Bolometer Noise Calculation Memo

(Revised August 21", 2009 by Francois Aubin, <francois.aubin@mail.mcgill.ca>)

This memo presents how to calulate the expected bolometer noise. It also presents the
factors to apply to the predicted noise in order to compare with measured values due to the
dependance of the transfer function on the source of the noise. An example of such calculation
is shown in appendix.

1 Bolometer Noise

All of the following sections describe the different sources of noise present in the readout of
the EBEX bolometers. Each source is described individually and table 1 summarizes all the
non-neglected noise mentionned below.

1.1 SQUID Noise

The SQUID contributes to 7, sq = 2.5%= \/— of broad-band current noise at the SQUID coil from
specifications. This noise is always present since a tuned SQUID is essential to read bolometers

and is broad-band.

1.2 SQUID Controller Board

This section describes the noise produced by the components present on the SQUID controller
board. This noise is always present since a tuned SQUID is essential to read bolometers and is
broad-band.

1.2.1 Leadlag Filter

There is a RC voltage divider between the SQUID and the 1% stage amplifier of the SQUID
controller board as shown in figure 1. The transfer function for a signal going backwards

(from the SQUID controller board to the SQUID) is Tp.(f) = ‘IO%ZUI?F”ZJZZC = ,/(100;12?;”‘);;72%'2
where Z. = — f}hnp = - f(llo,g) and R, is the stray resistance of the Tekdata cable (typically

1092, can also be 20Q for the initial version). So Tp.(f) goes from Ty, (0Hz) = 1.000 to
Tr(1MHz) = 1.213 for the usual range of operations assuming R,, = 10).

1.2.2 1% Stage Amplifier of the SQUID Controller Board Noise

The 1% stage amplifier of the SQUID controller board contributes to v, 1st sgetrt = 1% in

the voltage noise at the input of the 1% stage amplifier. Assuming a transimpedance from the
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coil to the SQUID of Z; = 500¢2 and considering the leadlag filter, we have a contribution of

in 15t sQetrt = Tro(f)=55" = fl) sz = 2T (f) f;—

1.2.3 SQUID Controller Board 20f2 Resistor Noise

The 2012 resistor (Rgoq) setting the gain of the 1% stage amplifier of the SQUID controller
board also has some voltage Johnson noise : v, 500 = Roon X 4/ 4’;‘T VA4EKT Rogq where
k=138 x107% }2 and T is the temperature of the resistor (ambient temperature assumed

to be 300K). Assuming a transimpedance of Zr = 50012 from the SQUID to the SQUID coil
and considering the leadlag filter, the noise at the SQUID coil is i, 200 = Trp(f)222 =

Zr
4(1.38x10—23)(300)(20
Tpp(f) e = Ty (f f) YA E0)C0) = 115Ty(f) 24

1.2.4 SQUID Controller Board Feedback Resistor Noise

The feedback resistor of the 15 stage amplificator (Rrp) can be set either to 10k, 52, both
in parallel (3.33k(2), or both opened (then, no noise is present since no resistor is present). All

of this Johnson noise goes directly in the SQUID coil. This noise is therefore ,, g, = 1%2 =
4(1.38x10—23(300) __ 4.069 pA 23 J .
\/ Rrp = JRen (o] VI where k£ = 1.38 x 10~ and T is the temperature of the

resistor (ambient temperature assumed to be 300K).

1.2.5 2" Stage Amplifier of the SQUID Controller Board Noise

The 2™ stage amplifier of the SQUID controller board contributes to v, gna sger = 1. 3\7—‘/7 in
the voltage noise at its 1nput Applying the transfer function to the SQUID coil, the current

Up 2ond SQctrl __ 1.3 pA
noise becomes ,, gnd gQctri = Trg = Rpnlf] VIS

1.2.6 Flux Bias 50k) Resistor Noise

The 50k resistor (Rsorq) converting the voltage flux bias into current has some Johnson current

noise that goes directly in the SQUID coil : i, 5000 = ,/% \/4(1 38X51000023 )B09) 58\}’%

where k = 1.38 x 10_23% and T is the temperature of the resistor (ambient temperature assumed
to be 300K).

1.3 Demodulator Noise

This section describes the noise produced by the components present on the demodulator line.
This noise is always present since demodulating the dignal is essential to read bolometers and
is broad-band.



Table 1: List of different types of noise present in the EBEX readout of bolometers system

Noise source Value
pA
VHz

in SQ 2.5

In 15t SQctrl 2T1.(f)

in 200 1.15TLL(f)

i n _ 4069

n Rrp Rpp[kQ)]

. 13

tp 2nd SQctrl Rpp[kQ]

In 50kQ 0.58

; 0.1911(1004+Y)

In digit D ~ Rpp

i ___ 371

n 1st C (1004+-X) Rpoto

; - __ 9284

n 2nd C (1004+-X) Rpoto

- 2.637

In 30mQ Ryoio

In 500 0.52

In SN C 22. 47\/ m

Un digit C m

. T62.2

In 15t N 100+X

, 1082

Iy ond N 100+ X

Iy 4x8200 2.2

in SN N 32. 83\/(100+X

—— 189.02

in digit N (100+X)

- 45T holo

n Johnson \/ Rbolo

. \/74k bolo

in Phonon Vhia

. \/QPopticath

in Photon T

1.3.1 1% Stage Amplifier of the Demodulator Noise

The 1% stage amplifier of the demodulator produces 1.3-2= of voltage noise at its input.

Applying the transfer function to the SQUID coil, the current noise in the SQUID coil is
100+82.54

ip 1t p = 1_3\7HLZ « < 500+5(1)%+121 ) % RiB = Rg;ill[?jﬂ f;—z. Since 1, 1st p is at most 0.07\}’—;{%

(when Rpp is 3.33k€2) and since it adds in quadrature with the other sources of noise, this noise
source is neglected.



1.3.2 2" Stage Amplifier of the Demodulator Noise

The 2™ stage amplifier of the demodulator produces 1. 3\7—L of voltage noise at its input.
Applying the transfer function to the SQUID coil, the current noise in the SQUID coil is

, 100+82.5+ 1 . 01246 oA
) — n ﬁ 121 — . yy 3 ) 3
Iy ond p = 1.3\/H—Z X = X 5007500 X Frn = Rralk0] VIS Since i, gna p is at most

0.04% (when Rpp is 3.33k2) and since it adds in quadrature with the other sources of noise,
this noise source is neglected.

N [

1.3.3 Demodulator Digitization Noise

The digitization noise at the ADC is simply ﬁxlﬁgfﬁm —. Applying the transfer function to
100+82.54
it i s _ 1 LSB 2V 1004Y ., 1 T+ or
the SQUID coil, it is in digit 0 = Vi2x\/Ix25M Hz X 317 LsB X 2 X Too00 X 3 X < 5004500 ) X

= 19;;%?,25]” fg where Y is 10000, 2000, 200 and 0 for demodulator gain 0, 1, 2 and 3.

1.4 Carrier Noise

Thise section describes the noise produced by the components present on the carrier line. This
noise is only measured when bolometers are attached to the SQUIDs. The noise has to go
through the bolometer LC filters. Therefore, the noise described in this section is narrow-
band and only present near the bias frequencies of the bolometers (except the bolometer 5052
termination that does dot have an LC filter and which is broad-band). The digitization of the
carrier is obviously only measured when a carrier is produced.

1.4.1 1% Stage Amplifier of the Carrier Noise

The 1% stage amplifier of the carrier produces 2.5-2~ F of voltage noise at its input. Applymg
the transfer function to the SQUID coil, the current noise in the SQUID coil is i, 1st ¢ =

2'5\7% X 2 % 13820)( % 5 % 2(1]0983 % Rbll - (100i5X7)1Rbl \;’A_Z where X is 2000, 820, 200 and 0 for

carrier gain 0, 1, 2 and 3.

1.4.2 2" Stage Amplifier of the Carrier Noise

The 2" stage amplifier of the carrier produces 1.3-2- F of voltage noise at its input. Applymg
the transfer funct1on to the SQUID coil, the current noise in the SQUID coil is i,, gna ¢ =

nV 1000 0.03 1 92.84
1.3@ X To0ex X 3 2 X 51008 X Ty = 0015 Frors @ where X is 2000, 820, 200 and 0 for carrier

gain 0, 1, 2 and 3.




1.4.3 Carrier Voltage Bias Resistor Noise

A 30mQ resistor (Rsomq) converts the carrier current into a voltage bias across the bolome-
ters. It contributes to a voltage noise of v, 3oma = R3oma X 4’“T = 4kT Rs0,m across te
bolometers where k = 1.38 x 10723 I‘é and T is the temperature of the resistor (assumed to be
4.2K). To get the current noise in the SQUID coil, the resistance of the bolometer is required :

i 0= _ VAKTRsoma \/4(1-38X10‘23)(4-2)(0-03) _ 2.637 _pA
n 30m Rbolo Rbolo Rbolo \/HZ.

1.4.4 Bolometer 502 Termination

A 509 resistor (Rson) terminates the bolometers (a 50€2 resistor is in parallel with all the
' : : _ [3ET _  [4(1.38x10-2%)(0.250) _
bolometers). It contributes to a current Johnson noise of i,, 500 = 4/ Rog = \/ =

) 50
0.52%.

1.4.5 Bolometer Voltage Bias Current Shot Noise

The current shot noise is given by 2, = v/2el, where I is the current and e is the charge quanta
(1.6 x 10719C"). The current going through the SQUID coil generated by the carrier line is given

_ 0.01APP 1000 1 0.03 1 ABRMS —  1.5781xAc RMS
by Io = Ac x 255— X 50 X 2 X qooisy X 5 X 51008 X Ty X 2954PF = (oot i, MA

where Ac is the fractionnal amplitude of the carrier, N is the multiplexing factor (usually 16)
and X is 2000, 820, 200 and 0 for carrier gain 0, 1, 2, and 3. The corresponding shot noise is

1.4.6 Carrier Digitization Noise

The digitization noise at the DAC is simply \/—Xi/ﬂm Applying the transfer function to

1 LSB 0.01Ax 509 1000 1 0.03 1

the SQUID coil, it is iy, gigit ¢ = N ESETI X 56 LXSB X 2 X 004X X 2 X 30008 X B =
93.43 Where X is 2000, 820, 200 and 0 for nuller gain 0, 1, 2 and 3.

Riporo % (100+X) vH

1.5 Nuller Noise

Thise section describes the noise produced by the components present on the nuller line. This
noise is always present except for the digitization noise that requires a nuller to be on. This
noise is broad-band.

1.5.1 1% Stage Amplifier of the Nuller Noise

The 1% stage amplifier of the nuller produces 2.5~ \/H— of voltage noise at its input. Applymg
the transfer function to the SQUID coil, the current noise in the SQUID coil is 4, st y =



2.502= x 2 X 15820)( X % 4x81209 = 182%3( fA— where X is 2000, 820, 200 and 0 for nuller gain
0, 1, 2 and 3.

1.5.2 2" Stage Amplifier of the Nuller Noise

The 2" stage amplifier of the nuller produces 1. 3\7HL of voltage noise at its input. Applymg

the transfer functlon to the SQUID coil, the current noise in the SQUID coil is i,, gna y =

1.3\7% X o095 X 3 X Txmma = Toorx \}’i where X is 2000, 820, 200 and 0 for nuller gain 0, 1,
2 and 3.

1.5.3 Nuller Voltage to Current Converter Resistors Noise

Four 82012 resistors in series (Ryxg200) converts the voltage of the nuller into a current that
goes through the SQUID coil. Their Johnson noise in the SQUID coil is simply i, 4xg8200 =

\/ R4X82m \/4(1 38:;225; (500) _ 9, in where k = 1.38 x 107*£ and T is the temperature of

the resistor (ambient temperature assumed to be 300K).

1.5.4 Nulling Current Shot Noise

The current shot noise is given by %, = v/2el, where I is the current and e is the charge quanta
(1.6 x 10719C"). The current going through the SQUID coil generated by the nuller line is given

_ 0.01App 1000 1 1 ARMS  3368x ANy pA
by In = Ay X =255 X 500 X 2 X mgorzy X 53 X Txsma X 3vzaPP = ioorx v Woere A

is the fractionnal amplitude of the nuller, N is the multiplexing factor (usually 16) and X is
2000, 820, 200 and 0 for nuller gain 0, 1, 2, and 3. The corresponding shot noise is therefore

: o _ 3368x10=6x AN _ A A
in SN N = \/2(1.6 x 10-19) ( 0% N) = 32.83/ ooty Vi

1.5.5 Nuller Digitization Noise

The digitization noise at the DAC is simply \ﬁxi/% Applying the transfer function to
1 LSB 0.01A4x50Q 1000 ., 1 1 _ _189.92 pA
the SQUID coil, it is 7y, gigit N = NSy X 56 1ag X2 X 001X X 2 X TX8300 = Q001X Vi

where X is 2000, 820, 200 and 0 for nuller gain 0, 1, 2 and 3.

1.6 Bolometer Johnson Noise

The Johnson noise of the bolometer is given by i, jonnson = 1/4?1’0"’ where £ = 1.38 x 10~ 23}?,
Tholo is the temperature of the bolometer and Ry, is the resistance of the detector. Ty, is
Twafer, the temperature of the bolometer wafer, if T\y4fer > T¢, the temperature at which the
detector goes superconducting, or Tt if Tiyqper < Tr. Since this noise modulates the carrier, it

is narrow-band.



1.7 Bolometer Phonon noise

y4kT?
The phonon noise in the current is given by iy, phonon = boto& where v = 0.498 is an

attenuation factor accounting for the temperature gradient along the thermal link, £ = 1.38 x
10-2 J , Tholo 1s the temperature of the bolometer, G is the dynamic thermal conductance of the
bolometer and Vi, is the voltage bias of the detector. G, the average thermal conductance,

can be approximated by G = ftunereund dari — The relation between G and G is G/G = (n +

chTbath,
)% where n=3 typically for EBEX. The phonon noise is seen as signal since it

causes the bolometer to change resistance.

1.8 Bolometer Photon noise

The photon noise is given by i, photon = 7%”””“/ where h = 6.63 x 10734 Js, v is the mean
frequency of the oberved frequency band in Hz ‘and Vhias 1s the voltage bias of the detector. An
estimate of the optical power P,.q is required to evaluate this term. The photon noise is seen
as signal since the photons are the signal.

2 Demodulation Factors

The transfer function is different for signal and for the different types of noise (broad-band
and narrowband). For simplicity, only one transfer function is used in all analysis. Correction
factors have therefore to be applied to compare the predicted and measured noise values. The
choice has been made to apply those factors to the predicted values and compare directly to
the measured values afterwards.

Depending on the form of the mixer used to demodulate the signal, the factors vary. For the
EBEX engineering flight of June 2009, a quasi-sine mixer (refered as sine mixer) was in use (as a
square mixer was used for the firmware releases previous to March 3"¢ 2009). Values for the sine
mixer will be discussed as the values in square brackets are shown for consistency with previous
calculation that could have been made. For a complete derivation of the following values, refer
the the McGill Wiki : http://kingspeak.physics.mcgill.ca/twiki/bin/view/DigitalF Mux/DMFDMixerTra.

The signal sent through the bolometer gets multiplied by % [%} while being demodulated.
This factor is included in the digital gain factor in the transfer function applied to the data.

For the electronic noise, this factor of 1 {ﬂ is instead % [1] because it is broad-band. The

predicted noise has to be multiplied by v/2 [g} to be compared with the measured noise.
The Johnson noise is a broad-band source of noise, but only the band near the carrier
frequency makes it through the LLC band filter near the bolometer. It becomes, from the output

point of view, a narrowand source of noise. A factor of % [%} is applied to the Johnson noise

in the digital filters. Consequently, a factor of v/2 {\/ﬂ must be applied to the predicted noise
to compare with measurements.



The phonon noise causes the resistance of the bolometer to change when it is in its transition
and appears as an amplitude modulation on the carrier. The phonon noise is therefore treated
like the signal by the digital filter and the factor to apply is simply 1 [1].

The photon noise is a variation of the signal and is treated as signal by the digital filter.
The factor to apply is therefore also simply 1 [1].

Table 1 summarizes the demodulation factors for the different types of noise for a square
and a sine mixer.

Table 2: Predicted noise correction factors for different sources of noise

Noise Type Correction Factor (sine mixer) | Correction Factor (square mixer)
Broad-band (BB) V2 5

Narrow-band (NB) V2 V2

Signal (S) 1 1

3 The Expected Noise

The electronic noise from the SQUID, SQUID controller board, demodulator and nuller (except
nuller digitization and shor noise) are always measured in the system as well as the shot noise
from the SQUID flux bias and current bias. When demodulating at bolometer bias frequencies
while bolometers are connected, the noise components from carrier (except carrier digitization)
are measured as well as the Johnson noise from the bolometers. Overbiasing the bolometers
adds the digitization noise from the carrier and nuller as well as the shot noise from the carrier
and nuller current. Dropping the bolometer in its transition adds phonon noise. If the bolometer
is opened to light, some photon noise also adds up.

Table 3 summarizes which noise is present for dark SQUIDs, SQUIDs attached to unbiased
bolometers demodulated at arbitrary frequencies, SQUIDs attached to unbiased bolometers
demodulated at bolometer bias frequencies, overbiased bolometers, dark bolometers in their
transition and light bolometers in their transition.

4 Conclusion

The expected noise present in the system can be calculated using table 1. The demodulation
factor to apply to each source of noise are taken from table 2 and the sources to consider
are listed in table 3. The noise equivalent power at the bolometers obtained at first order by
multiplying by the voltage bias applied to the detectors : NEP = Vius X ip



Table 3: Presence of different types of noise for different situations. BB stands for broad-band,
NB for narrow-band and S for signal, the different types of noise.

Source Dark SQUID SQUID Bolo Dark Light
SQUID | bolo attached | bolo attached | overbiased | bolo in bolo in
arbitrary f bolo f transition | transition

in SQ BB BB BB BB BB BB
in 15t SQctrl BB BB BB BB BB BB
In 200 BB BB BB BB BB BB
n R BB BB BB BB BB BB
Upy omd SQctrl BB BB BB BB BB BB
In 50kQ2 BB BB BB BB BB BB
Un digit D BB BB BB BB BB BB
in 15t C NB NB NB NB
Uy gnd C NB NB NB NB
In 30mQ NB NB NB NB
In 500 BB BB BB BB
In SN C BB BB BB
in digit C NB NB NB
in 15t N BB BB BB BB BB BB
Uy ond N BB BB BB BB BB BB
In 458200 BB BB BB BB BB BB
In SN N BB BB BB
in digit N BB BB BB
In Johnson NB NB NB NB
in Phonon S S
in Photon S




APPENDIX : Example

We consider bolometer 12-01 on the 410 GHz wafer G18 read out by DIMUX 54 on Mux 1
and Channel 1 (b54.w0_c0) at EBEX time 1015350s during the engineering flight of June 11
2009. The bolometer is 70% in its transition at that point. Table 4 shows the parameters used
to predict noise.

Table 4: Parameters used to predict noise for bolometer 12-01 on the 410 GHz wafer G18

Parameter Value
Demodulator gain 2
Demodulator frequency | 292968 Hz
Carrier gain 2
Ao 0.60
Nuller gain 2
An 0.41
Viias 3.19 uVrms
Ryormal 1.57 Q
Ryoro 1.099¢2
T, 0.485 K
Thatn 0.270 K
Pturnaround dark 11.36 pW
Pturnaround at float 10.85 pW
R, 1092
SQUID flux bias -34.0mV
current bias 5.67V
Rfeedback 5k
Frequency band 150GHz
Ryoro 1.57€2
From those parameter, we get G = P W;ff%*b’;‘jhd”’“ = (01_}15’56)?(8_21720) = 52.84% and G =
G(n + 1)% = (52.84%) ((3) + 1)1_(1((12()7'02)7/(]()0/_51(;':;5&”1 = 103.72%.  Also, we es-

timate Psgy=Piurnaround dark-Prurnaround at float=11.36- 10.85=0.51pW. We can calcultate from
there each component of the noise as shown in table 5 :
And applying the demodulating factor to each of the noise sources and adding in quadrature,

. T pA
the value to compare with measured noise is 7, = 15.1—\/H—Z.
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Table 5: Types and values of noise

Source Noise Value
pA pA
VHz VHz
in 50 25 2.50
Up 15t SQctrl 2TLL(f) 2.04
in 200 L15T..(f) 1.17
. 4.069
in Rpp RF—BUCQ} 1.82
Iin ond SQctrl ﬁ?}ﬂm 026
In 50kQ 0.58 0.58
in digit D SIBL Y] 0.01
. 357.1
Ip 15t C W 108
1y ond ¢ 7(100+X)Rbolo 0.28
i some R 240
i 500 0.52 0.52
in SN O 2247, | qorisim | 0.96
. 93.43
Un digit C 7&010?6(2102%)() 0.28
’l.n 1st N 1?8;5( 254
’ln ond N 100—|;X 066
Tn 4%8200) 2.2 2.20
i SN N 32. 83\/ 0 1.21
. 1 2
In digit N (108(?5)() 0.63
Z.n Johnson 4232_;;0 4.94
’in Phonon \/7“1/];:010 8.11
in Photon Vz%iiic—alhy 5.22
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Figure 1: Schematic of the whole readout system with detectors
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