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Acquisition phase
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Conversion Phase

ADS7042
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Overall Objective

* Find Rfilt and Cfilt charge bucket filter that will optimize settling
« Find amplifier with bandwidth sufficient for settling
« Achieve final settling of 0.5LSB or better at end of tacq

+5V
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“1 0PA320 o
+ FLT —T—
2.6V Vin - 800pF

Rfilt
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10100

1000
A

Closes at start of
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Sample and hold Voltage

Sample and Hold Capacitor Settling During Aquisition

-
(V2]

3/4FS-

| Vin+0.5LSB

Acquisition Time
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Is the charge bucket filter required?

5v 1.8V 1.8v
L[ [ Advantage of low BW Amp
> {N_P 1 | Verror = -10.2uV end of tacq| ° Lower |q
L[ v vosw=10um - S «  Better Vos, Ib
T ADS8860 « Lower cost
] No Charge Bucket Filter, " o’
. AN Required BW = 130MHz Less sensitive to stability
N \ AGND  DGND -500.00m H——— ISSUes
1 J7 1.00u 1.25
B Time (s)

5V 1.8V 1.8v

T T T 500.00m~
Riit Vref AVDD DVDD
- 24.9 | [ Verror = 3.9uV @ end of tacq
— VWV AIN_P
+~0PA320

L vin UGBW = 20MHz \
' 0.00-

T4 T ADS8860
) Ry With Charge Bucket Filter,
24.9 AIN_M ] Required BW = 20MHz
- A%
_ \ AGND  DGND 500.00m | |
1 47 1.00u 1.254
N Time (s)
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Find the data converter

‘i‘ TEXAS INSTRUMENTS ‘9 TexAs INSTRUMENTS Everything v | Search

Products  Applications & designs  Tools & sc Products  Applications & designs  Tools & software  Support & trair

Resolution (Bits) Sample Rate (max) (SPS)

o *—=0
100e3

View 124 parts View 71 parts

Data Converters

@ Overview

Product Tree

Analog-to-Digital Converters (ADCs)

&79) Reinventing d . .
Precision ADCs (<=10MSPS) (535) & Continue to refine

e Sneed ADCAN 10MSTS) (526) Products and tools to re Selection

Isolated ADCs (18

Products Applica
Digital-to-Analog Con%erters (DACS)

(308)

Browse products

o Design Goal:
- Select “Precision ADC” #Bits = 16

Clock & Timing | |
DatConverters 535 dlﬂ:erent ChOICGS' 100kSPS < Sample Ra.te <1MSPS
i S Single Ended Input

5V input range

SPI interface

Select Data
Converters
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Find the data converter | *=7..

12C OR v

Microwire (Serial 1/0)

# Input Channels Input Range (Max) (V) llel O Differential
Paralle

@ @ @ QSPI
0.0195 SP]

Single-Ended Continue to refine
selection

Serial .
View 42 parts View 17 parts View 4 parts
View 11 parts

4 matching parts out of 535 total parts

e Analog  Analog
. Multi- Voltage Voltage Operating
RE.SO|UII on Rate # Input Channel Interface Integrated AVDD AVDD Architecture Temperature
(Bits) (max) Channels ; Features .
(SPS) Configuration (Min) (Max) Range (C)

v V)

Part Number

ADS8866 - 16-Bit, 100-kSPS, 100ksSPS N/A Daisy- 2.7 3.6 Catalog -40to 85
Serial Interface, microPower, Chainable,

Miniature, Single-Ended Input, Oscillator

SAR Analog-to-Digital

ADS8864 - 16-Bit, 400-kSPS, 400kSPS Daisy- . 3 Catalog -40to 85
Serial Interface, microPower, Chainable,

hSJIAr;{laA‘[;rée Single-Ended Input, Oscillator (A DS886O \
ADS8862 - 16-Bit, 680-kSPS, 680kSPS Daisy- , . Catalog -40 to 85 ChOOSe the da.ta Converter

Serial Interface, uPower, Chainable,

iniaturgSingle—Ee. N Oscillator Wlth the hlghest Sample rate
ADS8860 - 16 bit 1 MSPS, Serial, Daisy- , , Catalog -40 to 85 from thIS grOUp j

Pseudo-Differential Input, Micro Chainable, \
Power, Miniature, SAR ADC Oscillator
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Information needed from the data sheet
L

Full Scale
Range (FSR)

Resolution

(:sh

Rsh

tacq

The range of voltage that is applied to the converter for valid conversions.
Typically this is Vref or a multiple of Vref.

The number of bits used to represent the digital equivalent of the equivalent
analog signal. In this example we use a 16 bit converter that has 2'° or 65536
codes.

Sample and Hold capacitance. Sometimes called Cin. Typically between 10pF
and 100pF.

On-resistance for sample and hold switch. Typically between 10 ohms and 100
ohms. Normally, this information is in the data sheet equivalent circuit.

Acquisition time. This is duration that the sample and hold switch is closed. A
longer acquisition time makes it easer to settle. The data sheet provides a
minimum acquisition time that corresponds to the maximum throughput
(samples / second).
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Example: Full Scale Range, Resolution, Cg,, R,

PARAMETER TEST CONDITIONS MIN TYP MAX UNIT
ANALOG INPUT
Full-scale input span(! AINP — AINN 0 [ “Veer |1V
Operating input range (") AINP 01 VRer %'1 v
AINN —0.1 0.1 \Y
Ci Input capacitance AINP and AINN terminal to GND 59 pF
Input leakage current During acquisition for dc input 5 nA
SYSTEM PERFORMANCE
Resolution r-TS--.i Bits

C,, and Ry, can
usually be found
In the equivalent

Full Scale Range
and resolution

AINP O .

ann| o circuit
: — ;é%ﬂ —— 55 va leCUl .
ANN O—————— ———§~% . AN———
Figure 45. Input Sampling Stage Equivalent Circuit — NOte: C| from the table
C, = 55pF+4pF
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If the data sheet doesn’t provide R,

Not specified in

data sheet
) ’ ’
4pF == A Coe == 55pF
¢ : |
4pF —— \ 4 N Csh- 55_;:
) : )\ —

R

R, = =
sh"100 - 55pF

. tacq_min
sh 100 ¢y
290ns

53()
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For our example: acquisition time

|
F

1/ fsample

DIN = HIGH

Conversion time set
by internal clock.

|
|
- |
CONVST A i  tricoo — :“- o — _hn— !H_tdkh |/_,_<_ The ma.Ximum t|me
| —~ for conversion is
| | |

| ta-cnv-no —>: ll;— i [ | | 7 10nS .
S B i
tockDo =) = ackponz =¥ |
PARAMETER MIN TYP MAX | UNIT
taca Acquisition time 290 ns
teony Conversion time 500 m ns

" We are running at maximum throughput (1MHz)

+ 1

1/ fsample = tconv-max acg-min

\tacq = MUisample — teonv-max = (1/500kHZz) — 710ns = 1290ns

= 710ns + 290ns = 1ys, or fs4pne = IMHZ

For cases where you aren’t running at maximum throughput (e.g. 500kHz)

~N

/
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Run the “ADC SAR Drive” tool: ADS8860 Example

*# Main _Pocket_Reference_Calculator.vi

Select the Calculator
- Converters

ADC SAR. Drive

Ideal Converter
Conversions

= Amplifier
Single Supply Amp

INA Vem + Dif Filter

P Y LE s

ADC + Signal Chain Noise
ADC ENOB & Effective Bits

2. Results will be used
in the simulation

4 )

Calculator

Find Ampilifier Gain 3 Resistors

(Sdect Type

;‘H Single Ended #2

ndard R

. J

TMeqgraed NoGe
Thermal Noise
- Stabiity

= PCB
Via
Adjacent copper traces
Microstrip

PCB Trace Resistance
=l Sensor

Thermocouple

RTD

~

Phase Margin vs. AC Peaking
Phase Margin vs. Overshoot

PCB Paralel Plate Capacitance

1. Enter the information from the

ADS8860 Data Sheet.

] —lolx

)

kIB’B.lSU v

Resolution Csh
A Y
o 16 o 55p F
Full Scale Range Acquisition Time
4 V N S
\:} 5 o 290n /
Kﬂw_ Min Cfitt \
|4.1 Ohm | 1.1n F
Rfilt/2 Max .
Optional
|32.5 Ohm ptio
Cmin
Gain Bandwidth '560p F
I 17.8M Hz Cmax
I 1.6n F
Max Error Target

Rfilt/2 Rsys
AN S A
S1
l::SH+
Cai—=
CSH—
= Rfilt/2

Single Ended #2: Includes Ground Sense (Negative Input)

¢ Vsh+
S3

S4
— \/sh-

OK

http://www.tl.com/tool/analog-engineer-calc
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http://www.ti.com/tool/analog-engineer-calc
http://www.ti.com/tool/analog-engineer-calc
http://www.ti.com/tool/analog-engineer-calc
http://www.ti.com/tool/analog-engineer-calc
http://www.ti.com/tool/analog-engineer-calc
http://www.ti.com/tool/analog-engineer-calc
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Find the Op Amp

&« = C | © www.ti.com

Select Products

w TEXAS INSTRUMENTS Everything ¥ | Search Amp“flers

Wip TEXAS INSTRUMENTS ~ everything »  search

Products  Applications & designs  Tools & software  Support & training Overview Tools & software  Technical documents

Products  Applications & designs  Tools & software Support & traini by

Products for Operational Amplifie

Amplifiers

Power stage

. & ¢ Designed
Current monitor . Battery b4
A : ;.

Quick search

@ m Products | Tools &

Product Tree

Channel Count @@

|

Operational Amplifiers (Op Amps)
(1464)

Differentiate &
using the indust

Precision Op Amps (845) [object HTMLCollection] @ Single O Dual

High-Speed Op Amps (>=50MHz)

Supply Voltages 5
(320) pply g

Products and systems expert

General-Purpose Op Amps (311) Gain Bandwidth

Ultra-Low-Power Op Amps Slew Rates

(<=250uA) (269)

Audio Op Amps (58) Precision op amps

Products Applications & designs

Quiescent Current

Rail-to-Rail In Out

o g )
DiefR. Wafer Services :Eflligcl:ca)lcz:"lgtr:z:lzzrsflséi)r SeleCt [ Channel Count - 1 \
Operational Amplifiers (Op Amps) Supply Voltage =5V

.. 1464 different choices! Gain Bandwidth = 17.8MHz
Select Amplifiers \ ) | 22 devices left? )

Browse products Fully Differential Amplifierg

Power Management h'v |gh [,)C accuaylad C )

Embedded Processors

- Sitara™ Processors
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Set filters to find the best device

Package Group

GBW (Typ) (MHz)

[0 s0 PowerPAD

oo [ soic

Use the filters to
narrow options

17.8

View 11 parts

[ soN

O sot
SOT-23

[ ssopP

M Tnoa2n

Vos (Offset Voltage @ 25C) A

Rating
(Max) (mV)

AND ¥
—

0.001

O Automotive

Catalog

[0 HiRel Enhanced Product
(O High Temp

O Military

3 matching parts out of 1464 total parts

Email Download to Excel

Slew
Rate

(Typ)
(V/us)

Vos (Offset
4 Voltage @ 25C)
(Max) (mV)

Operating
Temperature
Range (C)

Iq per
channel

(Typ) (mA)

Rating

N N N S N N N S N S N S S S S S S S S S S S S S S S S S S S S S S N S S S S S S S S N S S S S N S N S S S S N S S S S S S N S S N S N S N S S S S S . -y,

Part Number Number of Total Supply Voltage Total Supply Voltage GBW Rail-
Channels  (Min) (+5V=5, (Max) (#5V=5, (Typ) to-
(#) +/-5V=10) +/-5V=10) (MHz)  Rail
OPA320 OPA320 - Precision, 20MHz, 1 1.8 5.5 20 In,
0.9pA Ib, RRIO, CMOS Out
Best offset

2.2

5.5 50 In,
Out

0 OPA365-2.2V, 50MHz, Low- 1
Moise, Single-Supply Rail-to-Rail
Operational Amplifier

LMP7731 - 2.9 nV/sgrt(Hz) Low 1 ; . In,
MNoise, Precision, RRIO Amplifier

080 1
Tku I

10 0.15 1.5 Catalog -40to 125 S0T-23

25 0.2 4.6 -40to 125 S0IC,

S0T-23

0.65]
1ku

Catalog

-40to 125 S0IC,

S0T-23

0.63 |
1ku

Catalog
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Get the latest model from the web

TIHome > Semiconductors > Amplifiers > Operational Amplifiers (Op Amps)

OPA320 ictve
Precision, 20MHz, 0.9pA Ib, RRIO, CMOS Operational Amplifier

OPAXx320x Precision, 20-MHz, 0.9-pA, Low-Noise, RRIO, CMOS Operational Amplifie
F) 4
OPA320, OPA320S, OPA2320, OPA2320S EMI Immunity Performance — 1 The TI NA model |S

located under tools and

Description & parametrics  Online datasheet  Technical documents [RETIEREIIWEI "NT Order Now Compare  Quality 8
\software.

J
Models | Design kits & evaluation modules | TI Designs & reference designs | Software | Development tools
Models (6) 5 “rof )
. Select the “reference
Title - Categor ¢ Type # Size (KB) # Date + Views = I ” 1 H
— - (8) design”. This will be a fully
OPA320S PSpice Model (Rev. A PSpice Model ZIP 4 KB 29 Aug 2013 117 vi 1 1
pice Model (Rev. 4) pice Mode g views wired example schematic. )
OPA320S TINA-TI Reference Design (Rev. A) TINA-TI Reference Design TSC 1203 KB 29 Aug 2013 64 views
OPA320S TINA-TI Spice Model (Rev. A) TINA-TI Spice Model ZIP 8 KB 29 Aug 2013 50 views
4 )
OPAy320 Family PSpice Model (Rev. C) PSpice Model ZIP 3 KB 28 Jul 2014 132 views
3. Press open and TINA
OPAy320 Family TINA-TI Reference Design (Rev. C) TINA-TI Reference Design TSC 255 KB 29 Jul 2014 90 views

SPICE will directly open

OPAy320 Family TINA-TI Spice Model (Rev. C) TINA-TI Spice Model ZIP 8 KB 29]Jul 2014 125 View/ the Schematlc
\_ ' J

Do you want to open or save shom439c.tsc from ti.com? QOpen | Save | 'l Cancel |
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Op Amp Model: Open Loop Galin

Test Circuit for Aol Simulated results Data Sheet Specification
140~ OPEN-LOOP GAIN/PHASE vs FREQUENCY
T ey f——~~*———DC Gain = 130dB 160 iy
M 1207 140 : G, - 50pF | ~20
. 1 DC|Gain|=|130dB L=20P
VG1 100- 120 \N\ < -40
_ 80 100 \ \\‘\\. -60
— i% E % o0 \\ -.\ Phase a0 T
U1 OPA320 Vout £ 60- P i - 1NN &
e & 4o S 60 SN N ~100 25
ik S 2.500037V ] 0 Sul \\ oo
] To) 20 Gain \‘\.. \
= Vin25 vdd 5= 8 . 20 ‘ ‘ ‘ Y \ -140
I I / I 0] 0 135°at UGBW ~ ~160
= = 1 o] o0 o AN 180
Use ,te,St 1 10 100 1k 10k 100k 1M 17M 100M
condition Test dc 180
loading operating . | Frequency (Hz)
point : 46.8° at UGBW UGBW
135 180°- 45.8° = 133.2° 20MHz
1. Test dc operating point to assure S . l c c . ulati
that circuit is correctly wired g ] A, Phase omlpare dey poI;nts on simulation
2. Run ac simulation for Ag, curve 45 results to data sheet curve.
Aol = Vout ]
0 T T T T T T T R @
1 10 100 1k 10k 100k 1MEG 10MEG100MEG
Frequency (Hz) Aol 0pa320_TG.TSC
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Op Amp Model: Open Loop Output Impedance

Test Circuit for Aol Simulated results Data Sheet Specification
C11T L11T OPEN-LOOP OUTPUT IMPEDANCE vs FREQUENCY
| | ° M 1k — 1000 p—r—r—rr——m
l ' : Vg = +2.75V
L Compare key points to
_| é data sheet \ _
N O =
- Vout ~ o
+ — 5100~ o S 100 — /|
T U1 OPA320 A g
4 )1 2 j\ Set axis to logarithmic £
=V225 & IG1 \V x Change axis title to Resistance (Ohms)
+
— — 10 LIS, IR N IR . BN BB BN BNLA INNNLLEL IR I
1 10 100 1k 10k 100k 1MEG 10MEG100MEG O T T 10 ik 1or 100k 1M 10M 100M
1. Test dc operating point to assure Frequency (Hz) Frequency (H2)
that circuit is correctly wired
2. Run ac simulation for Z, curve.
Zo(dB) = Vout(dB)
Zo(ohms) = Vout(Logarithmic) @
Z0 0pa320_ TG.TSC
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Op Amp Model: Closed loop output impedance

Test Circuit for Zout Simulated results Data Sheet Specification
Should Be: |14

3 100
Zout (ohms) -
10= 10
| E\ Set axis to s & /1
— ~ 1 logarithmic _ 4 /
B vou 5 13 g ] \
Lt ! - = . Compare key 'g s A f ;Ox
~ UlLMvad4 S 100m Gain=1 points to data * 01 7
* (v)]1e1 sheet A
T V225 oy 10m 0.01 st X
B - - 0.001
[ ] [} 1m T IIIIII| T IIIIII| T IIIIII| T IIIIII| T IIIIII| 100 1k 1Ok 100k 1M 1OM
1. Test dc operating pointto assure = ;0 1« 10k 100k 1M 10M REQUENGY (i
that circuit is co rrectly Wired Frequency (Hz) Figure 33. Closed-Loop Output Impedance vs Frequency

2. Run ac simulation for Z,,; curve.

Zout(dB) = Vout(dB)
Zout(ohms) = Vout(Logarithmic)

LMV844 Zout_TG.TSC
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Equivalent Circuit: Translate to TINA

PARAMETER TEST CONDITIONS MIN TYP MAX UNIT
ANALOG INPUT
Full-scale input span'") AINP — AINN 0 VRer V
- | AINP 0.1 Vegr + 0.1 Vv
Operating input range ("
AINN 01 ___ +01] v
C Input capacitance AINP and AINN terminal to GND : 59 : pF
Input leakage current During acquisition for dc input f\ TTEBET T nA
. 96 Q —
Device in Hold Mode 59p|: — 55p|: -+ 4p|: ]
AINP O & ® “I;WF/—
e o I i
[ P _— 1 T I ——A5”§j pF :
] — ) REF O
. . | — L e N\
t .
4 pF__ - v L sspr GND R N ~ acqg_min
T < ;960 S < S 100 - C
AINN O ‘ L AAN— St
(R . 290ns
Figure 45. Input Sampling Stage Equivalent Circuit Rsh ~ 100 - S50 F = 53()

/
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Simplifying the input model

1) Input Circuit from the data sheet 3) Diodes are reverse bias
Rsh+ 96Q /
) ’ AN . . Rens 960
1 & Vin ) ? h’\/\/\, o/o o— o/o
ApF == 1 0VtoV
i VRer Csh+ — 95pF REF ApF = 1
T T Csh+ —— 55pF
® \ 4 ﬁ__l
- - 1 | ]
4pF —— \ 4 A Con. —— 55pF 1 - B -
Reh. 96Q 4pF_— Csh. —— 55pF
) ® —e ® AN /. Reh. 960
: AMA— o e
2) Add the sample and hold reset circuit 4) TINA Spice Model '
s + 96Q ac conv
Vin ) \ ¢ h /o - o/c _ t q X+—|_|t
OV to Vger - s
4 AINP R8 96 N
4pF_— 1 , o S ol
VREeE Coh+ —— 55pF Q_J_ Csh+_L —
3 55p
[ _ @ .J Q =
L 1 F
- - i s
4pF = \ 4 A Csh. == 55pF §] = Csh-
Ren. 960 T R6 96 > 1
sh- NN AN
J_ ® —e ® ol VAYAY, /o < /o AINM tacq - tconv MWV " v

1
- é Vacq @ Veonv  tacq J X:l_ tCOﬂVI—FXl
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TINA SPICE Equivalent Model

C I

OF

Voa_SS 4.999963 Verror
Voa Steady State Voltage Verror = Vcsh - Voa

ADS8860 Input Model

tconv
LU +]
T

\’—_I_

VCVS11

]
0
0
(Voa :
: tacq
VIilt ' PO+
B ' AINP = L X —|_|
R1 22 . R8 96 T
AAN—¢ - ’ AN AN T
Ul OPA320 ' 3 Csh+
c (] < 1 55p T
— (] O—
— (]
O ' |
' o L
' 1 Csh- |
' O 55p T
R2 22 ' R6 96
AN—— ' . AN e .
L : ) )
L 1 AINM
0 >< 1 >< [
' [Vref =5V taCQI—l 1— teonv— 1—
' | tacq = 290ns
s | tconv=710ns tacq tconv
1| Vin _FS =5V T
' |[LSB =5V /2716 = 76.3uV Vacq
' [1/2_LSB = 38.15uV 1

N

4 + + /Cb;‘
X \/) Vcsh

‘------------------------------------------‘
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Configure the voltage controlled switch

SW_acq O x|
Von 1 Label |3W_acq
Footarint Mame o — =
| FParameters Farameters) S t ” t
+ + [Vl [v] h . et all parameters as
<« — o [] || 4 _ | shown.
Foff  [Ohm] LI | -
@ tacq - I Ron  [Ohm Ju L) | [ I
5| Default Roff=1GQ and
~ | Ron=0Q will impact
p— — [100m accuracy.
v DK X Cancel ?  Help
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Configure the signal source to control the switch

/- : N
1. Click on source to

control signal

- J

select and edit switch \><

SW _acq O
Von 1l

4 N
2. Under

signal, click

_ here to edit. |

tacq - Voltage Generator x|
Lahel tacq
Footarint Narme L9802 (VG) L]
FParameters (Farameters)
DC Lewvel [v] L]
[ Signal
Internal resistance [Chim] 1] |f
|0 state Iniput
Fault Mone
¢ K X Cancel ? Help

_ﬁ!‘% Signal Editor

I

I=| o]

3. Select
“Piecewise linear”

I_l

| L

Iﬂ rw Signal [t]
w‘ |U‘ - JC‘“"’\W“‘”

x|

hlE: 1

hi

h: 0

kax: Tu

EEFEAT FOREVER

rFY
0.000E+O0D 0.000E+00D
1.000E-05% 1.000E+00
2.8%0E-07 1.000E+00D
2.900E-07 0.000E+00D
1.000E-0& 0.000E+00D
ENDEEPEAT
-
KN _>I_|
successtully compiled
/ |Line:1 Col: 1 Test | Fenu |
v QK X Cancel ?  Help

wi# TEXAS INSTRUMENTS
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Configure the signal source to control the switch

%‘E Signal Editor

) l:‘ MH - ‘ ‘ﬁ llllll Voltage

———————————————————

1 l OQ0OE+00D

T|me >|2§1.DE—09 i 1 1.000E+00 i( |€V€|S
292.0E-09 1 |

i 'D D00E+00

1000.05-05 /  10:000E+00 | On:V 21V
hdin: O kdax: Tu _hlLI Off: V S OV
successtully compiled
4 |Line:1 Cal: 1 Test | kdenu |
v Ok X Cancel ?  Help
A 290ns
- - Repeats cycles forever
SWon —> 1.0 - goccceces ;
-' \
' '
: '
]
—>| |- —>| |-

1ns 1ns
Rise time  fall time

4 One cycle = 1000ns
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Timing diagram

¢ | 1/fsample: 1ps (
| :P teonv-max = 710NS H‘! taco = 290ns “:
CONVST '/ | U
tsunrony M |4— : | twi-cnv —P: |ﬂ—
DIN |r X' :
| |
SCLK 9 X, \ ‘ 15 16 WA
" A" * " | rl
| | | |
DOUT S | {p15 X D4 ><D‘13 D2>< D1 X DO : >,—
~ = tnormn taproo —P: |“— t4D1-DONz _’| :‘_
Parameter MIN TYP MAX UNIT 1/fsample: 290ns + 710ns
taeg  Acquisition time 290 ns 1/fsamp|e: 1us
ton, COnversion time 500 710 ns fsampre = IMHZ

wi3 TEXAS INSTRUMENTS = 31



Example simulation: simulator settings

%‘E Signal Editor

I

=] o]

e

x|
br| o[k 2|

ka1

kdin: 0

ke Tu

REPEAT FOREVER
0.000E+00O
1.000E-0S
250.0E-0%
2%1.0E-0%
1000.0E-0%
ENDEEFEAT

<

Successfully compiled

=pp=iy

e
.000E+00O
.000E+00O
.000E+00D
.000E+00D

.000E+00D

pis

Line:1 Col: 1

Test | kenu |

OK

Vacq

X Cancel |? Help

E,;?‘,j Signal Editor

[

I=| £o|

I_l
[ T

x|
be| ol [ 2] #]

ka1

kdin: 0

ke Tu

REFPEAT FOREVER

e

0.0 0.000E+00
S87.0E-059 0.000E+00
S988.0E-0S 1.000E+00
S58.0E-0S5 1.000E+00
955.0E-05 0.000E+00
1000E-0S 0.000E+00
-
KN _*I_I
Successhlly compiled
|Line:1 Col: 1 Test | Menu |
v (8] 4 X Cancel |? Help

\Vconv

290ns

>

1.0

0.0 | >
>l e 1000ns
1ns 1ns :
Rise time  fall time §
< One cycle = 1000ns »
$ 10ns
1.0 Ins Ine
Rise time fall time

0.0

One cycle = 1000ns

1OQOns
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Optimizing Simulation Results

_'_Eﬂ Noname - Schematic Editor

z|a(ae| %
NG

Fle Edit Insert View
Basic | Switches | Meters

% Analysis Parameters

Analysis T&M Tools TI Utiities Help S _ TR — ) 5 ﬂ
perating pointwith intial conditions (Mo 0 e
ERC... H [ @J[00% TR o teration number 1 (20) 70
Mode... L-_?M% e -“|9 TR miex. aba.vultage.incr.[‘v’] (200rn) 200m
Select Control Object TR max. abs..cur.rentmu:r. [A] (20m) 2lm
Set Analysis Parameters... e Macros TR max. relative increment [*] (1.0E+30) 1.0E+30
TR maximurm walue relative errar [%] (1m) Tm
DC Analysis TR LTE woltage-based/charge-hased (v'es) Ni=E
AC Analysis TR truncation errar factar [-] (7) 7
B $§ itﬁrﬂtiun cluntrcul faiunrﬂ[—] (500rm) ?gfﬂm
charge tolerance
Steady State Solver... TR maximum time step [¢] (106) 10G
FETIETATE 22 TR minimum time step [s] (1.0E-30) 1 0E-30
Noise Analysis... TR excitation subdivisions [-] (10) 1EIEIEI<
TR time intrv. subdivisions [-] (100) 10k,
Opfions... Ahs. error of optimization [] (1n) n
Fel. error of optimization [#2] (Tu) 1u
semiconductor capacitars enabled (ves) NEE
shunt conductance [S] (0 0
shunt capacitance [F] (0} 0
bdeee no. of sawved TR points [-] (1000000% 1000000
Wanve processing guality (1-4) (1) 1 —
Audio latency [s] (500m) 500m |

“Set Analysis Parameters”
adjusts how the simulator math
engine operates.

Description

Detault analysis parameters.

These parameters establish conwvergence and sufficient accuracy for most circuits.
In case of convergence or accuracy problems click on the "hand "' buttan to Open

L L]

Ve Ok

X Cancel

?

Help

TR excitation subdivisions
TR time intrv. subdivisions

1000
10k

This increases the number of
points vs time so that transient

behaviors aren’t obscured.

Press this button to

expand the list.
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Optimizing Simulation Results

_'_E‘:! Noname - Schematic Editor

Fle Edit Insert View | Analysis T&M Tools TIUtlities Help

=|@| || BlE  ERc. = afim=]l
JE[G[FE[G[ Moce- Fa] 3¢ [~[=2]

; Select Control Object
Basi Switches | Meters e Macros
asic_| I— Set Analysis Parameters... —'

—

DC Analysis ¥
AC Analysis ¢
Transient...

Steady State Solver...
Fourier Anabysis ¥

Moise Analysis...

“opors._|

\

Set the “numeric precision” to 6 digits.
This will allow us to see dc operating
points to six digits. The importance of
this is highlighted on the next slide.

Analysis Options

General |E|:{[: |
—Digital Analysis
Trace hMode [~ sh .
 Detailed Show warnings o |
ance
% Percentage Bar Delay: IDefauIt LI - -
(" Message P Hel
— J v Enahble glitch contral A HEr
[ Mumetic precision: B ] Glitch control: IEEI.IZIIZI%
—hdl f RACL — ltansient

[~ Enahle MCU Code debugger
|_ Generate synthetisable code
[ Compile packages at starup
|7 Enahble digital engine b.x

[v" Enahle vHDOL mixed mode

Advanced...

Integration method
" Trapezoidal

& Gear

Integration arder

=l

—Performance

Murnber of threads

|7 hdatri compilation

Max =

—Clutput curse filter

[~ Filter enahled
Threshold constant

baximum skip

[7 Enable run time statistics
[~ Enahble instant diagram drawing

[T Save all analysis results

[ Disahle wamings for large size analysis results

[ Bemember diagram setiings
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Steady State Simulation Results

_'_E*_!adsBBﬁU_model—se - Schematic Editor
Analysis Interactive T&M Tools Help

Fle Edit Insert View

I_m %c'lflﬁlﬂlﬂﬁ

=|aals] Blg e

Jéwvrglvl Mode...

<B : waitc:;S I?etﬁ Faufts enabled ~ }
EISIE ——  Stress Analysis Enabled

Enable MCU Code debugger
Select Optimization Target
Select Control Object

Set Analysis Parameters...

ectronic | Spice Macros | Gates | Flipflops | L

AC Analysis 4
Transient...
Steady State Solver...

Calculate nodal voltages
Table of DC results

DC Transfer Characteristic...
Temperature Analysis...

Fourier Analysis 4

Digital Step-by-Step
Digital Timing Analysis...
Digital VHDL Simulation...
Mixed VHDL Simulation...

Symbolic Analysis 4
Noise Analysis...
Optimization >

Options...

The steady state input to the ADC
iIncludes amplifier offset an gain errors.

Set the output source to match the steady
state ADC input.

4.999963

{Voa

Vit
—

Voa Steady State Voltage

<

C i

~ Voa_SS 4.999963

Verror
Verror = VVcsh - Voa

' ADS8860 Input Model

AINP

e ><+<I—¢tacq
A

55p

AINM

Vref = 5V

tacq = 290ns
tconv=710ns

Vin _FS =5V

LSB =5V /276 = 76.3uV
1/2_LSB = 38.15uV

C5 4p
|}]

Csh+ |

tconv
B I ><+|
T

N

VCVS11

wi# TEXAS INSTRUMENTS
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Example simulation: simulator results

450

Fle Edit Insert View | Analysis Interactive T&M Tools Help : -]

sleja)s| oy e [ afors] 8-l o Veiits _f Input to ADC across
I EN I s 6|3t || S| i Charge bucket filter

Faults enabled  } o

Basic | Switches | Meters eciranic | Spice Macras | Gates |ﬂ

Stress Analysis Enabled 4.08 -
Enable MCU Code debugger '

Select Optimization Target 4.50 ]
Select Control Object :f \J r

Internal ADC sample
and hold capacitor

Set Analysis Parameters... V Csh+ ]

DC Analysis
AC Analysis 4

Ctonsent ] 0.00 —
Steady State Solver... 1.00m —
Fourier Analysis ]

ooty Veror ] Error in ADC settling
Ry 1 oom ] [ ‘ [ sampled signal

Symboiic Analysis D 4.54
Noise Analysis...
— ' voas 3/\ /\ Op amp output

x| 10— L o
Start dislay o ol v ok tacq E Acquisition switc
End display |2U [=] X Cancsl ] ContrOI

0.00 —
(& Calculate operating point ? Help 1'00_: . .
(" Use initial conditions - tconv COnverSIOn SWItCh
(" Zeroinitial values E
: control
F Qraw excitation 0.00 T T T T T T T T |
0.00 1.00u
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Key Result: Error Signal

When tacq = 1V SW_acq is closed
Verror and Vopa must settle in this window

|}

0.00
Verror jr \( [
(VF
Voa_SS vl -4.50

Verror

-

X 3 4.54 : ‘
Check Settl s ADC Model : ) :
J eck Settling : Voa+

< Vopa . SW_acq SW_conv

>_f_w,__ DV 4.34

+ Rfilt 96

* L 1.00 :
= vin - :I: tacq ] ’
L L e 0.00-

1.00— :
tconv ]
0.00—
3

0.00 / 1.00u 2.00u
When tconv = 1V SW_conv is closed Time (s)
This resets the internal S &H Capacitor Csh
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Zoom In on Error Signal

G=16

FSR 5.0V
LSB = ZN = 216

0.5 LSB = 38.1uV
\

Resolution

= 76.3uV

Target Error

Number of bits

Show/ hide curves x|

Curses: Ll ~Show =
g ™ Nodal Voltages M1 Close
[ v _Csh+
e [ | OtherValtages 7 Help
[v]verrar [~ Currents
:zzgv v Userdefined
[ tiezsurement

Use “view>show / hide curves”
to focus on most important
curves.

j 0.00
—Lakel

Noname - TR resultl
File Edit View Frocess Help

(=13

ola| B &l alal | rlelal = o] K &7~
100u -
50u
Verror ﬂ_
_50u- [ { [
'T‘ ~100u-
1.00
tfcq
0.00 :
1.50u 3.00u
Time (s)

Text: I‘v’erru:ur
Fant ... | Marme: Arial Ske: 9 Style: Normal
—Mumbers
Farmat; IEngineering: 1k LI

Divide by factor: I1 Frecision: L -

Font .. | Mame: Arial Bize: 9 Style: ltalic

—Scale
ILinear ll Lawver limit: |-1IIIIIIu
Ticks: m Upper limit; IV

|_ Force size settings when resize window

|_ Round axis scale

X Cancel

7?7 Help

Click on axis
and adjust the
scale relative to
LSB resolution.
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Agenda

SAR Operation Overview

Select the data converter

Use the Calculator to find amplifier and RC filter
Find the Op Amp

Verify the Op Amp Model

Building the SAR Model

Refine the Rfilt and Cfilt values

Final simulations

© O N O O =

Measured Results
10. SAR Drive Calculator Algorithm
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Remember: ADS8860 example calculator results

*# Main _Pocket_Reference_Calculator.vi

Select the Calculator
- Converters

ADC SAR. Drive

Ideal Converter
Conversions

= Amplifier
Single Supply Amp

INA Vem + Dif Filter

LE s

P Y

ADC + Signal Chain Noise
ADC ENOB & Effective Bits

Find Ampilifier Gain 3 Resistors

2. Results will be used
in the simulation

4 )

Calculator

(Sdect Type

;‘H Single Ended #2

ndard R

. J

TMeqgraed NoGe
Thermal Noise
- Stabiity

= PCB
Via
Adjacent copper traces
Microstrip

PCB Trace Resistance
=l Sensor

Thermocouple

RTD

Phase Margin vs. AC Peaking
Phase Margin vs. Overshoot

~

1. Enter the information from the

ADS8860 Data Sheet.

] —lolx

)

PCB Paralel Plate Capacitance

kIB’B.lSU v

Resolution Csh
A Y
o 16 o 55p F
Full Scale Range Acquisition Time
4 V N S
\:} 5 o 290n /
Kﬂw_ Min Cfitt \
|4.1 Ohm | 1.1n F
Rfilt/2 Max .
Optional
|32.5 Ohm ptio
Cmin
Gain Bandwidth '560p F
I 17.8M Hz Cmax
I 1.6n F
Max Error Target

Rfilt/2 Rsys
AN S A
S1
l::SH+
Cai—=
CSH—
= Rfilt/2

Single Ended #2: Includes Ground Sense (Negative Input)

¢ Vsh+
S3

S4
— \/sh-

OK

wi# TEXAS INSTRUMENTS
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Trick: Voltage controlled resistor

Rfiltl VCR

|

The resistance for both
resistors is equal to Vcont.

|

NV

—Xr

!

A%
Rfilt2 VCR

—i
C@Z S 500uA

<

(Q\

C@Z S 1mA
<
=D
VCR_Test.TSC

wi# TEXAS INSTRUMENTS
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Use Parameter Stepping on Rfilt

1. Click here to do
Parameter stepping

4 ADS8860_Input_OPA320 - Schematic Editor

File Edit Insert View Analysis T&M Tools

@] Bley [« £]z]|Tx|

TI Utilities Help

100% vI .I:Iﬁ

J<[s[Z]s]w]m T [| 4 Doalinear sweep From
Basic |5WItEhESI beters | Sources il type Entel’ the Start and CalCUIator
Inteljrr:aa??e[s\}gtance [Ohm] A end value from the R:tl.l'z =
i (Vi calculator. Set number |
7 r ' WV Rfilt/2 Max
Voa 55 5000041 E"'”\ of cases to 10. e ot
" ,

3. Press this box to configure
parameter stepping range.

Input Model

~

Control object selection

= — Farameter stepping
F}Eﬁﬁ Startwalue |4.'I - Sweep type
™ Linear
Select... X Cancel ?  Help
Vdd — Endvalue |32'5 (" Logarithmic
T =
Twn 5 B «”:‘j ----- ~~ L f‘ - MNumber of cases |1|:| C List
V4 — * ]
1 SO TR L °T RE 96
i‘“' T W & & Sy
== = - Rfilt2 VCR_5E AlNM
4 _ _ N Vref = 5V t
2. Click on the schematic tacq = 290ns #
tcomnv=710ns
symbol you want to control Vin FS =5V
— I LSEI =8y -"2"‘15 ._I"E Juv
V1 = Rfilt ) £ ! I

wi# TEXAS INSTRUMENTS
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Run a Transient analysis

_'_E“_! Noname - Schematic Editor

Fle Edit Insert View | Analysis T&M Tools TIUtlties Help s
=|a|\8|=| &5  Erc. [ @00 =] 11 ;’ff, Noname - TR result2 _ ||:| |i|
J<Ta[Z[S]g Mo Jelxe]~[=[1[eleloo] T | Fle Edit View FErocess  Help
Basic | Switches | Meters SelectCon_trdObJect e Macros |
———  Set Analysis Parameters... i

DC Analysis v

a 5555‘ T $|v’,z—“|m|{:}

PEATAYSIS ( 14 . . » \ —
M\ Select “Analysis>Transient...” set
Fourer Anayss ’ the time to view a few conversion
Noise Analyss... ) )
p— cycles. Throughput = 1us in this I
example.
Transient Analysis — — )
-
Start display [0 £ glv ok o
. @ -2.00-
End display |3U [=] % Cancel %
——— -
(e Calculate operating point ?  Help
(" Use initial conditions - 1
(" Zero initial values
F Diranw excitation
_5.{]{] I | I |
0.00 1.50u 3.00u

Time (s5)

TRresultl TR result? |
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Adjust the X and Y axis

—Lahel

Text  |voltage (#V) v 0K
FDnt...l Mame: Arial Size: 12 Style: Marmal X Cancel
—MNumbers
Format: IEngineering:1k ~| 9 Help

Divide by factar: I1 Frecision: ID :l
Fant .. | Mame: Arial Size: 1¢ Stde: ltalic

—Scale

ILinear LI Lower limit: |-1EIEIm
Ticks: I5 :l Upper limit: |1EIEIm

[~ Force size settings when resize window
[T Bound axis scale

Noname - TR result2

File Edit View FPFrocess Help

setmas
=lof x|

oltage (V)

4 A
Click on axis and
change the vertical
_range to £100mV y

5

ADS8860_Input_OPA320 - 1st.TSC

N\

-5.00

-2.00-

rLabel
_ Text  |Time @#s)
E-,| gl [ @3” X =4 vg| x| O > %l *:ﬁlf;fl r~| « L Font... | Name: Arial Size: 10 Style: Normal
rMNumber
1.00

Format: IEngineering:1k LI
Divide by factor: I1 Frecision: I2 :l

Font ... | Mame: Aral Size: 10 Style: ftalic

—acale

Ticks: m

ILinear LI Loweer limit; |1U
Upper limit: |2u

[ Force size settings whenw

0.00

TR resultl TR resuli? |

|
1.50u
Time (s5)

[ Bound axis scale

¢ 0K
X Cancel
7 Help

I
3.00u

\

lick on axis and change the A
horizontal range to show 1
acquisition cycle.

(C

KAlways ignore first cycle!

J
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Error for R=4.1 ohms...32.5 ohms

100.00m

| Verror[1]: 4.1[V]|

4 )

A End of the acquisition

<€ period.
N y,

-
Delete curves

with large
overshoot.

\_

0.00

Voltage (V)

~

/Each error curve corresponds to a
different resistor. The units shown are
volts because it is a voltage controlled
resistor. The actual units are ohms. This
curve is for a 32.5 ohm resistor

J

-100.00m

1.00u 1.25u 1.50u 1.75u 2.00u
Time (s)
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Large overshoot curves deleted

100.00m —

- Change vertical
' scale to £10mV

Voltage (V)

0.00

-100.00m

Verror[5]: 16.722[V]

Verror[10]: 32.5[V]

Fewer curves will be
easer to inspect.

|

1.00u

1.50u
Time (s)

2.00u

wi# TEXAS INSTRUMENTS
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Ad d a | eqaen d (1. Click here to set the cursor.
B Set the cursor at the end of the I ‘“_x,E'l B
== T acquisition period. - |
o 2ol Alal 77414 M‘@J Cursor at 1.290us, tacq = 290ns 4
10.00m —

A
|71{: |*|.29u/( y:{134.121364u —~

] (2. Use the legend feature to )
show the error at the end of " ™
the acquisition period for all —,

resistors shown.

0.00

Va A:(1.29u; 0)
Vv - A:(1.29u; 0)

L § —
1 Verror[10] 32.5[V] A:(1.29u; -2.108578m)
_ Verror[5] 16.722222[V] A:(1.29u; -546.090743u)
Verror[6] 19.877778[V] A:(1.29u; -21.635252u)
| Verror[7] 23.033333[V] A:(1.29u; 134.121364u)
1 Verror[8] 26.188889[V] A:(1.29u: -183.070701u)
| Verror[9] 29.344444[V] A:(1.29u; -952.968073u)
-10.0om T T T T | T T T T T T T T

1.00u 1.50u 2.00u

Voltage (V)

Time (s) =
q pr— B

TRresultl | TR result? | TR resultd | TRresuld TR results
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Select the best three curves

Noname - TR result1

Fle Edit Wew Frocess Help

this feature. Also,

Add labels to the key curves using
double click on ‘ = ‘

curves to change thickness.

4 We will use 19.9 to

the next parameter
step simulation

\_

26.2 as the range for -

o8| ® &l ala | |w{«] €=<TOTH 2l [~ )]
B
10.00m — \
) —> [Verro Vacq B:(1.29u; 0) -
Vconv B:(1.29u; 0)
: Verror[10] 32.5[V] B:(1.29u; -2.109m)
\ Verror[5] 16.722[V] B:(1.29u; -546.09u)
) : Verror[6] 19.878[V] B:(1.29u; -21.635u)
= 0.00 Verror[7] 23.033[V] B:(1.29u; 134.124u) L
S 1 Verror[8] 26.189[V] B:(1.29u; -183.07u) ——
- Verror[9] 29.344[V] B:(1.29u; -952.968u)
| Verror[8]: 26.189[V]
-10.00m : . | : : —
1.00u 1.50u 2.00u
Time (s
(s) |
TR resultl l
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Second Run: further refinement in Rflt value

4 ™\ 1.00m —
1. Enter a new range for the Rfilt
range based on last simulation Vacq A(1.290; 0)
i i Vconv A:(1.29u; 0)
\(I'e' 19.9 and 262) J Verror[10] 26.2[V] A:(1.29u; -185.016346u)
Verror[1] 19.9[V] A:(1.29u; -19.012248u)
Control object selection x| S Verror[2] 20.6[V] A:(1.29u; 53.3848120)
~ Parameter stepping J o 0.00 SN Verror[3] 21.3[V] A:(1.29u; 104.725882u)
5 | [19.9 - Sweep type £ T Verror[4] 22[V] A:(1.29u; 133.745099u)
et ' & Liroa: S _ Verror[5] 22.7[V] A:(L.29u; 139.61824u)
- 1 [Verror[7]: 24.1]V] ; ,______;/e_rrgrj_G]_Z_?;.A[M]A:_(_l._29_ui_1£1_.81925_5g_.
Endwvalue |2'5-2 " Logarithmic { i Verror[7] 24.1[V] A:(1.29u; 80.366189u) |
— j g{ | Verror[8] 24.8[V] A:(1.29u; 15.171127u)
Mumber of cases Im (" List et (st 5: ;y\ '~ _____ Verror[9] 25.5[V] A:(1.29y; -73.453003u) _ 4
| 55 [Verror[9]: 25.5[V]| T
Farameter Stepping I -1.00m ' ' ' — ' ' ' ' ' | ' ' ' ' '
1.00u 1.50u
0K Femove | X Cancel ? Help | Time (s)
o A
2. Find the three best curves to set the range for the next
simulation. Typically the three curves will be overdamped,
D underdamped and critically dampened. Notice the polarity of
A \_ the error switches. We will use 24.1 to 25.5 for next simulation. )

ADS8860_Tnput_OPA320 - 2nd.TSC
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Final Run: Use Standard Values

[ 1. Use the “List” sweep type ]

Control object selection x|

. Vacq A:(1.29u; 0)
— Parameter stepping \ Veonv AZ(l.ZQU' 0)
Startvalue 199 - Swesryee R Veror H- 24 3P/ 204 -64-146504u)
 Lingpr L— Verror[2] 24.9[V] A:(1.29u; 3.940848)!

— Verror[3] 25.5[V] A: 9u; -73.453003u

End value |26.2 . Luwithmic % [3] M AR )

" | 2 0.00 v
Mumber of cases Im @ List Setlist.. | E :
| [Verrora]: 24.3V]] | Verror[2]: 24.9]V] |

Farameter Stepping I

v DK, Femowe X Cancel ? Help | |Verror[3]: 25'5[\/]|
Parameter Stepping - List Editor il
i /3. Choose the curve with 1 N
ke ol | Bemavelas the best settling. Check L LSB
oF e _ N to see if the error target

2. Enter standard resistor values from the calculator is met. I"wﬁ

Vot | X cocs | 7 ven | using the results of the previous Yes! 3.0uV << 38 15yYy  Hoo=u v
_ sweep (l.,e. 24.1to 25.5) ) \For Ry = 24.9Q /
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Turn off Parameter Steppino

2] ADS8860_Input_OPA320 - Schematic Editor

Fle Edit Insert \View Analysis T&M Tools TI Utiities Hdp

z|a|ale| B3 [y slz|T(s]

J+l¢l=

S| B[ || &

B

1

= |y

Basic |SW|t|::hes| hetars

1. Click on the
parameter stepping

icon.
\_

— Farameter stepping

Startwalue

3

A

/j

Endswalue

Humber of cases

Control object selection

|1 99

— Sweep type
(" Linear

|25.2

(" Logarithmic

o List

—

Farameter Stepping I

}_X\

Vdd 5.3

I

"Jm £

7 Help |

Rfilt1 VCR: SE Cancel
Mty
. — = o U :
L U2 OPA320 gwl < 3 ¥ ove
——= e 3 ¥
o1 - ><
[ s = 4
TW 325 v 8T [ ‘ UT as
1 i\[_ Rﬁm éé 4 \ SMPL2 0 X SW20 _|_
' ' - i on 1 Van 1 =
Mote: Mote: Rfilt is divided by 2. 2 C“Ck the source and i X 1_
press remove to remove tconv |,
\the parameter stepping. 5 0 Jecrs

| |I_CIEI—D'I.I'.£ID—FUJLI'U'| i
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Final Circuit

= L ®+

Voa_SS 4.999963 Verror
Voa Steady State Voltage Verror = Vcsh - Voa

ADS8860 Input Model

Vin _FS =5V ' *
KD LSB = 5V / 2716 = 76.3uV Vacq Veonv
RES 1/2_LSB = 38.15uV [

ADS8860_Input_OPA320 -final. TSC

1
' '
' '
(Voa : :
' '
. tacq tconv '
VAt ' . . | '
~ ! AINP = L >T<+—|_| L >T<+ :
R1 24.9 0 RS 96 '
' '
AMN—¢ > . A A N
U1 OPA320 ' o C555h+_T_ ern E
) 5L pT VCVS1 1 '
- : T 4 + + :
Cl T . * — X V) Vesh ¢
1.1n (] o "—_|_ - (]
. > 1 Csh- | 1 '
" O 55p — = = :
Replace voltage R253-\9 | : | R6 96 N | N :
controlled resistors il ' AINM 1 1 '
. . 0 —
>< ! >< 1 ’
with standard resistors E e w1 comvi— " L E
' [tacqg = 290ns '
s | tconv=710ns tacq tconv '
' '
] ]
0 0
' '
' '
' '
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What if we didn’t meet the error target?

~ ~
2. If no RC combination
works, try an amplifier

kWith wider bandwidth. y

Rfitt/2 Min
4.1

Rfilt/2 Max
32.5

Gain Bandwidth
17.8M

Ohm

Ohm

Hz

Max Error Target

138.15u

v

1.1n

Optional

Cmin

560p

Cmax

1.6n

F €

(
1. Try reiterating on

Rfilt using Cmin. If

\Cmax.

Cmin doesn’t work try

\

_/

Note 1: Typically step 1 and 2 will not be required.
Note 2: Output impedance can also impact settling. Ideally
open loop output impedance is low (R < 100Q) and flat.
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Agenda

SAR Operation Overview

Select the data converter

Use the Calculator to find amplifier and RC filter
Find the Op Amp

Verify the Op Amp Model

Building the SAR Model

Refine the Rfilt and Cfilt values

Final simulations

© 0 N O O =

Measured Results
10. SAR Drive Calculator Algorithm
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Expand the acquisition time to check settling

50.00m —

50.00m —
-
| End of tacq]
| Adjusted End of tacq |
| actual end of tacq |
g S | L\
%).’ ()
% 0.00 § 0.00
> S ]

\

Vacq A:(1.29u; 0)
Veonv A:(1.29u; 0)

N

4 A
. Verror A:(1.29u; -30.020287u) |
- ] Don’t count on luck! The
: _ signal isn’t really settled.
. \_ Y,
The error is less than %2
LSB (-30uV). Will this
-50.00m . .
o circuit work? -50.00m - - - - - - - - |
.00u \_ / 1,004 1.50u
Time (s)

t.cq Change in simulation only to test for
marginal design. Not adjusted in real circuit.
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Look at Op Amp Settling

Vacq

Vconv

Verror

Vopa

1.00—

0.00—
1.00—

0.00—

100.00m —

-100.00m = /\
5.05/
4.95- 110

-

1.00u

1.50u
Time (s)

2.00u

-

Amplifier settled to 2 LSB
or better after tacq ends.

~N

J
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Check settling for multiple cycles

1.00
Vacq
0.00—
1.00—
- ~ Vconv j ~N
. 5 Make sure that
Always discard 0.00_ ing .
. settling is consistent
the first cycle. 00.0u
from cycle to cycle. )
~ Z/ Verror Sy —
: f m [ — N ’ | Sm—
5.05—
Vopa i{“«... “’"’" ..... “’f \ “r"‘ ..... M’ \
4.95—— —T : |
0.00 2.50u 5.00u
Time (s)
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AC Input Signal Simulation Example

;
+ADS8860 Input Model :

+—(Voa E E

fl : Ly tacq L. tconv '

g ! AINP = Ly 1 L X da :

: RS 96 i. T\__L ;

i o ! WY CSh+_T_ — :

S 55p VCVS1 1 :

T = X Qe |

' Vesh ¢

: o I L a 1 L ? -

(] ~ - Csh- :

: S 55p L = = :

. : . > >~ :

' AINM >T< >T< il E

E Vref = 5V tacqu_-F 1— teonvi— 1— E

PROBLEM: | tacq = 290ns :
. . : = t ]

» The phase shift introduced by the | ol T T 5
amplifier and the RC circuitry make it |LSB=5v/2%6=76.3uv @Vacq veonv :
difficult to estimate the error or settling +Ecmro et e e e e To e ceeeemaas T eeeeeeeeeceeeeeaaaasd

signal
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Results for an AC Simulation: What about error

1.00_............ S S S S
Vacq
0_00________________\_________________________\_________________________\_________________________L__________
1.00 —
Vco ]
0.00 —
4.50 —
Vil _/\ /
484.91m —
4.50 —
Vin /\/
500.00m —
4.50—_
0.00 —] | | | | | | | II||||I||||IIIII’ﬂ’mTH’|’m
0.00 50.00u 100.00u

Time (s)
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AC Input Signal Simulation Example

— / ‘ Phase Shift

* The phase shift introduced by the amplifier and

the RC circuits make it difficult to estimate the
settling error in the sample and hold
3.00u

| / Vsh H PROBLEM:

2.00u
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AC Input Simulation Example

S/H switching with

(Voa ADS8860 Input Model
t t I
vilt | >T<Jd—‘ acq = %<+ conv conversions
_R122 AINP X R 96 < B
U1 OPA320 3l Csh+_] *
< 3 55p VCVS1 1 X
05

VCVS11

—
X < > +?Verror
J -
1

vin il AINM

11
C5 4p
|
LX-!-_
ﬁ
f<:+

it » ADS8860 Input Model — phase shift only E
AlNPE R R8 96 . E
E o_l A Csh+_L E \
c ' 3 55p VCVS1 1 '
Vin =vdd5.3 :__ ' O 4 + + ¥ "
1 °T [ - X% ?Videa' : “Ideal” signal
= ' =20 " — L ' : :
: o el L4 : Sees phase shift without
o : 1 R 1 E sample and hold
2l AINM :
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AC Input Signal Simulation Example

“Ideal” Signal from
non-switching S/H

| Phase difference no longer
/ present
| “ldeal” Signal from
g, . non-switching S/H =
O //
L —
_ /(’ Sampled Signal
| Sampled Signal Solution:
_ B * The “ldeal” Signal generated from non-switching
230 ————————— — S/H has same phase as the Sampled Signal;
0.00 5.00u 10.00u
Time (s)

allowing the calculation of settling errors
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Check the error for AC simulations

1.00 — v R
Vacq ]
) 0.00
Place the cursor at the end of 1.00—

an acquisition cycle. Generate Veorw ]
a legend. The error should be ]
Qess than %2 LSB.

J

Verror

[ T~ ,

-10.00m —
275 ——— — Vacq A:(1.29u; 0)
Check the error at — Veonv A(1.29u; 0)
. . Vit —— Verror A:(1.29u; 14.080001u)
multlple locations V’— VAilt  A:(1.29u; 2.530883)
244 —— Vin A(1.29u; 2.532362)
/ 2.756— ———— Vsh A:(1.29u; 2.53074)
450~ - Vin _:
rfrr .
250
Vsh 2.73— F
Vsh B r
0.00— : : : : :
0.00 ‘
0.00 50.00u 100.00u 1.00u 3.00u
Time (s) ’ _-
Time (s
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Agenda

SAR Operation Overview

Select the data converter

Use the Calculator to find amplifier and RC filter
Find the Op Amp

Verify the Op Amp Model

Building the SAR Model

Refine the Rfilt and Cfilt values

Final simulations

© O N O O =

Measured Results
10. SAR Drive Calculator Algorithm
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Hardware Kit

DAQ Channel 1

—_—_——— e e ——_

Input Op- el

Amp

DAQ Channel 2

Op- Recr

Input Amp

ADS8860: 16-Bit, 1-MSPS, SAR Analog-to-Digital Converter.

AVDD DVDD
3.3V 3.3V
U
AINP
ADS8860
AINM
REF5050
5.0V
Reference
AVDD DVDD
3.3V 3.3V
U
AINP
ADS8860
AINM
|
ZZ:EEX REF6050
5.0V
Reference

i3 TEXAS
INSTRUMENTS

Precision Labs

JoA

r‘jft—ffj f‘r—v—w—j f-v—w—w—j (‘T—w—w—j
QOO QRO (oY eNeYe

QOQE
O

—~—— f—~——— [~

UL WOLQ QLLQ
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Measured AC Performance for Optimized Circuilt

ADS8860 Data Sheet (1Msps)

Parameter |Min Typ Max | Unit

Spectral Analysis

I~ MarkHarmonics [~ DisplayDC g | FFT |

SNR 92 93 dB

THD (1kHz) -108 dB

Circuit from TINA

5V
=
REF6050 3V 3V
5.0V
Reference Vo
5V - ref AVDD DVDD
24.9Q
—ANNV
— Cfilt |
opa320  LInF—T

24.90

= ADS8860

AGND DGND

Amplitude (dBC)

20-

0-
90 -
-40-
50—
-80-

-100-

120~
-140-
160~
-180-
200~

220 -

Measured
SNR = 93.3dB
THD =-113.1dB

Frequency(Hz)

1 | 1 |
350000 400000 450000 499996

Samples

— Output Parameters -
THD (dB) Signal power(dgFs)  Harmonics(dBC)

| 262144

Input Parameters

Device Fs (Hz)

SINAD(dB) ENOB H3 -116.3]

H2 -118.5¢

| 932578 [ 15199 HA | -122.9

[ 113142 [ 0383006 H1 | 0.00 jl

Fi Calculated (Hz) Maximum Spur (dBC) Maximum Spur (Hz) HE -126.01

| 1.00M

H5 -124.9]

::I |?TermEI—Harris ﬂ

[ 113452 | 208664 H7 |-135.5]=]
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Measured AC Performance: Wrong RC

ADS8860 Data Sheet (1Msps)

Parameter

Min

Typ

Max

Unit

Spectral Analysis

SNR

92

93

dB

THD (1kHz)

-108

dB

OPA320

1.InF—7

100Q
VW

Wrong Rq;;

oV
3

REF6050
5.0V
Reference

3V

cfit |

ADS8860

AGND

-y — Vref AVDD DVDD
1000
AN

DGND

»

I MarkHarmonics [ DisplayDC  “-[f8J wm| FFT [
20-
- Measured
20- ur
SNR = 83.4dB
—R0- - "
¢ I 6dB
) . —_
@ -100- .
=
- M ﬂ
< -140-
-160-
-180-
-200-
_22[]_
-240-, | 1 | 1 | 1 | |
0 100000 150000 200000 250000 300000 350000 400000 499996
Frequency(Hz)
—Output Parameters -
SNR(dB) THD (dB) Signal power(dBFg)  Harmonics(dBC)
samples [ 834523 [ 736148 [ -0.384984 H1 |0.00
| 262144 Capture H2  [-74.00
SFDR(dB) SINAD(dB) ENOB H3 |-84.90
Input Parameters | 74.0055 | 73.1858 | 11.8648 H4 -95.62
_ HS | -104.4¢
Device Fs (Hz) # Harmonics Window Fi Calculated (Hz) ~ Maximum Spur (dBC) Maximum Spur(H2) [Hg | -108.14
| 1.00M = |?'T9F”"E'-HEIrriS | | 1.998902¢ | -74.0085 | 400162 07 |-105.7!
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Measured AC Performance: Wrong Amplifier

ADS8860 Data Sheet (1Msps)
Parameter |Min Typ Max

Unit

SNR 92 93

dB

THD (1kHz) -108

dB

Op Amp BW Not Sufficient

5V
2y
REF6050 3V 3V
5.0V
Reference
5V —_ Vref AVDD DVDD
220) )
—— AN
= Cfilt |
L opa333  680pFT~
22Q)

= ADS8860

AGND DGND

I

Spectral Analysis

Amplitude (dBC)

[ImMark Harmonics [CIDisplay DC

20-

B SNR = 58.2dB
“ THD = -56.6dB

-180 1 1 1 1 1 1 1 1 1 1 1
0 50000 100000 150000 200000 250000 300000 350000 400000 450000 499998
Frequency(Hz)
Output Parameters .
SNR(dB) THD (dB) Signal power(dBFg)  1armenics (dBC)
Samples 58.2192 -56.5788 -0.47867 HL |00

262144

SFDR(dB) SINAD(dB)

H2 -59.949
E Capture
EMDB H3 -52.44

Input Parameters 599965 54 3117 8.72952

Hs | 7224
Device Fs (Hz) # Harmonics Window Fi Calculated (Hz) ~ Waximum Spur (dBC) Maximum Spur (Hz) :g :;;2
1.00M 9 7 Term B-Harris = | 1.998901k -59.9965 4001.62 s
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Agenda

SAR Operation Overview

Select the data converter

Use the Calculator to find amplifier and RC filter
Find the Op Amp

Verify the Op Amp Model

Building the SAR Model

Refine the Rfilt and Cfilt values

Final simulations

© 0 N O O =

Measured Results
10. SAR Drive Calculator Algorithm
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Concept behind the math

Vfilt
Voltage on Cfilt

Vsh
Voltage on Csh

5.00-
I

4.95- | 100mv
1\ droop

4.90-

5.00 -

2.50

+0.5LSB

— erm_Opa
q
- Rfilt |
AAAY *0

e

Vin= Cilt ::T .
I Vee Qf _Cflt

ﬁ

« Assumptions based on multiple designs

* Vin = Full Scale

« Yo 0f Qg Is from Cy & Y2 from Op Amp

 100mV Droop — small signal response

* Errortarget = 0.5-LSB

 Op amp approximated as second order
system

« Op amp four times faster than filter

wi3 TEXAS INSTRUMENTS = 70



C:, Selection

]

_Termelt

Vini

Qsn = Vesgr - Cspy

1)

Total Charge in Csh and the end of acquisition period.

Qsn = ermOpa + ermeilt

(2)

Charge is from amplifier and filter capacitor

AQcriir= 0.5 Qsp

(3)

Half the sample and hold charge (Q.,) is delivered from the filter.

This results in a change in the charge on Cifilt.

AQCfilt: 0.5 Vegg - Cspy

(4)

From (1), and (3)

AQCfilt= AVfilt ' Cfilt

(5)

The change in charge on Cfilt will cause a droop In voltage. AVy,,

05 - VFSR)
Crisp = C
filt ( AVfilt sh

(6)

From (4), and (5). This is the general relationship for scaling

Cfilt, given a droop in filter voltage (Vfilt)
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C:,, Scaling Continued

—
L
v
Cfilt —— erm_CfIt
(0.5 Vggp (6) | From previous slide:
filt — AVrire Csn This is the general relationship for scaling Cfilt, given a droop in
filter voltage (Vfilt).
Assume
Visg =4V, AV, =100mV
Crit =20-Cyp, (7) | Typical value for Cfilt
Crite = 30 - Cpy (8) | Maximum value for Cfilt
Crire = 10 - Cpy (9) | Minimum value for Cfilt

Note 1: Experience shows that using the fixed factors of 20 yields good results.
Note 2: In rare cases, you may need to sweep Cfilt. Thus the factors of 10 and 30.
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Time constant required for settling to error target

Veie = (Vinie — Veinar) - €Y% + Viinas (9) | This is the standard RC charge equation.
T, = time constant for charging Cy,.
Vinit = Initial voltage at start of t,,
Vinq = final voltage for fully charged Cg,
—0.5-LSB = V¢iir — Veinal (10) | Error is less than 2 LSB
Vinit — Vrinar = —100mV (11) | Droop is 100mV
—0.5-LSB = (—100mV ) - et/ (12) | Substitute 10 and 11 into 9
S —Llacq (13) Solve (12) for T,
¢ In (0.5 - LSB) Note: t_includes effects from Op Amp and C;;,
100mV The op amp is being modeled as a second order

system (RC circuit)
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Find Rfilt and Amplifier Bandwidth

Tc = \/(TRC)Z + (Tpa)?

(15)

T.can be approximated as the RSS of the time constant of
the filter and the op amp.

Tre =4 Tou (16) | Rule of thumb for good settling
Te =/ (4 Toa)? + (T4)? (17) | Substitute (16) into (15)

T
Tos = \/% (18) | Solve (17)

(P (19) | Substitute (18) into (16)
Tre = 4 Ji7
R.. — RC (20) | Nominal filter resistance.
filt — C,.
filt

Rfiit min = 0.25 - Ryyyy

(21)

Minimum value of Rfilt used in SPICE iteration

Rfilt_max =2 Rfilt

(22)

Maximum value of Rfilt used in SPICE iteration

UGBW =

2T Toy

(23)

Minimum amplifier bandwidth
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Thanks for your time!



