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Figure 2.1: Digital-to-Analog Converter (DAC) and Analog-to-Digital Converter
(ADC) Input and Qutput Definitions
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WHOLE NUMBERS:
Numberm = aN_12N_1 + aN _22N_2 e +a121 + 3020
MSE LSB

Example: 1011, = (1x23) + (0x22)+ (1x21)+ (1x29)
= B + 0 + 2 + 1 = 1110

FRACTIONAL NUMBERS:
Numberm = aN_12_1 + aN_z 2_2 + ... + 312_“4_1) + aoz_N
MSB LSB

Example: 0.1011, = (1x0.5) + (0x0.25) + (1x0.125) + (1x0.0625)
= 05 + 0 + 0125 + 0.0625 =0.6875,

Figure 2.2: Representing a Base-10 Number with a Binary Number (Base 2)

Notes
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BASE 10

i SCALE +10V FS BINARY GRAY
+16 |[+FS - 1LSB = +15/16 FS 9.375 g s O 1000
+14 +7/18 FS 8.750 1110 1001
+13 +13/16 FS 8.125 1101 1011
+12 +314 FS 7.500 1100 1010
+11 +11/16 FS 6.875 1011 1110
+10 +5/8 FS 6.250 1010 1111

*9 +9/16 FS 5.625 1001 1101
+8 +112 FS 5.000 1000 1100
+7 +7/16 FS 4.375 0111 0100
+6 +3/8 FS 3.750 0110 0101
+5 +6/16 FS 3.125 0101 0111
+4 +1/4 FS 2.500 0100 0110
+3 +3/16 FS 1.875 0011 0010
+2 +1/8 FS 1.250 0010 0011
+1 1LSB = +1/16 FS 0.625 0001 0001

0 0 0.000 0000 0000

Figure 2.3: Unipolar Binary Codes, 4-bit Converter

Notes
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Notes
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Figure 2.4: Transfer Function for Ideal Unipolar 3-bit DAC
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Figure 2.5: Transfer Function for Ideal Unipolar 3-bit ADC
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Figure 2.6: The Electron Beam Coder: (A) Serial Mode and (B) Parallel

or "Flash" Mode

Notes

Prof. Patrick Yue
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(A) 4-BIT BINARY CODE (B) 4-BIT REFLECTED-BINARY CODE
(GRAY CODE)
nos 1111 - 1000
1110 1001
—
= 1101 {W L] 1011
{W = 1100 [} = 1010
T = 1011 O 1110
] = 1010 [] O] 1111
= 1001 1101
1000 1100
0111 0100
SHADOW MASK 0110 SHADOW MASK 0101
0101 0111
0100 0110
0011 0010
0010 0011
0001 0001
0000 0000
MSB  LSB MSB  LSB

Figure 2.7: Electron Beam Coder Shadow Masks for

Binary Code (A) and Gray Code (B)

Notes

Prof. Patrick Yue
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Figure 2.8: Binary-to-Gray and Gray-to-Binary Conversion
Using the Exclusive-Or Logic Function
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IN COMPUTATIONS (SEE TEXT)

Figure 2.9: Bipolar Codes, 4-bit Converter

Nwaee  SCALE  |#6VFS | piapy | cowe. | cowe. | was
+7 #FS-1LSB= +7/8FS| +4.375| 1111 [ 0111 | 0111 | 0111
+6 +3/4FS| +3.750 | 1110 [ 0110 | 0110 | 0110
+5 +5/8 FS| +3.125| 1101 [ 0101 | 0101 | 0101
+4 +1/2FS| +2.500 | 1100 | 0100 | 0100 | 0100
+3 +3/8 FS| +1.875| 1011 [ 0011 | 0011 | 0011
+2 +1/4FS| +1.250 | 1010 [ 0010 | 0010 | 0010
+1 +1/8 FS| +0.625 | 1001 | 0001 | 0001 | 0001
0 0/ 0.000| 1000 | 0000 |*0000 | 100D
-1 -1/8FS| -0625| 0111 | 1111 [ 1110 | 1001
-2 -1/4FS| -1250 | 0110 | 1110 | 1101 | 1010
-3 -3/8FS| -1875| 0101 | 1101 | 1100 | 1011
-4 —1/2FS| -2.500 | 0100 | 1100 | 1011 | 1100
-5 -5/8FS| -3.125| 0011 [ 1011 | 1010 | 1101
-6 -3/4FS| -3.750 | 0010 | 1010 | 1001 | 1110

|7 |"FS*1LSB=~7/8FS —4.375| 0001 | 1001 | 1000 | 1111
8]l |- Fs| [-5.000[| [0000[|[1000]

——— \ V’ = ONES  SIGN
COMP MAG.
NOT NORMALLY USED ’ g: EE?H Sggg

Figures from Chapter 2: Fundamentals of Sampled Data Systems in Analog-Digital Conversion by Walt Kester, Analog Devices Inc.
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Fiqure 2.10: Transfer Function for Ideal Bipolar 3-bit DAC
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Figure 2.11: Transfer Function for Ideal Bipolar 3-bit ADC
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To Convert From =1 m
To I Sign Magnitude 2's Complement Offset Binary 1's Complement
* _ Complement MSB
e FnewMSB=1, | IFMSB=1,
Sign Magnitude No cor:nl)l':_me"t complement complement
Change zzidetr]l] “50'1 other bits, other hits
add 00...01
If MSB =1,
2's Complement | complement No Complement IfMSB =1,
other bits, Change MSB add 00...01
add 00...01
Complement MSB
If new MSB =0 Complement MSB
Offset binary complement Complement No If new MSB =0,
other bits, MSB Change add 00...01
add 00...01
If MSB =1, - Complement MSB
IfMSB =1, I N
1's Complement | complement add 11...11 If new MSB =1, Chaﬁge
other bits add 11...11

Prof. Patrick Yue

Figure 2.12: Relationships Among Bipolar Codes
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S SCALE +10V FS | DECADE 1 DECADE2 DECADE 3 DECADE 4
+15 +FS-1LSB= +15/16 FS | 9.375 1001 0011 0111 0101
+14 +7/8FS | 8.750 1000 0111 0101 0000
+13 +13M16 FS | 8.125 1000 0001 0010 0101
+12 +3/4FS | 7.500 0111 0101 0000 0000
+11 +11/16 FS | 6.875 0110 1000 0111 0101
+10 +5/8 FS | 6.250 0110 0010 0101 0000
+9 +9/16 FS | 5.625 0101 0110 0010 0101
+8 +1/2FS | 5.000 0101 0000 0000 0O0O0O
+7 +7M16 FS | 4.375 0100 0011 0111 0101
+6 +3/8FS | 3.750 0011 0111 0101 0000
+5 +5/16 FS | 3.125 0011 0001 0010 0101
+4 +1/4FS | 2.500 0010 0101 0000 0O0O0O
+3 +3/16 FS | 1.875 0001 1000 0111 0101
+2 +1/8 FS | 1.250 0001 0010 0101 0000
+1 1ILSB=+116FS | 0.625 0000 0110 0010 0101

0 0 | 0.000 0000 0000 0000 0OO0O

Figure 2.13: Binary Coded Decimal (BCD) Code

Figures from Chapter 2: Fundamentals of Sampled Data Systems in Analog-Digital Conversion by Walt Kester, Analog Devices Inc.
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RESOLUTION VOLTAGE ppm FS % FS dB FS
N 2N {10V FS)

2-bit 4 25V 250,000 25 =12
4 hit 16 625 mV 62,500 6.25 =T
B-hit 64 156 mV 15,625 1.56 — 36
8-bit 256 391 mV 3.906 0.39 48
10-bit 1,024 9.77 mV (10 mV) 977 0.098 — 60
12-bit 4,096 2.44 mV 244 0.024 - 72
14-bit 16,384 610 pv 61 0.0061 _84
16-bit 65,536 153 pv 15 0.0015 _96
18-bit 262,144 38 pV 4 0.0004 - 108
20-bit 1,048,576 | 9.54 pV (10 pv) 1 0.0001 - 120
22bit 4,194,304 238V 0.24 0.000024 - 132
24-bit 16,777,216 596 nV* 0.06 0.000006 _144

“600nV is the Johnson Noise in a 10kHz BW of a 2.2k Resistor @ 25°C

Remember: 10-bits and 10V FS yields an LSB of 10mV, 1000ppm, or 0.1%.
All other values may be calculated by powers of 2.

Figure 2.14: Quantization: The Size of a Least Significant Bit (LSB)

Figures from Chapter 2: Fundamentals of Sampled Data Systems in Analog-Digital Conversion by Walt Kester, Analog Devices Inc.
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Figure 2.15: Transfer Functions for Ideal 3-Bit DAC and ADC
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Figures from Chapter 2: Fundamentals of Sampled Data Systems in Analog-Digital Conversion by Walt Kester, Analog Devices Inc.
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Figure 2.16: Unipolar and Bipolar Converters
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- - WO S Notes
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ERROR ZERO ERROR = OFFSET ERROR OFFSET ERROR =10
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Figure 2.17: Bipolar Data Converter Offset and Gain Error

END POINT METHOD BEST STRAIGHT LINE METHOD
b //:':'::a— b - =
OUTPUT
" LINEARITY / LINEARITY
ERROR = X / ERROR = X/2
INPUT INPUT

Figure 2.18: Method of Measuring Integral Linearity Errors
(Same Converter on Both Graphs)
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Notes
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Figure 2.19: Transfer Functions for Non-ldeal 3-Bit DAC and ADC
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Figure 2.20: Details of DAC Differential Nonlinearity

Figures from Chapter 2: Fundamentals of Sampled Data Systems in Analog-Digital Conversion by Walt Kester, Analog Devices Inc.
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Figure 2.21: Details of ADC Differential Nonlinearity
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Figure 2.22: Non-Monotonic ADC with Missing Code
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Figure 2.23: Errors Associated with Improperly Trimmed Subranging ADC
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Notes
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Figure 2.24: Combined Effects of Code Transition Noise and DNL
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Figure 2.25: Sampled Data System

Figures from Chapter 2: Fundamentals of Sampled Data Systems in Analog-Digital Conversion by Walt Kester, Analog Devices Inc.
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Notes

ANALOG INPUT
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Figure 2.26: Input Frequency Limitations of Non-Sampling ADC (Encoder)
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Figure 2.27: Sample-and-Hold Function Required for Digitizing AC Signals

Figures from Chapter 2: Fundamentals of Sampled Data Systems in Analog-Digital Conversion by Walt Kester, Analog Devices Inc.
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Notes

WITH SHA WITHOUT SHA
P | |

f, = 20 MSPS, f, = 19.98 MHz, f, — f, = 20kHz

Figure 2.28: 8-bit, 20-MSPS Flash ADC With and Without Sample-and-Hold
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Notes

® A signal with a maximum frequency f, must be sampled at a rate f_ > 2f,
or information about the signal will be lost because of aliasing.

# Aliasing occurs whenever fg < 2f,

€ The concept of aliasing is widely used in communications applications
such as direct IF-to-digital conversion.

# A signal which has frequency components between f, and f,

must be sampled at a rate f_ > 2 (f, — f,) in order to prevent alias
components from overlapping the signal frequencies.

Figure 2.29: Nyquist's Criteria

Figures from Chapter 2: Fundamentals of Sampled Data Systems in Analog-Digital Conversion by Walt Kester, Analog Devices Inc. Slide #27
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. ALIASED SIGNAL =1, -, INPUT =,

NOTE: f, IS SLIGHTLY LESS THAN f,

Figure 2.30: Aliasing in the Time Domain

L 3

Notes
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Notes
3
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Figure 2.31: Analog Signal f; Sampled @ fs Using Ideal Sampler
Has Images (Aliases) at |t Kfs x|, K=1,2, 3, ...
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Figure 2.32: Oversampling Relaxes Requirements
on Baseband Antialiasing Filter

Notes
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Notes
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Figure 2.33: Characteristics of 11-Pole Elliptical Filter (TTE, Inc., LE1182-Series)
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Figure 2.34: Undersampling and Frequency Translation Between Nyquist Zones
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Figure 2.35: Antialiasing Filter for Undersampling

Notes
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Figure 2.36: Centering an Undersampled Signal within a Nyquist Zone

Figures from Chapter 2: Fundamentals of Sampled Data Systems in Analog-Digital Conversion by Walt Kester, Analog Devices Inc.
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Figure 2.37: Ideal N-bit ADC Quantization Noise
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Figure 2.38: Quantization Noise as a Function of Time
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N
® FsiNPUT= V(Y= [%] sin (21 ft)

. N
RMS Value of FS Sinewave= 9
. 22
= - & - q
RMS Value of Quantization Noise= ——
V12

RMS Value of FS Sinewave
RMS Value of Quantization Noise

@ SNR=20logq [ } = 20 logg2N + 20 logy |

SNR = 6.02N + 1.76dB
(Measured over the Nyquist Bandwidth : DC to f,/2)

Figure 2.39: Theoretical Signal-to-Quantization Noise Ratio
of an Ideal N-Bit Converter

3

2

Notes
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" ra
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Figure 2.40: Quantization Noise Spectrum
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Notes

2fs 25f  3fs 356

SNR = 6.02N + 1.76dB + 1ﬂ|og1n FOR FS SINEWAVE

I

Process Gain /

Figure 2.41: Undersampling and Oversampling
Combined Results in Process Gain
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fs Notes
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INPUT IDEAL N | BUFFER M-POINT %PGINT
——{  N-BIT 7/~ MEMORY [ FFT -
fa ADC M-WORDS PROCESSOR| SPECTRAL
OUTPUT

Figure 2.42: Dynamic Performance Analysis of an Ideal N-bit ADC

fIf =32 M = 4096 f, I, =4096/127

0 .

o | | ! | | | |
-20
-30
-40
-50
-60
.70
-80
-90 |

100 ALY |

410

420

0 500 1000 1500 2000 0 500 1000 . 1500 . 2000
SFDR = f6dBc SFDR = 92dBc

Figure 2.43: Effect of Ratio of Sampling Clock to Input Frequency
on SFDR for Ideal 12-bit ADC
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Figtire 2.44: Noise Floor for an Ideal 12-bit ADC Using 4096-point FFT
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Notes
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Figure 2.45: ADC Model Showing Noise and Distortion Sources
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Figure 2.46: Effect of Input-Referred Noise on ADC "Grounded Input” Histogram
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@ Eifective Input Noise = & Notes

nrms

® Peak-to-Peak Input Noise = 6.6 €n rms

# Noise-Free Code Resolution = log, -
Peak-to-Peak Input Noise

_F'eak-tn-Peak Input Range:|

= log,
Peak-to-Peak Input Noise (LSBs)

& “Effective Resolution” =log,

| Peak-to-Peak Input Range
RMS Input Noise

= AN
= logs
RMS Input Noise (LSBs)

= Noise-Free Code Resolution + 2.7 bits

Figure 2.47: Calculating Noise-Free (Flicker-Free) Code Resolution
from Input-Referred Noise
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Notes

Harmonic Distortion

Worst Harmonic

Total Harmonic Distortion (THD)

Total Harmonic Distortion Plus Noise (THD + N)
Signal-to-Noise-and-Distortion Ratio (SINAD, or S/N +D)
Effective Number of Bits (ENOB)
Signal-to-Noise Ratio (SNR)

Analog Bandwidth (Full-Power, Small-Signal)
Spurious Free Dynamic Range (SFDR)
Two-Tone Intermodulation Distortion
Multi-tone Intermodulation Distortion

Noise Power Ratio (NPR)

Adjacent Channel Leakage Ratio (ACLR)

Noise Figure

Settling Time, Overvoltage Recovery Time

L A A AR EEEEEEEE B N

Figure 2.48: Quantifying Data Converter Dynamic Performance
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ouT
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MIDSCALE DNL
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1/4FS, 3/4FS DNL

(B)

Figure 2.49: Typical ADC/ DAC DNL Errors (Exaggerated)
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Figure 2.50: Location of Distortion Products: Input
Signal = 7 MHz, Sampling Rate = 20 MSFS
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Notes

# SINAD (Signal-to-Noise-and-Distortion Ratio):

@ The ratio of the rms signal amplitude to the mean value of the
root-sum-squares (RSS) of all other spectral components,
including harmonics, but excluding DC.

% ENOB (Effective Number of Bits):
SINAD - 1.76dB
6.02

ENOB =

# SNR (Signal-to-Noise Ratio, or Signal-to-Noise Ratio Without
Harmonics:

® The ratio of the rms signal amplitude to the mean value of the
root-sum-squares (RSS) of all other spectral components,
excluding the first 5 harmonics and DC

Figure 2.51: SINAD, ENOB, and SNR
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Figure 2.52: AD9226 12-bit, 65-MSPS ADC SINAD and ENOB
for Various Input Full-Scale Spans (Range)
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Figure 2.53: ADC Gain (Bandwidth) and ENOB Versus Frequency Shows

Importance of ENOB Specification
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A
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Figure 2.54: Spurious Free Dynamic Range (SFDR)

Prof. Patrick Yue

Figures from Chapter 2: Fundamentals of Sampled Data Systems in Analog-Digital Conversion by Walt Kester, Analog Devices Inc. Slide #51




UCSB Spring '07 ECE 224B - VLSI Project Testing Prof. Patrick Yue

Notes
0

ENCODE = BOMSPS
—10 AIN = 69,1MHz & -1dBFS
B0 SNR = 73,508

SFDR = B9.0dBc
-30
—a0 ALIASED:

f —f,. = 80— 61.1=10.9MHz

dBFS

FREQUENCY (MHz)

Figure 2.55: AD6645 14-bit, 80-/105-MSPS ADC SFDR for 69.1-MHz Input
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Notes
120
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e
|
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n B T
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Figure 2.56: AD6645 14-hpit, 80-/105-MSPS ADC SFDR vs.
Input Power Level for 69. 1-MHz Input
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(2)= SECOND ORDER IMD PRODUCTS

~
f1 T2 @/J =THIRD ORDER IMD PRODUCTS
NOTE: f4 = 5MHz, f, = 6MHz
Ilf-""-.
2-1 , 271N 3f 23 + f
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Figure 2.57: Second and Third-Order Intermodulation Products
for fs =5 MHz, f- =6 MHz

Figures from Chapter 2: Fundamentals of Sampled Data Systems in Analog-Digital Conversion by Walt Kester, Analog Devices Inc.

Notes

Prof. Patrick Yue

Slide #54



UCSB Spring '07 ECE 224B - VLSI Project Testing

OUTPUT
FPOWER
(PER TONE)
dBm

SECOND ORDER
IP2 INTERCEPT 4

&~
THIRD ORDER ‘, 4

IP3 INTERCEPT Y ~
_____________________ f
1dB , 7 /
| 1dB COMPRESSION _ 1 Jr s
POINT P
o
| /
f
ll.'
FUNDAMENTAL /
(SLOPE=1) /

N

SECOND
ORDER IMD
(SLOPE = 2)

/™. THIRD ORDER IMD
/' (SLOPE = 3)

/
/

INPUT POWER (PER TONE). dBm

Figure 2.58: Definition of Intercept Points and 1-dB Compression

Points for Amplifiers

Notes
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Figure 2.59: Intercept Points for Data Converters Have No Practical Significance
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Figure 2.60: Two-Tone SFDR for AD6645 14-bit, 80-/105-MSPS ADC,

Input Tones: 53.25 MHz and 56.25 MHz
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Notes
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Figure 2.61: Two-Tone SFDR vs. Input Amplitude
for AD6645 14-bit, 80-/105-MSPS ADC
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Figure 2.62: Wideband CDMA (WCDMA)
Adjacent Channel Leakage Ratio (ACLR)
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Figure 2.63: Noise Power Ratio (NPR) Measurements

Notes
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Figure 2.64: Theoretical NPR for 10, 11, 12-bit ADCs
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BITS

8

9
10
11
12
13
14
15
16

k OPTIMUM
3.92
422
4.50
476
5.01
5.26
5.49
5.72
5.94

ADC Range = ¥V
k=Vgl/oO

k(dB)
11.87
12.50
13.06
13.55
14.00
14.41
14.79
15.15
15.47

G = RMS Noise Level

MAX NPR (dB)
40.60
46.05
51.56
57.12
62.71
68.35
74.01
79.70
85.40

Figure 2.65: Theoretical Maximum NPR for 8 to 16-bit ADCs
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0 Notes
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Figure 2.66: AD9430 12-bit, 170-/210-MSFS ADC NFPR
Measures 57 dB (62.7 dB Theoretical)
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B = Filter fs |
SOURCE Noise Bandwidth

\ [ | ADC N
¢ O
FILTER é o O —

R
B FFSWE"'] I "May be axternal
o i b, e
|

(TOTAL EFFECTIVE INPUT NOISE) 2

NOISE FACTOR (F) =
(TOTAL INPUT NOISE DUE TO SOURCE R) 2

(TOTAL EFFECTIVE INPUT NOISE) 2

NOISE FIGURE (NF) = 10log,,
(TOTAL INPUT NOISE DUE TO SOURCE R) 2

Mote: Noise Must be Measured Over the Filter Noise Bandwidth, B

Figure 2.67: Noise Figure for ADCs: Use with Caution!

Notes
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Notes
NUMBER OF POLES NOISE BW / 3dB BW
1 1.57
2 1.1
3 1.05
4 1.03
5 1.02

Figure 2.68: Relationship Between Noise Bandwidth
and 3-dB Bandwidth for Butterworth Filter
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Notes

# Start with the SNR of the ADC measured at the carrier frequency
(Note: this SNR value does not include the harmonics of the
fundamental and is measured over the Nyquist bandwidth, dc to f./2)

VEs.RMS
SNR = 20 log

VNOISE-RMS

_ —SNR/ 20
Vnoise-rms = Vrs-rms 10

# This is the total ADC effective input noise at the carrier frequency
measured over the Nyquist bandwidth, dc to f_/2

Figure 2,69: Calculating ADC Total Effective Input Noise from SNR
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2 2
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—-SNR /20

i L B = Filter
= FILTER “"’_L Noise Bandwidth
R — *| <R
|? g=s | Prs(Bm) t ]

NF = 1U'|091[|F = PFS{dEm] +174dEBm —SNR -10 |OQ1UB,

where SNR isindB, BinHz, T=300K, k=1.38x1072% J/K

Figure 2.70: ADC Noise Figure in Terms of SNR,
Sampling Rate, and Input Power
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" Notes

I | . ADC B = Filter

A oG Noise Bandwidth
RS f
L $B<7

£/2]
NF= Prsagm) * 174dBm - SNR —1n|og1{ SE! — 10 log4B,

S N
Measured Process
DCtofg/2 Gain

where SNR isindB, BinHz, T=300K, k=1.38x10"23 J/K

Figure 2.71: Effect of Oversampling and Process Gain on ADC Noise Figure
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i Vespp =22V T
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Figure 2,72: Example Ca

+10.8dBm # 174dBm — 74dB — 10 log, (40 x 105)

lculation of Noise Figure

Under Nyquist Conditions for AD6645
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Notes
1:1 TURNS RATIO OVoepp=22V
(A) ; ? ’JH— o 2 BOMSPS
ADG645 o SNR = 74dB
500 § 32.30 § 1kQ ® Input 3dB BW = 250MHz
l:-\- —
| | NF = 34.8dB
o ) —--
\:/’ PFSidEmJ =+10.8dBm
——— 1:2 TURNS RATIO |
(B) ; | g
- 2000 AD6645
500 < 40MHz é 243Q f § 1kQ NF = 28.8dB
L4 8 ', |
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(C) A

1:4 TURNS RATIO o
Buﬂn AD6545
é H .-.}. 02ke1 § 1kQ NF = 22.8dB

Vv " Prsjugm) =—1-2dBm T

Figure 2.73: Using RF Transformers to Improve Overall ADC Noise Figure

Figures from Chapter 2: Fundamentals of Sampled Data Systems in Analog-Digital Conversion by Walt Kester, Analog Devices Inc.

Prof. Patrick Yue

Slide #70



UCSB Spring '07 ECE 224B - VLSI Project Testing Prof. Patrick Yue

Notes
fl'\ "N :l
G4
{ F4 RS

)

F2 -1 F3—1 Fd—-1
Fr = F1 + + + 2= 7
T G1 G1°G2 G1°G2:G3

I

High gain in the first stage reduces the
contribution of the NF of the second stage

NF of the first stage dominates the total NF

NFT =10 |ﬂg1 EIFT

Figure 2.74: Cascaded Noise Figure Using the Friis Equation
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—0 O—0 ¢

Jt G1yg = 25dB G24g = 0dB
NF1 = 4dB NF2 = SﬂdB

— o

G1=102919=1025=316, F1=10410 =10%4=251

G2=1, F2=103910 = 103 = 1000

F2 -1 1000 - 1

Fr=F1+ —2=1 =251+ WO0=-1 _ 5514+316=567
T G1 316

NF = 10 log,(5.67 = 7.53dB

¥ The first stage dominates the overall NF
% It should have the highest gain possible with the lowest NF possible

Figure 2.75: Example of Two-Stage Cascaded Network
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Notes

# NF decreases with increasing source resistance.

L 4

NF decreases with increasing ADC input bandwidth if there is no
input filtering.

% In both cases, the circuit noise increases, and the NF decreases.

L 4

The reason NF decreases is that the source noise makes up a
larger component of the total noise (which remains relatively
constant because the ADC noise is much greater than the source
noise).

% In practice, input filtering is used to limit the input noise bandwidth
and reduce overall system noise.

# ADCs have relatively high NF compared to other RF parts. In the
system the ADC should be preceded with low-noise gain biocks.

4 Exercise caution when using NF!

Figure 2.76: Noise Figure Considerations for ADCs. Summary and Caution
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Figure 2.77: Sample-and-Hold Waveforms and Definitions
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Figure 2.78: Effective Aperture Delay Time
Measured with Respect to ADC Input

Notes
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Notes
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Figure 2.79: Effects of Aperture Jitter and Sampling Clock Jitter
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Figure 2.80: Theoretical SNR and ENOB Due to Jitter vs.

Fullscale Sinewave Input Frequency
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SAMPLING QUANTIZATION EFFECTIVE
CLOCK JITTER NOISE, DNL INPUT NOISE
r % . - ™ -~ - -, 1_

SNR = - 20l0gyp| (27 x f 2, 2[10e)? , (222 Vyorsems |

= o Tox Ty %o * =

G| ( a * Y rms) 3 2N oN J

fs = Analog input frequency of fuliscale input sinewave
Y ms = Combined rms jitter of internal ADC and external clock
E = Average DNL of the ADC (typically 0.41 LSE for ADEE45)
N = HNumber of bits in the ADC
Vnoiserms = Effective input noise of ADC (typically 0.89LSB rms for AD6645)

Ift;=0,£=0, and Vyisemms = 0. the above equation reduces to the familiar:

SNR=86.02Z N + 1.76dB

Figure 2.81: Relationship Between SNR, Sampling Clock Jitter,
Quantization Noise, DNL, and Input Noise

Figures from Chapter 2: Fundamentals of Sampled Data Systems in Analog-Digital Conversion by Walt Kester, Analog Devices Inc.
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Notes
80
AIN = 30MHz
H—-
AIN = 70MHz
0 70 :
|
[|
o AIN = 110MHz \"'\.
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tn G5 I i / I“"ﬁt
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| \‘N-
AIN = 190MHz ="
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55
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JITTER = ps

Figure 2.82: AD6645 SNR Versus Jitter
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Notes
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Figure 2.83: ADC Transient Response (Settling Time)
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Notes
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30—y  MUX

4 00—
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TIMING

NOTE: SWITCHING WAVEFORM SHOWN
FOR DC INPUTS ON EACH CHANNEL

Figure 2.84: Seitling Time is Critical in Multiplexed Applications
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RESOLUTION, LSB (%FS) # OF TIME
# OF BITS CONSTANTS
b 1.563 4.16
8 0.3 5:55
10 0.0977 6.93
12 0.0244 8.32
14 0.0061 a.70
16 0.00153 11.09
18 0.00038 12.48
20 0.000095 13.86
22 0.000024 15.25

Figure 2.85: Setthng Time as a Function of Time Constant
for Various Resolutions

Notes
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Notes
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"_/___,.‘-—’“"' READ FS CODE
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Figure 2.86: Overvoltage Recovery Time
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Notes

ERROR CODES

(SPARKLE CODES,
FLYERS, RABBITS]

LOW-AMPLITUDE /

DIGITIZED SINEWAVE

Figure 2.87: Exaggerated Output of ADC Showing Error Codes
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Figure 2.88: \Metastable Comparator Output States
May Cause Error Codes in Data Converters

Figures from Chapter 2: Fundamentals of Sampled Data Systems in Analog-Digital Conversion by Walt Kester, Analog Devices Inc.

Notes

Prof. Patrick Yue

Slide #85



UCSB Spring '07 ECE 224B - VLSI Project Testing Prof. Patrick Yue

Notes
y Al Locic
SINEWAVE ABe " BUFFER || |BUFFER | B| |a.B>x
SOURCE REG. [ | REG. 2
fe YES
TIMING COUNTER

E = Number of Errors in Interval T

BER =
2Tf,

Figure 2.89: ADC Bit Error Rate Test Setup
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ANALOG CHANGES <1 LSB
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CLOCK

Figure 2.90: ADC Analag Signal for Low Frequency BER Test
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Notes

ANALOG CHANGES
<1LSB

SAMPLING
CLOCK

Figure 2.91: ADC Analog Input for High Fregquency BER Test

Figures from Chapter 2: Fundamentals of Sampled Data Systems in Analog-Digital Conversion by Walt Kester, Analog Devices Inc.

Slide #88



UCSB Spring '07 ECE 224B - VLSI Project Testing

Bit Error Rate (BER) Average Time Between Errors
1%10-8 1.3 seconds
1x10-9 13.3 seconds
i 1x10-10 2.2 minutes
1x10~11 22 minutes
1x10~12 3.7 hours
1x10-13 1.5 days
1x10~14 15 days

Figure 2.92: Average Time Between Errors Versus BER
when Sampling at 75 M5FPS5
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Figure 2.93: DAC Settling Time
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» IDEAL TRANSITION & },%ﬁ"é{*&”&ﬁ'éﬂ
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UNIPOLAR {SKEW)
GLITCH
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Figure 2.94: DAC Transitions (Showing Glitch)

Notes
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Notes

4 PEAKGLITCH IMPULSE AREA

n
-3
-

Vit Vo tp

4 NET GLITCH IMPULSE AREA >

Al -A2 =

Figure 2.95: Calculating Net Glitch imptise Area

SETTLING TIME = 4.5ns
NET GLITCH AREA = 1.34 pV-s
PEAK GLITCH AREA = 1.36 pV-s
|
2mvowson | || 4 \'ﬁ';-: == |
VvV V| ¥
-_"-?\'""“‘T——"’r 1LSB
—_— Y ! I f
'T‘ """ :"“'T" 1LSB
1LSB
5 ns/DIVISION

—» = 45ns [+—

Figure 2.96: DAC Mid-scale Glitch Shows 1.34pV-s
Net Impulse Area and Settling Time of 4.5ns
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Figure 2.97: Effect of Caode-Dependent Glitches on Spectral Output
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Notes

% Resolution

# Integral Non-Linearity

# Differential Non-Linearity
# Code-Dependent Glitches

# Ratio of Clock Frequency to Output Frequency (Even in an Ideal
DAC)

4 Mathematical Analysis is Difficult !

Figure 2.98: Contributors to DDS DAC Distortion
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Notes
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Figure 2.99: Test Setup for Measuring DAC SFDR

Figures from Chapter 2: Fundamentals of Sampled Data Systems in Analog-Digital Conversion by Walt Kester, Analog Devices Inc. Slide #95




UCSB Spring '07 ECE 224B - VLSI Project Testing

a0 :
0dBFS
85 P
""-——\e/ —SdBFS_ |
80
_',_u-"-.__\ \
ﬂ? ?5 . t
g Ty Sy, Bl
70 : — “——
E -12dBFS— |
o &5
&0
55
30
(] 10 20 30 40 50

DAC OUTPUT FREQUENCY (MHz)

Figure 2.100: AD9777 16-bit TxDAC® SFDR, Data Update Rate = 160 MSPS
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dB Notes
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Figure 2.101: Measuring DAC SNR with an Analog Spectrum Analyzer
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Figure 2.102: DAC zin x/x Roll Off (Amplitude Normalized)
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Figure 2.103: Analog Filter Requirements for f; = 10 MHz:
(A) fc = 30 M5PS, and (B) f; = 60 MSFPS
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Notes
N N DIGITAL | N,
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!
-
fe Kefe
o . PLL - LPF
TYPICAL APPLICATION: fc = 160MSPS L fo
fo, = 50MHz
K=2

Image Frequency = 320 - 50 = 270MHz

Figure 2.104: Qversampling Interpolating TxDA c® Simplified Block Diagram
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