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ADC:s for High-Speed Applications

ADC Concepts:

* qquantization
* sampling

ADC Specifications:

* static specifications
* dynamic specifications

ADC Architectures:

e classical architectures
* “new” architectures

Summary
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ADC Concepts

Analog | Digital
ADC —*
Channel | DSP [ Memory
DAC |=
|
= |
g = |
"= |
= I
<€ ,
< . > | , B
time : time
- continuous time - discrete time
- continuous amplitude - discrete values
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Quantization and Resolution

Quantization: A
* continuous amplitudes 100 + —I-IILSBI«—
represented with : : /I

discrete levels

FS = Full Scale
LSB = Least Significant Bit

I I
I I
I |
| |
I |

: 3
0 1/4 1/2 3/4 1=FS

Resolution (1 LSB): Analog

* smallest noticeable change

Converter Resolution = N
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Quantization Noise & SNR

Quantization noise:

* quantization errors
appear as noise with

A
121LSB |-g--cgeceg--- rA
|
an RMS level of 0 / / / #LSB

/ / / / ' l
F VLSB -12LSB L4 £.0. 4.0 . b Yo
Van = —F7—= I

J12 1/4 1/2 3/4 1
Analog

Error +

Quantization

Signal-to-Noise Ratio (S/VR):
e full scale sine wave Ve = 2NVLSB/2ﬁ

SNR = 20log(V . / v2 .) = [6.L02N + 1.76]dB

sig

SNR = 6NdB
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Notes for quantization noise:

Quantization noise can be calculated by assuming the ‘
signal within any quantization step has a uniform dis-

tribution, as shown in the sketch to the right. The error ) Y,

for a particular sample will simply be the distance MM
between x and the origin where -V gp/2 < x < V| ¢g/2. 'VLSB/Z 0 VLSB/ 2
The rms error or the quantization noise can then be cal-

b’
>

culated as:
' VLSB/2
oo JL [ dy = LLss
gn — v TS
LSB_VLSB/z 12
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SNR and Resolution: the Practical Case

Quantization is not the only noise source:

V.
SNR = 201og(—&-)

b2 4 2
Van + Vi

A .. Ideal 12-bit — — -
Ideal 10-bit - - — - -
T4dBf = — —vs- — — - Ve e
- - £ - i - e .

it 79 Real 12-bit

“. Real 10-bit

SNR (dB)

. Log
Noise (v,)) Scale
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S/VR & Effective Number of Bits

Measuring S/VR: A ideal SNR -
¢ fin < fs/2 \ g
* noise bandwidth = f /2 j
* SNVR increases with the signal §
 ideal SIVR Lo -
SNR,,,. = (6N+1.76)dB
Effective Number of Bits: Input Level (log scale)

* ideally ENOB=N
e circuit nonlinearities and noise reduce ENOB to:

ENOB, = TV Rinas = 1.76
- 6.02
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Notes for signal-to-noise:

The maximum SNR for an ideal N-bit ADC can be calculated by assuming the input is a
sine wave and the only noise source is quantization noise. The largest peak-to-peak value of the
sine wave is 2NV gg which has an RMS value of ZNVLSB/ 2.4/2. Knowing the quantization noise
is VLSB/JE , one can express the SNR as:

SNR = ZOlog(

2NV, 5/ 22
Viss/ J12 )
which reduces to:
SNR = 6.02N +1.76 dB
Solving the above equation for N, yields the effective number of bits from the maximum SNR

ENOB = (SNR,,, - 1.76)/6.02
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Sampling, Nyquist and Aliasing

Signal spectrum:
A A y original signal
f

Spw
Sampled spectrum with f >2f . :

A - Ibaseband s:ignal

i 77 R S o
7,72 7, 7, f

Sampled spectrum with f <2 f,,:

baseband aliased signal
signal R L LY
A :" I “‘ r I *. I *
l X | - | !
\ L " .. | O. ‘0 1

.72 1. 3T, 35 il
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Aliasing in the Time Domain

Output < /2

Input > f;

e Uf -

* signals beyond f; /2 are aliased to below f/2

* useful for down conversion from IF to baseband
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Sampling & Anti-Aliasing Filtering (ADCs)

Nyquist Criterion f > 2 f BW

Ideal Case: f = 2fpw |
ﬁlter = ideal brick wall

AO dB ‘attenuation sufficient to suppress
Al out- of-hand nmse below 6NdB

fs/2
Practical Case: digital audio
practical
0dB+ r filter
A %audlo signal /; \

/?////////////// .
20kHz 22kHz f, = 44kH;
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L. Strictly, there should be NO signal energy at half the sampling frequency
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Oversampling & Anti-Aliasing Filters

Oversampling eases filtering requirements:

* simple analog filter

audio
signal

analog filter

0dB digital filter

Al

S aw Js/2 Js

* high order digital filters can have
sharp transitions & linear phase
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Oversampling & Quantization Noise

Quantization noise is uniform between 0 and f /2

quantization
Al noise
} o
f/2 f,
fs =82fpw): signal
A quantization
noise
—>
Js/2 S

In-band SNR::

SNR = [6.02N+1.76+10|0g( " }{ s ﬂdB
=J BW-

ANALOG
DEVICES

D.G. Nairn Concepts & Specifications, page 12



ADC Concepts
Summary

Quantization determines resolution:

* smallest discernible step =1 LSB
* more bits = more resolution

* SNR = 6NdB

Sampling rate determines useful bandwidth:
*f>2fpw - Nyquist criterion

* f»2fpw - eases analog filtering

« SNR = [6N+ 176 + IOlog( ; jJ: ; ﬂdB
BW
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Specifying ADCs

DC Specifications:

° f s << f clk
* “optimal” specifications

Dynamic Specifications:

fs ~Se

* indicates performance degradation for
high signal frequencies

* “realistic” specifications
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DC Specifications

Clk
|
i Yy
VIN N-bit ]\i N-bit ourT
ADC 4 DAC
A |
Veer
bn—l bO
Ideal output: VvV, = VREF[ 5 +...+2—N]

- MSB (most significant bit) = b, _,
- LSB (least significant bit) = b,

N _
- Full Scale input (or output) = V. F|:2—-2N—1} =V pEF
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Ideal ADCs and DACs

Analog-to-Digital Converter Digital-to-Analog Converter

100 + o 1+
= | = |
C 11+ | C3/4+4--- |
= | 0 | |
< 104 | =124 1 I
= | = I |
2014 | <1/4- | l
1 I | | | | |
] L N ; 0 L L ; ;
R R V7 S 5 T S R 01 10 11 100>
Analog In Digital In
* levels are uniformly spaced:
VREF
1LSB = N
* slope = 45°, intercept = origin
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Gain and Offset Errors

3-bit ADC example:

AV: Gain Error =
-

111 - AV +V
2 110 Real ADC &l i 1 0s
E 101 \ ': S - \
S 100 Offset <1 Ideal ADC
Eg 011 i" Error P

010 EVO,SZFJF_

001 | y =

000 6T o -

Analog In REF
Offset Error: difference between zero intercept and the origin
- expressed in LSBs

Gain Error: difference between real and ideal slopes
- often expressed in LSBs from ideal full scale
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Linearity Errors

Differential Non-Linearity (DNL):

* difference between
real & ideal step size

Integral Non-Linearity (INL): & o

* difference between
step midpoint and
line joining end points

Missing Codes:
e excessive DNL leads to
missed codes in ADCs

Non-Monotonicity:
* excessive DNL leads to

non-monotonic behavior in ADCs
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Spurious Free Dynamic Range (SFDR)

* INL, DNL and finite slew rates cause distortion

SFDR:

* is 2 measure of
harmonic distortion
* ideally SFDR > SNR

To Measure:
* noise bandwidth
Af «f/2
* input sine wave
Sin « f/2
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Signal-to-Noise and Distortion (SINAD)

SINAD:
* noise and distortion degrade an ADC’s performance

V.
SINAD = ZOIOg( —£ j

2
vl%(total) +THD

SINAD, SNR, THD (dB)

\

Frequency
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ADC Bandwidth Specifications

Nyquist:
* bandwidth = f /2 A
Full Power BW (fygp): S5
e fundamental down 3dB ‘é" a
« typically f3q;, > £./2 '§ é
povmy
=17
Resolution BW (fpgp): A o
* SINAD down 3dB _ | >
(1/2 bit = 3dB) frew  JaB £,
sideally fppw» f,/2

f3aB & frpw are usually independent of f /2
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Sampling Errors (Jitter)

Jitter:

* most systems assume the signal is sampled uniformly.
* clock noise leads to non-uniform sampling (i.e. jitter).

Output uncertainty

__________ * ______

Sample time
variation due
to jitter.

* leads to SNR degradation for high frequency inputs.

anaTij <Visn
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Notes for jitter:

Jitter introduces uncertainty in the sampling instant that leads to uncertainty in the sam-
pled value resulting in a degradation in the SNR. The effects of jitter depend on the slope of the
signal at the sampling instant. A sine wave of frequency f, with a peak value of Vp can be
expressed as V s1n(27t /1) . The slope of this wave form at any time is given by:

dv/0dt = 2nfaV cos(2nf 1)

The worst case slope occurs at # =0 and is given by 21 fa V . If the sampling clock has an rms jit-
ter of 7; one can substitute for dz to solve for the worst case ov:

dv = 27IfanTj

A nominal target for dv is to keep it below one LSB or

21f VT, < Vg
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ADC Specification Summary

For true N-bit performance:
« INL < +!LSB
* DNL < +!LSB

*ENOB ~ N

* SFDR > 6NdB

*Srew> 12
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