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Required/Recommended Equipment

« Calculation
— Simple calculation using OPA320
— ADS8860 Data Sheet to find RMS noise voltage
— Combine ADS8860, REF6050, and OPA320 noise for total noise

« Simulation
— Simulation using OPA320 and REF6050 Models

 Measurement
— PLABS-SAR-EVM-PDK
— http://www.ti.com/tool/plabs-sar-evm-pdk
— http://www.ti.com/tool/ANALOG-ENGINEER-CALC
— Download EVM software and purchase EVM
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System we are Analyzing and Measuring

We will use two different
“Coupon Cards”. Each will
have different noise
\_Characteristics..

\

e

- 24.90

5.2V
1L

REF6050
5.0V

Reference

Vin 9
0.1V DC

— 1.1nF_—

W

— 24.9Q

Vref

Input Range = 0 to Vref
Resolution = 16 bit
ADC LSB =

AvVDD DVDD

Vref/2'® = 76.29uV

N-Bit
Register
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Noise Hand Calculation

« Both circuits have the same: gain, bandwidth, and output filter
* The difference is feedback network resistance is scaled by a factor of 100
* The objective is to see how thermal noise from feedback impacts overall noise

Noise 1 Noise 2
1.2pF 120pF
| | | |
| | | |
10kQ | 100kQ) 100Q| 1kQ
AA-AM— AMAHAM—
= 5V = 5V
Vin 1 Vin 1
0-1Vde T opa320 0-1Vde T opa320
- —=24.90 = —24.90
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Noise Calculation for Noise 1

1 1 A The system bandwidth is limited by
f; feedback = = =1.33MHz . .
- 2-7-R,-C, 2-7-(100kQ)-(1.2pF) three factors: feedback filter, charge
1 1 bucket filter, and amplifier gain
S cnargepucker = 2- 7Ry Chp B 2.7-(24.9Q) - (1.1nF) =>.81MHz > bandwidth. The overall bandwidth
GBW 20 assumes that the feedback and
Je amp = Gain 11 1.82MHz amplifier poles are close, so the
£ o e = 1.33MHz system is approximately second order.
BW, =K, f. e esimae = (1.22)-(1.33MHz) = 1.62MHz /
R,-R, (100kQY)-(10kQ)
_ 7 f g _ — .
Ry, R, +R, 100kQ+10kQ 009k Noise from the feedback
network.
enReqz\/4-k-Req T, = \/4-(1.38.10‘23J/K).(9.09kQ).(298.15K) =12.23nV /JH:z
2 2 2 2 Combined noise from op
€, 7om :\/ €. ) tle, . =\/ 12.23nV/NHz ) +|\7nV/NHz | =14.09nV /N Hz
roa =\ (Grea) +(E_am ) ( / ) ( / ) / amp and feedback
E w1 =Cntoas | BW, =(14.09nV/Hz)-\J(1.62MHz) =17.88 ¥ rms network. Integrated and
EnTotal_RTO:Gain ) EnTotal_RTI — (1 1) ) (1788IUV) — 19671uV ms referred tO the OUtpUt

https://training.ti.com/ti-precision-labs-op-amps-noise-17cu=14685 & Texas InstRUMENTS
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Noise Calculation for Noise 2

1 1 )
‘fc feedback = — =1.33MHz
- 2.7-R,-C, 2-7-(1kQ)-(120pF)
1 |
= = =5.81MH=z

‘fc_ChargeBucket 2'7Z-°Rﬁ][ .Cﬁlt 272'(249Q)(11nF)

GBW 20

= =—=1.82MHz

Je_anp Gain 11
]Fc_system_estimate — 133MHZ
BW, =K, £. e e = (1.22)-(1.33MHz) = 1.62 MHz /

_ R,-R, _(1kQ)-(100Q)

"= =90.9)
" R, +R, 1kQ+100Q

K.
Coneg =4 KR, T, = J4-(1.38-10%7 / K)-(90.9Q) - (298.15K) =1.22nV /\[Hz > networ
=\ (€rea ) (€0 ) = \/(1.22;11//@)2 +(7nV/NHz) = 7.1V [NHz

E ot 7 =Cntoas N BW, = (7.11nV/\Hz) - \J(1.62MHz) =9.024V tms
EnTotal_RTO :Gain ) EnTotal_RT] — (1 1) ) (17881uV) = 992:”V Ims

The system bandwidth is limited by
three factors: feedback filter, charge
bucket filter, and amplifier gain
bandwidth. The overall bandwidth
assumes that the feedback and
amplifier poles are close, so the
system is approximately second order.

Noise from the feedback

Combined noise from op
amp and feedback
network. Integrated and
referred to the output.
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Simulation of Noise1

@! Noname - Schematic Editor
Fle Edit Insert View | Analysis Interactive T&M Tools Help

=|a[8|s| e e [ afiove=] 8| 7] gliY 2

,,. g Rl M - z

[ GEIB[] e DI~ & [ol=|=]2

Basic | Switches | Meters e edron{;;l Sr;i.ce Macros | Gates I“I.:Iip-ﬂops|

———  Stress Analysis Enabled
Enable MCU Code debugger
i e
Select Control Object Notse Analysns L i‘
Set Analysis Parameters... ;
DC Analysis 3 Start frequency |1 [Hz]
AC Analysis 4
Transient... End frequency |1 00M [Hz] X Cancel
Steady State Solver... —_—
Fourier Analysis ’ Number of points |1 000 ?  Help
Digital Step-by-Step : :
Dighal Taming Arolysb... S/N Signal Amplitude |1
Digital VHDL Simulation... Blimeterns
Mixed VHDL Simulation... g
v i v i
e —— , [V Qutput Noise [v' Total Noise
| NoseAnalyss... | [ InputNoise [ Signalto Noise

Optimization >
Options...

1.2pF

10kQ | 100kQ Need valid dc operating point for
_CVWWAHWA— noise simulation!

— oV

24.9Q)

Vounc =11 x0.1V=1.1V
Enms = 170.8uV rms
Enpp = 6:170.8puV rms = 1.03mVpp

B - 24.9Q

Output noise (V/HZ'%)

Total noise (V)

626.43p

170.78u+

32.97n+

0]
o
W
©
T

L B I L) I
10 100 1k 10k 100k 1MEG 10MEG 100MEG
Frequency (Hz)

)

Hand calculated noise
was 196.7uV rms.

0.00-

L I R
10 100 1k 10k 100k  1MEG 1
Frequency (Hz)

]
OMEG 100MEG
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- = 568.13n '
il Ol
Noise 1 vs Noise 2 TS T
R I —
. S Noise 2
NOISQ 1 % 18.25n- E
1.2pF 5
l :
10kQ [ 100kQ 586.31p |l L L LU Lol LU L LT
VWAHWA— 10 100 1k 10k 100k IMEG ~ 10MEG  100MEG
— 5V Frequency (Hz)
24 90 170.64u—
— YW\ £D
vin & P 14nF - s
0.1Vdc OPA:.;)ZO OPA320_N oisel.TSC _% 85.32u_]
- —24.9Q) T k-
.
Noise 2 i
Click to access 000 et e e
120pF TINA simulation 10 100 1k 10k 100k 1MEG 10MEG ~ 100MEG
| | . Frequency (Hz)
|1
100Q | 1kQ 2083
YW1 VAN [fc(Noise2) = 832kHz]
- oV R [fc(Noise ™) = 1.05MFz]
©)
Vin X 1 1.1nF - AR
— [— 24_9Q -42.16 rorTTTI rorTTTI rorTTTT T TTTT T rTTT rorTTTTI rorrTTI
- 10 100 1k 10k 100k 1MEG 10MEG 100MEG

Frequency (Hz)
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Find the REF6050 Noise

Noname - Schematic Editor
File Edit Insert View | Analysis T&M Tools TIUtiities Help

ke ] e o [ @ffioow =] i
T e —— x
Basic | Switches | Meters SetAn(a:;;l;rPa?ar:'lftters e Md . . .
1. Analysis> Noise Analysis : =
TR , Start frequency I1 [Hz]
AC Analysis »
= =N ooy [
pas ' Number of paints |1 oo
Options... S/N Signal Amplitude I1
Diagrams
U1 REF6050 [V Output Noise _IEllil
VIN OUT_F 3{(VREF rlnputNoi:Ae I_SignaltoNois File Edit View FProcess Help
L OUT_S J x @8 || T E] ~ 2 (b | Al
N REF6050 GND_S ~——C4 224 / B‘ gl % & l— 1003 1 ':?( —( I—_-.l ‘O sh Lf‘l fl
\gGS GND_F — 6.31u~
RS 2. Enter the bandwidth
120k - and select the diagrams | -
2
-
s
o
I—
[ L] L] L]
3. The integrated noise is the “total :
noise”. Look at the final value Ll SR R A g1
1.00 1.00k 1.00MEG

J

Total noiseE] Output noise? | Total noise?] Outputnoise8 Total noised |

]
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Total System Noise for OPA320 Noise1

Noise1

1.2pF
| |

5.2V
1L

REF6050
5.0V
Reference

100kQ

=

5.2V

Vref AVDD DVDD
Input Range = 0 to Vref
Resolution = 16 bit
ADC LSB = Vref/2'® = 76.29uV

N-Bit

Register

VFSR_rms = 05 . FSR . 0707
=0.5-5V:0.707 = 1.767V

Visk rms 1767V

107282 19(%5)

Vnapc = = 39.6ulV rms

2
Var = \/(VnADC)Z + (VnAmp) + (VTLRef)Z
= /(39.6uV)2 + (170.8uV)? + (6.3uV)2= 175.4uV rms

VFSerS)

QRW = 20 - log (> ;
n

wi3 TEXAS INSTRUMENTS

ﬁFSR_rms = Vrpsrpk * 0.707 \

=20-1 (1'767V)—801d3
— OB \175.40v) T OV /
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Solve Using the Analog Engineer’s Calculator

+ Analog Engineer's Calculator - ;Iglil

Select the Calculator Calculator

- Data Converters
Alias Calculations
ADC Code to Voltage
ADC SAR Drive
ADC ENOB & Effective Bits
Ideal Converter
Conversions
Amplifier and Comparators
Passive
Noise
Stabiity Converter Input
PCB
Sensor
Links

Voltage
Reference

Reference Noise
; 6.3u \
Converter Output
Total_Noise
175.4u V rms

B O O B O <

Signal Chain Noise

Full Scale Range :
ADC Noise

39.57u Vrms

; 170.8u Vrms

Combined SNR
80.06 dB

SNR Input
80.3

v

Kl 1V
wi3 TEXAS INSTRUMENTS | 1




Connect the hardware

Q‘? TEXAS Precision Labs
INSTRUMENTS SAR

m Plug PHI into CH2

mr] | E E posaseo Connector
Set Jumpers DAQ Channel 1 /
as Shown \\Ai_INIQm DC_IN Install . O 7y USB Cable to
88 gg¥ / Precision Host Interface
X o.1v Sora3209 < (PHI)
mm[lj 8 Noisel 8 ADS8860 USB
No external / DAQ Channel 2 O O
source B8 25V  Solow |[coLlow |[Galow
required O LoV e .CAL .CAL
q 50| 0.1v O OJHIGH ||{[QOIHIGH |[[OOHIGH
Current Current Current
DC_INF AVDD-AMP||AVDD-ADC ||DVDD-ADC m

M:I AC_IN E E @

DAQ Channel 3
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Start & Setup the PLABS-SAR EVM Software

| Texas Instruments
& ADS89XX EVM

& ADS8681 EVM

& ADS8881 EVM GUI

& ADS8900 EVM

& ADS8910 EVM

& ADS9110 EVM

Analog Engineers Calculator

[ Plabs-SAR-EVM

o A

‘A Plabs-SAR-EVM
File Debug Capture Help

Pages

<& Spectral Analysis

<& Histogram Analysis

< Linearity Analysis

¢ Reference Settling Analysis

rInterface Configuration

Device Modes
| SPI-3-wire-withBusy v |

Protocol Selected
| SPI_3_wire_WithBusy

_ SCLK Frequency(Hz)

Target Achievable
| 66mM = | 66.00M

r

\

1. Select “Plabs-SAR-EVM”
from “start>All Programs”

~\

J

— Sampling Rate(sps)

Target Achievable
[ 1004 = [ 1.00m

Idle

10| x|
Channel Connected: DAQ Channel 2 External Reference : REF6050 [V Connect to Hardware |
Time Domain Display
YScalefit| Automode  w|  S{ER| W
3- -0
2_
1-
s
g o- 08
= 2
_1—
e
2 B e e
Samples
[ 1
’ —Min and Max Values
Sam [ Max_Code Max_Volt
2. Ifthe EVM is s Eosen
w0 operating correctly,
“HW C d” T
onnecte
. . | NG PSI Controls R O
="\
_ will be displayed. ) S e

wi3 TEXAS INSTRUMENTS
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Measure the Noise and DC Level
lolx]

Fie Debug Capture Help

Channel Connected: DAQ Channel 2 External Reference : REF6050 [V Connectto Hardware

\

Pages

4. Change page 9 <& Spectral Analysis Time Domain Display

<& Histogram Analysis
< Linearity Analysis

YScalefit| Automode  w| /g

tO “ H iStOg ra m & Reference Settling Analysis
Analysis”

‘ rInterface Configuration

Device Modes
| sPI-3-wire-withBusy v |

Protocol Selected
| SPI_3_wire_WithBusy

_ SCLK Frequency(Hz)

Target Achievable
| e6m = | 66.00M

_ Sampling Rate(sps)

Target Achievable

Eolilid

Codes

1 1 1 1 1 1 I 1
100000 120000 140000 160000 180000 200000 220000 240000

(n) abeyop

il -1.109
J

[ 100m = | 1.00m

= .

3. The DC output
should be about 1.1V.

\

J

/

1. The default settings of\/’

r

—Min and Max Values

\

|/52144 ~|
-

2. Press Capture.

Max_Code Max_Volt

s [ 10

Min_Code Min_Volt

I 14532 I 1.109

1Msps, and 262144 work

PSI Controls X O

well for this experiment.

/3 TEXAS INSTRUMENTS
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Look at the Statistics Under “Histogram An

M Plabs-SAR-EVM

Fie Debug Capture Help

=10 x|

Channel Connected: DAQ Channel 2

External Reference : REF6050

[V Connectto Hardware

Pages

< Time Domain Display

<& Spectral Analysis

4 g
< Linearity Analysis
& Reference Settling Analysis

rInterface Configuration

Device Modes
| sPI-3-wire-withBusy v|

Protocol Selected
| SPI_3_wire_WithBusy

_ SCLK Frequency(Hz)

Target Achievable
| e6m = | 66.00M

_ Sampling Rate(sps)

Target Achievable
[ 100m = | 1.00m

Histogram Analysis

X Scale fit

Auto mode

= HE® Hstogram ["m

50000
45000~
40000~
35000-
30000~
8
T 25000-
3
20000~
15000~
10000~

5000-

0

I I
14529

1
14532.5

1 1
14535 14537.5

I
14540

1
14542.5
Codes

1
14545

alysis”

7

14547.5 \_

“Sigma” is one standard

deviation which is the RMS

J

noise in codes.

/
LSB =

2N
Vnoise_meas

Vnoise_meas

o

VESR __
=5 =

5V

76.29uV

Sigma - LSB

(2.18) - (76.29uV) = 166.3uV

—

/

N\

o

/
— Results
Mean Sigma z
| 1454078 | 218
Min Code Max Code
| 14532 | 14551
Code spread

) |

PSI Controls X O

- %3 TexAs INSTRUMENTS

/

g
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Measured vs Expected Results

r N
Your results should show the same

L

trend as the expected result but the
specific values will differ.

J

V|n 0.1V DC, fsamp = 1MHz, Vref =5V, LSB = 76.29uV

Dewce Hand Example Your
Measurements | Measurements

Amp Amp ADC Ref Total Sigma

Noise Noise Noise Noise Noise
(uV) (uV) (uV) (uV) (uV)

Noisel 1967 1708 396 112 1754 218
Noise2 991 788 396 112 884 116

Noise Sigma Noise
(uV) (uV)

1863
885 [
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Export Data to Excel

R e 2. Right click and

Create Annotation

,, 14568~ s
Protocol Selected L Delete All Annofations 5
| SPI_3_wire_withBusy & 14566 ,3
v AutoScale X S
14564 -
_ SCLK Frequency(Hz) AUtoSCAe
14562 Smooth Updates S
Target i
o L 14560- Export Data To Clipboard
| 66m = | 66.00M SerrE——
e
Export Data To DIAdem
_ Sampling Rate(sps) ::ggg: Export Simplified Image... s
1 1 1 1 1 1 1 1 1 1 1 1 T T T T 1 1 2
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000 16383
Target Achievable Samples
[ 100 = | 1.00m m m

Samples
I ~ 16384 :I, Capture

Min and Max Values
Max_Code Max_Volt

I 14575 I 1.112

Excel. Press capture

Idle

after changing the
\ number of samples.

: \f1.Use16,348 ooints for ) "

Min_Volt

| %5 Texas INSTRUMENTS

J

Pages 11 1]
Export Data to Excel
& Spectral Analysi = = =
S Fretooram Anaeis Time Domain Display '
< Linearity Analysis \ )
<& Reference Settling Analysis

14578- 7 -1.112

14576-
~ Interface Configuration oo Copy Data -1.112

Description and Tip...

Device Modes 14572~ Visible Items »
[ sPI-3-wire-withBusy =] 14570~ Clear Graph ¢

a9«

4 )

3. An Excel spreadsheet
will open up.

=8 % Cut Hw -
Ea Copy ~
Paste U ~ | EEe
2 J Format Painter = -
Clipboard I~ Font I

] B2 (0 £ 18559 /
1 A ] Bf [C
]L Samples - Analog Channel 0 Codes - Ana% Channel 0
2| 0 14559
= 1 14566
_4 | 2 14566
=g 3 14567
w6 4 14567
| 5 14568
o 6 14563
s 7 14564
10| 8 14568
1| 9 14564
ok 10 14564

13 11 14568

14 12 14562

1S 13 14566

16 14 14567

k7 15 14567

18 16 14566

19 17 14567

20 18 14569
g2 19 14564
22| 20 14562
£23 ] 21 14567

wi3 TEXAS INSTRUMENTS
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Selecting a Column in Excel

r

\.

2. Press “Shift-Ctrl-Down Arrow” to
select the entire row.

\

T R ——

r

]| =

File Horr

1. Select cell “B2” in the
spreadsheet.

= # Cut k
=l

Ea Copy ~
Paste ) B 7 U ~| i~
= J Format Painter =

Clipboard . Font

B2 v ( £ | 14559

/

3 A - \

8/

/ : n— =~ \ 1 Samples - Analog Channel 0 Codes - Ana

2h % i A i 25 F7<< & - . W e mject » Pairing Caps Power 2 0
‘ 3 1

~ | D ¢ —_—
X : ; f ; S t ) « Delete F13 F14 F15 4 2
3 4 8 9 0 5 3
6 4
ab ' 7 W E T Y U | O P help Hans Page "7— 5

o - Up
8 6
Caps Lock A A S D J L «—t Return ;aqe % ;
11 9
i < > 2
| < Shift I z X C \ B / > Shif 12 10
2 13 11
C | o ® % At Ctrl Fn o= + o 1! L
r Option }} Command Option 15 13
16 14
17 15
4 N\ 18 16
19 17 a’,

20
“Ctrl-C” e o
3. Press “Ctrl-C" to copy. 2 1
23 21

%Channel 0
14559

14566
14566
14567
14567
14568
14563
14564
14568
14564
14564
14568
14562
14566
14567
14567
14566
14567
14569
14564
14562
14567

wi3 TEXAS INSTRUMENTS
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Paste Your Results Under “Raw Codes”

\EI 7 R S Noise Averaging ADC PLABS.xlsx - Microsoft Excel
Home Insert Page Layout Formulas Data Review View Add-Ins

_t—' & Cut Calibri - 11 A AN E == ¥ =¢ Wrap Text General - i% %ﬁ [ Normal l Bad G

53 Copy - e 3 ‘ ' :
Paste ; B I U- i+ &-A. E = E|iE F EMerge&Center-| $ - % » | % ;% Conditional Formatas Neutral Calculation
» < Format Painter = - T Formatting ~ Table ~
Clipboard 5 Font [ Alignment [ Number = Styles \
B2 = gl 14561 Click to access
A B C D B B G = | J K L M

1 Samples Raw Codes average x 10 average x 100 Excel
= V

2 0 14561 14564.8 14565.95
_2 | , £

3 1| 14566  14565.2” 14566.01 Noi . : : Spreadsheet.
2 | l oise With and Without Averagin

4 2| 14565  14565.2” 14566.04 ging . J

5 3| 14565|  14565.3  14566.07 14576

6 sl 14569] 14565.3" 14566.1 14574

I r 14572 - | -

7 s| 14562 14564.8 14566.06

8 6] 14568  14565.4 14566.09 izgég e
- t - & -

9 7| 14567]  14565.1 14566.04 8 14566 B e i

10 8| 14565.1 14565.98 O Jas6a "

11 9| | 14565.6  14566.06 14562 gveragexcl Microsoft Excel

12 10f | 14565.9714566.07 14560 | | average x 100 Worksheet

13 11] |  14565.9 14566.07 14558

I é 14556

14 12| 14566.1 14566.03

= ¢ 4 O 2000 4000 6000 8000 10000 12000 14000 16000 18000
Samples
(11 b}
Press “Ctrl-V” to paste

E n_raw

results into "Raw Codes” |wsmw TS T En avg = —
column. Graph and Table | Me= 2171 0.712 0.248 v

Calc 0.686 0.217
9 will update automatically S g

wi3 TEXAS INSTRUMENTS | 19




Thanks for your time!
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