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What is Intrinsic Noise

Why do I Care? Vin vs Time
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» The op-amp itself generates noise

W

* Noise acts as an error—it corrupts the signal

,

e Calculate, simulate, and measure this noise
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White noise or broadband noise

normal distribution
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Thermal Noise Measured In Time Domain Distribution of Noise
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1/f or pink noise

normal distribution

1/f Noise Measured in Time Domain
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(Burst) Popcorn Noise

Bimodal (or multi-modal) distribution

Vn RTI (uV)

40

Popcorn Noise (f. = 300Hz)
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Synonyms

 Broadband Noise — \White Noise,
Johnson Noise, Thermal Noise

 1/f Noise — Pink Noise, Flicker Noise, Low
Frequency Noise, Excess Noise

* Burst Noise — Popcorn Noise, Red Noise
random telegraph signals (RTS).

Strictly speaking, these terms are not 100% synonymous. For example,
broadband noise on an op-amp may be a combination of thermal noise
and shot noise.
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" g‘ Statistics Review — PDF

0.4
Probability Density function for Normal (Gaussian) distribution
Outline of Gaussian Curve | —
() 0.2
(x=p)
2
f(x) = &
o/ 21
| |
0
a b \
Probability Distribution function for Normal (Gaussian) distribution X P(a<x<b)
b Where
2 P(a < x < b) -- the probability that x will be in the interval (a, b)
b — O x-- the random variable. In this case noise voltage.
1 267 i - the mean value
P(a<x<b)= f(x) dx = -e dx -
. o2n o -- the standard deviation

Probability an event will
occur within interval

For example, if P(-1<x<+1) = 0.3 then there is a 30% chance that x is between
-1 and 1.
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The Probability Distribution Function P(a<x<b) gives the
probability that an event happens between a and b.

b
i i P‘“’“"”J d  Gaussian PDF
STDEV Relationship to Peak-to-Peak 2
for a Gaussian PDF {<_;>2}
_ o 26
+/-3 STD Deviations = 6 sigma ->99.7% =

Let u = 0 because noise has no mean value (dc component).

Time Domain Distribution of Noise
b
30 ‘ ‘ ‘ ‘ P(—c<x< G):J f(x) dx
a
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i (0) é [ { (x)
' l Q 1 262
o) Pl-c <x<o0o)= . d
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o -0
Dl s
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( {_(ﬂ
68% chance in time L. 20" dx = 0.683
that the -30 o2n
measurement will Counts Recorded During -°
be between +o Measurement Period.
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STDEV Relationship to Peak-to-Peak

Number of Standard
Deviations

Percent chance of
measuring voltage

20 (same as f0)

68.3%

30 (same as £1.50) 86.6%
40 (same as 120) 95.4%
50 (same as ¥2.50) 98.8%
60 (same as 130) 99.7%
6.60 (same as +3.30) 99.9%

Is standard deviation the same as RMS?
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RMS vs STDEV

Stdev = RMS when the Mean is zero (No DC component). For all the noise
analysis we do this will be the case. The noise signals we consider are Gaussian
signals with zero mean. Note that the two formulas are equal to each other if you
set y = 0 (zero average). See further information in appendix.

RMS Standard
deviation
I 2 |2 (1 . 2
wfE | R
i=1 i=
Where

Where

- |
x; — data samples X; — data samples

— average of all samples
n — number of samples H 9 P

n — number of samples

DC component will create ¢ reading error
0 #RMS
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Add Noise As Vectors (RMS Sum)

Sum of two Random Uncorrelated Noise Sources

V., _ 2 2
VnT - an + Vn2
Vn2 VnT
Vn1
Example V
an = 3mVrms
Vn2 = 5SmVrms
I p— : _
Vo1 =V (BmVrmg + (5mVrmg = 5.83mVrms
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Thermal Noise

The mean- square open- circuit voltage (e) across a resistor (R) is:

e, =\ (4kTRAf)  where:
Ty is Temperature (°K)
R is Resistance (Q)
fis frequency (Hz)
k is Boltzmann’s constant
(1.381E-23 joule/°K)
e, is volts (Vgrus)

To convert Temperature Kelvin to

T, = 273.15°C + T,

Random motion of charges generate noise
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Thermal Noise

Noise Spectral Density vs. Resistance
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Resistance versus Spectral Density
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Noise Model

(Iy* and Iy- are not correlated)
Vi
()

Hp
=

Tina Simplified Model

R

Voltage Moise (n\W/+Hz)

—

Current Moise (fAfHz)

1000

100

—
=

Op-Amp Noise Model

OPA277 Data

IMPUT NCISE AND CURRENT NOISE
SPECTRAL DENSITY vs FREQUENCY

ST Current Maoise
h"\lh
T YVoltage Noise
10 100 1k 10k

Frequency (Hz)
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Noise Analysis for Simple Op-Amp Circuit

+
VG

INPUT NOISE AND CURRENT NOISE
SPECTRAL DENSITY vs FREQUENCY

S

R3 1k
A%

="

+

V225

Noise Sources
Op-Amp Voltage Noise Source

Op-Amp Current Noise Sources

U1 OPA277
V125

Al

‘ Resistor Noise Sources
Calculation Considerations

Convert Noise Spectrum to Noise Voltage
- External Filter Bandwidth Limit

- Op-Amp Closed Loop Bandwidth

-

Current Noise

—_—

Noise Gain

-
[=]

Voltage Noise

Voltage Noise (nV/vHz)
Current Noise (fAfHz)

100 1k

Frequency (Hz)

10k
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&) Calculus Reminder

9
J 4dx=4-9=36 Height x Width

72

«— Width —

Integral = Area under the curve
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& 5"! Convert Noise Spectrum to Noise Voltage
S (Broadband Only — Simple Case)

Voltage SV/ rtHz You can't integrate the Voltage
Spectral spectral density curve to get noise
Density 10
(Virt-Hz) J V spec dens df = 5- v -10-Hz = 50- V-Hz
0 VHz JHz
0  Freq(Hz) 10 Wrong
You integrate the Power spectral
Power 25V?2/ Hz density curve to get noise
Spectral
) 10
Denstty NoisePower = J v dens )” df = 25-~—-10-Hz = 250-V"
(V2 /HZ) oisePower = . (V_spec_dens) = - =

=
NoiseVoltage = +f NoisePower = sta-\f = 15.811v. RMS

0 Freq (Hz) 10 Correct

19
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Convert Noise Spectrum to Noise Voltage
~—— (Broadband Only — Simple Case)

You integrate the Power spectral
density curve to get noise

10

. 2
NoisePower = (V_spec dens) df=25-—-10-Hz= 25&-\’2
Hz
0

NoiseVoltage = +f NoisePower = szvz = 15.811v. RMS
Correct

Noise Power = V2 * BW (Hz)
Hz

Noise Voltage =V _* BW (Hz)
/Hz

20
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Noise Gain — Gain seen by the noise source.
Example:

Noise Gain = (R2/R1)+1 =2
Signal_Gain = -R2/R1 = -1

Noise Gain for Voltage Noise Source

Output_Noise = Vn*(Noise_Gain)

Referred to
Output

[ N

Referred to Input

21

i3 TeExas
INSTRUMENTS




e,r = VI(en1)? + (€nss)?]

where:

e,r = Total rms Voltage Noise in volts rms
e, = 1/f voltage noise in volts rms

e,gg — Broadband voltage noise in volts rms

Voltage Noise (nV/\/Hz")

100k

10k

1k

100

10

Understanding The Spectrum:

Total Noise Equation (Current or Voltage)

/7 /7 .
/7, en,,calculation
/7 /7 7

22

' 1/f Noise Region : White Noise Region |
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How do we convert this plot to noise?

1000
T
Eé 100
n 232
= 2=
e c
©EE «
o 3
=
1/f Region

INPUT NOISE AND CURRENT NOISE
SPECTRAL DENSITY vs FREQUENCY

Low Pass Filter Shapes the Spectrum

= Current Maoise

10

100

FFEL‘.IEHI:'_-.-' (Hz)

Broadband Region

Low pass filter
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Real Filter Correction vs Brickwall Filter

&—— Noise BW —MM ) where:
_ | fp = roll-off frequency of pole or poles
0 ¢——Small Signal BW —— for = equivalent brickwall filter frequency
% Skirt of
1-Pole Filter
| Response
I /
o I
T 90 | Skirt of
§ I 2-Pole Filter
§ I Response
5 !
< I Skirt of
§ | 3-Pole Filter
i -40 | Response
§&—— Brickwall ———;}
I
I
I
I
I
-80 I
I
| | |
I
I

I
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AC Noise Bandwidth Ratios for nt" Order Low-Pass Filters

BW_ = (f;)(K,) Effective Noise Bandwidth

Real Filter Correction vs Brickwall Filter

Number of Poles Kn
in Filter AC Noise Bandwidth Ratio

1.57
1.22
1.16
1.13
1.12

AW INI=




£ -%@-'!Broadband Noise Equation ~

10

=1z

BW, = (fu)(K,)

where:
BW, = noise bandwidth for a given system
fy = upper frequency of frequency range of operation

K., = “Brickwall” filter multiplier to include the “skirt” effects of a low pass filter

10 100

Frequency (Hz)

10k

€Ngg = (eBB)(\/[BWn])

where:

engg = Broadband voltage noise in volts rms

egg = Broadband voltage noise density ; usually in nV/VHz
BW, = Noise bandwidth for a given system

26
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1/f Noise Equation

||

(see appendix for derivation)

Cif@1Hz = (e1lf@f)(\/[f])

where:
€15@11z = NOrmalized noise at 1Hz (usually in nV)
€s@r = Voltage noise density at f; (usually in nV/Hz)

10 100 1k
Frequency (Hz)

f = afrequency in the 1/f region where noise voltage density is known

en = (e1lf@1|-|z)(\/[|"(f|-|/f|_)])
where:

€15@11z = VOltage noise density at 1Hz; (usually in nV)

fy = upper frequency of frequency range of operation
(Use BW, as an approximation for f,)

f_ = lower frequency of frequency range of operation

en,; = 1/f voltage noise in volts rms over frequency range of operation

27
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Example Noise Calculation

R1 100k

* NN

=V‘|

RS

—

5

VF1

f

+
f> VG1

{M OPA627/BB

V2 15

1l

Given:
OPAG627
Noise Gain of 101

Find (RTI, RTO):
Voltage Noise
Current Noise
Resistor Noise

28
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Voltage MNoise (nV/™" Hz)

1k

100

=
=

INPUT VOLTAGE NOISE SPECTRAL DENSITY

Voltage Noise Spectrum and Noise Bandwidth

OPEN-LOOP GAIN vs FREQUENCY

140

120 <=

J 50nV/rt-Hz

100

OPAGSIT

a0

-.MH \M’J‘/

G0

a
7

] .‘.'."h. “"\.

| 5nV/rt-Hz

40

Voltage Gain (dB)

=S Y

PREZT X;:m_
N[

10 100 1k 10k 100k 1M ton 20
Frequency (Hz)

1 10 100

10k 100k 1M 10M  100M
Frequency (Hz)

Unity Gain Bandwidth = 16MHz

Closed Loop Bandwidth = 16MHz / 101 = 158kHz

29
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Example Voltage Noise Calculation

Voltage Noise Calculation:

Broadband Voltage Noise Component:
BW, = (fy)(K,) (note Kn = 1.57 for single pole)

BW. = (158kHz)(1.57) =248kHz

€Ngg = (eBB)(\/BWn)
engg = (5nNV/\VHz)(N248kHz) = 2490nV rms

1/f Voltage Noise Component:
Cif@1Hz = (e1lf@f)(\/f)
1@tz = (50NV/NHZ)(V1Hz) = 50nV

eng ;= (e1lf@1|-|z)(\/[|"(f|-|lf|_)]) Use f,, = BW,
en,; = (50nV)(V[In(248kHz/1Hz)]) = 176nV rms

Total Voltage Noise (referred to the input of the amplifier):

eny = V[(en,)? + (engg)?]
en; = V[(176nV rms)? + (2490nV rms)?] = 2496nV rms
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Example Current Noise Calculation

OPAGZTEM, BP, SM
OPAGITEM, BP, SM
PARAMETER MIN TYP MAX UNITS
NOISE
Input Voltiage Noise
Noise Density: f = 10Hz 15 40 nViNHz
f= 100Hz 8 0 nVihHz
f= 1kHz 52 8 nVAHz
{= 10kHz 45 & nVWHz
Voltage Noise, BW = 0.1Hz 1o 10Hz 06 16 Wp-p
Input Bias Current Noise
Noise Density, f = 100Hz 1.6 @ fAanHz
Current Mowse, BW = 0.1Hz fo 10Hz fApp

Note: This example amp doesn’t have 1/f component for current noise.

€hin= (in)X(Req) €n-out™ Gain x (in)X(Req)

N\ /

Gain > <

) Seoocw
b

—

VF1

S
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Example Current Noise Calculation

OPAGZTEM, BP, SM
OPABITEM, BP, SM
. _PARAMETER | e | ve [ max | unms
Broadband Current Noise Component: woise
input Voltage Noise ) T
BWhn = (f,)(K,) b O AEAE::
= 1kHz 52 8 r1\.|"J-..I:|£
BWn = (158kHz)(1.57) =248kHz e W o ® | 3| B
Input Bias Current Noise
Noise Density, f = 100Hz 16 @ fANHEz
Current Mowse, BW = 0.1Hz fo 10Hz 30 fAp-p

nBB = ('BB)(\/BWn)
igg = (2.5fA/NHZ)(v248kHz) = 1.244pA rms

Req = Ry || Ry = 100k || 1k = 0.99k

n = (1) Reg) = (1.244pA)(0.99K) neglect

Since the Total Voltage noise is e, = 2496nV rms
the current noise can be neglected.

32
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Example Resistor Noise Calculation

e, = V(4kTRAf)

where:

R = Req = R1||Rf

Af=BW,

e, = V(4 (1.38E-23) (273 + 25) (0.99k)(248kHz)) = 2010nV rms

e,.n= V(AKTRA) €,.ou= Gain x (V(4KTRAF))
R Rf \
YW ® L AMA—(%) Gain <
> v EEEp S
"

33
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Total Noise Calculation

Voltage Noise From Op-Amp RTI:
e, = 2510nV rms

Current Noise From Op-Amp RTI (as a voltage):
e, = 1.24nV rms

Resistor Noise RTI:
e, = 2020nV rms

Total Noise RTI:
€nin = \/((2510nV)2 + ((1.2nV)? + ((2010nV)?) = 3216nV rms

Total Noise RTO:
€ out = €nin X 9ain = (3216nV)(101) = 325uV rms

n out

34
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@) Calculating Noise Vpp from Noise Vrms

Relation of Peak-to-Peak Value of AC Noise Voltage to rms Value

Peak-to-Peak Probability of Having
Amplitude a Larger Amplitude
2 X rms 32%
3 Xrms 13%
4 X rms 4.6%
5 X rms 1.2%
6 Xrms* 0.3%
6.6 X rms 0.1%

*Common Practice is to use:
Peak-to-Peak Amplitude = 6 X rms

35
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Peak to Peak Output For our Example

21k R1 100k
VvV ® VvV

== \/115

RS

V2 15

Al

\ 4
T1 OPA627/B
+

€ out = 329UV rms
€ outpp = (329UV rms )x6 = 1.95mVp-p

36
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== Tina Spice — Free simulation software

DC, AC, Transient, and Noise simulation
Includes all Texas Instruments op-amps
Unlimited Nodes

* Does not include some options

(e.g. Monte Carlo analysis)

« Search for “Tina Spice” on www.ti.com
— Download free
— Application circuits available

38
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“*-A'A! Tina Spice Analysis

1. How to Verify that the Tina Model is Accurate
2. How to Build Your Own Model
3. How to Compute Input and Output Noise
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Noise Model Test procedure:

Is the Tina Noise Model Accurate?

YWoltage_Moize
———— |

VG1 - Voltage Generator

Label VG1 !
Footprint Mame P00 VG (L]
Parameless {|Parameters] |
DC Level [V] a j[m)

[Signa 'Sine wave |
Intemal resistanice [Ohm] o o
10 state {Inpuk f
Fault \Mons

[v ok | % cacel| 2 hep |

= Signal Editor

hvﬁ‘ |:I ‘ ﬁ ‘ A f Fignal [t]|
[ Amplitude [V] (4] Tm
Frequency [H2] [f] ‘Eﬂ_ ................................................
Phase [deq] [F) L
] 0K x Cancel | ¥ Hep




+
= 1 1:]—

.

U1 OPaAZ2T

YWoltage_Moize

|

Translate Current Noise to Voltage Nose

Set Gain to 1.

Label CCY1

todule Mame
Parameters
| Transresistance [Ohm]

¢ 0K h 4 Eanu:all ? Help |
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A!‘ Generate Spectral Noise Plots

4 | opa227 good noise mod - Schematic Editor
File Edit Insert View EUE=-8 Té&M Tools Help

...

d| 1"|

Mode.

“Output Noise” diagram gives

the output voltage noise spectral

density measured at each volt
meter.

Faults enabled
Opftimization Target
Control Object

Set Analysis Parameters...

Moise Analysis

Start frequency 1 [Hz]
End frequency 1004 [Hz]
MNumber of points 100

S/M Signal Ampliude 1
Diagrams
< [w Output Moige [ Total Moize

[ Input Moize [ Signal to Moige

DC Analysis
AC Analysis
Tran=ent...
Fourier Analysis
Vo OK
x Cancel Symibolic Anclysia
P  Help

s @[ -] @

T8| 3¢ |-

dectionics 4Spice Macros AGates AFlipfl

—
=i

-
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E-'-‘ | Zoom Cirl+7Z | g [.h
--—E] Mormal zoom Ctri+Alt47 - O I )t;-)k—
19. ESF; v Display axes

Draw curves in soreen resolution

Separate asrves

Default curve width ¥

- EX

E Yector label style ]
E Set arid color...
= ; Set page name ...
= 9.841  pelete page Cii+D
Eﬂ_ v Keep results Chrl+K
ﬂuﬂ 1 1 IIIIII| 1 Ll IIIIIII L] L] IIIIIII I 1 IIIIII| 1 1 IIIIII|
100m 1 10 100 1k 10K
Frequency (Hz)

Total noizeb A Dutput noize? Alnput noise? 4 Total nosed 4 Output noiseB §Input noized 4 Total noized 4 Output noize3

[+]+]
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Click on Axis to Scale

Set Axis X

Labe!
Test:  |Curent_Naise Vo Ok

Noname - Output noise8 M Marme: Arial Size: 10 Style: Homal X Cancel

File Edit WYiew [ Help MNumbers | J >
Format:  |Engineering: Tk - Help

a . h -

2 d| e &g= A~ o] S| T s -

Divide by factar: |1 Precizion: Z -
20.21p—
P Font ...| Mame: Anal Size: 10 Style: Italic
il
Current_Noise i | Logarithmic = | Lower limit. |100f
— '_HEE!._E- Upper limit: |100p
\ [~ Force size settings when resize window
410.80E-15— [ Round axiz scale
19.68n —
Yoltage Moise i
312” T T IIIIII| T T IIIIII| T 1 IIIIII| I IIIIIII| I I IIIIIII
100m 1 10 100 1k 10k
Frequency (Hz)
" Total noizel 40 utput noizes Alnput noisef £ Total noizeb ADutput noize? £lnput noise? A T otal noise? p0utput noized / [«]»]
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OPA227 Matches Tina Model Matches the Data Sheet

Noname - Output noised

File Edit View [ Help
b Y
= 6| B&[ a8 = T A0 S
INPUT WVOLTAGE AND CURRENT NOISE 100.00p—
SPECTRAL DENSITY vs FREQUENCY T
100k i
10.00p—
Current_Noise
— 10k
% é - oise |
s= Tk e 100.00E-15-
-E = 100.00n—
=z = ]
o E 100 ]
St -
20 10 Voltage Noise 5 gy
= Voltage MNoise ]
1 4
01 1 10 100 1k 100 1.00n T T R T T U ERERLL IR L
Frequency (Hz) 100m 1 10 100 1k 10K
) Frequency (Hz)
W Total naised A D utput noisef &lnput noisel £ Tatal noizef A0utput noise? ;lnput noise? 4 Total noise? \Output noised / [#]#]
45
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The OPA627 Tina Model Does NOT Match the Data Sheet

OPAGZTEM, BP. SM
OPAGITEM, BP, SM
PARAMETER MIN TYP ! MAX LINITS .
ng’é_m_ = —— Noname - Output noise15
Input Violtage Norse | Ele Edit View Help
Nose Density. | = 10Hz 15 40 nViHz
f= 100Hz 8 20 nVNFZ BE‘ %BEHTE;** T;{”;{“ﬁxo‘%%| =
f=1kHz 52 8 nViHz i =
f = 10kHz 45 6 nVNHz 100.00E-215
Voltage Nose, BW =0 1Hz 10 10Hz 06 wpp 3
Input Bias Current Noise r \ 3
Noise Density, f = 100Hz 1.6 25 fanHz § -
Current Noise, BW = 0.1Hz to 10Hz 0 fAp-p _ ] Wrong magnitude
Current_Moise 10.00F-21 /
INPUT VOLTAGE NOISE SPECTRAL DENSITY .
1k .
1.00E-21-
100. l.’JIEJIn—E
]ﬁ 1 No 1/f
T ]
< 100 _ ja
= Voltage_noise 10, 00n—
b P 3
2 ™ ]
= N 1
E 1|:| --1'\' — 5nV/rtHZ fuoﬂ T IIIIIIII T IIIIIIII T IIIIIIII T IIIIIII| T IIIIIIII LI IIIIII| T IIIIIIII
g = — ) 10 100 1k 10k 100k 1 10
Frequency (Hz)
1 Output noize3 A lnput noize] 3 A Total noizel 3 4 0utput noise 4 A lnput noisel 4 A Total noize14 ) Output noizel5
1 10 100 1k 10k 100k 1M 100
Frequency (Hz) 46
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The voltage and current noise
source is available at www.ti.com

(search for “noise sources”).

Build Your Own Noise Model Using “Burr-Brown” Macro
Model Noise Sources and Generic Op-Amp

VoRage_nose

DR OPLAME
L2 *
by :
T &
-]
" = VZ 15
3 I

Cev Current Noizss
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Enter magnitude of 1/f and
broadband noise into the
macro.

Right Click on Noise Source to Edit the Macro

Voltage noize
—

48

INSTRUMENTS




Voltage Moise (nV/Y Hz)

1/f Region

Look for a point in
the 1/f region. Enter
the frequency and
magnitude at this
point

1k

100

=%
[}

INFUT WVOLTAGE NOISE SPECTRAL DENSITY

(1Hz, 50nV/rtHz)

Q_*’
[~
'\,\‘.
N""«..__“
-‘-"-_
1 10 100 1k 10k 100k ™
Frequency (Hz)

10N

) opab27 noise source mod:U1 [MACRO] - Schematic Editor

File Edit Insert View Analysis T&M Tools Help

w|E|e| B [v s |g]T|5] ofo]+[ affm ]
J+| G| 2|8 |w] &[4+ 3a| 3¢ =

Y Basic i Switches fMeters {Sources §Semiconductors § 0 ptoelectionics {5 pice Macros fGates /

JL] Y - |

* BEGIN PROG NSE NANOVOLT/RT-HZ

.SUBCET VNSE 30 40

* BEGIN SETUF OF NOISE GEN - NANOVOLT/RT-HZ
* INPUT THREE VARIZELES

* QET UP VNSE 1/F

* NV/RHZ AT 1/F FREQ

.PARAM NLF=50 |

* FREQ FOR 1/F VAL

LPARRAM FLH=1
* SET UFP VHNSE FB

“ NV/RHZ FLATBAND

.PAREM NVE=5

* END USER INPUT

* START CALC VALS

.PARAM GLF={FLW*0.25*NLF/11c4}

.PAREM RNV={1.1H4*NVR"*2}

.MODEIL. DVN D EF={FLW*0.5/1E11} Is=1.0E-16
* END CALC VALS

e

=

—
=N

I1 0 7 10E-3

I2 0 8 10E-23

D1 7 0 DVN

D2 8 0 DVNM

El 2 & 7 8 {GLF}
E3 30 40 2 4 1
r1 2 0 1ES

r2Z 3 0 1lES
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Voltage Moise (nV/Y Hz)

Region

Look for a point in
the broad band
region. Enter the
magnitude at this
point

1k

100

=%
[}

INFUT WVOLTAGE NOISE SPECTRAL DENSITY

Broadband

\\\ (100kHz, 5nV/rtHz)

1 10 100 1k 10k
Frequency (Hz)

100k

1M

10N

) opab27 noise source mod:U1 [MACRO] - Schematic Editor

File Edit Insert View Analysis T&M Tools

G [v e |o|Tlm| oo +][= @

Help

| |||

100% -

=

e

[[<]@[Z[a|w]H]w] &+ 3%

—
=N

¥

Y Basic i Switches fMeters {Sources §Semiconductors § 0 ptoelectionics {5 pice Macros fGates /

JL] Y - |

* BEGIN PROG NSE NANOVOLT/RT-HZ

.SUBCET VNSE 30 40

* BEGIN SETUF OF NOISE GEN - NANOVOLT/RT-HZ
* INPUT THREE VARIZELES

* QET UP VNSE 1/F

* NV/RHZ AT 1/F FREQ

.PAREM NLF=50

* FREQ FOR 1/F VaL

.PARAM FLW=1

* SET UFP VHNSE FB

“ NV/RHZ FLATBAND

.PARAM NVE—D5 |

* END USER INPUT

* START CALC VALS

.PARAM GLF={FLW*0.25*NLF/11c4}

.PAREM RNV={1.1H4*NVR"*2}

.MODEIL. DVN D EF={FLW*0.5/1E11} Is=1.0E-16
* END CALC VALS

I1 0 7 10E-3

I2 0 8 10E-23

D1 7 0 DVN

D2 8 0 DVNM

El 2 & 7 8 {GLF}
E3 30 40 2 4 1
r1 2 0 1ES

r2Z 3 0 1lES
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Compile
the Macro

After macro is
compiled press
“file > close” and
return to
schematic editor.

E# opa627 noise source mod:U1 [MACRO] - Schematic Editor

File Edit Insert View Analysis T&M Tools Help

| @) 23] [~ 5 [o]ws] o]+ ][5 affm =] & gulil |
J<Ta[Z]a[@]#w] &+ Fe| =]~ @ [o]=]

\Basic 45 witches fMeters ﬁS ouULLEs d Semiconductors ,{D ptoelectronics ;{S pice Macros;{G ates ;{Flip-flops ;{Logic ICs ;{ADJDA-E!

e

-t
-

—
i

* BEGIN PROG NWLT/RT—HZ
.SUBCKT VNSE 30

* BEGIN SETUP OF NOISE GEN - NANOVOLT/RT-HZ
% INPUT THREE VARIABLES

* ZET UP VNSE 1/F

* NV/RHZ AT 1/F FREQ

.PARBM NLF=50

* FREQ FOR 1/F VAL

.PRREM FLW=1

* ZET UP VNSE FB

* NV/RHZ FLATBAND

.PRREM NVE=5

* END USER INPUT

* ZTART CALC VALS

.PARAM GLF={FLW"0.25*NLF/1164}

.PARZM RNV={1.184*NVR"2}

.MODEL DVN D KF={FLW"0.5/1E1l} IS=1.0E-1l6
* END CALC VALS

I1 0 7 10E-3
I2Z 0 8 10E-3

Dl 7 0 DVN

D2 8 0 DVN

El 3 6 7 8 {GLF}
E3 30 40 3 4 1
R1 3 0 1E9

R2 3 0 1E9

R3 3 6 1E%

E2 6 4 5 0 10
R4 5 0 {RNV}

R5 5 0 [RNV}

R6 3 4 1E9

R7 4 0 1E9

-ENDS VNSE

* END PROG NSE NANOVOLT/RT-HZ

Line: 1 Col: 1 Successfully compiled.
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;‘ Same Procedure for Current Noise
Source

Follow the same procedure for * BEGIN PROG NSE FEMTO AMP/RT-HZ
, , .SUBCKT FEMTO 1 2
current noise. This example * BEGIN SETUP OF NOISE GEN - FEMPTORMPS/RT-HZ

* INPUT THEEE VARIABLES

has no 1/f component (set .
FLWF = 0.001). ¥ FA/RHZ AT 1/F FREQ

[[PARAM NLFF=2.5 |
“ FREQ FOR 1/F VAL

H 1 L.EBB.EILELHE‘Q_._Q_Q.D
=115

- * ZET UP INSE FB
OP1-I0RAMP
* FL/RHZ FLATBLAND
- ‘“Voltage noize
B . ge- |.PE.RAM NVRF=2.5 |

P * END USEE INEPUT
= * START CALC VALS
e Last Companent MR mmLr mr mEm— T rrmAN 0 C T e 44 oA
Auto Repeat
- Wire
v Auto Wire
OPAGZTEM, BP, SM
Delete OPAGITEM, BP, SM
vt Cure PARAMETER MiN TYP MAX
| Rotsteleft 2 ghas
: NOISE
'J’ <_ R?Ete LS Input Violtage Norse —
Mirror Noise Density: f = 10Hz 15 40 nViHz
N Properties. .. 2 100Hz 8 20 nVWHz
e L _ f= 1kHz 52 8 nVNHz
Vs Edit Symbal... { = 10kHz 45 & nVNHz
Voltage Nowe, BW = 0.1Hz 1o 10Hz 06 pVp-p
; g B Currt Nose —
- Nosse Density, = 100Hz 1.6 25 fanHz
Current Mose, BW = D 1Hz to 10Hz 0 fAp-p
I
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Important Op-Amp Characteristics

J } | a8
OPEN-LOOP GAIN L —
Open-Loop Voltage Gain Vo =210V, B = 1k 112 < 120 > dB
Crver Specified Temperature Vo =210V, B = 1k 106 [—H+F— dB
,\ SM Grade Vo =210V, R = 1kQ 100 114 dB
6’1; REQUENCY RESPONSE
V e ¥ Slew Rate: OPAG2T G=-1, 10V Step 40 55 Yins
Q v OPARIT G =4, 10V Step 100 135 Vips
@) S Settling Time: OPAG27 0.01% G =1, 10V Step 550 ns
0 0.1% G =—1, 10V Step 450 ns
Qs' OPAE3T 0.01% G =-4, 10V Step 450 ns
o 0.1% G = -4, 10V Step —366— ns
Gain-Bandwidth Product: OPAB2T G=1 < 16 > MHz
OPAB3T G=10 85— | MHz
Total Harmenic Distortion + Noise G=+1,f=1TkHz 0.00003 %o
DimiIED €1LIDD W I

OLG = 1(Q(Ndb/20) = om Data Sheet)

OPEN-LOCP GAIN vs FREQUENCY

GBW = 16MHz (From Data Sheet) o Al
Dominant Pole = GBW / OLG = (16MHz) / (1E6) = 16Hz & ;? mE < P!
where: @ o omzy; BSS
GBW — Unity Gain-Bandwidth Product / i
OLG - Open Loop Gain BRI S oo
Dominant Pole
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Rz 100k

‘-!1 15

Double Click on Op-Amp
Press “Type” Button

Edit “Open loop gain”
and “Dominant Pole”
according to Op-Amp
data sheet

Q'O PAMP

Compenzation nodel
Compenzation nodes
Temperature

Temperature [*C]
Fault

Relative
1]

Maone

We2T

i

W2 15

Catal- Editor

Label 0OF1

M odule Mame

Parameters [Parameters)
[ Type I0PARMP

Tolerance Model
J * Mone " General
kodel Parameters
|Standard J Usage: General »
sl [pen loop gain [-] Tk
e nput resistance  [Ohm] 2 B
A Output resistance  [Qhmn] 55
oo = RO S e Tate (e T it
::m §1|:|§ [ Dominant pole [Hz] 16
TLOEIC Second pole [Hz] 100G
TLOFIC Input offzet voltage [W] 1]
TLOEIC _ | Input bias current 4] 0
ﬁ;ﬂﬁ [nput offget curent [4) 1]
Offzet vaolkage too. [4AC] 1]
e ¥ Current daubling int, [C] 10
Outp. offz. lim. [Yoo+] [ 2 W
1413 —
o 0K X Cancel | Help

T
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Voltage Moise (n\/Y Hz)

OPAGZTEM, BP, SM
OPABITEM, BP, SM
PARAME_'I’_EB M_IH TYP ! H&K_ UNITS
NOISE
Input Violtage Mose —
Nose Density. | = 10Hz 15 40 nViHz
f= 100Hz 8 20 nViHz
f=1kHz 52 8 nVivHz
= 10kMHz 45 [ nViHz
Voltage Nose, BW =0 1Hz 10 10Hz 06 1 wpp
Input Bias Current Noise ey
Nosse Density, = 100Hz 16 25 fAnHZ Edit  View
Current Noise, BW = 0 1Hz to 10Hz 0 fAp-p - - -

IMPUT YOLTAGE NOISE SPECTRAL DENSITY

Noname - Output noise16

Help

= B plEy algls Tl a~ol ]

Current_Noise

Voltage _noise

1k

100 50nV/rtH
n z
K
N\ 2.5nV/rtHz
10 ™.
e [
1

1 10 100 1k 10k 100k M
Frequency (Hz)

10N

100.00E-15

10.00E-15

1.00E-15
100.00n

10.00n

1.00n

A“ Verify the Noise Model is Correct Using the Test Procedure

_' 2 5fA/rtHz

] / B
50nV/rtHz

- 2.5nV/rtHz

E e i

1 10 100 1k 10k 100k 1M 1oM]

Frequency (Hz)

\Output noisel 4 flnput noizel4 47T otal noizel4 fOutput noizel5 flnput noisel5 4 T otal noisel5 ), Output noise16 [wl*]
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&l opab27 noise app3 - Schematic Editor
File Edit Insert View BENGENEEN T&M  Tools Help

= el =5

[FEIEIE

—"-lB asic i Switches fMeters

-+
-

+

ERC...

Mode...

Faults enabled
Optimization Target
Control Object

Set Analysis Parameters. ..

DC Analysis
AC Analysis
Transient. ..
Fourier Analysis

Symbuaolic Analysis

Moise Analysis. ..
Optimization

Options...

21

Moise Analysis

Start frequency |1 [Hz] Vo OK
End frequency 1G [Hz] X Cancel

5 i
VG1

=i | 5l | Mumber of points 100 2 Hel
lectionics A3 | g Signal mplitude |1
Diagrams
[w Output Maoize [v Total Moize
[ InptNMHoize [ S?al to Moige
o “Output Noise” will give the
- noise Spectrum at all output
| meters (V627 in this example).

“Total Noise” will give the

output meters.

integrated total RMS noise at all
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Hand Analysis:

g! Let’s Analyze the Circuit that We did Hand Analysis on

10.00u—

EE

<
N
z
- =
€ out = 325UV rms e
'§100.00nj
Tina Analysis: g
O
€ out = 323UV rms
R2 100k
W\/ 100n I \HHH‘ I \HHH‘ I \HHH‘ I \HHH‘ I \HHH‘ I \HHH‘ I \HHH‘ I \HHH‘
10 100 1k 10k 100k 1M 10M 100M
Frequency (Hz)
400.00u—
R1 1k ﬂ 323uV rms
A = V1155 ]
OP1 10PAMP
{
4®i++ S 4
> * o
c prem— —
IVZ 15 2 200.00u—
+ 3 I
@ VG1 L P ]
100.00u—|
000 I \HHH‘ I \HHH‘ I \HHH‘ I \HHH‘ I \HHH‘ I \HHH‘ I \HHH‘ I \HHH‘
1 10 100 1k 10k 100k 1M 10M 100M
Frequency (Hz)
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g‘ Use Ti

| ]

I
C11n
R2 10k

$

na to Analyze this Common Topology

Gain vs Frequency

30.00—
1AC Analysis > Transfer Characteristic
20.00]
R1 1k +
AN = \/115 =
l OP1 10PAMP @ 10.00—
~ JA‘ - V627 2
5 ﬁ . < 3
+ 0.00
> +
c =\V215
+ — I -10.00—
<f VG1 =
'2000 H\H‘ \H‘ T 1T T TTTT T HHH‘ \HH‘ H‘
L 1 10 100 1k 10k 100k ™ 10M 100M
1,000 Frequency (Hz)
] * Output Noise Spectrum
Total Noise
<
| 25uV with BW,_, = 100MHz §"’°‘°"” E
S o ]
i 8
9 12.50u £
5 g
= 3 10.00n—
000 T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ 100" T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘
1 10 100 1k 10k 100k ™ 10M 100M 1 10 100 1k 10k 100k i 10M 100M
Frequency (Hz) Frequency (Hz)
58
Texas

INSTRUMENTS




External Filter Improves Noise Performance

Gain vs Frequency (V627 / VG1)

30.00—
R2 10k Cf Filter
AN /
] ¥
o
R1 Tk V1 1 % -35.00—
T VW =V = 5 External

P1 IOPAMP .
k R2 10k V627 Filter
( AMA . (

V2 15 I

O
'10000 T HHH‘ T HHH‘ T HHH‘ T HHH‘ T HHH‘ T HHH‘ T HHH‘ T HHH‘
~ 1 10 100 1k 10k 100k ™M 10M 100M
I Cf Filter f o0u— Frequency ()
\ ] Output Noise Spectrum
Total Noise CF Filter
% 25uV with BW,, = 100MHz s ’[
§12.50u7 § 1.00n
° /4 3
o)
External 1 E_)I(ternal
Filter ] lter
000 ‘ ‘HHH‘ ‘ ‘HHH‘ ‘ ‘HHH‘ ‘ ‘HHH‘ ‘ ‘HHH‘ ‘ ‘HHH‘ ‘ ‘HHH‘ ‘ ‘HHH‘ 100p T TTTTT T TTTTT T TTTTIT T TTTTIT T TTTTT T TTTTT T TTTTIT T TTTTIT
1 10 100 1k 10k 100k 1M 10M 100M \ \ \ \ \ \ \ \
Frequency (Ho) 1 10 100 1k 10k 100k M 10M 100M
Frequency (Hz)
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g‘ _
T Instruments For Noise Measurements

1. True RMS Meter
2. Oscilloscope

3. Spectrum Analyzer / Signal Analyzer
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g‘ True RMS Meter — How it works

Circuit

under test HP3458A  pigitizer |
Input ac  Thousands Display

terminals  coupling of Samples Compute RMS
O RMS
\l N
v/ o /
RMS = i xiz
Good Broadband Noise Measurement i=1
62
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-k‘ o ?%mu- 5

ol | True RMS Meter — HP3458A

« 3 True RMS modes (Synchronous, Analog, Random)

« Random — optimal mode for broadband measurements
Specified Bandwidth (BW = 20Hz to 10MHz)
Accuracy 0.1% for Specified Bandwidth

Noise Floor 17uVrms (on 10mV range)
Ranges: 10mV, 100mV . .. 1000V

« See Appendix for Setup
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Oscilloscope Noise Measurements

Do NOT use 10x Probes for low noise measurements
Use direct BNC Connection (10 times better noise floor)
Use Male BNC Shorting Cap to Measure Noise Floor
Use BW Limiting if Appropriate

Use digital scope in dc coupling for 1/f noise measurements (ac

coupling has a 60Hz high pass)

Use AC coupling for broadband measurements if necessary
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TDS460A Digitizing Oscilloscope Example

Best Noise Floor = 0.2mV : Tek TR 50.0 5/, :
Noise Floor = 0.8mV ;

BW L|m|t=20MHZ BW FULL=4OOMHZ ..... ...... ______
BNC Shorting Cap

BNC Shorting Cap
Noise measurements use
BNC cables

Worst Noise Eloor = 8mV : B TS e e

e L. BW FULL = 400MHz <Em:‘ N b

""""""" | 10x Scope Probe emmmosy e




00000CQ0OO0OCC
00000000QO0"
000000000
000000000
000000000
000000000
000000000

- - _ _ 5 - _

W D e wr r we

000000000
s 2 N R o U

000000000 ¢
000000000 3
000000000
000000000
000000000
300000000

he GND lead on the
cope probe can act as N
a loop antenna!

L

BNC
Shorting
Cap
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Spectrum Analyzer -- Convert Result to nV/rt-Hz

1MHz +/-5kHz
Vnoise

— Noise Component
0.1Hz to 100MHz TMHz

Noise Components |

—> 10kHz [«—

Notch
Filter

Spectrum
Analyzer

100nV

Spectrum Analyzer Plot

N
N
N
N
L f

1MHz 10MHz

To convert to nV//Hz'plot at 1MHz data point we divide 100nV by\/10kHz which gives the Spectral Noise Density (nV/VH_z\) at 1MHz
67
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Effect of Changing the measurement
Bandwidth

Measuring 67kHz and 72kHz

Range: @ dBm

VBMW: Off Swp Time: 2.25 Sec

rﬂm L it SO 07 EL dhe Res Bl LZRE D 00 81 932 3”2”’ o —gé 3;;13;;
Emdl e Y -10dBm @ g : -10dBm @
72kHz 72kHz
-26dBm @ -26dBm @
67kHz 67kHz
-77dBm @ Lower
74kHz harmonics
obscured
Noise floor Noise floor
% Wy -87dBm : -80dBm
Stop: 100 900 Hz E‘JBB HZ
BW set to 150Hz BW set to 1200Hz
gelwrow BW _mc;leases resolution Wider BW reduces resolution
owers noise Tioor & raises noise floor
Narrow BW - Longer Sweep Time
68

INSTRUMENTS




dBm to Spectral Density

NdBm
- 0 ) (lmw)-R 4
Vspect_anal = (ImW)- (54)
Vspect_anal

V,

Where

NdBm -- the noise magnitude in dBm from the spectrum analyzer

spect_den ~
y Kn' RBW (5.5)

R -- the reference impedance used for the dBm calculation

\Y,

spect_anal ~

RBW -- resolution bandwidth setting on spectrum analyzer

Vspect_den

- spectral density in (nV/rt-Hz)

Convert dBm to nV/rt-Hz

- noise wltage measured by spectrum analyzer per resolution bandwidth

K,, - conwersion factor that changes the resolution bandwidth to a noise bandwidth

Filter Type Application Kn

4-pole sync Most Spectrum Analyzers Analog 1.128
5-pole sync Some Spectrum Analyzers Analog 1.111
Typical FFT FFT-based Spectrum Analyzers 1.056

69

i3 TeExas
INSTRUMENTS




Effect of Changing Averaging

sup Time: 9.42 Sec [JRes L

82 428 Mz -89.57 dbm [f: EEANEEERENE

...........................
L L L T T TP T PP T T LT LT LT

avwevissesnonassadesnssnssalananntonspensananssansnsnssanURRRRRRRRSIRINN 2000000 "tttORRRRERARERCU

crnefensssvrnsdenrenranararnansrradeararssssdennnnsnnndnncanas

...........................................

cesssedrennesnradeenanrnrarsernnsaredranerssrsdecannsfleadecsannn

................

sredeisravenafinsiinsasguresscanannsnndasssdasnsasasafoosssslleodercacasonsnsnnnasusdesasanning

....................

.................

SrerusannndensnnnarafioronrasanansraRsanaRbanans e

-100:
dBm:

Start T aay ety S
[LVERRCTNG] VG : %)

No Averaging. Averaging = 49.

Increase Averaging to Reduce Noise Floor - Increase Measurement Time

70
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Noise Measurement Circuits

1. 1/f Measurement Filter Circuit
e Measurement results

» Noise floor (choosing the best amp)

2. Example Circuit Noise Measurement

» Broadband with scope and true RMS meter

3. Voltage Noise Spectral Density Measurement

» Look at typical spectrum analyzer errors
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0.1Hz Second Order 10.0Hz Fourth Order 1/f Filter

0.1Hz HPF 10Hz LPF
Gain = 1001 GaiRnM= 10 Gain =10

R13 100k VW F2 02K
N AA
E . C422n
N :g =Vi5 [
=vr5s = x I
R12 100 \T\ [‘__l
> C21u C31u - =V45
N I} . {_ WOPAT35 -
= 4
L AN VAR E
{ U1 OPA227 I RE402k S | Rra7sk !
+ VG L g5 = e S| 77 U3 OPAT35
) = oI L
l E I IV25
- ' R5 9.00k ' B
AN ——————————
Device Under Test 3
<
24

D U T = ;R/li/1\78k

AV % > VF1
RO 178K R10 226k L

C5 470n

- + U4 OPA735
5

1/f Filter :
| 10Hz LPF
0.1Hz to 10Hz "~ Gain=1

I
L

4]
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() g‘! The Circuit Generates the Data Sheet 1/f Plots
(Example OPA227)

Tektronix TDS460A Measurement PDS 0.1Hz to 10Hz Noise Curve

TeK FITiH 50.0 stE 1 Achs | L INFUT MOISE VOLTAGE vs TIME

@[}

oPAzz7 |

50nWidiv

 DataSheet Curve

1 1s/div

Y-Axis scale must be adjusted to account
for the gain to match data sheet.

5SmV/(10x10x1000) = 50nV/div
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1/f Filter Measured vs Tina

(Example OPA227)
Tektronix TDS460A Measurement Tina Simulation
Tek EdiE 50.0 stE 1AchSI

OPA227 | 1 OPA227

2 i s

Em 500mV L B L .: " 1005 SR _r L IUV ; 10m 100m 1 Frequency (Hz1)0 100 1k
Measured Output is approximately Tina Simulation
10mVp-p 1.84mV rms

(1.84mV)(6) = 11mVp-p
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Measure Noise Floor of 1/f Filter

What Op-Amp will give us the lowest noise Floor?

51\/4\1’02k
Replace o
DUT with S5 1
Short C1u C31u = V415
\‘ﬁg ) % T B -
R3 97.6k .
i ++ U1 OPA227
g TVHS
Large Input
Impedance
= V515
N _ 1
s R8 226k )
I3 Texas




Measure Noise Floor of 1/f Filter

What Op-Amp will give us the lowest noise Floor?

Op-Amp General Description V, l
(nV/rt-Hz) (fA/rt-Hz)
OPA227 Low noise Bipolar 3.5 @10Hz 2,000 @10Hz
6 @1Hz 6,000 @1Hz
20 @0.1Hz 20,000 @0.1Hz
OPA132 Low noise CMOS 23 @10Hz 3
80 @1Hz
228 @0.1Hz
OPAT735 Auto Zero CMOS 135 40
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OPA227

(15mVp p panﬁ_.___

P

5.00 S/S

fee- ai

1Ch 1| BRI T

Note: measurements in paint can

i To.0's Chi % 400].1V 2

1

Tek Bl 5.00 S/s 1 Acqs
T

OPA1 32

Low noise in thermally
stable enwronment ..... SRR

100m\a’3w

Tek FIdR 5.00 str 1 Acqgs
.
L T

WMToos oRi A

bPA152

(3mVp p |n

i ol n

- :N_oise’_’_ from Vpsi Drift

Wf

minimize thermal drift.

oV 10 May 2006

19:04:44

| larz0.2s
1@ 13.0

WMOTo0's CRT "400pv 28 Apr 2006

17:37:05
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-

Some General Measurement Precautions

Linear Supply
or Battery

BNC From
Circuit
Under Test

BNC To
Scope

Use BNC Male |

Shorting cap
for noise floor

Copper box or
paint can as RFI /
EMI Shield. This
also minimizes
thermal drift
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A paint can makes a good
shielded environment

Floating Linear
Supply or
Scope or true Batteries
(e RMS DVM
O 0P
20mV p-p

< Out LL L
Low Noise Boost Amp 1000x

/In TP T

(amiss

SOut
Circuit under test
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1AL 435.9ms
f@:—3&55ms

Copper box

Rf 100k

AN 1] gl - - O '|| -iHﬁHJ.mmil .{NT w. ﬁiui@v

R1 1k ml_

~  Qutputnoise: = =
o o seoe
- ffﬂ PGB BNC Scope Eﬂ] 1_00mvm_%_ T - 2.0.0.“.5 - _;'-' i 'o'\}' :; r;ﬂ;l\r'stOOﬁ

YA 435.9ms
f@:—3&55ms

»||—|||

Calculated (Previous Example): i

Vn <3250V rms >

Measured: SN DR U SR SO SO SO SRS

Vin = ((476UV)2 — (148uV)?) = " N0|sefloor.§ ______ SRR

Note: peak to peak reading is roughly 2mVp-p RELL WO TS oY e
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Measure The OPA627 Example Using A True RMS Meter

(HP3458a)

Coax

Copper box
Rf 100k
A%
R1 1k 119‘ BNC
N

i
/"

V29

Tl

U1 OPAG27/BB !

©  HP3458A True RMS

Calculated (Previous Example):
e, 6

Measured HP3458A DVM:
DVM_READING =346uV

Noise Floor = 18uV

—T© SETACV RNDM

Banana

Noise Meas = V((346uV)2 — (18uV)2) = .
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Low Req to reduce
effect of i, and
thermal noise

Spectrum Analyzer Measurement of OPA627

(Voltage Noise Spectrum)

Agilent 35770a Dynamic Signal Analyzer

R2 10k
NV

+

V

251

 Has nV/rt-Hz Mode
 Bandwidth OHz to 100kHz

B C120u

R1 100
l AN Lm OPA627/B
+

!

20mV dc offset

4 1M Input

=
23 Impedance

0.2mVp-p noise
(Bad SNR)

0.008Hz HPF removes dc
component, but still allows
1/f measurement
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%'! Spectrum Analyzer Measurement of OPA627

The low frequency run OPAG27 OutputSpectral Density (Gain=100)

is time consuming.

Approximately 12 min. | 1oeo

S

—e— Spect

1.00E-02 1
N

ty (Virt

Si

—=— spect3
spect2

1.00E-04 \ .
X <
1.00E-05 - \
e
1.00E-06 .

Spectral Den

spect4
—x— spect5
—e— noise floor

1.00E-07 | \H
1.00E-08 ‘

1.00E-02 1.007 1.00E+00 1.00E+01  1.00E+02  1.00E+03 &04 1.00E+05  1.00E+06

Freq (Hz)

Noise floor verification

A\

Data was collected over five
different frequency ranges
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%'! Spectrum Analyzer Measurement of OPA627

OPA627 OutputSpectral Density (Gain=100) 60 H Z n Olse p I Cku p

1.00E+00 /:
1.00E-01 /

1.00E-02 | /

1.00E-03 / +— Spect
/ —=— spect3
1.00E-04 . Y. spect2

spect4
\’\K 4\ / —x— spect5
sy —e—noise floor
Low frequency tail on ’/ < e > e
each run must be \""‘w-..+ /
discarded' 1IJOE_?.?)OE-OZ 1.00E-01 1.00E+00 1.00;5+01 1.00;5+02 1.00§+03 1.00E+04 1.00E+05 1.00E+06
Freq (Hz)

/

1. Combine to one curve

pectral Density (V/rt-Hz)

S
3
=1
m

2. Discard bad information
3. Divide by gain of 100
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». VA!_! The “Tail Error” is from relatively wide
measurement bandwidth at low frequency.

— 1.00E-02 1
T
£ ! ; i -
S o 1Hz - Band pass filter 1Hz - Band pass filter
z "R Is very wide near 1Hz is very narrow at 1kHz
2 (dc and 1/f noise introduce errors)
% 1.00E-04
8 — > <+
@ 1.00E-05 (S ~
A AN ?\
/S~ NN\
1.00E-06 / 4 ~ IN -
/ A A\ —
II I AN [
1.00E-07 / ‘ | |
1.00E-01 / 1.00E+00 / 1.00E+01 1.00E+02 1.00E+03
Freq (Hz
Actual Measured a ()
Noise Noise

86

i3 TeExas
INSTRUMENTS




s %!l! Spectrum Analyzer Measurement of OPA627

OPA627 PDS Voltage Noise Spectral Density for OPA627

INPUT VOLTAGE NOISE SPECTRAL DENSITY 1000.0

1k

100.0 A
100

10.0 -

1.0 /

i 10 100 1k 10k 100k M 101 1.00E-01 1.00% 1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05

Woltage Moise (n\W/™Y Hz)
A
Noise Spectral Density (nV/rt-Hz)

Frequency (Hz)

Frequency (Hz)

Measured 1/f noise corner
IS better then data sheet.
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Thank You
for
Your Interest
in
Noise — Calculation and Measurement

Comments, Questions, Technical Discussions Welcome:
Art Kay 520-746-6072 kay art@ti.com

89

Texas
INSTRUMENTS







-
©
S
S
-
(/p
/)]
O
S
L
-
©
S
(/p

(Formulas)

Mean defined for a Probability Distribution Function

00
p= J’ (¥f(x) dx (1) Continuous form

— 0

0

w=y M

X=—o

(2) Discrete form

Variance defined for a Probability Distribution Function

0
3) Continuous form
02 = J (x— u)z f(x) dx @
—®
o0

=Y (-

X=—0

(4) Discrete form
Standard deviation defined for a Probability Distribution Function

(5) Continuous form

J (x- ) ) dx

—

oo Jc_z - Z (x— ”)z'f(x) (6) Discrete form

Root Mean Squared (RMS) defined for a Probability Distribution Function
This is the same as s if u =0

(7) Continuous form

RMS = J' (x)2 f(x) dx

— 0

0

IERCES

X=—®

(8) Discrete form
RMS =

Mean defined for a Discrete Statistical Population

b
o= _IJ o(t) dt (9) Continuous form
b-a
a

(10) Discrete form

Variance defined for a Probability Distribution Function
| b
2 2
G =—J (g(t) — )" dt )
b-al, (11) Continuous form

n

ALY (5o

i=1

(12) Discrete form

Standard deviation defined for a Probability Distribution Function

(13) Continuous form

(14) Discrete form

c=\/c_2= ii (xi—u)2

1=

Root Mean Squared (RMS) defined for a Probability Distribution Function
This is the same as cif u=0

(15) Continuous form

(16) Discrete form
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Statistics Summary
(PDF vs Discrete Population)

Example: Statistics on the Probability Distribution Function Example: Statistics on the Discrete Statistical Population
c:=1 p=0 x:=rnorm(1001,0, 1)
2
—(x-p) i:=1..1000
) 267 Probability Distribution Function

fx) = © for Normal Curve sF a

G~(27'c)

0.4 T X 0
flxy 02 = -5 |- | -
500 1000
i
o I I
-5 0 5 | 1000 3
X P, X =_4.181x 10 Mean
= 000 Z 1,0 "

o i=1

u ::J (®f(x) dx p=0 Mean
1000
_w 1 )

» =000 (Xi,() ”) var = 1.021 Variance
var ;:J (X— “)2 f(x) dx var = 1 Variance i=1

— 0

G =yvar c =101 Standard Deviation

o :=+[var o=1 Standard Deviation

o0
J (X)2 0 d RMS = 1 Root Mean Squared RMS = 1.01 Root Mean Squared

— 0
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Statistics Summary

(RMS and STDEV)

Example where RMS # STDEV

g(t) :=sin(t) + 0.3

| 2n
= t) dt
3 2n—0J0 e n=03

Variance for a Discrete Statistical Population

var =

2n 5
J (2(t) - p) dt

=0.5
2n -0 0 var

Standard deviation for aDiscrete Statistical Population

= \/ var c =0.707

Root Mean Squared (RMS) for a Discrete Statistical Population
This is the same as ¢ if u=0

Example where RMS = STDEV

g(t) :=sin(t)

| 2n
W= J g(t) dt
2m-0J, u=0

Variance defined for a Probability Distribution Function

var =

2n 5
J (2(t) - p) " dt

=0.5
2n -0 0 var

Standard deviation defined for a Probability Distribution Function

= \fvar o =0.707

Root Mean Squared (RMS) defined for a Probability Distribution Function
This is the same as ¢ if u=0

| 21 21
2 2
RMS= 1% Jo g(t) dt RMS = 0.768 RMS= 1= L g dt RMS = 0.707
[2 2 [ 2
RMS=+yc +pn So o= RMSZ—p
—JRMS? =0.707
o = - IJ o = . 93
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RMS vs STDEV

Stdev = RMS when the Mean is zero (No DC component). Tina gives the true
RMS result in AC calculations. See mathematical proof in appendix.

Schematic Editor
iert View EREVES T&M Tools Help
ERC...

[a#] 4 Mode...
- Q Fauits enabled

M Optimization Target

@i <] @
35| 3

=-

[—[=[

fectronics fSpice Macros 4Gates A Flip-

Control Object
Set Analysis Parameters....
DC Analysis * _
AC Analysis » Caboulate nodal voltages
Transient... Table of AC results
Fourier Analysis L3 AC Transfer Characteristic. ..
] Phasor Diagram
Time Function...
Symbolic Analysis ¥
Moise Analysis...
ﬂ a:ll Optimization ]
s m |  Options...
Y ]

C1 100u WFZ TOET5mV rms
| f

3 RMS = STDEV

o

WF1 T88.11mY rms

p
* i

* RMS # STDEV

= V1 300m

- 1Vpk

@ sinusoidal |

13
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Useful Numerical Methods

Method for generating a time domain approximation of 1/f noise

Fori=1To 32768
white = Rnd(1) - 0.5
buf0 = 0.997 * old_buf0 + 0.029591 * white
buf1 = 0.985 * old_buf1 + 0.032534 * white
buf2 = 0.95 * old_buf2 + 0.048056 * white
buf3 = 0.85 * old_buf3 + 0.090579 * white
buf4 = 0.62 * old_buf4 + 0.10899 * white
buf5 = 0.25 * old_buf5 + 0.255784 * white
pink = buf0 + buf1 + buf2 + buf3 + buf4 + buf5
Next i
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Useful Numerical Methods

Method for generating average, standard deviation, and RMS for a
discrete population (sampled data)

‘N is the Number of samples, and f(i) is an array of measured data
Average=0 ‘Initialize the variables
Stdev=0
RMS=0

Fori=1ToN
Average=Average + f(i)

Next |

Average = Average/N

Fori=1ToN

stdev=(f(i) — Average)2
Next |
Stdev = Stdev/N

Fori=1ToN
RMS=(f(i))"2

Next |

RMS = RMS/N
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Brick Wall Factor Calculation
for first order filter.

f
2 2 2
€rms :J e, (JG)"dr
f.

1

where
erms -- total rms noise from 1 to f2 in Vrms

e, -- magnatitude of noise spectral density at f1 in V/ \/Hz

G -- gain function for a single pole filter

1 2 1
G= —— (1d)" =
1 © f2
o 1+—
p fpz
2 2 b
Crms = [ ey . PR df
| fp + f
)
f f
2 2 2 2 1
€ms = ©n ~fp~atan(gj ey ~fp~atan(g]
Letf, =0,f, =
22 ( ) 2f ﬂ _ 2f n
€ms = ©n ~fp~atan ©)—e, -p~atan |7 ey -p~2
P
2 2 T
®ms = n fpz
2 T
®mms = | n pr
97
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1/f Noise Derivation

2 2

_ “normal 2 ®normal _ ®normal Units for
- 05 no- > T f e, = V/\Hz
£ ( f0.5) A
Cnormal ~
f=Hz
b
r c 12 b
erm52 = J forma df = enormalz'ln(f) erms units of V rms

2 2 2 2 b
€ms = Snormal 1M(P) — €ormal "10(2) = €, 4rma -ln(—)

a
> 2, (b
®rms = “normal "M ;

b llni R ' has no units
_ o a
rms — “normal In a

€ (&

e has units of V

normal
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+ (ln X Rf) -
Rf 3k
—VVV
- VF1
I . (
* /
Vo = (I, xRy

99

INSTRUMENTS




Equ. Input Noise
VO

Equ Input Noise = -
Gain

VF1

)

Ry RpRy =
Equ_Input Noise = < =Ly Vo = (In X Rf)
Rp Rp+ Ry
— +1
Ry
Equ_Input Noise =1, (R¢|| R))
100
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fg*“ Solve for Resistor Noise Components

Noise Source with Each Resistor

, Rf ,
() ()

101

i3 TeExas
INSTRUMENTS




S
®°
s

- VF1
I O (

A\

Vo = e, X R/R,
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S
$®
O

Vo =e,
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Add noise components and refer to the input.

Note: the input noise is equivalent to Rf || R1 (proof on next page)

R 1k Rl 2k
AN AN
- IOP1

Output_noise

Input_noise

Rp
— + 1
Ry
. ReR
Input noise = |4-kT-BW-
Rf‘l‘ Rl

Equivalent to noise of Rf || R1

Output noise =

\
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2
2 2 2 Re 2
Output Noise = [e 1 +¢,p = enl'R_ + e
1

Let B =4kT-BW

Proof: Simple Amp Resistor Noise

. Ry ’ 2
Input Noise is equivalent to noise from Output_noise j(JB—RIRJ Py
parallel combination of Rf and R1.

Input_noise =

— +1
Ry
R2 1k R1 2k sz
J_ AAVAY * AYAAY B— + B-Rp 5 5
- Input_noise 2 & = PR Ry PReRy
IOP1 | = = ;
> VF (Rpey)* (Re+ )
I ( R,

[BRER PR [ReRy
Input_noise = B-
(Rf+ R1)2 Rf+ Rl

Ry
Rp+ Ry

Input_noise = j4.kT.Bw.[ ) Equ to noise of Rf || R1
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