NIRSPEC

UCLA Astrophysics Program U.C. Berkeley W.M.Keck Observatory
Woon Wong March 22, 1995

NIRSPEC Electronics Design Note 06.00
Analog " Device" Noise

1. Introduction

Noise can be defined as any part of the unwanted interference or obscuration of the desired
signal. The interference can come from external sources to the system and may result from
electrostatic or electromagnetic coupling between the circuit and the external sources. Some of
sources of interferences can be 60Hz power lines, radio transmitter, fluorescent lights, cross talk
between adjacent circuits, dc power supplies. Or microphonics caused by the mechanical vibration
of components. Most of these types of interferences can be often minimized or eliminated by
adequate shielding, filtering, proper grounding or the layout of circuit components. These external
kinds of noises or interferences will be further discuss in separate design note. The other kind of
noiseisinternal or "device" noises which this design note will cover.

Evenif all external noise coupling could be eliminated from acircuit, atheoretical minimum
noiselevel would still exist dueto certain "device" noise sources. Device noiseisgenerated within
the devices used in data acquisition such as amplifier, transistor, diode and resistor. Although the
value of these noi se sources can be well defined, the instantaneous amplitude can only be predicted
in terms of probability.

The device noise is a basic random-noise generator or spontaneous fluctuations that result
from the physics of the devices and materials that make up the electrical device. Thusthe thermal
noise apparent in all electrical conductors at temperatures above absolute zero is an example of
device noise.

Noise limitsthe resolution of the sensor and dynamic range of asystem. The highest signal
level that can be processed islimited by the characteristicsof the circuit, but the smallest detectable
level is set by noise.

Noiseisatotally randomsignal. It consistsof frequency componentsthat arerandominboth
amplitude and phase. Although the long-term rms value can be measured and predicted, the exact
amplitude at any instant of time cannot be predicted. The noise has a Gaussian or normal
distribution of instantaneous amplitudes with time.

The three main types of noise mechanisms are referred to as thermal noise, low-frequency
(1/f) noise, and shot noise. Thermal noise is the most often encountered and is considered first.
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2. Noise Sources

a) Thermal Noise } E]
en=SQRT(4KTRB)
in=Sqrt(4KTB/R) R
- . . R
Thermal noise comes from thermal agitation WHERE B=NOISE BANDWIDTH
of electrons within a conductive material above A8 VoLTAGe S6Uce S ElRReNT SBuRce
absolute zero temperature, and it sets a lower limit o1

. . . . . . 3.3nF En AMPLIFIER
on the noise present in acircuit. Thermal noiseis |« | w s > A
. . " 2471 1920 2 20829 —> Eo Zi
also referred to as resistance noise or "Johnson IR cs-sarTaKTrsg) |
noise". Theopen-circuitrmsnoisevoltageproduced so5 o 1 o o) AMPLIFIER NOISE HODEL
by aresistanceis DAMPING FACTOR 0858 £k Low PASS FILTER

e, = sOrt(4kTRAf)

where Figure 1 Resistor Noise Models &
T = Absolute temperature (°K) 2nd Orqlq B%sgl LP Filter &
Af = Noise bandwidth (hz) Amplifier Noise Model

R = Resistance value (ohm)
k = Boltzmann's constant (1.38x10%joules/°K)

The thermal noisein aresistor can be represented by adding athermal noise voltage source
e, in serieswith the ideal noiseless resistor, as shown in Figure 1A. In some cases, it is preferable
to represent the thermal noise by an equivalent rms noise current generator of magnitude

i, = sort(4kTAf/R)
in parallel with resistor, as shown in Fig 1B.

Asgeneral statement, only dissipating devices could produce thermal noise, likeresistor but
not capacitor or inductor. As a proof, if a capacitor could be produce thermal noise and apply
conservation of energy, sincethey cannot dissipateenergy, their temperaturewill increaseindefinite
which is physical impossible.

b) Shot Noise

Shot noiseisassociated with current flow across a potential barrier. Such abarrier exists at
every pn junction in semiconductor devices such as in a diode or a transistor junction. In
semiconductors, shot noiseisdueto random diffusion of carriersthrough the base of atransistor and
the random generation and recombination of electron hole pairs. The power density for shot noise
is constant with frequency and the amplitude has a Gaussian distribution. The noiseiswhite noise
and has the same characteristic as previously described for thermal noise.
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I,=2ql DCA f

where q = electron charge (1.6 x 10™° coulombs)
|,c = average DC current (Amp)
Af = noise bandwidth (Hz)

¢) Contact Noise

Contact noiseis caused by fluctuating conductivity dueto animperfect contact between two
materials. Contact noise is also called by many other names such as "1/f", excess noise, low
frequency noise, flicker noise, etc. Due to its unique frequency characteristic, the power density
varies as the reciprocal of frequency and the magnitude is Gaussian.

I - KIDC%

where

|,c = average DC current (Amp)

f = frequency (Hz)

Af = bandwidth centered about the frequency (Hz)

K = aconstant that depends on type of material and its geometry

The magnitude of contact noise can become very large at low frequencies due to its 1/f
characteristic. Duetoitsfrequency characteristics, contact noiseisusually the most important noise
source in low-freguency circuits.

d) Popcorn Noise

Popcorn noise, also called burst noise, is due to a manufacturing defect and it can be
eliminated by improved manufacturing processes. Thisnoiseis caused by adefect in the junction,
usually ametallic impurity, of a semiconductor device. Popcorn noise occursin bursts and causes
adiscrete changein level. The width of the noise bursts varies from microsecond to seconds. The
repetition rate, whichisnot periodic, variesfrom several hundred pulses per second to lessthan one
pulse per minute. However, for any particular device, the amplitude isfixed sinceit isafunction
of the characteristics of thejunction defect. Thenoiseisacurrent-related phenomenon. Therefore,
the popcorn noise voltage is greatest in a high-impedance circuit such as the input circuit of an
operational amplifier.

3. Addition of Noise Voltages
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Noisevoltage, or currents, produced independently with no rel ationshi psbetween each other
areuncorrelated. When uncorrected noise sources are added together, thetotal power isequal tothe
sum of the individual powers. For example, adding two noise voltage generators, e, and e,
together on a power basis, gives

€ (total) =€, + €, or E’(total) =E%,+E%,or

where e,;; €, = noise voltage density sources (nVrms%&&)
E..; E» = noise voltage sources (nVrms)

4. TheNoise Voltage and Current Model

Any network can be modeled as a noise-free device with two noise generators, E, and |,
connected to theinput side of anetwork, asshownin Figure 1D, E, representsthe device noise that
existswhen Rsequals zero, and |, represents the additional device noise that occurs when Rs equal
open circuit. The use of these two noise generators plus a correlation coefficient completely
characterizes the nose performance of any network. Although E, and |, are normally correlated to
some degree, values for the correlation coefficient are seldom given on manufacturer data sheets.
Therefore, it is common practice to assume the correlation coefficient is equal to zero.

An amplifier noise is represented completely by a zero impedance voltage generator E, in
series with the input port, an infinite impedance current generator |, in parallel with the input, and
by acomplex correlation coefficient C (not shown) asshownin Figure 1D. Each of thesetermsmay
befrequency dependent. Thethermal noise of thesignal sourceresistance, R isrepresented by noise
generator E.. By referring all noise to the input port and considering the amplifier to be noise free,
it is easier to appreciate the effects of such changes on both signal and noise.

Although we have reduced the number of noise sources to three in the system shown in
Figure 1D by using the E,.-l, model for the electronic circuity, additional simplifications can be
performed. Equivalent input noise, E, will be used to represent all three noise sources. This
parameter E,; refers all noise sources to the signal source location. The expression for equivalent
input noiseis

Ezni = EZnS + E2n + (InRs)2
E2n0 = ('A‘vEni)2
This single noise source E,,; located at the input can be substituted for all sources of system
noise. Amplifier input resistance and capacitance are not present in the equivalent input noise
expression.

5. Equivalent Noise Bandwidth

The noise bandwidth (Af) is not the same as the commonly used " 3-db signal” bandwidth (f.
) 1he"3-db" signal bandwidth of an amplifier isdefined asthefrequency of the half-power point.
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The half-power point isvalue on the frequency axiswherethe signal has been reduced by 3db from
the reference value. A 3-db reduction represents a loss of 50% in power level and corresponds to
avoltagelevel equal to 1/%& of thevoltage at thefrequency reference. Figure 1C showsaunity gain
low passfilter circuit caled Sallen-Key. The frequency response for any 2nd order unity gain low
pass filter can be expressed as shownin Equation 1. The relationship between thef ;5 point and
natural frequency f,, can be solved by solving equation 1 for f ,,;. The natural frequency f, and
damping factor , as function of circuit component values, are given by Equation 1 below:
f 5 1
Av(s) S = |Av(f_3db)| = | | —
s 20 f5+f, (o~ 2o s V2

C
where C=L= RI+R2 2 5 J:,=—1
20 2 R1R2C1 211:\/R1C1R2C2

Equation 1 General 2nd Order Low Pass Filter

The component values shown in Figure 1C are for aunity gain, 1IMhz Bessel low passfilter. The
damping factor (¢) and "f .5 vsf," for Bessel low pass filter are defined as follows:

g;?:o,gss; f,=1272Mhz 5 f = ‘1;\/§J;=0.786];=1mz

Equation 2 Bessel Low Pass Filter

The noise bandwidth, Af isthe frequency of arectangularly shaped power gain curve equal
inareato theareaof the actual power gain versusfregquency curve. Sincepower gainisproportional
to the voltage gain squared, (P%V?) the equivalent noise bandwidth can also be written asfollows:

-
= { [42v()]df

Equation 3 Equivalent noise Bandwidth

Af= - [Podr-
0%

where
Af = Noise bandwidth (hz)
P(f)=Power Gain as a function of frequency,
A (f)=voltage gain asfunction of frequency and
A ,=pass band gain.

Since, practical circuitsdo not havetheseideal characteristicsbut haveresponsesthat roll-of f
at somerate likes 12dB/octave starting at f . point for 2nd order filter. The problemthenistofind

an equivalent noi se bandwidth, Af that can be used in equationsto givethe sameresults asthe actual
nonideal bandwidth. A genera second order low pass filter, noise bandwidth can

be written as follows:
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Vf=f, 5 f: 71, =ff chx >3 where x = f , C = damping factor
o o -+ 5 (1-x9)7+(20x) A
Equation 4 2nd Order Low Pass Filter, Noise Bandwidth
Using acal culator withintegration function and substituting x=tan 0, theintegration for Af becomes
very ssimple.

Vit f' sec’040
o (1- ~tan?0)?+(2tan0)?
Equation 5 Noise Bandwidth

For the special case of a 2nd Order Bessel Low Pass Filter where (/0.8660, the equivalent noise
bandwidth as function of f ,,; isasfollows:

n T

do
\Y% =1.2720f
/- ff +(tan6s1n6)2 _3d3f1+(tan6s1n6)2

Equatlon 6 Equivaent Noise Bandwidth - Bessel Low Pass Filter

=1.2720f ,,%0.9068 = 1.154f , ,,

Table 1, summary the noise bandwidth (Af) as function of the 3-db bandwidth (f ,5) for
various types of filter circuits. Also listed is relationship between the 3-dB bandwidth and the
natural bandwidth. The natural bandwidth for Ist order is fo=1/(2tRC) and 2nd order is
fo=1/2n%hR&LEKEER).

Tablel Equivalent Noise Bandwidth (Af)

Order | |dentical Bessell Butterworth Roll-Off
Poles (=0.8660 (=0.7071 (dB/Octave)
1 Af=1.571*f .5 n/a n/a 6

f—3dB = fo

2 | Af=1.220%f

Af=1.154%f

Af=1112%f ., | 12

f15=0.6436*F, | f,5=0.7862*f, | fop =",
3 Af=1.155*f ., | Not Computed | Not Computed | 18
f 45 =0.5098*f
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7. Noise Calculation

The complete analog signal processor circuit is shown in Figure 2. It contains five basic
stages: preamplifier, post-amplifier, low passfilter, buffer and A/D converter. Thefirst stageisthe
preamplifier where the detector signal is amplifier and its offset removed. The output from the
preamplifier is feed into post-amplifier which the signal is further amplifier. The second stage
postamp has four gain settings which is control by software. Next the post-amplifier signal isfeed
into the four independent low pass Bessell filters. Again the software will select which low pass
filter will feed into the buffer stage. The buffer stage will drive the A/D converter.

Figure 3 through 7 are noise models for each different stage of the analog signal processor.
With these noise models, we can generate Table 2 using a L otus spreadsheet. Table 3 and 4 listed
important summary of calculation from spreadsheet under different parameter conditions.

Before we begin to calculate the noise data, we will define some of convention used in this
report. Small letter "e€" or "i" is used to indicate voltage (nV/%&&) or current noise density
(PA/%8I&). Capital letter "E" isused toindicate voltagelevel (LVrms). The"+" and "-" areinputs
toopAmp. They arenon-inverting ("+") and inverting ("-") inputsrespectively. Listed below isthe
common used symbols for noise calculation:

Nomenclature:

e, (Rx) = voltage noise due to resistor Rx

€,.@Ux = voltage noise at non-inverting input of opAmp Ux due to opAmp Ux

e, @Ux = voltage noise at inverting input of opAmp Ux due to opAmp Ux

I, @UX = current noise at inverting input of opAmp Ux due to opAmp Ux

I @UX = current noise at non-inverting input of opAmp Ux due to opAmp Ux
e (Equivi@u2 = voltage noise at output of opAmp U2

i, @QUI*RS = current noise at inverting input of opAmp U1 multiply by R5 value
I(CO*Ryecp = current noise output constant current FET Q2 multiply by R ., vaue
Rocco = source resistance of CCD source follower

e,(CCD-FET) = voltage noise due to output impedance of CCD FET.

a@UL= voltage noise at output of opAmp U1 due to preamp circuit

€,@U3 = voltage noise at output of opAmp U3 due to post-amp circuit
€s@U7 = voltage noise at output of opAmp U7 due to filter circuit
e,,@U10 = voltage noise at output of opAmp U10 due to buffer circuit
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Figure2 Anaog Signal Processor Circuit
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PREAMPLIFIER NOISE MODEL
DC OFFSET
enO(*EQUlV) en=SQfT(4KTR4) R4 R5 en=S:3RT(4KTR5)
i 1.71nV/~ 2.03nV/~ 20 250 2.03nV/~
in-@U1=1.5pA/~
X
CONSTANT CURRENT SOURCE i
+5V
in(CC)=3fA/~ | R(equiv) Ul eo1@u1
38.3K
ent@U1 PREAMP
* -
1.70V/~ Av(1)=2
T=35degk en=SQRT(4KTRo) ,
1.16nV/~ 4 iInt@U1
s 1.5pA/~
cocdt @27 ¢ Ro(FET)=700
VDDoit=-1.3v
CCD OUTPUT STAGE 4
%) en1=1.93nV/~
e02@U3 en2=4.75nV/~ U7 eo3@u7 U10  eo4@U10
S P S [
L L L™
U3
in1 o Av2=(1-4) in2 Av3=1
f POSTAMP LOW PASS FILTER BUFFER

16 BIT
A/D
CONVERTER

1/2LSB=76.3uV

Figure3 Preamplifier Noise Model

a) Noise Budget

We want the system performance to meet or exceed the signal -to-noi se specification of a16
bit A/D converter. Therefore, the noise budget is determined from the noise constraint in the final
signal to A/D converter which is defined to be lessthan %2 bit. To achieve lessthan %2 bit of noise,
the final noise at the A/D input must be less than 76|,V rms as show below in equation 7:

The dynamic range is defined by equation 8:
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b) Circuit Component Selection

Passive components located in the low-
signal level portions of the circuit also can be
major contributors of noise. Carbon resistor has
more 1/f noise than metal film or wirewound. So
it is very important to used only wirewound or
metal film resistor only. Zener especialy
avalanche type aso has very large noise
Therefore, any zener voltage reference used in
preamplifier should be alwaysfilter.

Selecting alow noise opAmp that also has
low 1/f frequency corner such as AD829 from
Analog Devices. It has low voltage and current
noisespecification. Further AD829 hasavery low
1/t frequency cutoff, below 100Hz, whichisvery
important when operating at low frequency.

C) Spreadsheet

Table 2, analog noise calculation
spreadsheet, wasgenerated by combiningall noise

DC BIAS NOISE MODEL

. TO OTHER
. PREAMP o
2 ) inv@u2
’ 1.5pA/~
Rpot [ Rl en=SQRT en+@U2
1K K » Y2 enoEquiv)
OFFSET '
BALACEl (4KTRT*Rp oé/ 12) J 1.70V/~ | OFFSET]
100uFl

X1

f(-3dB)=1.6hZ

4 in-@U2
T 1.5pA/~

Figure4 DC Offset Bias Noise Model

ACTIVE CONSTANT CURRENT LOAD FOR CCD / NOISE MODEL

<
in(CcC)=
3fA~ <
> >
R3 in@R3=Sqrt(4kT/R3)
5k 1.8pA/~

ig=Sqrt(2qlg)
0.6fA/~

rd
=3fA/~
in=3 4 33.3K

Requiv

38.3K @ (RSS=R

SS
(ig+in@R3)/(rd+R3)=
0.23pA/~

ut

u1

AD829

5K

/g=1.2pA] a1
$]2N4393
R3
u1

AD829

AD829

EQUIVALENT NOISE CIRCUIT

Requiv
38.3K

in(CC)=0.23pA/~

u1

AD829
en=SQRT(4KTRo)
*)1.16nV/~

.
ccp B @ Ro(FET)
. 700

models from Figure 3 through 7 into spreadsheet
format. With this spreadshest, it isvery simpleto
change parameter values and observed the noise
result.

Column (a) of spreadsheet is description of noise component. Column (b) is voltage noise
and column (c) is the gain multiply factor. Since the noise added as power, we needed to square
noise voltage of column (d) to give column (€). At bottom of each sub-spreadsheet, the power noise
isadded and takesthe squareroot of it which it will be output noisefor thisstage. Thisoutput noise
isfeed into the next section. For example, the preamplifier noise output voltage, eol (Table 29) is
theinput to postamplfier (Table 2c). Finally the output eo4 (Table 2€) istheinput to A/D converter.

Column (f) listed the noise contribution from each noise element with respect to the total
system noise. Asyou can see from Table 2a, the preamplifier contributes 95% of noise, of which
41% from voltage noise at non-inverting input of opAmp U1 due to opAmp U1l. Next 20% from
detector source resistance and 17% from current noise at non-inverting input of opAmp U1 due to
opAmp U1 times output resistance of detector.

Since most of the noise comes from preamplifier, it is very important to design low noise
circuit configuration and select low noise component.

CC% OUTPUT STAGE

Vooote1as
T=35degK

Figure5 Constant Current Noise Model

December 7, 2012 10 NEDNO600



Table 3 is summary from calculation of Table 2 spreasheet. It shows various parameter
values vs noise. Below is some of conclusion, we can stated:

Double DetTemp from 35°K to 70°K; output noise increases from 45.5 to
Double Detector Source Resistance from 700€2 to 1400€2; output noise increases
Doubleresistancein Preamp Gain Ratio from 750/250 to 1500€2/500€2; output noise

Doubleresistancein PostAmp Gain Ratio from 300/100 to 600€2/200Q; output noise

increasesfrom 45.5t0 45.8uVrms. Notice: theamount of changeissmaller than (c)

a)
49.7uVrms.
b)
from 45.5 to 58.9uVrms.
©)
increases from 45.5 to 49.5uVrmes.
d)
above.
€)

1/f noise calculation for f .z =100Hz; Quadruple the noise voltage and current

density from 1.7 to 6.8nV/%&& and noise current density from 1.5 to 6pA/%&8I&;
output noise increases from 0.5 to 1.5uVrms. Note: Thisisavery small portion of
our total noise of 1IMhz system which is45.5uVrms. See Table4 & 5.

d) Conclusion

Thedesign shownin Figure 3, will meet the
it accuracy with gain up to 24 a 1Mhz
bandwidth. The maximum system gain required,
asuume C_, - 0.06pF, is12. If the bandwidth could
bereduced further, thenthegain canbeeven higher.
However, a very important consideration has not
discussed. It is grounding and shielding noise
which will be discuss further in another engineer
design note.

| have assumed that the input noise voltage and
current to beflat for theopAmp. Thisisstrictly not
true as seenin any of the noise curvesin datasheets
such as AD829 opAmp. The bend usually occurs

at afew thousand Hz, except AD829 which occurs

below 100Hz. Thisintroduces an error amount at

low frequency noise calculation. But inspecting

table 5, we see the noise below 100Hz only add

less than 3% to the total noise or less 0.05 %

increase from the 1IMhz noise amount. Therefore,

we can neglect the 1/f noise, if the system

bandwidth is 100 times above 1/f corner. Since,

for AD829 where 1/f corner frequency is 100Hz,

we can ignore the 1/f for the system having a
bandwidth greater than 10K hz.
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Rs en=1.7nV/~
*

POSTAMP NOISE MODEL
U3 AD829
s

Oom

in+=1.5pA/~

1

e02@U3

kT CF
124pF
OFF
i
51

R6
5 200
OFE.

in-=1.5pA/~

PREAMPLIFIER

ut eo1@U1

10.31nV/~(x4)
5.72nV/~(x2)

i

S2

R7
9% 200
off, L

R8
% 200

S3

R10 (Rf)
i RO 200
3 100

T Zan G
4:1
DECODER  gy5e1;
GAIN SELECTION

R11(Rg) 4
67

!

us

—

FILTER

en=SQRT(4KTB
DA

in=SQRT(4KTB/Rg)
15.7pA/~

Figure6 POSTAMPLIFIER NOISE

BESSEL LOW PASS FILTER AND BUFFER NOISE MODEL

?7 R

on
100

L

en=SQRT
(4KTR2)
3.

en=SQR7}4kTR1)
1.31nV/~ R1

103.3

Ri=R1+R2=420.9
en(Ri)=3.69nV/~

POSTAMP

eo2

[o——

U3

717.6

330pF
in+=1.5pA/~
eo3@U7

*) en(Ron)=
SQRT(4KTRon)
1.29nV/~

en+=
1.7nV/~

in+=1.5pA/~ &
c2

l 100pF
U7B OFF

B
en+=1.7nV/~

in+=1.5pA/~

. ssT
otHEr  Y7C ofF
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£seL0

0 41
.o DECODER
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Figure7 Bessel Low PassFilter Noise
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Summary:
eo4 (to A/D)

4

TABLE 2.

2.37 nv/%8&&

Analog Noise Calculation

Signal Bandwidth (f£-3dB) =_1,000 Khz
Noise Bandwidth ()f) =_1,154 Khz
Eo4 (to A/D) = 45.52 Vrms =_1.1 e~ (electron noise), assume Cc=0.06pF
Equivalent Bits:_0.30 (1:16 LSB)
¥bit Accuracy:___76 -Vrms @ A/D Input
Av (Total) =_16 = ( 4 * 4 * 1) = Avl * Av2 * Av3
(a) Noise Calculation for Preamplifier Stage
=========================================================================== |
eol @Preamp = 10.33 nV/%BR&; Eol @Preamp = 11.09 >Vrms
T (CCD-FET) = 35°°K OpAmp "Ul" AD829 |
Ro (CCD-FET) = 700 ohm; en+@Ul= 1.7 nV/%&&
en(CCD) = 1.16 nV/%8&& | in+@Ul= 1.5 pA/%&& |
Room Temp = 300 °K = 80.6°F in-@Ul= 1.5 pA/%&& |
R5 = (Rf) 750 Ohm; ============::::::::::::::|
en (R5) 3.52 nV/%&& |
R4 = (Rs) 250 Ohm;
en (R4) 2.03 nV/%&&
in(CC) = 230 “fA/%&&
R equiv (CC) 38.3 “Kohm;
Avl=+ (1+R5/R4) 4.0 unit (Pre-Amplifer)
Av2=(1+R10/R11) 4.0 unit (Post-Amplifier)
Av3 1.0 “unit (2nd Order Bessell Low Pass Filter)
Av (Total) 16 = AV1I*Av2*Av3
Signal BW (f£-3dB) 1,000 “Khz; Noise bandwidth ()f) = 1,154 Khz.
Noise Elements WideBand Gain Noise Noise Noise Power
Noise Voltage Power Contribution
eol @ Ul en0x : (en0x)? to Overall
Preamplifier nv/%&& | | nv/%&& nv?/Hz Noise
======(a) ========| === (b) == ====(¢) ========(d) ==:=== (&) === | ====== (f) ========
en (R5) 3.52 1 3.52 12.42 11.07%
{eno (Equiv) }eu2 1.71 1 1.71 2.91 2.59%
from Table (b)
{en(r4) } 2.03 1 2.03 4.14 3.69%
{in-@U1}*R5 1.13 1 1.13 1.27 1.13%
{in+@U1}* (RoCCD) 1.05 4 4.20 17.64 15.72%
{in(cC) }* (RoCCD) 0.1610 4 0.64 0.41 0.37%
{en+eU1} 1.70 4 6.80 46.24 41.20%
{en (CCD-FET) } 1.16 4 4.65 21.64 19.28%
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Noise Calculation
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| OpAmp "U2" AD829
en+ @U3= 1.7 nV/%&& |
in+ @U3= 1.5 pA/%&&
in- @U3= 1.5 pA/%&&

for DC Offset Bias Stage

Noise Power
Contribution
to Overall

| Noise

eo @U2 = enO(equiv) = 1.71 nV/%&&; Eo @U2 = 1.84
R1 = 1000 'ohm
en(R1l) = 4.069 nV/%&& |
Av 1.0 unit
Compute for fx = 50 "Hz
Xc (@fX) = 31.83 ohm =========
R1//Xc = 30.85 ohm
Noise Elements WideBand Gain Noise Noise
Noise at fx(Hz) Voltage: Power
eo @U2=en0 (EQUIV) en0x : (en0x)?
Offset Bias nv/%&& | (v/v) | nv/%&& nv?/Hz
=======(a) =======|===(b) ==|====(c) ====| === (d) ==:===(e) ===
en(R1) 4.07 |Xc/(Xc+R1) 0.13 0.02
at fx = 50 Hz 0.03
{en+ eU2} 1.70 1.0 1.70 2.89
{in+}*{R1//Xc1} 0.05 1.0 0.05 0.00
en0 (EQUIV) = 1.71 nV/%&& = %R& | Ee=2.91 nV’/Hz

eo2 @U3 = 42.11 nV/%B&; Eo2 @U3 = 45.23 IVrms
R10 = Rf = 300 ohm | OpAmp "U3" AD829
en(Rf) = 2.229 nV/%R& | en+ @U3= 1.7 nV/%B& |
R11 = Rg = 100.00 ohm; or | in+ @QU3= 1.5 pA/%&& |
in(Rg) = 12.869 pA/%&& | in- @U3= 1.5 pA/%B& |
Av2=(+1+Rf/Ri) = 4.0 unit |===========================
i, (total) = Sqrt{ i’ .5 + i’ } = 12.956 pA/%&& (EqQ A) |
Noige Elements WideBand Gain Noise Noise Noise Power
Noise Voltage: Power Contribution
eo2 @ U3 en0x : (eno0x)? to Overall
PostAmplifier nv/%&& | (v/v) | nv/%&& : nv’/Hz | Noise
————==(a)========|===(b) == | ====(¢) =======(d) === : === () === | ===== (f ) =========
eol @Ul (Preamp) 10.33 4.0 41.31 1706.67
from Table (a)
{en(r10) } 2.23 1.0 2.23 4.97 0.28%
{en+eu3} 1.70 4.0 6.80 46.24 2.58%
{i. (total) }*RE 3.89 1.0 3.89 15.11 0.84%
from Eq A
eo2 @U3= 42.11 nV/ %&& = %&& |Ee=1772.98nV’/Hz | 3.7%<=Total |
=========================================================================== |
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(d)Noise Calculation for Low Pass Bessel Filter//Including Preamp & Post-amp

eod4 (to ADC) = 42.37 nV/%R&; Eod4= 45.52 :Vrms <======Total Noise
Av (Total) = AV1*Av2*Av3= 4*4*]1 = 16 at ADC Input.
Noise Elements |WideBand Buffer Noise Noise Noise Power
Noise Gain Voltage: Power Contribution
eo @ U10 en0x : (en0x)? to Overall
Buffer nv/%&& | (v/v) | nv/%&& nv?/Hz Noise
======(a) ========|===(b) == |====(c) ====|===(d) ==:==(e) ==== | ======= (f) =======
eno3 @U7 (Filter) 42 .32 1.0 42 .32 1790.98
from Table (d)
{en (Ron) } 1.29 1.0 1.29 1.66 0.09%
{en+} 1.70 1.0 1.70 2.89 0.16%
{in+}*Ron 0.15 1.0 0.15 0.02 0.00%
0.3% <==Total
eo4 @U10 = 42.37nV/%R& = %EE&; Ee= 1795.55 nV?’/Hz; Sum % = 100.00% |
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eo3 @U7 = 42.32 nV/%B&; Eo3= 45.46 :Vrms
R1 = 103.3 “ohm; | OpAmp "U7" AD829
en (R1) 1.31 nV/%R& | en+ @U7= 1.7 nV/%B& |
R2 = 717.6 “ohm; | in+ @U7= 1.5 pA/%&& |
en(R2) = 3.45 nV/%R&& | in- @U7= 1.5 pA/%B& |
Ri=R1+R2 = 821 ohm; | OpAmp "U10" AD829
en(Ri) = 3.69 nV/%R& | en+ @U7= 1.7 nV/%B& |
Ron 100 'ohm; | in+ @U7= 1.5 pA/%&& |
en(Ron) = 1.29 nV/%R& | in- @U7= 1.5 pA/%B& |
Noise Elements |WideBand Filter Noise Noise Noise Power
Noise Gain Voltage: Power Contribution
eo3 @ U7 eno0x : (en0x)? to Overall
Low Pass Filter nv/%&& | (v/v) | nv/%&& nv?/Hz Noise
=======(a) =======[===(b) == ====(C) ======== (d) ==:===(€) === | ===== () =========
eo2 @U3 (PostAmp) 42.11 1.0 42.11 1772.98
from Table (c)
en (Ri) 3.69 1.0 3.69 13.59 0.76%
{en+} 1.70 1.0 1.70 2.89 0.16%
{in+}*R1i 1.23 1.0 1.23 1.52 0.08%
eo3 @U7 = 42.32 nV/%&& = %R& |Ee= 1790.98nV’/Hz 1.0%<=Total |




Table 3 Noise Summary with Different Parameter Values (%bit = 76:Vrms)
f . = Signal BW = 1.0 Mhz; )f = Noise BW = 1.154 Mhz; Room Temp = 80.6°F; Detector Temp = 35°K

PreAmp | Post-Amp | Overall |Ro(CCD| Eo4 | Eff |<--- PreAmplifier Noise Distribution --->|PostAm|LowPas|Buffer|Equiv
‘ R5 R4 ’ R10 RI11 Gain |-FET) |@A/D in| Bit |en,,y +€Ngecpti,gm+€Nes +Misc.=Total | | | e~
(S) (S) (S) (S) (v/v) (S) (zVrms) |1:16 (%) (%) (%) (%) eol eo2 eo3 eo4 Noise
1| 750 250 ’ 300 100 | 4 x 4 =16 700 45.5 |0.30 | 41.2%+ 19.3%+ 15.7%+ 11.1%+ 7.8%= 95.0%| 3.7%| 1.0%| 0.3%| 1.1
————————————————————————— Above Row is the Reference Condition. Gain = 16 e
2| 750 250 | 300 100 |RefCond=16 |1,400 | 58.9 |0.39 | 24.6%+ 23.0%+ 37.5%+ 6.6%+ 5.3%= 97.0%| 2.2%| 0.6%| 0.2%| 1.4
3| 750 250 | 300 100 |DetTem=70°K| 700 | 49.7 |0.33 | 34.5%+ 32.3%+ 13.2%+ 9.3%+ 6.5%= 95.8%| 3.1%| 0.8%| 0.2%| 1.2
4| 750 250 | 300 100 |RmTemp=32°F| 700 | 45.2 |0.30 | 41.8%+ 19.6%+ 16.0%+ 10.2%+ 7.6%= 95.2%| 3.6%| 0.9%| 0.2%| 1.1
5| 750 250 | 400 100 | 4 x 5 =20 | 700 | ©56.8 |0.37 | 41.4%+ 19.4%+ 15.8%+ 11.1%+ 7.8%= 95.4%| 3.8%| 0.6%| 0.2%] 1.1
6| 750 250 | 500 100 | 4 x_6 =24 | 700 | 68.1 |0.45 | 41.4%+ 19.4%+ 15.8%+ 11.1%+ 7.8%= 95.6%| 3.8%| 0.4%| 0.1%| 1.1
7| 750 250 | 600 100 | 4 x 7 =28 | 700 | F9% |0.52 | 41.5%+ 19.4%+ 15.8%+ 11.1%+ 7.8%= 95.7%| 3.9%| 0.3%| 0.1%| 1.1
8| 750 250 | 700 100 | 4 x 8 =32 | 700 | 96=%F |0.59 | 41.5%+ 19.4%+ 15.8%+ 11.2%+ 7.8%= 95.8%| 3.9%| 0.3%| 0.1%] 1.1
9/1000 250 | 300 100 | _5 x 4 =20 | 700 | 55.3 |0.36 | 43.6%+ 20.4%+ 16.6%+ 10.0%+ 6.0%= 96.6%| 2.5%| 0.7%| 0.2%]| 1.0
10|1250 250 | 300 100 |_6 x 4 =24 | 700 | 65.2 |0.43 | 45.2%+ 21.2%+ 17.2%+ 9.0%+ 5.0%= 97.6%| 1.8%| 0.5%| 0.1%| 1.0
111500 250 | 300 100 |_7 x 4 =28 | 700 | 75.1 |0.49 | 46.3%+ 21.7%+ 17.7%+ 8.1%+ 4.4%= 98.2%| 1.4%| 0.4%| 0.1%| 1.0
12|1750 250 | 300 100 | 8 x 4 =32 | 700 | #5-%t |0.56 | 47.2%+ 22.1%+ 18.0%+ 7.4%+ 4.0%= 98.6%| 1.1%| 0.3%| 0.1%]| 1.0
| | | | | | | | | |
13| 750 250 | 300 100 |RefCond=16 | 700 | 45.5 |0.30 | 41.2%+ 19.3%+ 15.7%+ 11.1%+ 7.8%= 95.0%| 3.7%| 1.0%| 0.3%| 1.1
14|_250 250 | 300 100 |_ 2 x 4 =_8 | 700 | 26.6 |0.17 | 30.1%+ 14.1%+ 11.5%+ 10.8%+ 19.0%= 85.5%| 10.8%| 2.9%| 0.7%| 1.2
| | | | | | | | | |
15| 750 250 | 300 100 |RefCond=16 | 700 | 45.5 |0.30 | 41.2%+ 19.3%+ 15.7%+ 11.1%+ 7.8%= 95.0%| 3.7%| 1.0%| 0.3%] 1.1
16| 750 250 |_100 100 | 4 x. 2 =8 | 700 | 23.1 |0.15 | 39.9%+ 18.6%+ 15.2%+ 10.7%+ 7.5%= 91.9%| 3.2%| 3.9%| 1.0%| 1.1
| | | | | | | | | |
17| 750 250 | 300 100 |RefCond=16 | 700 | 45.5 |0.30 | 41.2%+ 19.3%+ 15.7%+ 11.1%+ 7.8%= 95.0%| 3.7%| 1.0%| 0.3%| 1.1
18| 750 250 |_600 200 | 4 x 4 =16 | 700 | 45.8 |0.30 | 40.7%+ 19.1%+ 15.5%+ 10.9%+ 7.7%= 94.0%| 4.8%| 1.0%| 0.3%] 1.1
19|1500 500 | 300 100 | 4 x 4 =16 | 700 | 49.5 |0.32 | 34.9%+ 16.3%+ 13.3%+ 18.7%+ 12.6%= 95.8%| 3.1%| 0.8%| 0.2%| 1.2
| | | | | | | | | |
|===========================================================================================================================
Note: (1) Shaded cells are value that have been changed with respect the Reference Row (#1) above.

(2) Strikeout cells are noise that exceed % bit of a 16 bit A/D converter.
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Table 4 1/f Noise Summary up 100Hz (¥bit = 76:Vrms)
f .4 = Signal BW = 100 Hz; )f = Noise BW = 115.4 Hz; Room Temp = 80.6°F; Detector Temp = 35°K
A,,=(1+R5/R4)=(1+750S/250S) = i A,,=(1+R10/R11)=(1+300S/100S) 4
|===========================================================================================================================
| Change in en or in | Overall |Ro(CCD| Eo4 | Eff |<--- PreAmplifier Noise Distribution -
-->|PostAm|LowPas |Buffer|Equiv|
| | at 1/f cutoff freq | Gain | -FET) |@A/D in| Bit |en,,, +€Ngeeptin,gm+€Nees +Misc.=Total | | |
| | (v/v) | (S) | (:Vrms)|1l:16 | (%) (%) (% (% eol | eo2 | eo3 | eo4
|Noise|
|=========cs==========|ssss======= | s=ss== | ===ssss | ===== | ssssssssssssscsssssssssscssssssssssscssss | =mssss | ssssss | =2msas
|en,in=n.c.|f-3db=1Mhz| RefCond=16| 700 | 45 [0.30 | 41.2%+ 19.3%+ 15.7%+ 11.1%+ %= 95.0%| 3.7%| 1.0%| O
|
|en,in=n.c.|£-3db=100Hz 4 x 4 =16 | 700 | 14 |0.09 | 41.2%+ 19.3%+ 15.7%+ 11.1%+ %= 95.0%| 3.7%| 1.0%| O
|
|en=4nv/~; in=n.c. | 4 x 4 =16 | 700 | 25.4 |0.17 | 73.2%+ 6.2%+ 5.0%+ 3.6%+ $= 94.2%| 4.9%| 0.6%| O
|
|en=8nv/~; in=n.c. | 4 x 4 =16 | 700 | 47.5 |0.31 | 83.9%+ 1.8%+ 1.4%+ 1.0%+ %= 93.9%| 5.3%| 0.4%]| O
|
| in=2x=3pA/~; en=n.c. | 4 x 4 =16 | 700 | 17.7 |0.12 | 27.3%+ 12.8%+ 41.7%+ 7.3%+ %= 96.5%| 2.5%| 0.8%| O
|
| in=4x=6pA/~; en=n.c. | 4 x 4 =16 | 700 | 27 |0.18 | 11.6%+ 5.4%+ 71.0%+ 3.1%+ %= 98.2%| 1.1%| 0.6%| O
|
| in=4x=6pA/~;en=4x=8nV| 4 x 4 =16 | 700 | 52 |0.35 | 68.0%+ 1.4%+ 18.8%+ 0.8%+ %= 95.0%| 4.3%| 0.4%| O
|
|=========ss=========scss=s======scsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss=ss==
Table 5 1/f Noise Summary up to 100Hz (%bit = 76:Vrms)
f ., = Signal BW = 100 Hz; )f = Noise BW = 115.4 Hz; Room Temp = 80.6°F; Detector Temp = 35°K
A,,=(1+R5/R4)=(1+750S/250S) =_4 A,,=(1+R10/R11)=(1+300S/100S) =_4
e
| Change in en or in | Eo4 Eo4”2 |Differenc|% Incr | Eo4™2 | with |% Incr|
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| at 1/f cutoff frequency

| £-3db=1Mhz (Full BW)

| £-3db=100Hz
|en=2x=3.4nV/~;in=n.c.
|en=n.c.; 1in=2x=3pA/~

|en=2x=3.4nV;in=2x=3pA

|en=4x=6.8nV/~; in=n.c.
|en=n.c.; in=4x=6pA/~
|en=4x=6.8nV;in=4x=6pA

December 7, 2012

17

power | (uv”2)
=======|=========

| 2072

| 2072

0.01% | 2072

0.01% | 2072
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0.07% | 2073
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0.10% | 2074
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