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Three Stage |IA

Gain Set
Resistor Vi
5V in-
150k 150k
T \ ANN\—2 NN
Vin-j_2.499V AT ‘
- & 4'A'A%
5 ~ A3 Vout
! ‘;§ 50k \ : (
28 50k / \
ANV Qutput
Vin_dif = 2mv Voltage
| \ 150k 150k
ANN— N
+
/ 1‘ Vin+ h
Differential Vin+ = 2501V
Input Voltage Rer’?;i?ce /___
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ﬁ&" Real World Input to Mathematical Model
Vcce
T Vor
Vinn V.. Vinp;Vinn ) <

|1 ¢ TExas
— INSTRUMENTS
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PS4 Analyze the Input and Output Separately

VCC112 VEE112

8 Hll»—ﬁlh—uﬁ
|

Vcce Vai

2 Vin- v
s @ \J\ R3 40k R5 40k
+ AN N

kAS Vout
{

&
.

ﬁ
B
R

R2 25k

L

© o e |

\V+ A2 Va2

Var )—] —
2

R4 40k R6 40k

3
J\

Vce

Vin+

—lnpuiﬂage_l Output Stage |
Differential Gain Stage Dif Amp @2 s
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*  Split Input Stage in Half

VCM B

\ﬁ1+2&
2o

Var
+}—\ Vin- — < +® Vin-
W), +

e

50k
YW —O '%529-

|_—(:)—-—+ —s — -Split Input —Stage — e e —
1 %

] s —O

+ \ Va1
~ Al
AN

Ry

[ Q— Vem
(<) >+ A2 |v

R
N Vin Va2 S vime
Vit V i

2 Input Stage 2 Ve +

ﬂ‘r—m
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: ‘?Use Superposition on Output Amp

Va1 R3 40k R5 40k
AAA AN
val R340k R5 40K Vai
A —AAN—
Va1 . - A3 Vout
& Inverting Amp
Gain = -1 % V.
] h A3 Vout .
Vin_dif -
N R3 40k
e A
‘ Non-nverting Amp
V. R4 40k R6 40k Gain =2
2 A Voltage Divider
vaz Gain =1/2
Output Stage
Dif Amp - V.,  R440k

'A'AY
Va2

2

Va2

Find Vout Through Superposition

Heut Haz ual ; Hret




e
=& Gain For Three Amp IA

Vi R
Va1= Vem R [1] Input Stage
2 Ro Top Half

= . 1 [2] Input Stage
a2% Tn 7 [1 i Rg] Bottom Half

Vdif Ry Vdif Re Substitute
VOU'[= ch+ T 1+2§ - cm_T. 1+2g +Vref [1] and [2]
into [3]
R

f
Vout = Vdif[1 + Zgj + Vet [4] Simplify

TExAS 8
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i o Complex Noise Model

Vi
2 i Va1
i ® — R5 40k
* » AN
Vss
Vem ~ A3
\ l Vgut
+ + /
:u’-cc
R6 40k
¢ ' AN
® Va2
Vit —
2
TEXAS 10
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e
=9 The Complex Model is Simplified

Input Stage

In_out%
Vn_in
|n_out%

Vi rT

Output Stage

Vh out = \/ (Vn_out)2 + (Vn_in'G)2

{9 TEXAS 11
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e Jj=
%-QThe Input amplifier dominates at High Gain

SPECTRAL NOISE DENSITY G Total Total Output

1000 E E HHHE Input-Referr Noise
|§ Output Noise ed Noise (nV/rtHz)
% |4 (nV/rtHz)
> 100 ;.
2 e T S
S Current Noise 1 206.2 206.2
S el 2 111.8 223.6
§ Total Input-Referred Noise = /\‘ v;""(lnput Noise)2 + (Outpu;Noise) I 5 64 320

10.1 1 10 100 1k 104110 539 539
Frequency (Hz)
From INA333 Data Sheet 100 50 5000
1000 50 50,000
TEXAS 12
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Two Ways to represent INA Spectral Density

1

SPECTRAL NOISE DENSITY

1000 ==

\ o o/‘ut;‘nlt‘ ploiss

T 7

i 100 7
\ lg J{ 4

= Current Noise
S~ i nputNoie

g Total Input-Referred Noise = W\ I‘{'y(lnput Noise)2 4 [ (Outpu(taNoise) |

1 0.1 1 10 | 100 1k 10K
Frequency (Hz)
From INA128 Data Sheet From INA333 Data Sheet N
~~/ NV
G Input-Referred\g G Input-Referred\/g
Noise (nV/rtHz) Noise (nV/rtHz)

1 110 Taken 1 206.2 Calculated
10 12 directly 10 53.9 ;f;:ﬂs
100 |8 g:’a“;;he 100 |50 and
1000 |8 1000 |50 formula
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CED. .
=dFind the total RMS Noise Voltage at
the Output

+V=5V
T

\ 150k 150K
ANA/ & ANN

ry
Vss
ANN
L AAN
\ l 150k 150k
A2 AAA 5
Vss
Vin+ = 2501V J- 5V
= 100k
L V= GND
100k

L
5

INA333 | o> 2

{9 TEXAS
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A=’  Look at Noise Sources:
Bridge, INA333, Reference Buffer

+V=5V

INA333

l 150k
NA




CE 0

R,Q Noise Equivalent Model for

SV

OPA333 )

Vss

100k

100k

Vref pin

Reference Pin Buffer

OPA333

L |l o001
NN

(@)}

o

-~

r

II)IOO

{9 TEXAS 17
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LD
"

Reference buffer

k, =138 10 2 Boltzmann's constant
Vref pin Ty =273+ 25 Temperature in Kelvin
100fA _
R = 50kO Input resistance
OPA333 eq (parallel combination of voltage divider)
55nV i I |
l QK 30nVl = [4k T R, =28 7Y Thermal Noise from input resistor
|8 : °nr = kn Ty eq ~ \/ﬁz P
=
:§%k|
| = | i, = 100fA  Current noise from OPA333
I 2
L= =1 nV
- e, ;= iRy =5— Voltage Noise from current noise
- q \/ﬁz
nV .
°n opa = 55§ — Voltage noise from OPA333

VHz

_ J 2 2 2_ gy, MV Total rms noise from
en_l‘ef - en_OPa + en_r T =0~ [t reference driver circuit

TEXAS 18
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e -
=@ The reference voltage directly
adds to the output noise

|nput Stage Output Stage
in_out%
Vn_in
-9 -9
®n ref = 62.2:10 Vn_out :=200-10
o 2 2 -9
Output_Stage Noise = n ref T Vn_out = 209.449x 10

¢ TEXAS
INSTRUMENTS




The bridge generates:
thermal noise, I_x R_bridge

3
LT

Use superposition to
combine noise sources
on the negative and
positive input .

-+

{9 TEXAS 20
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D N
ﬁk—. Noise From

Vce

INA333
+

Bridge / Current Sources

1mE Voltage noise from current noise
2

e = ’4kn-Tn-E Resistor Noise
= 2

Use superposition to add the noise from
the input resistance and both current noise sources

€n i = \/(inn'%)z + (en_rb )2 + (inp '%)2 + (en_rb )2

Assume |1nn| = |1np|
Note that these sources are uncorrelated

2
ein_i :\/Z(h%j + z(en_rb)2

Total Noise from input
resistors and current source

For this example (R=5kO, in = 100fA/rtHz)

nv ) .
e, i = 64— Resistor noise
- \/Hz
. R nVv ) )
i =025— Voltage noise from current noise
2 Hz
f Z 2 Il‘\/r TUtdI P\:Uibc fl U ;I |put
Cin i = \12(0'5) +2(1) =91 \/ﬁzwrmbbrs and current sourcef
INSTRUMENTS
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Il the no

Input Stage Noise Output Stage Noise

4 Comb

IS€ SOUrces

INE a

e [ ]
Q 0 N
© g I
c N‘n.S
Q — D
Lo
- o £ o
3., X 3“l
>
"TeTesccccccsvscece us ““““““ .‘“
'
'
'
N»
= 53 o "
= 2 1L g m.
[ ]
E: "
- M
\p M
. .
’ M
u »
eie :
[ .
' 1
- .
’ .
Ny '
H“ H
5 '
' [ ]
p-H "
n" H
2! Y
H = <l e
H > 4'AAY; = '
' AL By H

Sensor Noise

r--- LA 2 J

InV/irtHz

oV




e

Rule of 3x

Dominant Neglect

When adding two uncorrelated noise terms , the larger term
will dominate if it is 3 times larger then the smaller term .

You can neglect the smaller term with a relatively small

arror {ie A9\
W1 T\ \I-V- VIU/-

TExAS
INSTRUMENTS
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X/

For this example compute noise spectral density refered to the input

V. 2 A\ 2
Noise S Den RTI v 2 LV 2 N n_out stage N n_ref buf
01S¢C CcC cn = : :
Spec_Ld_ n_in stage n bridge G G
: 2 2 200 2 62 2 nv
Noise Spec Den RTI= [(50) +(9) +| — | +| — | =50.847T—
— 100 100
T S f _
Dominant Neglect Approximately equal
to the dominant term
TEXAS 24
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INA333
PARAMETER MIN TYP MAX UNIT
FREQUENCY RESPONSE
Bandwidth, —3dB
e 150 kHz Bandwidth
G=10 35 kHz f Dat
|_G=100 3.5 iz | —] 'ToM ata
G = 1000 350 o Sheet
GAIN vs FREQUENCY
80
G = 1000 For G =100
60 mfhn e fed w kil Gt 3 W11 |
TNk 20dB/decade
G =100 2l
40 3. L~ 18t order
- G=10
% 20 [ mm g e o e i g g o o - ! K = 157
~ n
= G=1
1Y)
A 0
-20
-40
-60
10 100 1k 10k 100k ™
Frequency (Hz) TEXAS 25
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A

. .‘\\ Calculate RMS Output Noise for INA333

From Voltage Noise

G= 100

Vin_RTI = 50.8mV/rtHz From "Input referred noise” equation

fyy = 3.5kHz From data sheet table for gain = 100

_ 157 For first order function
Kn=1 See Gain vs Frequency in the data sheet

BW_ = fH'Kn = 5.495kHz Noise Bandwidth

= G'Vin_RTI BW._ =376.9uVrms  RMS Output Noise

{9 TEXAS 26
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R2 5k

Vece

R3 5k

Simulate the Circuit

VNN 2.5V

[

U1 INA333

INSTRUMENTS

—? RG
S é Vout 25V
& Ref
5 %g LRG .,
< Ty}
o o +
‘ VN_P 25V Vref 2.5V
I {
Vce Vcce
1
- >
o
L~ 2
«©
Viunk 0V Vee . o
.
_l_: U2 OPA333 [N x
o
VG TV45 -
o
- Vee —l—
TExas 28




~: . : - as
k:}. Noname - Schematic Editor

Fle Edit Insert View EUEie-@ Interactive T&M Tooks Help

@lglrsl

J+|¢]#

“\Basic [Swtche: AMetes

I

ERC..,

Faas enabled

Stress Analysis Enabled
Sedect Optimization Target
Selact Control Object

Set Analysis Parameters, ..

DC Anatysis

AC Analysis
Trangent...

Steady State Sciver...
Fourer Anslyss

Digital Step-by-Step
Digital Timing Analyss. .,

Symbolic Analysis

Nose Analysis, .,

Qptimization

»

|+ [ e = .,

| | 2 [ 6| M o] =

torec ASpice Macios AGates AFip-flog

]

Moise Analysis

1 [Hz] 0K

Start frequency

End frequency |1M [Hz] XK Cancel |
Mumber of points 100 ? Help I
5/M Signal Amplitude I1

Diaagrams

I OutputNoise [ Total Noise
|7|_ Input Maise [ Signal to Noise

29




L
€)=
%éNoise Spectral Density at the Output

Voltage Spectral Density Out vs. Frequency

10.006
5.2uV/rtHz Voutl ||| AN\

—_ || :
= : |
N 3db @ \
= 391kHz |-
> N
-— \"!
]
3 \
S
10 001 | T

1 10 100 Tk 10k 100k 1M

Frequency (Hz)

INSTRUMENTS




£ O
s Total RMS Noise at the Output

500U —

Simulation = 422uVrms

Hand Cale: = 377uNims >
250y ////////////
1250

0_ I TTTTIT T TTTTIT I T TTTTI I T TTTTIT I T TTTTI T TTTTIT

1 10 100 1k 10k 100k ™
Frequency (Hz)

w
~
g
ORI TR AT IS IO

Vn output Total RMS Noise (Vrms)

TExAs 31
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f;g_ Why doesn’t calculation match simulation

exactly?
INA333
PARAMETER MIN TYP MAX UNIT

FREQUENCY RESPONSE
Bandwidth, —3dB

G=1 150 kHz

G =10 35 kHz
| =100 3.5 kHz |

G = 1000 350 Hz

Voltage Spectral Density Out vs. Frequency

Bandwidth from Data
Sheet and simulated
bandwidth is different.

10.00u | ”’,4
7 ~

5 2uV/rtHz Vout A
5 N /[ | The roll-off was
N 3@ \\ . .
= 3.91kHz | \ approximated as first order
> N\ | in the calculations.
= | \-\ | Simulation shows that it is
o~ \ ,l not first order.

\
10.00n
7 70 T00 TK TOK TOUK T

Frequency (Hz)

TExAs 32
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Averaging = « w

Circuit

V2 VVV ? +

V3 A +

Rf

Vce

? = Vout

OPA335
\Vss
R3 Vref

1 2 '3 N
VOU.t=VI'ef_Rf _t — 4 — 4 .+ — [15]
R Ry, Ry Ry

For an averaging circuit choose
Ri=R; =Rz =...Ry=R

R, =R/N
Vi4+ Va+ Va+ .+ W,
anf =Vr F_( : 2 ) N) [16]
D e N

e |

34




@
=7 Noise in Averaging Circuit

2 2 2 2
_ Vhoisel Vhoise2 Vhoise3 VhoiseN
Vnoise output ~ N + N + N LRI N

Where Vioiselr Vroise2r Vioise3s -~ VrpiseN ar'€ NOISE sources
If youassumethat v ice1, Vioiserr Vioisezs -~ Vipisen @€ equal

uncorrelated noise sources, then

2
_ Vnoise _
Vnoise output = |N N =

L

TEXAS 35
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A= Averaging Circuit with INA333

2
+ o 1 RG V- R4 100k
Vdif = INA333  Out AAN
2.4mV o 8 REf 6
RG v 24 UA—p T2uA —»
3 R7 33.3k
. AVA"A%
2_5V —_— V225 Vee  Vref \/ss
I \/ss
2 E Vout
— > —
- +
1] RG R5 100k A U4
- INA333 Out SYAYAY, OPA335
N 8 Ref 6 Vi
o RG yy 24uA—» - 24V
Vref
3 1
Vref
Vee Vref
Vss
2
RG V-
§ 1 R6 100k
= INA333 Out —AAA
o 8 Ref 6
RG vy 24uA
b | 24v
Vee  Vref TEXAS 36
Vref INSTRUMENTS




CED
xperiment with 20 Parallel INA333
Socketed Gain 20 INA333 amps in parallel
Set Resistors (jJumper selectable)

OPA333
Averaging

37
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m—. Standard Noise Measurement

Linear Power
Source

Precautions

Steel Paint Can
for Shielding

W s 3




CE %) .
=g Total Output Noise vs Number of

Amplifiers Being Averaged

Total Output Noise (V rms)

0.0004

Noise vs Number of Amplifiers

—&— measured
—l—ideal (from tina) |

N

N

e

= =

—3

5 10 15

Number of Amplifiers in Average Circuit

20

V TEXAS
INSTRUMENTS
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Measured Noise Spectral Density vs Number of Averages
1.E-04
ALY |
§ \;“—“\‘\ |
£ 1.E-05 ¢ B
Measured vs s o
. 3 e
simulated spectral 2 e
. =z - "
density = W
£ 1E08
3 -
(]
1.E-07
1 10 100 1000 10000
Frequency (Hz)
Simulated Noise Spectral Density vs Number of Averages
1E-4
N
— ™ N
Z 1E5 SN\
S RN
-~ Avg=1 NN
(] \\
2 Avg=2 NN
o Avg=5 NN
g_ 1E-6— — Avg=15 N
s Avg =20 N
o
1E-7
1 10 100 Tk 104
Frequel#(mmms 40
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