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Figure 3.1: Basic DAC with External Reference
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Figure 3.3: 1-Eit DAC: Changeover Switch (Single-Pale, Double Throw, SPDT)
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Figure 3.4: Simplest Voltage-Cutput Thermometer DAC:
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Figure 3.8: Current Sources Improve the Basic
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Figure 3.10: Faul M. Ramney's 5-Bit Binary-Weighted DAC
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Figure 3.12: Voltage-mode Binary-Weighted Resistaor DAC
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Figure 3.15: 4-Bit R-2R Ladder Network
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Figure 3.16: Voltage-Mode R-ZR Ladder Network DAC
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Figure 3.17: Current-Mode R-ZR Ladder Network DAC

Prof. Patrick Yue
Notes

Figures from Chapter 3: Data Converter Architectures in Analog-Digital Conversion by Walt Kester, Analog Devices Inc. Slide #17




UCSB Spring '07 ECE 224B - VLSI Project Testing

Adapted from: Bernard M. Gordon and Rebert P. Talambiras, "Signal Conversion Apparatus,”
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Figure 3.18: Equal Current Sources Switched into an R-2R Ladder Network
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Figure 3.19: Binary-Weighted Current Sources Switched into a Load
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Figure 3.21: Binary-Weghted 4-Bit DAC:
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Figure 3.26: Segmented Current-Output DACs:
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Figure 3.27: 6-Bit Current-Quiput Segmented DAC
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Figure 3.28: AD9775 TxDAC® 14-Bit CMOS DAC Core
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Figure 3.29: PMOS Transistor Current Switches
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Figure 3.30: Oversampling Interpolating DAC
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Figure 3.33: Nonlinear 6-Bit Seqmented DAC
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Figure 3.34: AD7111 LOGDAC® (Released 1982)

Figures from Chapter 3: Data Converter Architectures in Analog-Digital Conversion by Walt Kester, Analog Devices Inc. Slide #32



UCSB Spring '07 ECE 224B - VLSI Project Testing

INPUT

DATA
N-BITS

O——

DECODE
LOGIC
(LOOKUP
TABLE)

LOW RESOLUTION
NONLINEARLY
CODED DATA

|

M=N

M-BITS

/

DECODE LOGIC
CAN BE HARDWARE,
SOFTWARE,

OR FIRMWARE

M-BIT
LATCH

M-BITS

M-BIT Vour
y LINEAR )
DAC

!

HIGH RESOLUTION NONLINEAR
LINEAR DAC ANALOG OUTPUT

Figure 3.35: General Nonlinear DAC

Prof. Patrick Yue
Notes

Figures from Chapter 3: Data Converter Architectures in Analog-Digital Conversion by Walt Kester, Analog Devices Inc. Slide #33




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

DATA INPUT m
0 = Adapted from: Alec Harley Reeves,
- "Electric Signaling System,"”
O R U.5. Patent 2,272,070,
_— Filed November 22, 1939,
C ]'_ ™ Issued February 3, 1942
—
(o— =5
B '—| )
—
- —
- PWM
L VOICE
¥ F Y v ¥ OuTPUT
LOAD ™ | 5-BIT R —
N MEK counTER FF e
CLOCK g B
G00kHz =_\
3 r :
o /
£ 100 e
| >

Figure 3.36: A H. Reeves' 5-Bit Counting DAC
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Figure 3.46: The AM&85 ECL Comparator (1972)
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Figure 3.50: The Electron Eeam Coder from Belf Labs (1948)
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Figure 3.51: VHS-5eries ADCs from Computer Labs, Inc.
VHS-630 (1970), VHS-675 (1975)
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Figure 3.52: MOD-4100 4-Bit, 100-M5PS5 Flash Converter,
Computer Labs, 1975
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Figure 3.54: Gray Code Decoding Reduces
Amplitude of Metastable State Errors
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Figure 3.57: Typical SAR ADC Timing
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Figure 3.58: 3-Bit Switched Capacitor DAC
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ASSUME X =45
TEST
ISX=327 YES & RETAIN32 & 1
IS X (32 +16) 7 NO 9 REJECT163 0
IS X = (32 +8) 7 YES 3 RETAINS =2 1
ISX=(32+8+4)7 YES 3 RETAINA > 1
LT ISX>(32+8+4+2)7 NO 3 REJECTZ = 0
] ISX=(32+8+4+2+1)7 YES = RETAIN1 = 1

TOTALS: X=32+8+4+1 = 45, = 101101,

Figure 3.59: Successive Approximation ADC Algorithm
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Figure 3.60: /. C. Schelleng’'s 1946 Successive Approximation ADC
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Figure 3.61: Details of the Selectors and Digit Grounders
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Figure 3.62: 1954 "DATRAC" 11-Bit, 50-kSPS SAR ADC
Designed by Bernard M. Gordon at EPSCQO
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* PulSAR® SERIES

for Representative Single-Supply SAR ADCs

RESOLUTION | SAMPLING POWER CHANNELS
RATE

AD7482 12-BITS 3.0MSPS 80mwW 1
AD7484 14-BITS 3.0MSPS 80mw 1
AD7490 12-BITS 1.0MSPS 6mwW 16
AD7928 12-BITS 1.0MSPS 5.4mW 8
AD974 16-BITS 0.2MSPS 120mW 4
AD7677" 16-BITS 1.0MSPS 130mW 1
AD7621° 16-BITS 3.0MSPS 100mW 1
AD7674" 18-BITS 0.8MSPS 120mW 1

Figure 3.63: Resolution / Conversion Time Comparisan
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Figure 3.64: AD7677 16-Bit 1-MSP5 Switched Capacitor PulSAR® ADC
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See: R, 5taffin and R. Lohman, "Signal Amplitude Guantizer,”
LS. Patent 2,869,079, Filed December 19, 1956, lssued January 13, 1954

Figure 3.65: N-hit Two-Stage Subranging ADC
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Figure 3.66: Residue Waveforms at Input of N2 Sub-ADC
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OFFSET ADJUST

25 watts

T"x 6" x2.5"

Figure 3.68: MQD-815, 8-Bit, 15 MSPS 4x4 Subranging ADC, 1976,
Computer Labs, Inc.
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Figure 3.69: Error Correction Using Added Quantization Levels for N1 = 3
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SEE: T. C. Verster, "A Method to Increase the Accuracy of Fast Serial-

Parallel Analog-to-Digital Converters,” I[EEE Transactions on Electronic
Compurers, EC-13, 1964, pp. 471473

Figure 3.70: 6-Bit Subranging Error Corrected ADC, N1 =3, N2 =4
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Figure 3.71: 6-Bit Error Corrected Subranging ADC N1 =3, N2 =4,
Ideal MSB SADC
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Figure 3.72: 6-Bit Error Carrected Subranging ADC 1 =3, N2 = 4,
Nonlinear M5B SADC
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Figure 3.73: Generalized Fipeline Stages in a
Subranging ADC with Error Correction
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Figure 3.75: Typical Pipelined ADC Timing for AD3235 12-Bit, 65-MSPS ADC
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Figure 3.78: 1-Bit per Stage Fipelined ADC
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Figure 3.79: 1.5-Bit per Stage Pipeline Showing Error Comrected Range
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Figure 3.80: Residue Waveform for 1.5-Bit ADC-2 Stage Input
with Nonlinear ADC-1 Stage. Case 1
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Figure 3.81: Residue Waveform for 1.5-Bit ADC-2 Stage Input
with Monlinear ADC-1 Stage, Case 2
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Figure 3.82: Kinniment, et. al., 1966 Pipelined 7-bit, 9-MSPS5
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Figure 3.86: AD9235 12-Bit, 65-MSPS CMOC ADC, 2001
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Figure 3.96: 3-Bit Folding ADC Based on N. E. Chasek's Design
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Figure 3.98: F. . Waldhaur's Classic Folding Stage using Rectifier Amplifiers
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Figure 3.100: AD9054A 8-bit. 200-MSFS ADC Functional Diagram
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4 Reeve’s counting ADC 1939 |
¢ Successive approximation 1946 i
4 Flash (electron tube coders) 1948
4 Bit-per-stage (binary and folding-Gray) 1956 !
4 Subranging 1956 i
¢ Subranging with error correction 1964 ,
4 Pipeline with error correction 1966 .l.

Note: Dates are first publications or patent filings

Figure 3.101: High Speed ADC Architecture Timeline
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# Reeve's counting ADC 1939 i
4 Charge run-down: 1946 I
4 Ramp run-up 1951 i
# Tracking 1950 i
# Voltage-to-frequency converter (VFC) 1952 .
# Dual Slope 1957 |
4 Triple Slope 1967

4 Quad Slope 1973

Note: Dates are first publications or patent filings

Figure 3.102: Counting and Integrating ADC Architecture Timeline
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Figure 3.105: Ramp Run-Up ADC
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Prof. Patrick Yue
Notes

Figures from Chapter 3: Data Converter Architectures in Analog-Digital Conversion by Walt Kester, Analog Devices Inc. Slide #110




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

Notes

v
'-‘REF (CONSTANT SLOPE)

h 4

Vin = Vaer
RC RC
- Yin
W T L
REF

HIGH NORMAL MODE REJECTION AT MULTIPLES OF :Ir—

Figure 3.114: Dual Slope ADC Integrator Qutput Waveforms

Figures from Chapter 3: Data Converter Architectures in Analog-Digital Conversion by Walt Kester, Analog Devices Inc. Slide #111




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

Notes

RELATIVE FREQUENCY, 1= -:r— . LOG SCALE

ALE

—
i
(|
EMVELGPE

OF NORMAL-
MODE GAIN

i 2
107 T

i

|

|

|

|

e — o — o

e e e e

INTEGRAL MULTIPLES
OF 1T ARE o

ASYMPTOTICALLY — _ 0

|
|
NULLED OUT "‘M__I |r
|
|
|

d8 BELOW INPUT SIGNAL AVERAGE
|
8

— = mw ==
it i B il B s
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Figure 3.118: Resolver-to-Digital Converter (RDC)
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Figure 3.119: Delta Modulation and Differential PCM
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Figure 3.120: Quantization Using Delta Modulation
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% Deita Modulation

¢ Differential PCM

4 Single and multibit oversampling with noise shaping

# First called A-E, "delta-sigma”

4 Addition of digital filtering and decimation for Nyquist ADC
4 Bandpass Sigma-Delta

Note: Dates are first publications or patent filings

Figure 3.122: Sigma-Delta ADC Architecture Timeline

1950
1950
1954
1962
1969
1988
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# Low Cost, High Resolution (to 24-bits)
4 Excellent DNL
# Low Power, but Limited Bandwidth (Voiceband, Audio)
# Key Concepts are Simple, but Math is Complex
® Oversampling
® Quantization Noise Shaping
¢ Digital Filtering
® Decimation
# ldeal for Sensor Signal Conditioning
¢ High Resolution
¢ Self, System, and Auto Calibration Modes

# Wide Applications in Voiceband and Audio Signal
Processing

Figure 3.124: Sigma-Delta ADCs
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Figure 3.127: Sigma-Delta Modulator Waveforms
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Figure 3.128: Simplified Frequency Domain Linearnized Mode!
of a Sigma-Delta Modulator
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Figure 3.129: S5igma-Delta Modulators Shape Quantization Noise
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Figure 3.131: SNR Versus Oversampling Rafio for
First, Second, and Third-Order Loops
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Figure 3.132: Repetitive Bit Pattern in Sigma-Delta Maodulator Output
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Figure 3.133: Idling Fatterns for Ffrst—Order Sigma-Delta Modulator
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Figure 3.134: Idling Patterns for Second-Order Sigma-Delta Modulator
(Integrator Qutput)
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Figure 3.135: Multi-Bit Sigma-Delta ADC
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Figure 3.136: AD1871 24-Bit 96-k5F S5 Stereo Audio Multi-Bit Sigma-Delta ADC
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Figure 3.137: Details of the AD187 1 Second-Order Modtlator
and Data Scrambler
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16-120-124-Bit Word Lengths Supported
105 dB (typ) A-Weighted Dynamic Range
103 dB (typ) THD+N (-20 dBFS input)

0.01 dB Decimator Filter Passband Ripple

Second-Order, 128-/64-Times Oversampling Multibit
Modulator with Data Scrambling

Less than 350 mW (typ)
Power-Down Mode

On-Chip Voltage Reference
Flexible Serial Output Interface
28-Lead SSOP Package

Figure 3.138: AD1871 24-Bit, 96-k5FP5 Stereo

sigma-Delta ADC Key Specifications
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Figure 1.139: AD1871 24-Bit, 96-k5PS5 Stereo Sigma-Delta ADC
Digital Filter Characteristics
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Figure 3.140: Mulii-Stage Noise Shaping Sigma-Delta ADC (MASH)
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Figure 3.141: AD7730 Sigma-Delta Single-Supply Bridge ADC
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Figure 3.142: AD7730 Digital Filter Response
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Figure 3.143: AD7V 730 Digital Filter Settling Time Showing FASTStep™ Mode
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% Internal Zero-ScaleCalibration
e 22 Output Cycles (CHP = 0)
® 24 Output Cycles (CHP =1)
% Internal Full-Scale Calibration
® 44 Qutput Cycles (CHP = 0)
@ 48 Output Cycles (CHP =1)
# Calibration Programmed via the Mode Register

& Calibration Coefficients Stored in Calibration
Registers

% External Microprocessor Can Read or Write to
Calibration Coefficient Registers
Figure 3.144: AL/ 730 Calibration Options
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Figure 3.145: ALY 730 Bridge Application (Simplified Schematic)
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Figure 3.146: Replacing Integrators with Resonators
Gives a Bandpass Sigma-Delta ADC
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Figure 3.147: Sigma-Delta DACs
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Figure 3.148: AD1955 Multibit Sigma-Delta Audio DAC
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Notes

Inherently Excellent Linearity

High Resolution Possible (24-Bits)

Oversampling Relaxes Analog Antialiasing Filter Requirements
ldeal for CMOS Processes, no Trimming

No SHA Required

Added Functionality: On-Chip PGAs, Analog Filters,
Autocalibration

® P o & 9 9

\ 4

On-Chip Programmable Digital Filters (AD7725: Lowpass,
Highpass, Bandpass, Bandstop)

4 Upper Sampling Rate Currently Limits Applications to
Measurement, Voiceband, and Audio, except for Bandpass Sigma-
Delta ADCs

4 Analog Multiplexer Switching Speed Limited by Internal Filter
Settling Time.

Figure 3.149: Sigma-Delta Summary
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