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« Based on InP HEMT low noise amplifiers cooled to 20K

« Differential pseudo-correlation receiver, comparing sky
signal with internal BB reference load at 4K

« System naturally sensitive to polarization

LFI PERFORMANCE GOALS®

CENTER FREQUENCY [GHg]

INSTRUMENT CHARACTERISTIC a0 44 70
InP HEMT Detector technology ......ovviiiun.n. MIC MMIC
Detector temperature . ..........ciiiiencaaan.. 20K
CIDORIE SVREOTILG oo e s oot o i i e Ho Sorption Cooler
Mumber-ob{eods, soin ainis s et s da v 2 3 G
Angular resolution [areminutes FWHM] ........... 33 24 14
Effective bandwidth [GHz].................. ... 6 8.8 14
Bessitivity TG s v csmnessamsnmnsms v 0.17 0.20 0.27
System temperature [K]......... ..., .. 7.5 12 21.5
Noise per 30’ reference pixel [pK] . ... .. ... ... 6 6 6
AT/T Intensity * [1076 pK/K] . ........ooonnn.. 2.0 2.7 4.7
(AT/T) Polarisation (Q and U) ¥ [uK/K].......... 2.8 3.9 6.7
Maximum systematic error per pixel [uK].......... =l <3 <3

Planck BlueBook pre-launch (2005)
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High polarization purity
OMT: Isolation < -35 dB

20K E ------------------------ E :10 y e [ — E
feedhorn . N} = =
- s IR @ =
Ref. horn A
Ref- Ioad :60 30 40 50 60 70 80
Frequency [GHz]

4K

Low noise
2.1 mmx 0.8 mm

Front-end

Module = :
Waveguideq oW ® e 2 g
...... N PO B TRW MMIC 4-stage InP cryo
=F|= : HEMT Low Noise Amps
Back-end: : 50 00
. . e ~-Gain (dB)| | oo
Module \S\ : 40 =" 1™ <
E @ @ 35 % _#BM 7 g
@30 60 ®
: o8 s0 &
300K 520 "\ TL‘V’A,’/’OGHZ =22K | |5
15 30 @
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Endoscope picture L“
Ref. horn — 4K load
1.5-mm thermal & SNa§

gap (44GHz) & gaksd
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HFI 4K box
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20 K Front end I

>

LNAs  ppase Switches

o1

Sky=27K m>—><
—

A

I

Reference
O load =4 K

>

2

-

LNAs Filters Diodes and
DC amp.

300 K Back end I

(. reduced by factor 10%)

» Phase switch (4kHz) further suppresses fluctuations (e.g. from Back end)

1/4096 s

Ref. load

1/4096 sec

DAE

(Data Acquisition

Electronics)

00101

01100

[

* Integrate
* Digitize

* In each radiometer leg, booth sky and reference signals undergo the same 1/f fluctuations

™

00101

|01111

00011

01111

00011

o0ot101
Telemetry

>

Box Assembly)

01100

REBA
M(Radiometer Electronics

* Downsample
* Requantise
* Compress
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—_ Diode difference

0.0006 —— .
u Raw data filtered to 10 H |
0.0004 | -
i Difference 1
_0.0002
E - Even .
£ 0.0000 ¥
§ Odd states 1
—0.0002 r
—0.0004 | -
—0.0006 . .y ]
0 5.010° 1.0-10° 1.5-10°
sample number
< > DT — },.T - ];ky T Tnoise Vsky
P A,sky A.load r — =
/_/ 71load + Tnoise ‘/load
Gain modulation factor * r-factor optimized to null radiometer output
(applied in s/w) * Further reduction in 1/f knee frequency
Beyond
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,"udo =gorrelation receiver concept

Radiometer difference

» Further stabilization is obtained by differencing the two diode of each radiometer

» Phase switch non-idealities are removed to first order
» Improvement in knee frequency demonstrated in EBB tests

Tioad 1
Y
Sky D_ Radiometer| B \
H %m Tioad2 }
it T j‘ Sky-load
AN A sy 1 iff

'\ difference
4K load Diode detectors Here assume AT — (Tky 1 10ad,2)

ATA - (Tload,l - sky,Z)

= + 01,
Diode (B-A) difference /Tsky/load,z Tsky/load 5Tz

We apply inverse- _ _ _ _
noise weights when ATy = AT, = Ty lhosa) ™ T ~Tag2) =
averaging =Ty + 0T =T g =O1,) = (T, + T, —9T,)
= 2T, ~Tpua)
Planck scanning strategy: 40-60 spins are fully overlapping Beyond

Redundancy and crossing in polar regions F ‘ "o
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- LFI as a polarimeter % D
» Projected angles in the sky optimized to extract Y Al
Q and U Stokes parameters T Y )
« Require differencing between M and S in horn- Y :
coupled and combination of paired horns \ — 5
- Paired radiometers downstream the OMT are Ay 8
RF-independent 1 @
Excellent isolation 4K load | o

from waveguide OMT W
S7

SL3 < _35 dB @ H MMWWM 9 | Scan r:dius / degrees
B
\ Radiometer SR AYTIAY
M,
™) :l wwwmw ) Gain calibration and
Sky[>— OMT| === bandpasses need to be
— ) accurately
H g
® L A
Radiometer - 8s:BVgs
(S) P
AMdA
4K load
» Calibration or bandpass errors at ~few 0.01% level introduce Beyon
significant T to P leakage for EE polarization V, Y ¥ Tal”
i ﬁ Q@i}wj i‘&



"2LFI1 noise spectrum

Commsin o LFI pre-launch test data
100.0 £\ | L, . | . 1
B ﬁ\ f _ Sys + target :
- P(f)=o0 |1+ (_ Oy, =k .
B IIII"“\ ™ ’ |: f knee o ¢ \/ A I/E:ff r :
) vy Total power k, =1
<1005 i WH &Ay Ay . . N E
2 B 1“ p af Diode difference k, =2 ;
b‘é - Diode | “ a, Radiometer diff. f, =~/2 -
E i differenced data m ]
Z 10 - My " Total power data _|
’ E H mn\ Irl IJI|||"I | i
- il iy ‘ ' 7
i Radiometer differenced data ]
O. 1 | Meinhold ez‘I al 2009 | | | | | |
10° 10 10" 10° 10' 10° 10° 10"
Frequency (Hz)
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Noise measured in-flight, full mission (CMB channels)

30GHz 44GHz 70GHz 100GHz 143GHz 217GHz 353GHz
Angular resolution [arcmin] 33.2 28.1 13.1 9.7 7.3 5.0 4.9
Noise sensitivity [uK;\5 s 148.5 173.2 151.9 41.3 17.4 23.8 78.8
NOISE/PIXEL
From detector sensitivity [pKcys ] 9.2 12.7 23.9 9.6 5.4 10.7 36.5
Measured from maps [UKsygs | 9.2 12.5 23.2 11.2 6.6 12.0 43.2
Extended mission [months] 48 48 48 29 29 29 29
End-of-missioni [uKqys | 5.2 7.1 13.2 8.2 4.8 8.8 31.6
Measured End-of-Mission [AT/T, uK/K] 1.9 2.6 4.8 3.0 1.8 3.2 11.6
2005: Blue book GOAL [AT/T, pK/K] 2.0 2.7 4.7 2.5 2.2 4.8 14.7
1996: Red book GOAL [AT/T, uK/K] ~ 2

€8 At end of mission Planck fulfills completely
the sensitivity goals proposed in the design

PLANCK .
, = phase many years in advance

But this is not enough!

PLANCK




ument development

olind & in-flight calibration St
* * . o [ » of ¢
. = Grotind & in-flight calibration L
a0 START SURVEY
EXTENSION 2 48 months PLANC4
EXTENSION 1 29 months

Instruments & DPC Development NOMINAL MISSION 15.5 months

1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
L [ [ [ [ [ . L L [ . [ [ [

Pro RN 1
ESA COBRAS i LFI & HEI INSTRUME LAUNCH grcsc HFI LFI LEGACY
M3 & SAMBA CONSORJIA NT EOL| | EOL RESULTS
call proposals LEVEL CSL |
TESTS TEST LN FULL MISSION
REDBOOK BLUEBOOK : RESULTS

Early
Release COSMOLO

RESULTS
Assembly Instrument m

LFI

HFI

Qualification Model

|
Flight Model

Data Processing Centers
Flight Data analysis

Lesson learned: Do not underestimate ground calibration!
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Satellite-level cryo testinge
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' in challénge+ systematic effetcs
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LFI systematics summary — Temperature
Weighted average of each effect over the 30, 44 and 70GHz channels

Difference between half-ring

and Survey is an indicator of )
. . o
residual systematics «
- 8
. Total svstemat‘cs 1=
7 Gain uncertainty P __.-1 Q
2 Nt S masan il il
,-_S—:- 2 ADC 4 2 ._'_."."-_-‘..‘_'I,___ :’f"ldjﬂ 'Wfl“ : “I_'h,’._; gt “ v ” 14 A _. LW \‘ll‘.""“"" CB‘
% _ [ 20K fluct> # Sy WavAld S I
g g _/_/—\/f’"/\’\’_/‘M | \A! 1=
- =
-;E. A '1.K ﬂu(:{l_l’lﬁo -5
'Tc - "§
— . o
1wz spikes kel
ryg 1 8
X
5 jons =
B tuati® 4
= 300k T e i
z.o o . 1
~ 10" ¢ 10°

Planck Collaboration, Detailed models & simulations for each foreseeable effect
2020, A&A, 641, A2

2016, ARA, 504, A24A3 Based on testing from unit-level to system-level

2014, A&A 571, A2+A3 * Systematics well under control for TT Be ond
Mennella et al 2011 A&A 536, A3 F ’ i’
.,



LF/i’Systematic effects
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LFI systematics summary — EE polarization
Independent analysis for the 30, 44 and 70GHz channels
70 GHz 44 GHz 30 GHz
L LB B LLL B T DAL LLL BN R LEY | LhL] BB B LLL B LR |
- CMB + synchrotron
oL
. R
— CMB —— Calibration uncertainty = Sum of all syste matic effects —  Tempfluct (300 K) ——  ADC non line arity
=~ Noise from HR —— Spiles « = Far sidelobes —— Bias eflects - Temp fluct (4K)
—  Pointing uncertainty —— Near sidelobes ——  Polarization angle unce rtainty —  Temp fluct (20 K)
Planck Collaboration, e As expected, DPC analysis showed significant contamination
2020, A&A, 641, A2 .
2016, ARA, 504, A2+A3 at 44GHz (and 30GHz) for large scale p.olarlzatlor)
2014, A&A 571, A2+A3 * 44GHz channel not used for cosmological analysis Bevond

Mennella et al 2011 A&A 536, A3
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Limiting factors of LFI Characterization

Bandpass measurements

LFI normalized bandpasses

Sky lead

Cryogenic Environment

30 and 44 GHz
Radiometer
Chain
Assembly

—10 T T T T ‘ T
~15}F : :
. :
0] : ! \
o | [
8 b LA
S —20 el ] |
M
o |
=] I il
© ! :
E | ;
E o ' :
Z 30 ;
G : 1 o:
Cryogenic Environment E _35 L"__ §
o Sky load | S 5 :
—O00 —CO00 S : :
© 70 GHz 2 o | |
Ong> - Radiometer Ong> 9 4 - ;
01935 Chain M0 35- *
on ° Assembly on = = i
1 1 :
—45 ""ﬂ;

i i i i i i
30 40 50 60 70 80
Frequency[GHz]

i
N =]
o

Rpr‘\(‘] @

. Zonca et al 2009
Villa et al 2010

* Coupling foregrond emission with instrument systematics
* Intensity to Polarization leakage

- BEYOND PLANCK Beyond
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Limiting factors of LFI characterization

Assumption of stationary noise

a
: . _ f
3-parameter noise model: P(f)=o; |1+ —
knee
K~ee FREQUENCY fipe. [mHZ] Srope §
Radiometer M Radiometer S Radiometer M Radiometer S
T0GHz
LFEI-18 . ........ 148+25 17.8+1.5 —-1.06+0.10 —1.18+0.13
LFI-19 . ........ 11.7+1.2 13.7+1.3 -1.21+0.26 -1.11+0.14
LEI-20 . ........ 80x19 57+15 -1.20+£0.36 —-1.30+0.41
LEI-21......... 37.9+5.2 13.3£1.5 -1.25+0.09 —-1.21 £0.09
LFI-22 . ........ 07+£23 148 +6.7 -142+0.23 —1.24 £ 0.30
LFI-23......... 207 +1.1 500+14 —-1.07 £ 0.03 —-1.21 +£0.02
44 GHz
LEI-24 . ........ 26.8+1.3 88.3+8.9 —0.94 £ 0.01 —-0.91 £0.01
LFEI-25......... 20.1 £0.7 464+ 1.8 —0.85+0.01 —0.90 £ 0.01
LFI-26 . ........ 644+19 68.2+05 —0.92+0.01 —-0.76 £ 0.07
J0GHz
LEI-27 . ........ 174.5+2.9 10B.8 2.5 —0.93 £ 0.01 —-0.91 £0.01
LEI-28 . ........ 130.1 +4.4 43.1+24 —0.93 £0.01 —0.90+0.02
Planck 2015, AO3
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in-flight thermal stability

European
Commission

Full LFI mission (8 sureys)

S1 S2 S3 S4 S5 S6 S7 S8

30/44 GHz

4 K load temp. [K]

g
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E
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= AN /
’-‘-\\\.\_—M e / r\\\._,‘____f____, / }\ '\.r-...-//
J - \

20 21

19

L

/

Back-end temp. [°C]
16 17 18

Transponder HFI dilution cooler
always on switched off

800 1000 1400
Days after launch

L2 is an extremely stable environment
Thermal changes related to operations during mission lifetime

Moderate impact on LFl noise properties
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S Limiting factors of LFI characterization
Assumption of stationary noise Planck 2018 release
A&A, A02 (2020)
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Noise model assumed average values of O, f, ..O
Variations of noise properties were observed, but not studied in detail in previous

analyses

—> BEYOND PLANCK

Havard Tveit Ihle’s presentation
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— Limiting factors of LFI characterization

Gain reconstruction

LFI21M (70 GHz)
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 Foreground emission contaminating gain reconstruction
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Eirik Gjerlow’s presentation

2016, A&A, 594, A5
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The LFI differential scheme strongly suppresses 1/f
noise and other instabilities, leading (to first order) to
a simple 3-parameters noise model

In-flight, LFI was fully functional (22 radiometers out
of 22) and reached its sensitivity goal at end-mission

Systematic effects are fully under control for
Temperature. For Polarization gain calibration and
bandpass uncertainties are a challenge at the largest
angular scale scales

The main criticality is the combination of foregrounds
with instrumental systematics: This is at the heart of
the BeyondPlanck approach

BeyondPlanck features:
- fully-iterative calibration
- parametrisation of bandpasses
- non-stationary noise

provide a novel opportunity for data analysis of
Planck and of other CMB experiments
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