments

O Quantizer impairments:

Inter-stage gain and settling errors (IGE)
Inter-stage memory errors (IME)

DAC errors

Reference errors

MDAC amplifier non-linearity

[0 Sample-and-hold impairments:

Kick-back errors
Front-end non-linearity

0 Interleaving impairments:

B Offset and gain mismatch errors
®m BW/timing mismatch errors
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ADC Impairments

O Quantizer impairments:

B Inter-stage gain and settling errors (IGE)

DAC errors
Reference errors

Inter-stage memory errors (IME)

B MDAC amplifier non-linearity
O Sample-and-hold impairments:

B Kick-back errors
B Front-end non-linearity

] -
u - Not covered in this tutorial
N
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Digital Error Correction [1]

—e—— e — —— —— —— —— — —————

I/in VOZ kn-bit
— S/H S/H i =< apc
: kn bits
k1-bit ok1-1 k2-bit | | k2-bit LSB
ADC : ADC [ | bAc
Kobits | e
MSBs k2 bits
D, D, Dx
\4 \4 \4
k1 bits m k2 bits k3 bits kn bits
Y D VO Y
D(I/in):Dout
Digital Error Correction
N bits
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Calibration Techniques

(ljcl)]rrelation—based (dither-based) calibration [15, 2, 5, 8-

Calibration techniques not covered in this tutorial:

B Using reference ADC [16, 17]
B Split ADC method [18]
B Summing node calibration [3, 14]

B Using statistical methods [19-21]

Ahmed Ali Calibration Techniques in ADCs
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Calibration of ADC Impairments [15, 2]

O Quantizer impairments:

B Inter-stage gain and settling errors (IGE)

N
- RS ) Output (Code)
N B 4:
Error
D 15/
LSB ;

B ;

[
N
" INL Plot
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Calibration of ADC Impairments [15, 2]

O Quantizer impairments:
B Inter-stage gain and settling errors (IGE)

115

110

105

100

95

90

[ “W\\)
| 80
e Input Amplitude in dBFS

0 -20 -40 -60 -80 -100

|
SFDR in dB
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Calibration of ADC Impairments [10, 11, 2]

O Quantizer impairments:
M

Inter-stage memory errors (IME) | w q o —
4.5 LSB

N ———
L Output (Code)
N
N

[0 Sample-and-hold impairments:

B Kick-back errors
N

Error

. _4.5 LSB
_ |

INL Plot
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Calibration of ADC Impairments [10, 11, 2]

O Quantizer impairments:
M

Inter-stage memory errors (IME) R =l

mElE R Ee|F | EE

El Input 1 J

- Date=1/8/2014 451 30 M 135 M 180 M 2251 270 M 315 360 405 M 450 14

- Time = 3:34:20 AW

~ Sample Frequency = 957 MHz

- Samples = 32768 1 Z
SHR =60.23 dB i

-~ SMRFS = 62.996 dB
SIMAD = 53955 dBc

+ DC Frequency = 0 MHz 15
DC Power = -67.603 dBFS

+ Fund Frequency = 24.067 MHz

- Fund Power = -2.766 dBFS

. - a0
[ ] + Fund Bins = 21 =
-— -—
[ Salnple and-hold Impairments:
Harrn 3 Power = -76 656 dB e
+ Harm 4 Power = -93.923 dBc 45

B Kick-back errors e

- Sfarst Other Frequency = 361.04 MHz

- Worst Other Power = -72 439 dBFS -E0
. -~ Moise / Hz = 142760 dBFS / Hz m e 7 5 B
Average Bin Noise = -105.74 dBFS —-—
g © d wo

1 1_.,‘.1_L_..1... LU L ,.k..iM.L.u_LJ..

SFDR =B3733 dRc

. RN

. 120

135
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Correlation-Based Calibration

_| Dither _| Dither
PN Generator 1 —» DACA }/' PN Generator 2 —»> DAC? }
Uncorrelated 4——————————————,
|
\ Buffer i !
| |
Vin ! :
» T S/H :
| |
| |
| |
k1-bit | || . k2-bit | | k2-bit
ADC [ 17 : ADC | 7| DAC
| |
k1 bits
MSBs MDACH k2 bits
\4 Y A4

Digital Error Correction

!

N bits
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Simplified Multiplying DAC (MDAC)

0 The MDAC
performs input
sampling, DAC,
subtraction, and
inter-stage
amplification

[0 Show is a 3-bit
MDAC with
shared
capacitances

VRef
D".02) X8 C=2C
| |
| |
Vin q\> Lo . J'Vout/A
a Vout
, | 0la 01y
D.02 ( g { J
Vier A
< I

Ahmed Ali

Calibration Techniques in ADCs 49



The IGE/IME Calibration [15, 2, 10, 11]

'VR
O Dither is injected in the MDAC D,_q);is (o2
O It encounters the IGE and IME o s J A
errors Vi i Vo
[0 Correlation is used in the digital e ( lq)la 'EE
domain to estimate the errors 1
O Mismatches between the dither Ve
path and the signal path can limit T
accuracy Dain'-92
0 Long convergence time 1 ~—4CT—
[0 Can be relatively input signal J7 v,
independent Dot 42
Ve
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The IGE/IME Calibration [15, 2, 10, 11]

+ IGE: k=0, IME: k>0 D. Memory Gain D, ca

o 0 D —P—
- Estimation (for each k separately): L - t?

z" Dy[n]

Geg|n+ 1] = Geg[n . Ge Ge

(ik palr @x Dy Z n (k) Gey) = Dal " LMIS
. = Updat

BG Correctloq Update paate
Dy _cailn] = Dy[n] — Z(Do [n — k] x Gex) — Dy[n] Dy[n-1] : Dgy[n] !
k=0

 FG Correction:

Do_cal_final[n] = Do_cal[n] X Gerg LMS: Least Mean Square Algorithm
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Kick-back Background Calibration [1, 2]

- VR@f

: x8 —
O The kick-back dither > e
caps kick the input NG ki ,
similar to the sampling [ e o
capacitances’ kick P2 (xg | [ !

[0 The dither’s kick is

sampled on the total D_dith.¢2

capacitances and ol ¢,

propagates down the 7 No resetting
pipeline oane | ' is needed

- VR@f
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Kick-back Background Calibration [1, 2]

[0 The LMS algorithm is used to estimate the gain/correction
coefficient Gkb of the dither’s kick of the previous sample(s)

[0 The correction coefficient Gkb is applied to the previous stage-1

flash bits
[0 Conceptually:

Gkby[n+ 1] = Gkby[n] + u X Dy [n — k] X (DyyeIn] — Dy [n — k] X Gkby[n])

Mpp

Dout kbcal [n] = Dyyeln] + Z Dy[n — k] X Gkb,k — Dd[n — k] X Gkby,
k=1

Ahmed Ali Calibration Techniques in ADCs

53



Input Amplitude Sweep with IGE (SFDR)

35
—110
—105
1 100

—96

N

—75

SFDR in dB

Calibration

No Calibration

Input Amplitude in dBFS

-40 -60 -80 -100

Ahmed Ali
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Input Amplitude Sweep with IGE (SNDR)
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INL without Kick-back Calibration [1, 2]
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INL with Kick-back Calibration [1, 2]
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FFT without kick-back calibration
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FFT with kick-back calibration
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Calibration of ADC Impairments [8, 5]
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Calibration of ADC Impairments [20, 8, 9, 5]

O Quantizer impairments:

[
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M DAC errors
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Quantization Non-linearity (INL Breaks)
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INL Breaks and Harmonic Distortion (HD)

ADC Output ADC Output

INL breaks and inter-stage HD INL breaks, inter-stage and overall HD
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Dither-based Non-linearity Calibration [20,8,9,5]

Dither =+/—Vy, O Dither = +/-V4, 0
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Dither-based Non-linearity Calibration [5]

Dither =+/—Vy, O Dither = +/-V4, 0
y1=f(x+Vy) -V,
Vo =flx=Vg) + Vg #y
Error = Y-V, [nput
Use thresholded LMS-
like counting/correlation
over half-bounded open

Intervals to estimate the
error
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Estimation of Non-linear Coefficients [5]

Slow processing
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Harmonic Distortion Inspection Points [20, 5]
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Locating Inspection Points in Real Time [5,4]
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Example of DAC/Ref Non-linearity Calibration

Fs=3GS/s, SNR~53dB, SFDR~55dB Fs=3GS/s, SNR~60dB, SFDR~75dB
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Papers to See This Year

O

Paper 10.7: “A 64GS/s 4x-interpolated 1b Semi-Digital FIR DAC for Wideband
Calibration and BIST of RF-Sampling A/D-Converters”

B Wideband calibration of ADC non-linearity
Paper 27.3: "A 13.8-ENOB 0.4pF-C,, 3rd-Order Noise-Shaping SAR in a Single-

Amplifier EF-CIFF Structure with Fully Dynamic Hardware-Reusing kT/C Noise
Cancellation”

m Foreground DAC calibration

Paper 27.6: “"A 25MHz-BW 75dB-SNDR Inherent Gain Error Tolerance Noise-Shaping
SAR-Assisted Pipeline ADC with Background Offset Calibration”

B Background offset calibration

Paper 27.2: "14.1 ENOB 184.9 dB FoM Capacitor Array-Assisted Cascaded Charge-
Injection SAR ADC"”

m DAC calibration

Paper 27.7: “A 79dB-SNDR 167dB-FoM Bandpass A~ ADC Combining N-Path Filter
with Noise-Shaping SAR”

m Interleaving and DAC calibration
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Conclusion

[0 Data converters are ubiquitous and an essential building block in
modern communication systems. The performance of the converter
often decides the performance of the whole system

[0 Some converter performance metrics and non-idealities were
discussed

[0 Calibration of the IGE, DAC, IME, kick-back, harmonic distortion and
INL breaks are examples of using digital signal processing to improve
the analog performance

[0 Digital assistance enables ADC designers to continue building efficient,
accurate and fast ADCs as process geometry shrinks
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