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Data Converters



Integral Nonlinearity (INL)
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Differential Nonlinearity (DNL)
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Characterization of Nonlinearities

Linearity metrics:

INL
Xin =5 DAC XouT ?S[L)
SFDR
CLK
Xy — ADC N XouT
CLK

Linearity Metrics for ADC and DAC are Analogous to Each Other
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Differential Nonlinearity (DNL)
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Equivalent Number of Bits -ENOB
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Characteristics of DAC
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Generally expect INL to be less than 2 LSB

If INL larger than 2 LSB, effective resolution is less than specified resolution



Equivalent Number of Bits -ENOB
(based upon linearity)
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Spectral Characterization
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X, =X,sin(wt+0)
If nonlinearities present, X, given by

X, =A,*Asin(wt+8+y, ) + X A, sin(kwt+8 + 7, )



Spectral Characterization
X, =X,sin(wt+0)
Xow=A FASIN(WHHB+y,) + > A, sin(kwt+6 + 7, )
A, k>1 are all spectral distortion components

Generally only first few terms are large enough to represent
significant distortion
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Spectral Characterization
X, =X,sin(wt+0)
X, =A,+Asin(wt+0+y,) + gAk sin(kwt+8 + 5, )

Generally X,, is chosen nearly full-scale and input is offset by Xgg/2

X225+ M o Jsin(ut+o)
2 2

Direct measurement of A, terms not feasible

A, generally calculated from a large number of samples of X, (t)



Spectral Characterization

Key theorem useful for spectral characterization

Theorem: If a periodic signal x(t) with period T=1/f is band-limited to frequency hf
and if the signal is sampled N times over an integral number of periods, Np, then

Am=§lX(mNP+1) for 0 <m<h-1

N-1

N-1
where < X (k )> is the DFT of the sampled sequence <X ( kTS )> where Tg is

k=1 k=1
the sampling period.

* Usually N, is a prime number (e.g. 11, 21, 29, 31)

* If N is a power of 2, the Fast Fourier Transform (FFT) is a
computationally efficient method for calculating the DFT

« Often N=4096, 65,5306, ...

 FFT is available in Matlab and as subroutines for C++



Spectral Characterization
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Spectral Characterization




Example

Determine the resolution of an ideal data converter needed for an electronic scale
that can be used for weighing commaodities at a grain elevator in lowa that has a
total scale capacity of 50 tons. Assume the scale is an electronic scale with a load
cell whose output goes to a single ADC.

Additional information:
The State of lowa stipulates that scales must be accurate to within £0.1% of

full scale
Solution:

The accuracy requirement corresponds to %2 LSB. If 100% is full scale, then
Y2 LSB=0.1%, thus 1L.SB=0.2% So, the resolution n must satisfy the relationship

—_ XREF
LSB 2n0
0.2% = 1207
n= Iogm (500) =8.96 — n=9

log, (2)



Example

If the data converter is 9 bits,
I. what is the worst-case error in the measurement of 50 bushels of corn on this
scale

a) in pounds

b) In bushels

c)in %?
li If the market price of corn is $3.50/bu, what is the worst-case financial impact of
this error?

Solution:

Let e be the maximum error.
. 2000Ibs

. 50tonse ———
eLBS _ : ton _ 100, OOOIbS _ 195|bS
2
e —195lbse U _ 3.480u
561bs

_ 3.48bu

o ¢100% =6.9%
50bu




Example

If the data converter is 9 bits,
I. what is the worst-case error in the measurement of 50 bushels of corn on this
scale

a) in pounds

b) In bushels

c)in %?
li If the market price of corn is $3.50/bu, what is the worst-case financial impact of
this error?

Solution:

Let e be the maximum error.

.
e =3.48bue $3.50 =$12.20

Dollars




Engineering Issues for Using Data Converters

1. Inherent with Data Conversion Process
 Amplitude Quantization

« Time Quantization
(Present even with |deal Data Converters)

2. Nonideal Components
 Uneven steps

Offsets

Gain errors
« Response Time
« Noise

(Present to some degree in all physical Data Converters)

How do these issues ultimately impact performance ?



Offset and Gain Errors
A Xour
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» Fit line is shifted from ideal transfer characteristics and has a different slope
» These deviations are termed “offset” and “gain” errors
» Analogous definitions for ADCs (will not be discussed here)



Offset Errors

‘ Xout

XREF

Offset

Iz
=

Code k

Code N



Offset Errors

A Xout
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Offset
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« Many applications are tolerant to offset errors
» Offset errors can be rather easily calibrated out
» Offset errors require minimal measurement time at test



Galn Errors

A Xour
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Gain Error (%):
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Galn Errors

XREF

A Xout

d

Code k

Code N

« Many applications are tolerant to gain errors
» Gain errors can be rather easily calibrated out
» Gain errors require minimal measurement time at test



Engineering Issues for Using Data Converters

1. Inherent with Data Conversion Process
 Amplitude Quantization
 Time Quantization
(Present even with Ideal Data Converters)
2. Nonideal Components
 Uneven steps
« Offsets
e Gain errors
Response Time
« Noise
(Present to some degree in all physical Data Converters)

How do these issues ultimately impact performance ?



Response Times

Both ADCs and DACs do not respond instantaneously

Transients due to settling after clock inputs can grade spectral performance
of DAC outputs

The performance of both ADCs and DACs generally degrades as the input

signal frequency increases and approaches or exceeds the Nyquist rate
Dominant effect is on degradation of spectral performance (SFDR and THD)
High-frequency SFDR or THD often of major concern when data converters
used for high-speed communication applications



Engineering Issues for Using Data Converters

1. Inherent with Data Conversion Process
 Amplitude Quantization
 Time Quantization
(Present even with Ideal Data Converters)
2. Nonideal Components
 Uneven steps
 Offsets
 (Gain errors
« Response Time

Noise
(Present to some degree in all physical Data Converters)

How do these issues ultimately impact performance ?



Recall: Unwanted signals in the output of a
system are called noise.

Distortion
Smooth nonlinearities

Frequency attenuation

Large Abrupt Nonlinearities

Signals coming from other sources

Interference from electrical coupling

Movement of carriers in devices

Interference from radiating sources

Undesired outputs inherent in the data conversion process itself



Noise

Noise sources degrade accuracy of data converters

SNR (Signal to Noise Ratio) and SNDR (Signal to Noise and Distortion Ratio)
widely used to characterize noise effects

ENOB relative to noise present due to only quantization effects often used to
quantify effects of noise

Noise levels often determine fundamental limits on ability to resolve small
signals

Time-averaging can be used to reduce effects of zero-mean random noise if
speed requirements of data converter are relaxed

Filtering and shielding can often be used to reduce effects of interference noise



Engineering Issues for Using Data Converters

Nonideal Components
 Uneven steps
« Offsets
 Gain errors
« Response Time
 Noise

In many applications, the major nonideal effects of concern are due to uneven
steps in the data converter

Testing time required for INL and DNL measurements is often the dominant
contributor to testing time (and cost)

Testing costs at production can be a significant portion of the overall manufacturing
costs for some data converters



