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Let's Get Started: What Should | Measure?

Controller
MDIO

. 1 = Logic Software
e - .
X Analyzer &
I Signal Source bl MATLAB
Power . f X
_ Supply e er—
é -

Filters
Transformers
(Baluns)
Cables
Attenuators

Does someone have a list of specs? @
f I
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List of Specifications

ADC Specs (some)

Offset
Gain Error

Missing Codes

Lets take these specs one at a time
and read the definitions:

INL

DNL

SR IEEE Standard for
==l Terminology and
L Test Methods for
SNDR -

NPR Analog-to-Digital
py— Converters

IM2

M3 I[EEE Std 1241-2000
IP3

ERBW

BER

Aperture uncertainty
Aperture delay
Power

FoM

OK. Lets NOT

I'm more concerned with debug, understanding and gaining insight to

information on someone’s data sheet

Specifying and Testing ADCs

improve the next generation of designs rather than just verifying

Puzzle Solvers

= ADC Testing is like solving a puzzle
= Methodically and calmly extract and analyze data
= Design experiments to isolate problems

= Similar to solving mysteries, or determining a diagnosis

= One big difference with respect to puzzles — in ADC
testing you don’t know, a priori, if a “solution” exists
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First Lesson: ADC Testing Starts in the Beginning

Know your
specs and
metrics

Know how to
measure them

“How many times did | say it, Harald? How

many times? ‘Make sure that bomb shelter's

got a can opener—am't much good without
a can opener,” | said."”

Know how to
observe and
control all
key aspects
of the circuit
for debug &
optimization

Gary Larson, The Complete Far Side
1980-1994 (2 vol set) Andrews McMeel
Publishing; 1st edition (October 2003).

Specifying and Testing ADCs

ISBN-10: 0740721135

““TITUT! Op

180 Seconds of Philosophizin’
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1st Silicon Success

= First-Silicon Success
= To the audience: Who here gets first silicon success all the time?

= Raise your hand

= Optimal specification for every application

= Audience: Who here knows the set of specifications to achieve
optimal system performance at minimal cost area and power?

* Raise your hand

= Welcome to the real world
= You people who answered, “Yes” can leave

= This course is for the rest of us who occasionally encounter
problems and need to test and debug

Specifying and Testing ADCs - o

The “Worked in First-Silicon” Lie

Goals are

= Solve existing problems, most efficiently

Tools cost several $100k, manyear ~
$300-500k

= A vyear of simulation is not necessarily a good
idea

New issues are only discovered when
trying something new

New techniques only get invented when
trying something new

“Hey! Look what Zog do!”

Gary Larson, The Complete Far Side
1980-1994 (2 vol set) Andrews McMeel
Publishing; 1st edition (October 2003).

ISBN-10: 0740721135 @
| |
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Testing and Specifying are In “The Real World”

Hemisphere of Design

Hemisphere of Experience
Most of the I1C Design
world (Especially Digital)

MATLAR Doesn’t like it over here

Simulations

% cadence

I’m uncomfortable
with ambiguity

Shouldn’t everything
be either “1” or “0”

w
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Testing and Specifying are In “The Real World”

The Joy of Teach™ by HliLrose & Anaddy

"fum_ 1 i wE

HAVE JUST RECEWTLY MET,
AnD T oW YOU HAVE SOME
S W A BEND A

& BOOE Geak Dalins

Joyaiwoh oom

It was al that precise moment Stanley realized
that ha may very wall be a brain in a vat,

w
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Philosophy of Science: What is Knowledge?

Brain in a Vat

I'm walking outside in the sunf!

Online available http://en.wikipedia.orgiwiki/Brain_in_a_vat

The idea that we can
leave our vulnerable
bodies while preserving
relevance, learning,
reality, and meaning has
permeated society

Internet social networking
Long distance learning

]
I used to work here smsecos

v - e W)

Making These They make this

Specifying and Testing ADCs -

1
Brain in a Vat
I understand
integrated
electronics
Fabless Semiconductor
companies with
hierarchical design
groups and more
reliance on CfZAD toolsl “The difference between the mathematical mind and the perceptive mind: the
means very few pegp e reason that mathematicians are not perceptive is that they do not see what is
actually make the vital before them..... the mind ... does it tacitly, naturally, and without technical
connection with reality rules.
-- Pascal E
I !
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Spend Some Time on the Dark Side

Hemisphere of Design  « » Hemisphere of Experience

Experience is what you get when
You don't get what you wanted.

Finish, Testing

Start, Specs

B Lo B o g
... ..your hands dirty ,

This is the most satisfyini:] .__
task in engineering

Specifying and Testing ADCs

The Path to Enlightenment: Specs, Design & Testing

Staying in the comfort-zone between 90° and -90° without entering into the world of
testing and specifying limits any real progress

The path to progress is like a DNA spiral. By traversing the circle from 0° to 360° many

times, we gradually ascend w
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Specifying ADCs
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Architecture vs. Speed and Resolution
Bits

18
Calibrated Pipeline

16 - -
Pipeline
14

12

10

Various Specs taking on different
6 levels of importance depending
on the application

) ]
(( ' ' T T

500MS/s 5GS/s 50GSI/s @.
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Requirements Differ in Various Systems: Narrowband

Mobile Spectrum  channel 1 Channel 2 Channel N

/A /A
Must account for adjacent blockers
Distortion Products Falling In-Band

Freq

Decu_natlon Channel 1
Filter

Decimation Channel 2
Filter

Decu_natlon Channel N
Filter

=Linearity High

=Prevent nonlinear mixing products from falling in-band
=Noise Less Important

=Processing gain due to narrowband filtering
=14-16 bit linearity with 12-bit noise (typical)

Specifying and Testing ADCs

Requirements for Broadband

Demux
&
Clock
Recovery

o =00 400 &oo soa 0 s0 000 18005 1 15 2 25 3
# of Samples T

ry

=Linearity Low

= System is forgiving of smooth nonlinearities
=Noise & Metastability Important

=Noise impacts BER directly

*BER (Metastability) in ADC = BER in data

Specifying and Testing ADCs




What are the Important Specifications?

2

SFDR Base BW
MTPR Stati SerDes BER
NPR ations SNR
Aperture
Optical Jitter
SNR
Power &
THD Audio ! v Power
IP3 \ et Video INL
Touch : SNR
INL Medical : BW
%] k
THD M Radar I3 Aperture
From faculty.washi \ahan/petct.html e @I
19 Specifying and Testing ADCs T
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Preliminary Considerations

ISSCC 2010 Tutorial




21

ADC is a Three-Input Circuit

V|N VREF C I k

REF

ADC Core
FAN

L Clk

ADC Performance depends on ALL THREE inputs

Specifying and Testing ADCs
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VIN

Sampler & Quantizer

VREF],
Veer Clk
3 S
D VIN - _L
: =
. CIlk Sampler Quantizer

Primary functions of the ADC consists of sampling and quantizing.
These can be treated separately

Note: Not always, non-uniform time-stamp ADC does NOT have typical
aliasing characteristics
I [1] Yannis Tsividis, Data Conversion and Digital Signal Processing

without Sampling, “ISSCC SE4: Unusual Data-Converter Techniques,
Feb, 2008.
[2] B. Schell and Yannis Tsividis, A Clockless ADC/DSP/DAC System
with Activity-Dependent Power Dissipation and No Aliasing, “ISSCC
Digest of Tech. Paper 30.6, Feb, 2008.

Specifying and Testing ADCs
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Sampling Can Cause Aliasing

T T T T T —3  Two input Signal

same sampled
frequency

Red is aliased

frequencies occupy

1 2 3 4 5 6 7 8 9 1a Blueisnotaliased

Aliasing in
spacial domain

Moiré pattern Not Aliased

From http://en.wikipedia.org/wiki/Nyquist%E2%80%93Shannon _sampling theorem
http://en.wikipedia.org/wiki/Aliasing

Specifying and Testing ADCs
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Quantization is NOT Noise

Deterministic Mapping

VS
Mapping from V, to Codes is completely deterministic
= No Random Noise

All spurs are harmonically related to the signal

= No random modulations

For uniformly distributed “ideal” quantization, all frequency content is
NOT equal in power

= Spectrum is NOT “white”
Difficult to model and track high-order nonlinearities due to quantization
= We assume the noise is “white”

= Consider only first 10-20 harmonics as “distortion”

Specifying and Testing ADCs




Harmonic Content Example

= Same “ideal” ADC

= Same sample rate

= Same # of samples

= Different input frequency

[l T T I T T T T ! [l T I I I T T T
g N, =128 § N, = 127
a0 |b F,=F,(128/4096) = F /32 i - ap| F, =F, (127/4096) = F/32.252 -
' T =

| These spurs are NOT “distortion” |
T 4| They are artifacts of quantization | |

dB

1 S SR R S I S S

N R . R N -

0 200 400 600 80D 1000 1200 4400 1600 1300 2000 0,700 400 600 800 1000 1200 1400 1600 1800 2000
Nbin Ngamp = 4096 Nbin
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DC Testing

VREFDAC

Dppac =

AN

N-bits

N+3-b|tS CIkDAC

L Clk

=This replaces servo-loop testing

=Use DAC with much higher accuracy than the ADC. Assume it's accurate

=Can require board modification if AC coupling caps are used

D A
ADC 00000000
Generate Transfer Function 000000
Digital-in Digital-Out
00000000
00000000
00000000
00000000
00000000
-~ @
[ i
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DC Testing: Ideal for BIST
VIN
Viv = - @ &7 @’b"
Test o D, DAC> I
mux 1-bit
Dpsc™==| DAC —
o9 -
Y S [>
E D, [oAC
CMP 1-bit
e :eob-r
8 Y
Vy 1 4 D> >1
\Ezg[Ds D, D Do]' 2 el
1
Ltn »f —
¢ D
[': D [DAC
CMP 1-bit
e
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DC Testing: Foreground Calibration

VI N
% [% &Y ]

VIN »
Test
mux
DDAC —) DAC —
AAA
V, 1 AA
V:; & ﬂ[D3 D, D Do]' A
1

Update radix coefficients to calibrate ADC

29

3

D3 DAC
1-bit

v

Lt‘ >
| ¢
D, [oAC
CMP 1-bit

V.

DAC
1-bit

Lt- >

¢

[ D, [DAC
CMP 1-bit

Vo U
V.V

Specifying and Testing ADCs

DC Testing: Transition Levels

Doc ASlope = Gain Error SIE)/pe = Gain
Slope = Ideal Gain g
[}
°
o
©)
+—
=
g
S
@)
If DAC is ideal
(or known)
Dpac can be
mapped to Vi,
Offset -~ /
} , Vin

30

Input Voltage

VREF

Specifying and Testing ADCs
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Output Code

DC Testing: INL
Ideal Ljnear Fit

Smooth Curve ;

Through Midpoints ]
)
Errors
) Use Ideal linear fit.
Otherwise, Offset
/ and Gain Error
/ Impact INL
g ’,/’
Vin
Input Voltage
Specifying and Testing ADCs
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INL Profile: Error Voltage vs. ADC Code

DADC

Output Code

Typically plot this
Rotated (interchanging X-Y)

lBpat Vbltage

Specifying and Testing ADCs
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INL Profile: Error Voltage vs. ADC Code

1 Rotate & Flip
S
)
«Q -
(9]
m
S
Output Code
o
Specifying and Testing ADCs T
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DC Testing: DNL

Ideal Linear Fit

D 4 Actual bin size Ideal bin size
ADC \ /
DNL(n) — [Vn _Vn—l]_VLSB
LSB
()
©
o
O H
= Full Scale
2
8 V. sg =V\/N
1 Transition
} Voltages
O i /,’ H H
CEEE S T B N § ey
n
Vo V1 Vz V3 V3 V4 V5 Ve V7 V8 VN
Input Voltage @
I '|
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DC Testing: DNL & Missing Codes

Ideal Linear Fit

DADC
D7
Dy | Missing!
I:)5
o abs(DNL(n)) < 0.5 :
'8 Full Scale
O
5 V g =V,/IN
f=2 :
S
O
1
0 |
S S S N S H iy
n
V, V, V, V, V, VW,V V, V., V,V,
Input Voltage @
[ i
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DC Testing: DNL & Relation to INL
B 1 Actual bin size Ideal bin size
;% Full Scale DNL(n) = [\/n _Vn_l]_VLSB
§ Viss =Va/N LSB
1
0 =DNL and INL contain the “same” information
: HE N v =Integrate (Sum) DNL to see this explicitly
VU Vl V2 V3 V3 VA V5 VG V7 VB VN "
Input Voltage
"DNL—l[\/OVVVV V., -V ,+V -V ]
20 (m)_\/_ 0o VRV =V + Vo =V He etV =V, +V =V, |20
LSB
Error Voltage relative to best-fit straight line
n V. —nV
INL(n) =) DNL(m)=-—"——-¢&
0
LSB
e
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Full-Scale

.-“']TIT UTg Op
nﬂy

e

Sxgamp

LT

L7 d.y
ADC Physical Performance Limitations

Noise & Aperture Jitter

ISSCC 2010 Tutorial

Sinewave
Power

SNR for Ideal Quantizer

-

Assumptions
1)

2)

~ |

Quantization error is noise
Noise is uniformly

distributed in each code bin
Noise in one code bin is

independent of noise in any
other code bin
[ /: =‘ T,
N3 Ay
— | y — I o]
Quantization Error N
Probability Density 1/VLSB
Function
< 1 1 >
——Vi g Vi
2 2
38
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RMS Quantization Noise

Quantization Error Probability Density Function

1 ]‘/\/LSB
< 1 1 >
_EVLSB EVLSB

Vo, = V58 _ 0,280V zation Noi
Qo — @ =VU. LSB rms Quantization Noise

V. = VPP _ Vpp /2 Where Vp; is the full-scale
Qo ~  An AN Voltage and n is the # of bits

2"J12  2"J3

40

SNR and Effective # of Bits (ENOB)

| For a full-scale single-tone sinewave input, the signal-to-noise ratio is |

SNR =

VSO‘ :ZH\/E
Vo, 2

SNR; =20log Z”E =n-20log(2) +10log(3/2) =n-6.02+1.76

= Solving for “n” given a measured SNR, (or SNDR) gives an expression for ENOB

= Non-ideal ADC generates harmonics, so must use SNDR in place of SNR

= A non ideal ADC can be compared to an ideal ADC, which has the same ENOB

= An ideal ADC will not have ENOB exactly equal n-bits because of violation of noise assumptions

ENOB =

SNDR —-1.76

6.02




Estimating SNR from a Glance at the Spectrum

I ot A T 16k point FFT |
“ | lorders | Enop o 101-176-42 _57.2dB _ |
BT 6.02 6.02 i

-100

bk A el

o l].l]ﬁ l].1 0.15 0.5
Normallzed Frequency (f/f )

120

10 Iog{ } -1.76 =ENOB-(6.02) » 1OIog{ Fo }—1.76 = ENOB-(6.02)
no nFbine ~'Vs
Total noise power Average noise power per frequency bin

P

10log{ } ~1.76-10log[N, ]

nFbinc

ENOB =

6.02
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Zero-Input Test

MDIO Controller

+ MATLAB Post

10002 Processing

Diff shorted Input E‘—I
H e @ a8 @& @

[ '|
Specifying and Testing ADCs @
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# of hits of 4096

dBFS

Grounded Input Histogram

1000

4K Point FFT

1500 2000

Frequency (MHz)

2
100 T \ T \ V 2 2 Vpp
Note: Vineass = 0.38-LSBs ne measo . /12
@b 8-bit ADC with 10- SNRgg = 47.4-dB 1
bits of resolution _ . 2
for fractional LSB SNRgs = 7.6-bits V
B0 histogram test ] no = 0382 - 0292 - 0252
VLSB
- 4
V .
m V,, =—2=8.2bits
0 | — |
1% 1285 1% i 7 1774 1B 1285 14
ADC Code [0, 255]
Specifying and Testing ADCs

Check Frequency
Spectrum for any
clock-related
spurs in the noise
floor
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Limitations Due to Timing Jitter for Sine Input

AV (t) =

At(ﬂifin )'VPP COS[Zﬂfint]

\%sin[&r- f(t+AD)]
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Expression for SNR due to Jitter

AV

rms

= At (ﬂfin )'VPP '\/an (COSZ[Zﬂfint]) = 27, Aty

Avrms = 1 :27ZfinAtrms
Vv SNR .

inrms

Now find At

Vinrms = \/avg|:(\%5in[2ﬂ' . fin (t + At)]) :l =

Vep

22

Vep

22
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BW [Hz]

SNR vs. Bandwidth Showing Jitter Limits

1.E+11 _
\
\
1.E+10 L]
. T SNR for At =0.35ps
1.E+09 1 s . \\
[] L N - | 4
¢ aptm Toef I SNR for At =1ps
\
1.E+08 1 . e e,
‘“:.I - am .‘-‘: .I’ ::
= 5, = 4 u |=‘-
1.E+07 1 R
. L]
1.E+06 - * FIR
IQ:’
1.E+05
]
1.E+04
1.E+03 T T T T T T T T T T
10 20 30 40 50 60 70 80 90 100 110
SNDR [dB]

[3] Boris Murmann, "ADC Performance Survey 1997-2009," [Online].
Available: http://www.stanford.edu/~murmann/adcsurvey.html

120




““TITLI'I'! Op

Dynamic Testing

ISSCC 2010 Tutorial
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Dynamic Testing: Use a “Known” Input

Bandpass Filter

Input

Balun

CLK

MDIO Controller
+ MATLAB Post
Processing

Example

ADC
Eval Board
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Coherent Leakage

Input signal is exactly centered
an a frequency bin

Signal energy (water)
occupies only one
frequency bucket

FIN  oF N

49 Specifying and Testing ADCs

Coherent Leakage

Input signal is NOT centered
an a frequency bin

Signal energy (water) is
scattered over many
frequency buckets

50 Specifying and Testing ADCs




Coherent Sampling

Heisenberg Uncertainty Principle

Wave equations

h
AxAp > in space
27

Fourier Frequency-Time Analogy

Wave equations

AtAf > K in ime

If T, is the sample period and F, is the sample frequency, then normalizing

ggz K o gzﬁ
TS FS FS NS

The accuracy in estimating the input frequency is inversely proportional to
N, the number of samples taken

51 Specifying and Testing ADCs

DFT as a Bank of Mixers and Integrators

Beat Note -
cos(2f, t) ? +Double Freq ,[o ()dt — %
' cos(27(0)t/ NT)
‘—>° J-ONT (')dt _.a
TC05(27r(1)t/ NT)
— O A Odt 2.
TCOS(Z;z(z)t /NT) .
o (¢
o (]
(0]

-Q [ Odt F—aus

Tcos(27r(N -t/ NT)

Orthogonality is maintained for any frequency if N is very large, or if the
input frequency is harmonically related to the sample frequency
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Frequency Leakage: Rectangular Window » Sinc

T

As frequency increases, the fraction of the signal contributing to the
integral decrease. Spectrum as 1/f roll-off with nulls at multiples of 1/T

5 , T T T T T T T

aB .

05 1 1.5 2 25 3 35 4
Normalized Frequency (1/T)

Specifying and Testing ADCs

Leakage in DFT

spectrum of tone

spectrum of rectangular window

\/

Convolution

l

spectrum of Sinewave and rectangular window

Actual Fourier Transform on the input signal is the convolution of the pure
tones from the sinewave and the sinc function from the rectangular window

Specifying and Testing ADCs




Leakage in DFT: Special Case of Coherent Sampling

|Coherent Sampling I

fin lines up exactly with peak
and has zero content at other frequencies

Non Coherent Sampling

fin is not on an exact frequency
bin. Energy from fin is distributed
amoung all other frequencies

Energy in signal tone is convolved with window function and spreads across

frequency band
Specifying and Testing ADCs @

Eifel Tower Effect for Non-Integer # of Periods

u T T T T T T T T
20 Signal energy occupies only Coherent
A0 one frequency bin f= fs(llll/NS)
dB
pill} 16k Samples

0 0.05 0.1 0.15 0.2 0.23 0.3 035 04 0.45 05
Normalized Frequency (f/fy)

l] £ T T T T T T T T
al legfrrlgl energy is spread among Non-Coherent
quency bins
0 f = f,(1111.5/N,)
dB
0 16k Samples

40

00+
I I ! I

| | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 05
Normalized Frequency (f/f,)
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20+ 1

1 1
0.062 0.064 0.066 0.068 0.07 0.072

15 frequency bins for
a 16k FFT before
down by 90-dB

Blackman Windowing

20

40
dB
£0

Signal energy occupies only Coherent
i bi —
one frequency bin f= fs(llll/Ns)
16k Samples

20
dB 40
£0
80

-100

905 01 015 02 025 03 035 04 045 05
Normalized Frequency (f/fy)

Signal energy is spread among Non-Coherent
all frequency bins
f = f,(1111.5/N,)
16k Samples
i \..J.J. T TR A Y AL AT T IR AN I TN
0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5

Normalized Frequency (f/f;)

57
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Windowing

58
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Frequency Response of Blackman / Rect Window

] e T T T T = ]
‘ | Rectangular Window
1 ; ; ; . : | | | |
E : : -5']_ TTTTITYtrrrrrrrrannaT
LR RRRET Rl LR PRELEEELELE RS
; . ; dB
; : ; a0 HHHHHHH A H
; ; ; 0 5 10 15 20 2 £ 35 40 45 0
] I # of frequency bins for 16k samples
e —
: : : O - T T TS T T T T T
S R A R W i 3 i i i Blackman Window
0.2 fmmmmgfrredom oo A o] : | Z Z Z Z | ; ;
: : : dB 0 [~y P e s oo P F e P pree
0 i i : : i i i : | |
0 5000 10000 15000 A00 e LIRS EETEIRN SRR SRR
Blackman Window AAARANAAAAAIAAA
ackman Window in 0 5 15 2 o’ W 3B/ 4 45 50

time domain for 16k

samples Normalized Frequency (f/f;)

[ 'i
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Frequency Response of Blackman / Rect Window
a Rectangular Window
il M, Frequency domain
f
dB il
Blackman Window
Frequency domain
. H H i .

[ .i
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Frequency Response of Blackman / Rect Window

2l Rectangular Window
40
60
80
-100

I I I I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5

# of frequency bins for 16k samples

a0 Blackman Window

40
40
40

‘ =f U |J S O P S T I T A TN Y DRV W P TR T I AT
0 0.05 0.1 0.15 0.2 0.25 0.3 035 04 0.45 05
Normalized Frequency (f/f;)
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Coherent Frequency: Input Must be in a Freq Bin
Let: F;=4096-MHz , N,=4096-samples
¢ .
| | | | | | | | | >S | l T
0-F, IF, 2F, 3F, 4F 5F 6F 7F  8F, (N,-2)F (N,-1)F,
NS NS NS NS NS NS NS NS NS NS NS
] A F=251-MHz wo | Fy=1051-MHz
‘ F, = 4.096-GHz ] | Fo=4.096-GHz
U) 30——————77—\—————77——\—————77—? ——————————————————— U) R e e e ol S e e
oo N R S
om [a]
© ©

: o 200 400 600 800 1000 1200 1400 1600 1800 2000 o 200 400 600 800 1000 1200 1400 1600 1800 2000

Frequency (MHz) Frequency (MHz)

[ |
Specifying and Testing ADCs @
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Coherent Frequency: Truncating Long Decimal Values

63

Let: F;=6003.0976-MHz, N,=4096-samples

R =

in

=—-=1.4656 MHz
N

1 I >5(N5—| |

0-F, IF, 2F, 3F, 4F, 5F, 6F 7F  8F 2)F, (N, -1)F,
Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns Ns
() 0%%%%%%%%%%%%%%% %% %% %% %% %% %% % Y
%%  Matlab Script to calculate sample frequencies for ADC %--- Find approximate frequencies
OO0 ORO UAYA IO UOA0 U0 OO0 RO OOk AT UAD 9
9 fhin_x = fs_x/nsamp; % First estimate of bin frequency
%--- Parameters fhin = round(fbin_x*sig_factor)/sig_factor; % Truncate # of digits
) fs = fhin*nsamp;
nsamp = 4096; % Number for coherent FFT samples FPRNEF(\N-memmmemmeme e \n')
fs_x=6003; % Default sample frequency in MHz fprintf(\tfs = %14.8f\n"fs)
nsigdig = 4; % resolution in frequency selection [01234...] fprintf(\tfbin = %14.8f\n" fbin)
sig_factor = 10"nsigdig; % Factor used to truncate bin freq FFNEF('<--mermemmmemmemeemeenead \n\n')
9
%--- User input
9
Coherent Frequency Calculator
fprintf(\n\n') q y
fprintf(" \n') )
fprintf(\titCoherent Frequency Calculator\n’) ---> Input Approximate Sample Clock (MHz) = 6003
fprintf(" \n')
fs_xin = input(' ---> Input Approximate Sample Clock (MHz) =");
U > nputApp ple Clock () =) fs = 6003.09760000
fs_x = fs_xin; fhin = 1.46560000
end
Specifying and Testing ADCs
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Relative Prime Frequencies for No Repetition

Fs: Nstin ’ I:in:Nianin

N, and N;, must be relative prime to prevent repetition

2,6

Pattern
Repeats
Fi, = FJ/4

4,8

Specifying and Testing ADCs




Relative Prime Frequencies
Fs: Nstin ’ I:in:Nianin

N, and N;, must be relative prime to prevent repetition

5
4
6 O A

Consider 80O O 2 Pattern does not
Ns =16 Repeat
N =1 9 () O 1 Fi, = F/16
10 ()16
12 13 14
o
65 Specifying and Testing ADCs

Relative Prime Frequencies

I:s:Nstin ’ I:in:Nianin

N, and N;, must be relative prime to prevent repetition
For N = 2", condition is met provided N,, is an odd integer

Consider Pattern does not
N, =16 Repeat
Ni,=5 Fi, = F/16
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Amplitude (LSBs)

Shuffle-Plot

250 F

200+

100

a0+

I I I
20 25 30 35

Shuffle Plot of ADC Samples

a0

1.05-GHz Input

If input is coherent
and relative prime
condition is met,
the full data
pattern will be
distributed as
2n/Ng equal
phases around
the unit circle

Data can be
“Shuffled” in
order of
increasing phase
[0, 2] to show
one cycle of the

sinewave
: Similar to
: Sampling Scope
0.4 05 06 07 1
Mormalized Sample Phase (tsT)
Specifying and Testing ADCs @

Error LSBs

) | -

Error with respect
to ideal fit

Information from Shuffle Plot

Original

Shuffle Plot

A’

VPP
2" J12

7.5-bits SNR at Peaks

peako no

2

=0.38°

T T
Error at
Zero-Crossings

Il Lk

| el it B
f

15 | ] — Error at
‘ Peaks
2 1 1 1 1 1 1 1 1 1
0 a1 02 0.3 0.4 0.5 06 o7 0.8 039 1

Normalized Sample Phase (/T;,)
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Information from Shuffle Plot: Aperture Jitter

! A K 2 2, P
i
§ Original SV =V + [ﬂ'f ]
N / Shuffle Plot zeroo no on / inV inpp * jito
Error with respect 7.1-bits SNR at crossing
to ideal fit
2
l l Error at
15 Zero-Crossings

||,
1

Wl | LY LRl

el | \ PN “J ] L L m __ |Iw‘--”"' il

Error LSBs

-1 T
15 T | H— — Error at
‘ Peaks
2 1 1 1 | 1 1 1 1 1
u] 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 09 1

Normalized Sample Phase (t/T;,)

Specifying and Testing ADCs

Measuring Aperture Jitter From Shuffle Plot

2
z-J'ita = TAL VzerOO-2 _Vno-2 _|:Vij|
7 V. 2" 12

i LA ! | inpp
Error with respect to ideal fit l

o=tV o2y z_{i}z
jito T 2 Vmpp zeroc no \/E
7, = (303 |os)2—5156 @Jo 532 —0.25° —0.289% = 467 fs

=Measured RMS Error at X-ing — LSBs

=Ratio of input wrt Full-Scale

L =Quantization Noise - LSBs
=Additive Noise —LSBs

=ADC Resolution
=Period of Input Signal over pi
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Optimal Curve Fit

d)  Create Mairix (35), Mairix (36), and Mairix (37). X X
If non-coherent input signal

Y is used, the same
y= (33) information, SNR, THD,
Yig Shuffle-domain data, can

be obtained if an optimal
curve fit is used estimate
the following unknown

sin (o) 1 — A rysin (wyry)

sinfmgia) 1 —Arasin (mes)

D= . . . . (36) h
. . : parameters of the sine
cos{mty)  sin (o) 1 —A tesin (o) 4+ B tacos(myi ) wave
4 =Frequency
=l & *Phase
Ay =Amplitude
e} Compute the least-squares solution, x,. as shown in Equation (38). .Oﬁset
w=(0fp)" (B y) (3%)

) Compute the amplitude, A, and phase, 0, for the form in Equation (39).

IEEE Standard for
Terminology and
Test Methods for
Analog-to-Digital

Vo = Acos(mi, + 0) + C (39)

using Equation {40)

A=\ 4248 (40)

and Equation {(41) and Equation {42).

s Converters
0=tan"' [_T] i A= 0 (41}
R IEEE Std 1241-2000
0 =tan"' [—T] +n il 4, =0 (42) Page 28
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& ‘.
|l'l.u T
B 2 1 N
B =
: ]
e é”I

—
W
.

Code Density Testing

ISSCC 2010 Tutorial




Stochastic Estimation: Histogram Techniques

Known signal ‘k
Stochastic
Estimation
Processing
Linear ramp
| # of hits
N S
2n

= Statistically estimate the bin width by the # of hits per bin
Assumes input has known probability distribution
Assumes a sufficient # of samples are taken for statistical accuracy

= |deal signal is a linear ramp
Difficult to generate

= Usually done with a sinusoidal input

Need to determine the probability density function of a sinewave

Specifying and Testing ADCs

Mapping Uniform Phase to Amplitude

Pdfa() () Take a uniform
distribution of
phase from [-0,r]

I/t

T >0

Projection on y-axis

The rotating arm has a projection on the
y-axis where the time spent near £1 is
longer than the time spent near O due to
the velocity of the projection in the y-
direction
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A Little bit of Math in the “Bathtub” 1 of 2

Consider the general case y = f(0)

f(0)

/

"5

e

P, @)A8]=[P,(f(O)ay] = Py(f(e))ng(e)‘i_s

Reversing the argument to put in terms of y
[P, (v)dy|=|P,(f*(y))d6)
L, W |de
P, (y)=PR,(f l(Y))‘W f
y = f(8) = cos(6), so dy/de = -sin(6) K y g
1ldo| 1 1 1 1
P(y)=—|"2==. — .
y(¥) 7z|dy‘ m sind 7w J1-y?
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A Little bit of Math in the “Bathtub” 2 of 2

11

1-3v

Find
Pr(yysysy,) = P(y.);)

p(yy2) = areay

/

= area,

Y2y
P(J/1,J/2)=—J dy
) 2
-1 1 y1 1—}/
g asin(y,) ©)
'-C‘E P(yf],)/z)=— J Ld@
< # Tcasin(y1) 1—(8"‘19)2
o [& 1
! Plyq. o) = E[asimyz)fasin(yp]
= PO, 6.) = 18
o ( 1 2) = E(' )
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O = R Wk~ o D

O =M W Mo~ oo

Histogram Technique vs. Sample Size

Histogram of ADC Codes for ‘:‘-inusiodal Input

Specifying and Testing ADCs

Deviation from Ideal (LSBs)

.
=

Deviation from Ideal (LSBs)

M

Estimation of DNL vs. Sample Size

]

bt
U5

D|fferent|a| Nonlmearlty [DNL] Est|mfited from Hlatogram

T00 200 300 400 Oupu?e‘%de LebH0 (8] 800 900 TOUO

Differential Nonlinearity (DNL) Estimated from Histogram

2
1.5 I T T T T __________ i
L St SO SR U USRS SO . 64k samples _____ i
0.5 :
o 1 . S
0.5 Lo TR SRS AN 408 i
L S SN SO AU SO N AP I i
L5 s U P 3 4
20 0 206 300 0 o outESde 1 evklo TG 506 60 500
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Errorin LSBs

Error in LSBs

Estimation of INL vs. Sample Size

Integral Nonlinearity (INL) Estimated from Histogram

v 100 200 300 InﬂbLm Range?@é’rmallzeéjpo LSBs rao 8uo 900

Intggral Nonliqearity (INI_‘} Estimateq from Histggram

S ------------ ------------- ------------- ------------- ------------- --------------- 64k samples --------- —

U 100 200 300 In%HPR'mnp wmah?@rﬁf’p{?l SRs BUU QUU 1UUU
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INL from Shuffle Plot

Shuffle Plat of ADC Samples

- £ 4000
2 |
E = 3500
] ;;:
i g w
@ |.— 2

B 0w
o | 4
o | o
% = & 2m
7 |H =
o g E 1500
i { R
5 =
=) L
g beeed B 1000
, | P
2 3 i L 0 I { I I I \ \

o = " v o ot 02 03 of 05 0§ 07 08B 08 i
a5l el Normaliged Sample Phase (ts/T)
o T T T T T T ‘ T

=sEstimate error with respect to

optimal fit
=Error vs. Phase maps
through signal
=Obtain INL
=Filter error in shuffle domain
to remove noise

0
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INL Relationship to THD

] | —"

) O TN e e b

] I .

INL = Error

O i W Error Squared g g 7
m g T H L TeNMVPMNMYNMYNMYNYYNMNS-- -
(%]
Dl N ,
& Ll Map Through ]
g . robability Density Function of Sinewave
o

25 r

. Squared Error
x Prob

27%(LSBs)?

H i i
o s00 1000 1800 2000 200 3000 3500 4000

1
UINLZ(y)Py(y)dy 2-05LSBs THD = 66-dBc @ 70% Full-Scale

Specifying and Testing ADCs

INL Relationship to THD

O T I [
-3.11 dBFS 1 L .
Confirms Time-Domain
D0 ] .. And Freq Domain Match -
HD;=THD | ‘
P 66dBc . i
dB | |
B0
3 -69.13 dBFS
B0 b .
100— 77777777777777777777777
0 50 100 150 200 250 300 350 400 450 500
Frequency
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Interpretations of Distortion

ISSCC 2010 Tutorial

84

Normahzed Amplitude (dB)

INL (LSBs)

INL with Even-Order Distortion

-80

o u‘lw'wm WWMWWMWWM WMNW me

DFT of ADC output

Frequency (MHz)

THD = 8.9-bits
90% loading

4uU 2UuU oUuU [

Output Codes

INL+1
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Error vs. Time for 2"-Order Distortion

\
= One Cycle 90% Full-Scale
, I Sinewave Input Signal
error mapping 1
1
1
-F------ 1
1
L 1
|
Wor for 1 cycle
accumulation of even terms
error for 3 cycles 2nd Harmonic
+ +
2 ¥ X

MAYAVAVAYAY

= 2nd.Order Distortion
= Produces a 2"-harmonic + DC offset

Specifying and Testing ADCs @

Determining Harmonics from INL Profile

One Cycle 90% Full-Scale
Sinewave Input Signal

error mapping

},

Error in Transition Levels
~ negative Error in Output

cancella_‘_tion of even terms
error for 3 cycles / \ - 2nd Harmonic

r

= To find distortion (THD) from INL profile
= Take % loaded section of INL profile and distort though a sinewave mapping
= Flip it horizontally to produce the error over one complete cycle of the input signal
= Take DFT of the error. The frequency content is the harmonic distortion

Specifying and Testing ADCs @




Normalized Amplitude (dB)

INL (LSBs)

0 DFT of ADC output
L s Lt SORTEAAN ES SR SRS SRS ST St S
A0 o 3rd Harmonic -58dB """"""""""""""""""""""""" 7
T A TR — -
B0 Lo o AT SR - U SR o TR S

-10

INL with 3"9-Order Distortion

THD = 9.4-bits
90% loading

mmm bl m.lm uLL Al mummw Un il w.llhm nm Miwmm

Freque Y :MHZ]

T00 200 300 400 500 GO0 700 ouo Tog TOU0
Output Codes
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INL with Abrupt Nonlinearity

0 : : : DFT of ADC outpult
% -20
-
g -40
§ -60 THD = 9.3-hits
z § 90% loading
% -80 ‘
£ 100
2o I AARERTY Y Im mmm iy it mm Ll ll il mmm..mm

reque (%Y (MHZ

4 |

3_ ........................................................

2- ------------------------------------------------------
N U N SN S| I RS N B N
g & e O s

Y S S SRR S S S |

3 _ ________________________________________________________

-4 o0 700 300 T00 oﬂu BU0 700 BU0 00 Toou

©
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1
1
1
1
1
1
1
~INT ' ¥

E‘rror vs. Time for Abrupt Distortion

One Cycle 90% Full-Scale
Sinewave Input Signal

! -error for 1 cycle

cancellation of even terms i
2nd Harmonic

error for 3 cycles

NavaAvGAvavas

accumulation of even terms

3rd Harmonic

N AVAVAN i VAY ava Vi

= Abrupt Nonlinearity with Odd-Symmetry
= Perfect cancelation with respect to even harmonics

= Accumulation with Odd-Harmonics
= Non 50% duty-cycle (offset in mid-code) will produce residual even-order @

Specifying and Testing ADCs
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Which ADC is “Better” Abrupt vs. Smooth for Small Signals

A A
input input
[ P S ey
error error
- L

Low Distortion odd harmonics

..... __.__‘__ ._ ; ‘_., ENOB
- ol for ideal
k] TOR 8
6.7-bits

'

ENOB = 5.8-bits

ENOB = 6.7-bits
ADCs have ~equal ENOB at 90% loading

Abrupt nonlinearity is bad for low-level signals
Need dither to “smooth out” errors and reduce spurs @
I |
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Harmonics and Multi-Tone Testing

92

ISSCC 2010 Tutorial
Harmonic Folding
0 ! ! ! ! ! ! ! ! !
R i i P AR R P Fomeee Harmonics bounce
Al B e S St oo S back and forth
0ot 200 oo 4th "'*t;]" 7h [ P P around Nyquist
R B s St B . S S and DC

Don't be fooled by F./3 5"

. . i nd
50 j ; : 2
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Single Tone Testing

N O
<« QM —»
I o

_»

Specifying and Testing ADCs

Single Tone Example

Frequency

Specifying and Testing ADCs
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Two-Tone Testing

IM,
dBc

Specifying and Testing ADCs

95

Single Tone

Two-Tone vs.

\\\\\\\\\\\\\\

ure 39-Order

For p
IM;=H

5 + 20log(3/4)

D

0
20-----

Frequency
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Multi-Tone Testing

[sedoies_ | cnl®

A
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MTPR, NPR, CTB, CSO & More....

x
as
=®
,
,
,
,
,
,
,
,
“““““““““““ I, ——————
,
,
,
h ,
,
I |
. ,
,
‘ ”
,
L I ” I ”
o o o (=] o (=]

dB

Frequency
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MTPR, NPR, CTB, CSO & More....

dB

<200 Y HHH HHHE R FRE EEH HEH EEREEH - B EHEERA HEHT BEHEERA HE

-80 tHA A HHR R HEH EEHE R HER - FHAHER ER FHE R HE

-120
0 50 100 150 200 250 300

Frequency

,,,,,,,,,,,,,,,,,,,,,,,,,,,

MTPR
@ Vin,

350 400 450 500
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MTPR, NPR, CTB, CSO & More....

P

dB

~100 HHHHHFEAHHHHEH HEH FEH FEHHEH FEE - FEE R EE HEH EHA R HE

-60 P FHEEH A HHEEEEREEH EHRE EE EEA R FREER R R EER R FEREHAEE HEHA

-80 FHA A HHR R HE EEHEFFH HER - FHAHER ERFHE R HE

,,,,,,,,,,,,,,,,,,,,,,,,,,,

MTPR
@ Vin,

0 50 100 150 200 250 300

Frequency

-120 W

350 400 450 500
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MTPR, NPR, CTB, CSO & More....

dB

80 HHHHHA HHHA A HHE FEHEFHHHEHA FHE - FHE EHH R HEH ]| :r,,, I .
! ‘ MTPR

@ Vin,

<100 HHTHHH THHEBR ERR EEHTHEH EERAEEH- B EHEHA EEH EEHEER HEHA FRH EHA HEH T EHHEEH

-120
0 50 100 150 200 250 300 350 400 450 500

Frequency

| |
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MTPR, NPR, CTB, CSO & More....

-

40 FEA EATEEA T AT FE EE T EE T EE TR E AT EAEA T TR EE CR T E T T FRe

dB

-60 FHHFHEEH A HEEEER EEH R R EHAER R R R EEREHEH FHREEH T HEHTHE

MTPR
@ Ving

200 FHH TR HERHEHEHH TR R

0 50 100 150 200 250 300 350 400 450 500

Frequency

| |
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Specs Discussed Thus Far

SFDR Make sure you characterize your ADC
THD and plot SNR, SFDR, THD, SNDR vs.
SNBR F,, at a given F, and for various Fs at
NPR a fixed ratio of F; /F,

Aperture delay

Power

FoM e
Specifying and Testing ADCs T
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Assorted Analysis &
Debugging Techniques
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Analysis = Capture + DSP

Modern real-time oscilloscopes are sophisticated data
capture and analysis systems

All the fancy features on a scope can be recreated in
the lab with enough data, accuracy and programming
expertise

Data analysis can be targeted specifically for
parameter estimation of the ADC architecture under
test

105 Specifying and Testing ADCs
NN __~“ADC
ﬁ’ slice;
% I > Memory
B . ADC Capture
/ slice, )
1 (&}
¢2 > "g
8 @)
r
N ADC I=
Vi —e g %’ TN_slice, = " -. D
I ©
5=
s " D2 .
° ° a High-
[ J [ J
o o Spged
| B ~_~ADC Serial
> "N slicey Output
4 —3 ,
= Time Interleaved Architecture
= Optimal for data capture with large frame size and high speed
= Optimal for continuous output ADCs
= Memory added for data capture
= High-speed Serial I/O added for efficient data output -
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Time Interleaved ADCs, Offsets

Nyquist tone
s

MUX |
%_f Tfin 2 f
Conceptual Dual

V ore Channel Front-End

Alternating every other sample
Average signal

Plus fs/2 error signal

/ —>V our

- 2T5—p-

Specifying and Testing ADCs

Time Interleaved ADCs, Gain Mistmatch

[: I Nyquist minus signal

\

/ —>V our ~

MUX |
Mfin 4 fs2 oL
Conceptual Dual fs/2-fin

Channel Front-End

«—Alternating every other sample

Average signal

<«+— 2Ts — fs/2 error signal with AM modulation
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Time Interleaved ADCs, Time Skew

| : > | Nyquist minus signal
in quadrature with Vin

/_"VOUT | ~
MUX
[ fin sz o f
Conceptual Dual fs/2-fin

0, Channel Front-End

«— Uniform sampling

2nd sample is Early

-~ or
1st sample is late

— T

fs/2 error signal with AM modulation and 90° phase shift @

Specifying and Testing ADCs

ADC Calibration Techniques: Time Interleaved

dBFS

F,, = 1.05-GHz, F, = 4-GS/s Fin = 1.05-GHz, F = 4-GS/s

Before Calibration After Calibration |

dBFS

|| } ‘|l|||

0
400 60 200 1000 1200 1400 1500 180D 2000 a 200 400 60 200 1000 1200 1400 1600 1800 2000

Frequency (MHz) Frequency (MHz) E ;
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dBFS

Example 16-channel Time Interleaving

,,,,,,,,,,,,,,,,,,,,,,,,,

_| Skew-Slice0
Error~35ps

400 600 800 1000 1200

1400 1600 1800

Frequency (MHz)

800

1000 1200 1400 1600

After
Calibration

,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,

1800 2000

Frequency (MHz)

| Skew-0 Error~35ps

& 2

4 G
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Layout of Folding Averaging ADC
T
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Debug Examples: Ensemble Averaging

Typical INL Profile
errors are correlated
due to averaging

| 10 INL Profiles

10-bit ADC
with folding
averaging
and interpolation 5 I 1 | Average of 239
B 1 | INL Profiles
B Mean(INL) shows
0 B some residual
- systematic errors, but
21 much smaller than

the random variation

113 Specifying and Testing ADCs -

Debug Examples: Bias Mismatch Impact on DNL

High Bias Section Low Bias Section

| [
DNL 0 =
; !

=Pseudo-differential interpolation requires matching of bias currents
=Offsets occur when bias current of adjacent stages are unequal
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Examples Debug: Bias Mismatch Impact on DNL

| Mean DNL (10 Parts) |

I Mean INL (10 Parts) |

Xcorr(mean(INL))

Correlation of error at
12-code spacing follows
the same patterns as the
biasing scheme

o edCes Corekh

S SR

Specifying and Testing ADCs @

Systematic Offset: Autocorrelation of Average DNL

1 Average DNL of 239
i | 10-bit folding ADCs

Autocorrelation of Average
DNL showing high
correlation of errors every 8
codes

-30 -20 -10 ]

io 20 30

Averaging and DSP can extract information very accurately
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Systematic Comparator Offset due to Layout

- 16 -

128
comparator
array
8
|| :
Bt L%}
amEmEE Y
10-bit ADC U U
with folding
averagin , . —
and intergolgt'on To remove systematic Discontinuity in array
P : gradients, routing of causes every 8" comparator
comparators meanders to see different routing than
through the array the others.
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Voltage Distribution on Averaging Resistor

ZEro Crossing axis

individual
output
voltages
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“Movies” in the Shuffle-Plot Domain vs. Cmp VDD

Even sections
of 128 codes
fail first

Comparator has
systematic
hysteresis, plus
an error due to
current
clamping in the
comparator

Unable to
overcome
systematic or
hysteresis-
induced offsets.

Stupid mistake
on my part with
a current mirror

Showing data in sequences vs. any parameter leads to new revelations

on 2 supplies
©
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The Problem: Cyclic Thermometer Code in Folding ADC
This is a really bad idea, that | have Phantom Thermometer Code:
never repeated, but | did it with Off half cycle 0-to-1 transition
good intentions Even half cycle 1-to-0 transition
VDDA VDDD
— L
To Comparator
VP—I l_V“ decision circuit
By looking at “movie” was able to
= realize that comparator strength was
asymmetric due to IR drop between
Comparator Preamp VDDA and VDDD
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DC Testing: Foreground Calibration

V,
Dosc == DAC -
Ew S
» [DAC
%1—bit>‘]
A3A2A1 E&fqﬁ 5 '
Yw.llp, D, D Dl Ay %?ﬁﬂ
Vref HA Ai
1

121

oo
. - . DAC
Update radix coefficients to calibrate ADC % 1-bit
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Coefficient Weight

122

Radix Calibration

L L R GGhtOE EEEEEEE EEEEREE CREEEEE S ER e

16

14

1.2

Radix

0.8

06

0.4

0.2

Pipelined Stage # Pipelined Stage #
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Radix Evaluation and Settling Behavior

Radix

(Gain of
MSB
MDAC
Stage)

123

Settling Behavior of Most-Significant MDAC

400
MHz

375
MHz

325
MHz

300
MHz

275
MHz

250
MHz

133 143 154

Time (ns)
half a reference clock cycle

1.67 181 2.00

225
MHz

200

MHz

4 1.60

4 1.57

4 1.55

Radix @ 4-GS/s
+— =16

Radix @ 4-GS/s
— =-1571

Specifying and Testing ADCs

References

ISSCC 2010 Tutorial




References: Private Communication

Bob Jewett
“High Performance Data Converter Testing”

David Robertson
“An Introduction to Analog-to-Digital Converter Design”

Robert Neff
Private Communication: High-
speed testing & BER testing

Michael Flynn
Private Communication: High-
speed testing & BER testing

Un-Ku Moon & Boris Murmann
Private Communication:
Windowing effects in FFTs

Specifying and Testing ADCs

References: 1 of 2

The Data Conversion Handbook
Walt Kester (Editor) Chapters 2,5

Data Converters
Franco

Maloberti
Chapters 2,9

IEEE Standard for
Terminology and
Test Methods for
Analog-to-Digital
Converters

IEEE Std 1241-2000

Specifying and Testing ADCs




References: 2 of 2

CMOS Integrated Analog-to-Digital and
Digital-to-Analog Converters

Rudy van de Plassche

Chapters 1-3

CMOS Mixed-Signal Circuit Design
R. Jacob Baker

s Data Conversion

el System Design
CUCTIM Behzad Razavi
TECI Chapter 9

LI aes ]

CMOS Data
Converters for
Communications
Gustavsson, Wikner
and Tan

Chapter 1

g [
127 Specifying and Testing ADCs @

REETAE EAL

Enjoy the Game
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