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Lecture 2
Data Converter Operation and Characterization



REVIEW from LAST LECTURE

D/A Converters

XI N +>n DAC >—»
XouT




REVIEW from LAST LECTURE

Data Converters

Electronic Data Conversion Process:

Vour
d
Voxx S
v B 0] d=0
ouT Vxx d — 1
Vout A A

ADC DAC

« The comparator is the basic analog to digital conversion element in all ADCs

« The switch is the basic digital to analog conversion element in all DACs

« Data converters incorporate one or more basic ADC or DAC cells

« Design of comparator or switch is often critical in data converters

« Performance of data converters often dependent upon performance of
comparator, switch, and matching



REVIEW from LAST LECTURE

D/A Converters  x,—— oaxc »>—

XIN=<Pn.1,bn.1,---b1,bg>

An Ideal DAC transfer characteristic (3-bits)
A Lout

x'REF

] .

<000> <001> <010> <011> <100> <1010> <110> <111> >—’<

Co Ci C, Cs Ca4 Cs Cs C;

Code C, is used to represent the decimal equivalent of the binary number <b, ; .. by)>



REVIEW from LAST LECTURE

D/A Converters  x,—— oaxc »—

A Lout

Co C: C> Cs Cs Cs Ce G X| N

For this ideal DAC

b b b by b
XA =X n-l,-n2 503, + -1 420
ouT REF( 5 T4 g 1t on
n bn-j
XOUT=XREF 2 -
j=1 2

* Number of outputs gets very large for n large
« Spacing between outputs is Xgee/2" and gets very small for n large



REVIEW from LAST LECTURE

A/D Converters

%IN—><ADC < Xout

xIN—><ADC < XouT




REVIEW from LAST LECTURE

A/D Converters

An Ideal ADC transfer characteristic (3-bits)

xIN
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The second vertical axis, labeled L IN s the interpreted value of X



REVIEW from LAST LECTURE

A/D Converters

A XouT
C; +

xIN
—>

Co +
Cs +
c. +
Cs +
c, +
Ci +
i’th

|

xREF

Co

For this ideal ADC

On-1,0h2 903, , 91  do

< ADC

< XouT

ftOUT xREF( > t=4 g n1ton
LouT-N= €
where € is small (typically less than 1LSB)
UN=AREF 2. — - €

* Number of bins gets very large for n large

J

« Spacing between break points is Lrg/2" and gets very small for n large

€ is the quantization error and is inherent in any ADC




REVIEW from LAST LECTURE

A/D Converters e

A XouT n
C, + [—
|
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C6 — r—
|
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C5 — [r—
|
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C4 —_ —
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|
C3 — [r—
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|
CZ - 1I_'
c, 4 —_—
! LN
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Transition Points

i Xz s X s e Lrr e,

Xout

* In an actual ADC, the transition points will deviate a little from their ideal location
Labeling Convention:

We will define the transition point Xy, to be the break point where the transition in the

Actual values of &, where transitions occur are termed transition points or break points
For an ideal n-bit ADC, there are 2"-1 transition points

|deally the transition points are all separated by 1 LSB -- X, sg=Xgge/2"
Ideally the transition points are uniformly spaced

code output to code C, occurs. This seemingly obvious ordering of break points becomes
ambiguous, though, when more than one break points cause a transition to code C, which
can occur in some nonideal ADCs



REVIEW from LAST LECTURE

A/D Converters

Quantization Errors

Another Ideal ADC
X=X 5pl2

g9 =Lout-LIN
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1 1 1 1 1 1 1

X1 X2 Xz s s e Ay

L €Q

\ 2, 2\ ), 2 2, o

[
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Xout



REVIEW from LAST LECTURE

Characterization of Data Converter
Performance

* Almost all ADC architectures will work perfectly if nonideal
effects are ignored !!

* Most data converter design effort involves managing
nonideal properties of components

* “Deuvil is often in the detail” when designing an ADC

Critical to know how to accurately characterize an ADC

What may appear to be minor differences in performance are often
differentiators in both the marketplace and in the profit potential of a part



REVIEW from LAST LECTURE
Performance Characterization of Data Converters

 Static characteristics
— Resolution
— Least Significant Bit (LSB)
— Offset and Gain Errors
— Absolute Accuracy
— Relative Accuracy
— Integral Nonlinearity (INL)
— Differential Nonlinearity (DNL)
— Monotonicity (DAC)
— Missing Codes (ADC)
— Quantization Noise
— Low-f Spurious Free Dynamic Range (SFDR)
— Low-f Total Harmonic Distortion (THD)
— Effective Number of Bits (ENOB)
— Power Dissipation



REVIEW from LAST LECTURE

Performance Characterization of Data Converters

« Dynamic characteristics
— Conversion Time or Conversion Rate (ADC)
— Settling time or Clock Rate (DAC)

— Sampling Time Uncertainty (aperture uncertainty or
aperture jitter)

— Dynamic Range

— Spurious Free Dynamic Range (SFDR)

— Total Harmonic Distortion (THD)

— Signal to Noise Ratio (SNR)

— Signal to Noise and Distortion Ratio (SNDR)
— Sparkle Characteristics

— Effective Number of Bits (ENOB)



REVIEW from LAST LECTURE

Dynamic characteristics

« Degradation of dynamic performance parameters often
due to nonideal effects in time-domain performance

« Dynamic characteristics often high resolution data
converters often challenging to measure, to simulate, to
understand source of contributions, and to minimize

Example: An n-bit ADC would often require SFDR at the 6n+6 bit level or better. Thus,
considering a 14-bit ADC, the SFDR would be expected to be at the -90dB level or better.
If the input to the ADC is a 1V p-p sinusoidal waveform, the second harmonic term would
need to be at the 100*®'2®) _32,yv level. A32uV level is about 1part in 30,000. Signals
at this level are difficult to accurately simulate in the presence of a 1V level signal. For
example, convergence parameters in simulators and sample (strobe) points used in data
acquisition adversely affect simulation results and observing the time domain waveforms
that contribute to nonlinearity at this level and relationships between these waveforms
and the sources of nonlinearity is often difficult to visualize. Simulation errors that are at
the 20dB level or worse can occur if the simulation environment is not correctly
established.



Performance Characterization of Data Converters

 Static characteristics
— Resolution
— Least Significant Bit (LSB)
— Offset and Gain Errors
— Absolute Accuracy
— Relative Accuracy
— Integral Nonlinearity (INL)
— Differential Nonlinearity (DNL)
— Monotonicity (DAC)
— Missing Codes (ADC)
— Quantization Noise
— Low-f Spurious Free Dynamic Range (SFDR)
— Low-f Total Harmonic Distortion (THD)
— Effective Number of Bits (ENOB)
— Power Dissipation



Offset

For DAC with ideal code 0 output of OV the offset is

Lout ((0,...,0
U;(iSB ) -in LSB

xREF

]




Offset (for DAC)

A Tour

xREF

] :

T Co G G G G G G G og

Offset

« Offset strongly (totally) dependent upon performance at a single point

» Probably more useful to define relative to a fit of the data



Offset (for DAC)

A Lour

xREF

Offset relative to fit of data



Offset

For ADC with ideal transition point at 1 LSB, the offset is

Xr1-XsB |
| sB - In LSB

A XouT

Cr + —

Ce T | —
Cs |

Cs T —

Cs |

C T | —

i + .

Co —tt——+——+——+—+—>



Offset

For ADC the offset is

A XouT
Cr +
Co +
Cs
Cs +
Cs —
|
|
C T 1I_'
Ci —_—
Xisp
Co —t—rb I
X1y
4’| }47 XorrseT

« Offset strongly (totally) dependent upon performance at a single point

» Probably more useful to define relative to a fit of the data



Offset

For ADC the offset is

A XouT
1 —_—

Fit Line

Offset relative to fit of data



Gain and Gain Error

For DAC
A Tour
Lrer | Gain
I Actual . Error
Output T
o
o
o
o
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Gain and Gain Error
For ADC

4 XouTt

Actual Output

Gain
Error




Gain and Offset Errors

Fit line would give better indicator of error in gain but less practical to
obtain in test

Gain and Offset errors of little concern in many applications

Performance of systems using data converters is often nearly
independent of gain and offset errors

Can be trimmed in field if gain or offset errors exist and are of concern



Performance Characterization of Data Converters

 Static characteristics

v— Resolution

- Least Significant Bit (LSB)

- Offset and Gain Errors
— Absolute Accuracy
— Relative Accuracy
— Integral Nonlinearity (INL)
— Differential Nonlinearity (DNL)
— Monotonicity (DAC)
— Missing Codes (ADC)
— Quantization Noise
— Low-f Spurious Free Dynamic Range (SFDR)
— Low-f Total Harmonic Distortion (THD)
— Effective Number of Bits (ENOB)
— Power Dissipation



Integral Nonlinearity (DAC)

Nonideal DAC

A Lout
xREF__

O +e
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Integral Nonlinearity (DAC)

Nonideal DAC

A xOUT

Xree |
® /

®
End Point ° /

Fit LIne
L or(K)




Integral Nonlinearity (DAC)

Nonideal DAC

A Loyt
Xrer|—

././
Lour(K)-Lor(k) ! / ./

] :

¢ ¢ & ¢ G C G G %on

INLi =Zour (K)-Tor (k)

INL= max J|INL
nggN-l{‘ k‘}




Integral Nonlinearity (DAC)

Nonideal DAC




Integral Nonlinearity (DAC)

Nonideal DAC \ Lour
INL often expressed in LSB -l o il
INLy = LOUT (k)-LoF (k) Car
L1 sB ‘
NL= max(INL} S SN -

» INL is often the most important parameter of a DAC

* INL, and INL,_, are O (by definition)

* There are N-2 elements in the set of INL, that are of concern

» INL is almost always nominally O (i.e. designers try to make it 0)

* INL is a random variable at the design stage

« INL, is a random variable for O<k<N-1

* INL, and INL,; are almost always correlated for all k,j (notinci 0, N-1)

« Fit Line is a random variable

* INL is the N-2 order statistic of a set of N-2 correlated random variables

» Defining INL relative to a fit line would be more useful but more difficult to measure
* INL is a parameter that is “attempting” to characterize the linearity of a DAC !



Integral Nonlinearity (DAC)

A xOUT

Nonideal DAC ‘

-‘LREF

il
—

INL

11 |

|

Co Ci C, Cs Cs Cs Cs Cs 5'(| N

»

[
|‘ V|

At design stage, INL characterized by standard deviation of the random variable
Closed-form expressions for INL almost never exist because PDF of order statistics of
correlated random variables is extremely complicated
Simulation of INL very time consuming if n is very large (large sample size required to
establish reasonable level of confidence)

- Model parameters become random variables

- Process parameters affect multiple model parameters causing model parameter correlation
- Simulation times can become very large

INL can be readily measured in laboratory but often dominates test costs because of
number of measurements needed when n is large

Expected value of INL, at k=(N-1)/2 is largest for many architectures

Major effort in DAC design is in obtaining acceptable yield !

Yield often strongly dependent upon matching of random variables!



Integral Nonlinearity (ADC)

Nonideal ADC -
A XouT

Cr + —
Cs T —
Cs +

Cs +

C  ——
| xIN
l | i I — >

le xTZ -‘I:T3 f'KT4 xTG q

Trs X R

X, 1S the transition input to code C,
Transition points are not uniformly spaced !

More than one definition for INL exists !
Will give two definitions here (second almost always used)

Note: is some cases the sequence < Xy, > may not be monotone



Integral Nonlinearity (ADC)

Nonidgal ADC

End Point

Fit LIne
XINF (N \

Consider end-point fit line with interpreted output axis

X
XlNF(ﬁiN):mﬁiNJf( LZSB 'mlej
(N-2)X | sp
L17-L 11

m=




Integral Nonlinearity (ADC)

Nonideal ADC
Continuous-input based INL definition

End Point
Fit LIne

Sliss T XINE (TN)
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|

INL(%in) =Fin (Ziny)-Xine (i)

INL= max INL
O<HN<Aner {‘ ("Z'IN)‘}



Integral Nonlinearity (ADC)

Nonideal ADC
Continuous-input based INL definition

filNA

xREF T

T ss T .
End Point
6xLSB

T Fit LIne \
Siss T XiNF (TiN)
4-%LSB T

3se T :—T_'
|
|
|

2 s T
XissT

Often expressed in LSB

|NL(5(|N):5iiN (Ain) -XiNF (in)

X sB

INL= max INL
O<Hn <Aner {‘ ("Z'IN)‘}




Integral Nonlinearity (ADC)

Nonideal ADC
iINA

-%REF T

T ss T .
End Point
6 sg T

Fit LIne \
Siss T XINE (AiN)

4% s T

3%ss T —T_'

2X. s T

Xiss T
L

| >
I o

xREF

———
Xra Xre
Xrs Iry

le xTZ xTB

With this definition of INL, the INL of an ideal ADC is I gg/2 (for X=X g)

This is effective at characterizing the overall nonlinearity of the ADC but
does not vanish when the ADC is ideal and the effects of the breakpoints
Is not explicit



Integral Nonlinearity (ADC)

Nonideal ADC

Break-point INL definition (assuming N-3 internal transitions)
A XouT

G T —
Ce T —

Cs + }—

Co + }—'

C3 T | I

C T

G N }4— INLs

|
|
Co =+ i i ——+— | >

et Xero Xz Xrra Xers Xere Xy

Place N-3 uniformly spaced points between X;; and Xy .4, designated Ler

INLk:ka'xFTk 1<k <N-2

INL= max {/INL|}
2<k<N-2



Integral Nonlinearity (ADC)

Nonideal ADC

Break-point INL definition (assuming N-3 internal transitions)

A XouT
c + —_—

Ce —
Cs + }—
.| -

Cs + —_—

c, +
R I Y fe— INLs T

|
| I
Co | i i [ B — | >

Xr1 Xz X3 Xra Xre

A A A A A A A
| | | | | | | o

Xerr Xerz Xers Xera Xers Xere Lerr

Often expressed in LSB

INLk:ka_xFTk 1<k <N-2

X\ sB

INL= max {[INLyl}

_ o 2<k<N-2
For an ideal ADC, INL is ideally O



Integral Nonlinearity (ADC)

Nonideal ADC

Break-point INL definition (assuming N-3 internal transitions)
S(OUT

|NLk:m 1<k <N-2
X s

INL= max {INL]} .
2<k<N-2 a

xT4 xTS

X
Trs X7 REF

Xer1 Xerz etz Lera Lers Lere Lerr
INL is often the most important parameter of an ADC
INL, and INL,_; are O (by definition)
There are N-3 elements in the set of INL, that are of concern
INL is a random variable at the design stage
INL, is a random variable for O<k<N-1
INL, and INL,,; are correlated for all k,j (notinci 0, N-1) for most architectures
Fit Line (for cont INL) and uniformly spaced break pts (breakpoint INL) are random variables
INL is the N-3 order statistic of a set of N-3 correlated random variables (breakpoint INL)
Defining INL relative to a fit line would be more useful but more difficult to measure
INL is a parameter that is “attempting” to characterize the linearity of an ADC !



Integral Nonlinearity (ADC)

Nonideal ADC

Break-point INL definition (assuming N-3 internal transitions)
S(OUT

|N|_k:m 1<k <N-2
X sB

INL= max {[INLgl}
2<k<N-2

O O 0 o O o O O
) RSN & S & o N

Xra Tre

X
Xrs Iy REF

Xerr Xtz Lrrz Xera Xers Lere Xerr

What if there are less than N-3 internal transitions?
Assume N-k internal transitions where k>3
Data converter may still perform quite well !

Insert N-k uniformly spaced values and use previous definition

Unusual issues can crop up when testing data converters and it is
important to have well-defined algorithms for handling these situations



Integral Nonlinearity (ADC)

Nonideal ADC
Break-point INL definition

INLk:m

1<k <N-2
X sB

INL= max {INL]}
2<k<N-2

Xerr Xtz Lrrz Xera Xers Lere Xerr

At design stage, INL characterized by standard deviation of many random variables
Closed-form expressions for INL almost never exist because PDF of order statistics of
correlated random variables is extremely complicated
Simulation of INL very time consuming if n is very large (large sample size required to
establish reasonable level of confidence)
-Model parameters become random variables

-Process parameters affect multiple model parameters causing model parameter correlation
-Simulation times can become very large



Integral Nonlinearity (ADC)

Nonideal ADC
Break-point INL definition

|NLk:m 1<k <N-2
X s

INL= max {INL]} .
2<k<N-2 )

Xra Tre

X
Xrs Iy REF

Xerr Xtz Lrrz Xera Xers Lere Xerr

INL can be readily measured in laboratory but often dominates test costs because of
number of measurements needed when n is large
Expected value of INL, at k=(N-1)/2 is largest for many architectures

INL of %se often considered acceptable (this is the ideal value of the continuous-input INL)
2

Major effort in ADC design is in obtaining an INL acceptable yield !
Yield often strongly dependent upon matching of random variables !



Characteristics Dominantly Depend Upon
Random Variables

« Static characteristics
— Resolution
— Least Significant Bit (LSB)
@ Offset and Gain Errors
— Absolute Accuracy
® Relative Accuracy
@ Integral Nonlinearity (INL)
® pitferential Nonlinearity (DNL)
o Monotonicity (DAC)
o Missing Codes (ADC)
— Quantization Noise
® ow Spurious Free Dynamic Range (SFDR)
@® | ow-f Total Harmonic Distortion (THD)
® Erfective Number of Bits (ENOB)
— Power Dissipation



Characteristics Dominantly Depend Upon
Random Variables

« Dynamic characteristics
— Conversion Time or Conversion Rate (ADC)
— Settling time or Clock Rate (DAC)

@ Sampling Time Uncertainty (aperture uncertainty or
aperture jitter)

® Dynamic Range

@ Spurious Free Dynamic Range (SFDR)

@ Total Harmonic Distortion (THD)

— Signal to Noise Ratio (SNR)

@ Signal to Noise and Distortion Ratio (SNDR)
@ Sparkle Characteristics

@ Effective Number of Bits (ENOB)



Methods of Characterizing how Random
Variables Affect Performance

Analytical Statistical Formulation and Analysis

MATLAB Simulations (often using Monte-Carlo Analysis)
Spectre/Spice Monte-Carlo Simulations

Ignore Effects of Random Effects

How important is statistical characterization of data
converters?



How important Is statistical analysis?

Example: 7-bit FLASH ADC with R-string DAC

Assume R-string is ideal, Vge=1V and Vg for
each comparator must be at most +/- %2 LSB

Why this assumption?
Case 1

Determine the yield if Vo5 has a Gaussian
distribution (Normal) with zero mean and a
standard deviation of 5mV

Vege
VIN

]

Thermometer to Binary Decoder

Xout



How important Is statistical analysis?

Example: 7-bit FLASH ADC with R-string DAC #

Assume R-string is ideal, V=1V and V¢ for
each comparator must be at most +/- %2 LSB

Thermometer to Binary Decoder

Casel

Determine the yield if Vo5 has a Gaussian distribution (Normal) with zero mean and a
standard deviation of 5mV

15 LSB = 1V/(2(7+1))=3.9mV

The probability that a single comparator meets the V4 requirement is given by
VOS

3.9mV

Pcomp = j fvosdV
-3.9mV

N(0,5mV)

¥ x

-3.9mV 3.9mV



How important Is statistical analysis?

Example: 7-bit FLASH ADC with R-string DAC

Case 1 Oyos=omV
3.9mV

Pcomp = j fvosdV
-3.9mV

Define X\=Vos/O
><N
Pcomp = j findx
_XN

Xn=3.9mV/5mV=0.78
0.78

Pcomp = j fydx
.0.78

Pcomp =2¢FR\(0.78)-1 = 2.7823-1 = 0.565

.

Thermometer to Binary Decoder

fn

N(0,1)

Y %

-0.78

0.78

Each comparator has 56.5% yield



How important Is statistical analysis?

Example: 7-bit FLASH ADC with R-string DAC F

Case 1 Oyos=omV

PCOMP = 0.565

Thermometer to Binary Decoder

Since all comparators must be good, the ADC yield is

127 _

127
Yapc=(Pcomp) " =(0.565)

YADC =3.2e 10-32

This yield is essentially 0 and a standard deviation of 5mV is even not trivial
to obtain with MOS comparators !

The effects of statistical variation can have dramatic
effects on yield of data converters !



How important Is statistical analysis?

Example: 7-bit FLASH ADC with R-string DAC %ﬁ

Case 1 Oyos=omV

Since all comparators must be good, the ADC yield is

Thermometer to Binary Decoder

YADC =3.2e 10_32

Note: The specification in this example that requires no comparator has an offset voltage
of larger than 0.5LSB may not be a good performance specification as the FLASH ADC
may actually perform reasonably well even if some comparators have an offset that is
larger than 0.5LSB. A more useful requirement might be that there be no bubbles in the
thermometer code output. Certainly if all comparators have an offset that is at most
0.5LSB, there will be no bubbles in the output code attributable to comparator offset but a
modestly weaker constraint can also guarantee there are no bubbles. With the 0.5LSB
assumption, a specification that was dependent upon 127 uncorrelated random variables
was obtained which made the analysis quite easy. A “no bubble” specification could be
approximated by stating that the maximum of the 127 V 5g,-Vos.;must be less than V qg.
This becomes an order statistic of 127 Gaussian random variables which is analytically
intractable.



How important Is statistical analysis?

Example: 7-bit FLASH ADC with R-string DAC # E :
Case 2 Repeat the previous example if oyos=1mV m .
3.9mV g 0
Pcomp = I fvosdV X\=3.9mV/1ImV=3.9
-3.9mV
3.9
PCOMP = j deX PCOMP = 2.FN (39)-1 = 2¢0.999952-1 = 0.999904
-3.9
_ 127 _ 127
Yapc=(Pcomp )" =(0.999904)
YADC:O'988

This modest change in the offset voltage has increased the yield to 98.8%



How important Is statistical analysis?

Example: What will be the yield if two of the 7-bit FLASH ADCs
with yields of 98.8% are combined to obtain an 8-bit ADC?
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YADC:98'8% ~ =
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How important Is statistical analy3|s’?

Example: What will be the yield if two of the 7-bit FLASH ADCs

with yields of 98.8% are combined to obtain an 8-bit ADC? %
Since one additional bit has been added, V5 will decrease jt:
From 7.8mV to 3.9mV. Thus % LSB will be reduced to 1.95mV : 4
1.95mV e J
Pcomp = j fvosdV i@
~1.95mV :
With the same CVOS:lmV’ XN:1.95mV/1mV:1.95
1.95
Peomp = j fdx Pcomp =2¢FRy(1.95)-1 = 260.97441-1 = 0.9488
-1.95
255 255
Yapc=(Pcomp )™ =(0.9488)

Yapc=1.52107°

This seemingly simple extension of a circuit with a very high yield has essentially no
yield !



How important Is statistical analysis?

Statistical analysis of data converters is critical

Some architectures are more sensitive than others to statistical
variations in components

The onset of yield loss due to statistical limitations is generally quite
abrupt

and can have disastrous effects if not considered as part of the design
process

Recall examples where o0,,os=5mV compared with o, os=1mV

Substantially over-designing to avoid concerns about statistical yield loss
IS not a practical solution since the area penalty, the speed penalty, and
the power penalty are generally quite severe

For the effects of local random variations of a parameter X, generally

Ag

o) oL —F——
X \/E

where A. is the area of the matching critical components and A, is a process parameter



Importance of statistical analysis — example

What changes in area would be needed to decrease 0,55 from
omV to 1ImV?




Equivalent Number of Bits (ENOB)

« Often the performance of an n-bit data converter
IS not commensurate with that of an ideal n-bit
data converter but more like that of an n-k bit
data converter

* The equivalent number of bits (ENOB) is often
used to characterize the actual level of
performance

 Different ENOB definitions depending upon
which characterization parameter is of interest

(e.g. INL, SFDR, SNR, ...)



INL-based ENOB

Consider initially the continuous INL definition for an ADC where the INL of an
ideal ADC is X, gg/2

XREF
2"R

where X sgr IS the LSB based upon the defined resolution , ng

Assume INL= uX| gpr =V

- - XREF
D =
efine the equivalent LSB by X LSBE N
2 EQ
Thus (substituting for Xzg into INL expression):
2"EQ ng X
INL=0=—X| sgE z[uancﬁl ”R}_LSBE
2NR 2

Since an ideal ADC has an INL of X, s5/2, Setting termin [ ] to 1, can solve for ng, to obtain

1
ENOB = ngp =logy | — |=nRr-1-lo
EQ gz(zej R 92 (v)
where nyis the defined resolution



INL-based ENOB

ENOB = ng-1-log, (v)

Consider an ADC with specified resolution of n; and INL of v LSB

v ENOB
Y2 Nk

1 Ng-1
2 Nk-2
4 N-3
8 N-4
16 NR-5

Though based upon the continuous-INL definition, often used to define ENOB from INL viewpoint



ANALOG 16-Bit, 200 MSPS/250 MSPS
DEVICES Analog-to-Digital Converter

$120 in 1000’s AD9467

FEATURES FUNCTIONAL BELOCK DIAGRAM
75.5 dBFS SNR to 210 MHz at 250 MSPS Ten  Haw Ve psviosw [en
90 dBFS SFDR to 300 MHz at 250 MSPS O O o O csa
SFDR at 170 MHz at 250 M5P5 ADS4ET J—
92 dBFS at -1 dBFS BEEFER SCLK
100 dBFS at -2 dBFS VIN+ Eﬁ = PlPELME:L 2
60 fs = Wibi= ) L~ ., ADC LVDE OR*IOR~
rms Jitter ouTPUT | LTS
Excellent linearity at 250 MSPS MGG ™
_ . DsDi—
2L =l B typical CLK+ CLOCK 2
INL = £3.5 LSB typical el ANO THRNG p— DCOHDCO-
p=fa £ p-p{default) differential full-scale )
input (programmable) Cr L &, 3
AGHD XVREF CRGND %

Integrated input buffer
External reference support option
Clock duty cycle stabilizer ENOB =ng-1-logy(v)=16-1-1.85=13.15
Output clock available
Serial port control

Built-in selectable digital test pattern generation . :

Selectable output data format Is this close to 16-bit performance?
LVDS outputs (ANSI-644 compatible)
1.8V and 3.3 V supply operation

Figure 1.

A data dock output (DCO) for capturing data on the output is

APPLICATIONS provided for signaling a new output bit.
:::::;r:rr;mu:::x: el rocaiwers The internal power-down feature supported via the SPI typically
yP g consumes less than 5 mW when disabled.

Power amplifier linearization

Broadband wireless Optional features allow users to implement various selectable

Radar operating conditions, including input range, data format select,
Infrared imaging and output data test patterns.
Communications instrumentation The AD9467 is available in a Ph-free, 72-lead, LFCSP specified

over the —40°C to +85°C industrial temperature range.



Test Setup Quite Sophisticated

From ADI

WALL OUTLET
100V TO 240V AC
47Hz TO 63Hz

AN-835

@ SWITCHING
5 POWER
()] SUPPLY
N
SWITCHING
POWER (.
SUPPLY
SIGNAL
SYNTHESIZER
E i g ]
E v 5is
(el - LI L
4LO INPUT

\

ANALOG INPUT

~

SIGNAL
SYNTHESIZER

[EEREToE]

[T

AGILENT
POWER SUPPLY

GAIN CONTROL
INPUT

OPTIONAL
CLOCK
INPUT

e
5
B

]

SIGNAL
SYNTHESIZER

Figure 1.

cwlia
OUTPUTS

SPECTRUM
ANALYZER

\ \

Typical Characterization Test Setup

—

PC
RUNNING ADC
ANALYZER
OR VISUAL ANALOG
USER SOFTWARE

05941001



Test Setup Quite Sophisticated

From ADI AN-835

I

ON-BOARD
POWER HSC-ADC-EVALC
VOLTAGE USB
CONNECTOR| | peeli AYaRS é? (Jlﬁ
SINGLE OR MULTICHANNEL FPGAJ; ( E { { 5\ 3 e —o
HIGH SPEED ADC CONFIGURATIONT T T T T LED2  LED1  UPLOAD CAPTURE
MODE —

EVALUATION BOARD my—
FILTERED n,_| 3| DATA BUS 2(18) DATA(16) _ poRTD 6
ANALOG ™ CLKA(2) HE USB |
INPUT A = — FPGA CONTROLD) _ [ conTROLLER o
e K
|y |/ DATA BUS (1) - »|PORTC LR
— = |PORTE
[ 1 = ~[porra ST
CLOCK @—I i e USE oNBOARD || -
CIRCUIT Y BxT sYNC2 o JOLTAGE |4
@_ FPGA
h +— CONFIG

POWER
y FPGA GPIO(8) | PROM CONNECTOE[

SPI 1] e SPUT) RECONFIG
= USB DIRECT(5)
- J10
*DATA CONVERTER l/O CONNECTORS JTAG &
1 CONNECTOR | g
9, z
CLOCK INPUT &

Figure 2. Typical HSC-ADC-EVALC Evaluation Platform



est Setup Quite Sophisticated

From ADI AN-835

GENERAL PURPOSE /0,
USB/SPI CONTROL DATABUS 1 DATA BUS 2

) I;l‘ "‘J;H N PLATFORM e \i @ ERGALOAD
JATION M SV = '
p—— +2.5 SELECT
VIRTEX-4
FPGA o
B
DEBUG ON BOARD
PINS POWER SUPPLY
U1 r24[] [Ir18
csell  [ri7
1
100MHz
OSCILLATOR
: > SREE =
EXTERNAL ; 2220
SANGIO FPGA 110
VOLTAGE MODE
\.“‘H\IH!I'HYI\ (L)
s/cr @) ME
& 748706
FPGA CONFIG
PROM
g
CYPRESS USB USB CONNECTOR FPGA JTAG 5VDC POWER 3
CONTROLLER CONNECTOR INPUT 2

Figure 3. HSC-ADC-EVALC: FPGA-Based Data Capture Board



Can we depend on this “13-bit” INL performance?
SPECIFICATIONS

AVDDI1 = 1.8 V, AVDD2 = 3.3 V, AVDD3 = 1.8 V, DRVDD = 1.8 V, specified maximum sampling rate, 2.5 V p-p differential input, 1.25 V
internal reference, AIN = —1.0 dBFS, DCS on, default SPI settings, unless otherwise noted.

Table 1.
Parameter’ Temp Min Typ Max Unit
RESOLUTION 16 Bits
ACCURACY
No Missing Codes Full Guaranteed
Offset Error Full —200 0 +200 LSB
Gain Error Full -39 -0.1 +2.6 %FSR
Differential Nonlinearity (DNL)? Full W LSB
Integral Nonlinearity (INL)? Full K -12 +35 +12 \.SB
TEMPERATURE DRIFT N ¥
Offset Error Full \10_073'/ %FSR/°C
Gain Error Full +0.036 %FSR/°C
ANALOG INPUTS
Differential Input Voltage Range (Internal VREF =1V to 1.25V) Full 2 25 25 Vp-p
Common-Mode Voltage 25°C 2.15 V
Differential Input Resistance 25°C 530 Q
Differential Input Capacitance 25°C 35 pF
Full Power Bandwidth 25°C 900 MHz
XVREF INPUT
Input Voltage Full 1 1.25 V
Input Capacitance Full 3 pF
POWER SUPPLY
AVDD1 Full 1.75 1.8 1.85 v
AVDD2 Full 3.0 33 36 v
AVDD3 Full 1.7 1.8 19 v
DRVDD Full 1.7 1.8 1.9 v
|avop1 Full 567 620 mA
lavopz Full 55 61 mhA
lavops Full 31 35 mA
lorvoo Full 40 43 mA
Total Power Dissipation (Including Output Drivers) Full 1.33 15 w
Power-Down Dissipation Full 44 20 mw

1 See the AN-835 Application Note, Understanding High Speed ADC Testing and Evaluation, for a complete set of definitions and how these tests were completed.
* Measured with a low input frequency, full-scale sine wave, with approximately 5 pF loading on each output bit.

ENOB =ng-1-logy (v)=16-1-3.58=11.42

From INL viewpoint, performance is about 4.5 bits less than physical resolution
but does have other attractive properties



AC SPECIFICATIONS

AVDDI = LB V, AVDD2 = 3.3 V, AVDD3 = 1.8 V, DRVDD = 1.8 V, specified maximum sampling rate, 2.5 V p-p differential input,
1.25 V internal reference, AIN = —1.0 dBFS, DCS on, default SPI settings, unless otherwise noted.

Table 2.
Parameter’ Temp | Min Typ Max | Unit
ANALOG INPUT FULL SCALE 25 2/25 Vp-p
SIGNAL-TO-MOISE RATIO (SMNR)
s =5 MHz 25°%C 74.7/764 dBFS
fire=97 MHz 25°%C 745761 dBFS
fi = 140 MHz 25°C 7441760 dBFS
fie = 170 MHz 25°C 737 7437758 dBFS
Full s dBFS
fiw = 210 MHz 25°C 74.0/755 dBFS
fiwe = 300 MHz 25°C 73.3/746 dBFS
SIGMAL-TO-NOISE AND DISTORTION RATIO (SINAD)
fw =5 MHz 25°C T46/763 dBFS
fi= 97 MHz 25°C 7441760 dBFS
fise = 140 MHz 25°C 7441760 dBFS
fsa = 170 MHz 25°%C 724  742/758 dBFS
Full o dBFS
fiw = 210 MHz 25°C 73.9/754 dBFS
Tie = U0 MHZ L3 FEANE TS abkFS
EFFECTIVE NUMBER OF BITS (ENOB)
fis = 5 MHz 25°C 121124 Bits
=97 MHz ) B 25°C 121123 Bits
m=tomz o Can be defined different ways |zx 1217123 Bis
fwe = 170 MHz . ; 25°C 120123 Bits
* Only given as typical Ful | 115 Bis
fioe = 210 MHz 25°C 12022 Bits
fisa = 300 MHz 25°%C 11.8M121 Bits
]
s =5 MHz 25°%C 98/97 dBFS
=97 MHz 25°%C 95/93 dBFS
fi = 140 MHz 25%C 94/95 dBFS
fis = 170 MHz 25°%C B2 93/92 dBFS
Full a2 dBFS
fe = 210 MHz 25°C 93/92 dBFS
fe = 300 MHz 25°C 93/90 dBFS
SFDR INCLUDING SECOND AND THIRD HARMOMIC DISTORTION)
fis = 5 MHz at =2 dB Full Scale 25°C 100/100 dBFS
fipa= 97 MHz at =2 dB Full Scale 25°C a7/97 dBFS
fiwe = 140 MHz at=2 dB Full Scale 25°C 100/95 dBFS
fisa = 170 MHz at =2 dB Full Scale 25°%C 100100 dBFS
fiw = 210 MHz at =2 dB Full Scale 25°%C 93/93 dBFS
fie = 300 MHz at -2 dB Full Scale 25%C S0/90 dBFS
WORST OTHER (EXCLUDING SECOND AND THIRD HARMONIC DASTORTION)
fis = 5 MHz 25°%C QEf97 dBFS
=97 MHz 25°C 97/93 dBFS
fiw = 140 MHz 25°C q7/95 dBFS
fwe = 170 MHz 25°C 88 97/93 dBFS
Full 82 dBFS
fioe = 210 MHz 25°C 97195 dBFS
i = 300 MHz 25°C 97/95 dBFS
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Stay Safe and Stay Healthy !







