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LiteBird error budget
• LiteBird designed to measure r at  

  (68% CL)  for full success with  
 
 

 

 includes FG residuals (see Josquin’s talk)  
 + lensing +1/f noise

• Each systematic effect must contribute at most
  
This sets the requirements on the instrument design and 
mitigation measures (Baptiste’s talk, and this one),  
and calibration requirements (see Sophie’s talk)

σ(r) = 10−3

σ(r)2 = σ2
syst. + σ2

stat. + σ2
margin

σsyst. ∼ σstat. < σmargin = 0.577 10−3

σstat

δr < 0.01 σsyst. = 5.77 10−6

Margin  
0.00057

Systematic  
uncertainty  
< 0.00057

Statistical  
uncertainty  
< 0.00057



• More than 70 systematic effects in 14 categories,  
to name a few:

✦ Refractive optics for MFT and HFT  
(reflective optics with LFT)  
→  Flares and ghosts,  will depend on lenses  
and inner tube AR coating

✦ Beam measurements: outer planets scans during flight  
+ pre-flight measurements?  
+ simulations? → final accuracy of the beam knowledge ?

✦ Side lobes  → bias FG cleaning

✦ Beam non-circularity + beam mismatch  →  leak T into Q&U,   
mitigated with rotating HWP and optimised scanning strategy

- Impact of HWP ?  

✦ Band-passes → bias FG cleaning

✦ Angle of polarisation (EE to BB leakage)

✦ Stability of detectors, including gain stability

✦ Polarisation efficiency

✦ Sinuous antennas  
→ Frequency dependent rotation of polarisation  
→ E to B leakage  
mitigated via modelling and/or simulations ?

LiteBird Systematics
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MHFT System overview

Scanning strategy 
fsamp = 22Hz(?), THWP < 1s  
βspin= 50deg, Tspin= 20mn 

αprecess= 45deg,  Tprecess=1.51h(*) 

(*): Thuong Hoang++, 2017



119 + 140 78 + 89 

Beam simulations on going
• 3 focal planes, 4636 detectors, 19 channels @ 15 frequencies,  

40 ≤ν0≤ 402GHz,  Δν/ν0 = 0.23 or 0.3 

• Optical simulations, mostly using GRASP  (with PO,  MoM, …)  
 

✦ LFT: H. Imada (LAL)  
 
 

✦ MFT +HFT:  J. Gudmundsson (SU)  
as of June 2019:

- MFT: 12 pixels x 5 central frequencies

- HFT: 6 pixels x 5 central frequencies
MHFT optics overview
Toulouse, June 12-14, 2019LiteBIRD 

● Input
○ MFT pixels position on the focal plane 

from Toki’s preliminary drawings 
“LBFocalPlaneDesign_V27_MFT”

● Output
○ GRASP formatted coordinate systems of 

all lenslet with polarization angle rotation 
(due to wafers rotation)

○ Beams direction in the sky with their 
polarization angle

● On-going activity
○ Repeat for HFT pixels with the same 

python script

Hexagonal focal plane arrangement

Beams direction and polarization in the sky

7

70’ ≥ θFWHM ≥ 18’

1.004 ≤ θMaj / θmin  ≤ 1.02
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Beam radial profile at 100GHz
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a) 100GHz beam function.

b) Angular power spectra of 100GHz
foreground contamination leaked through the

side-lobes. Individual color lines are the
power spectra caused by the leakage through
the polar angular ranges in the beam profile

shown in the left hand side. For example, the
green line is produced by the foreground

leakage through the beam far side-lobes in
the angle range from 0.2 to 0.2 radians.

Figure 4.5

a) 40GHz beam function. b) Angular power spectra of 40GHz
foreground contamination leaked through the

sidelobes.
Figure 4.6
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Angular power spectra of 100GHz foreground  

contamination leaked through angular slices  

Ryo Nagata

FSL: Need to know the beam  
at -56 dB !

LiteBIRD 

beams requirements 
Side lobes requirements 

1- Simulate a mismatch between the data 
(dashed) and the model used to analyse 
them  (solid line)

credit: Ryo and Davide 

=> the regime between -20 and -35 dB has 
to be determined to better than 10%.Need 
to be checked at all frequencies

2-     (r)=f(effect)

-56 dB

=> the regime between

Far side lobes requirements
Power spectra of the foreground contamination leaks 
through the FSL 

=> need to know the beams
down to -56dB  

credit: Tomo

Beam knowledge Effect on r in presence of foreground

Mismatch in beam tail 
(dashes vs solid)

SL:The regime between -20 and -35dB has 
to be known at < 10%

10-5 10-4 10-3

Done for CMB channels, 
to be checked at other frequencies



D. Maino

88GHz detector
center of focal plane edge of focal plane



Rotating Half Wave Plates: 1/3
• Half Waves Plates (HWP, made of birefringent material) rotating at fHWP are used to 

modulate polarisation, allowing the full measurement of polarisation (Q&U)  
by a single detector

‣ no need to differentiate detectors:  
→ lesser sensitivity to detector mismatch, beam mismatch, beam elongation  
→ lesser contamination of B by I and E

‣ modulation of polarisation at 4 fHWP 
→ lesser sensitivity to low-frequency noises

‣ …

• But refractive rHWP have downsides:

‣ mobile pieces, 

‣ can be heavy → weight, thermal, microphonic problems

‣ limit bandpass, 

‣ …

• Do rHWP create systematics of their own ?

‣ only looking here at Instrumental Polarisation created by rHWP



Instrumental	polarization	with	the	HWP	

•  Electromagnetic	propagation	simulations	through	the	HWP	are	performed	(H.	
Imada):																																																																																																																																																													
-		include	realistic	anti-reflection	coating																																																																																																													
-		computed	at	many	frequencies																																																																																												
-		computed	for	many	incident	angles	

	
	
•  Mueller	matrix	coefficients	are	estimated	from	the	simulations.	Decomposed	in	

three	terms:	
	
	
	 M =

MII MQI MUI MVI

MIQ MQQ MUQ MVQ

MIU MQU MUU MVU

MIV MQV MUV MVV
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At	140	GHz,	for	Θ = 9ο (extreme	case)

Credit:	H.	Imada	

Credit:	H.	Imada	

The	4f	terms	are	potentially	biasing	the	B-mode	spectra	
since	they	are	modulated	as	the	polarization	signal.	IP	

Imperfections	at	4fHWP	of	the	order	of	5.	10-5	

H. Imada & G. Patanchon

Rotating Half Wave Plates: 2/3

Tilted HWP to reduce reflexions and ghosts



Evaluation	of	the	effect	on	power	spectra	
•  Simulations	with	CMB	only	
•  Single	detector,	edge	of	the	

focal	plane	
•  Use	the	full	M	matrix	
•  Assume	an	ideal	HWP	for	the	

reconstruction	

4f	components	have	more	
impact	on	the	sky	
	
Instr.	polar.	of	5.	10-5	gives	
roughly	1%	of	the	BB	lensing	
signal	
	
Having	a	scanning	strategy	with	
many	orientations	of	the	focal	
plane	reduces	the	effect	

4f	component	C	of	
the	Mueller	matrix	 2f	component	

Combining	several	detectors	at	different	locations	of	the	focal	plane	reduces	the	
effect	since	it	is	observed	with	different	phases	

Rotating Half Wave Plates: 3/3

H. Imada & G. Patanchon

No dipole

TT

EE

 BBlens

r=0.01



Polarisation angles
• The component separation process mixes frequency maps (or power spectra) and 

therefore systematics with frequency dependent weights 
            s(p) = Σ wν dν(p)  
For polarisation angle α,  bias on r is  δr ~ (Σ αν wν)2 
The final impact will depend on the correlation of systematics across frequencies

Patricio	Vielva	Hands-on	mee+ng:	Toulouse	12-14	June	2019		

δr	as	a	func4on	of	the	correla4on	degree	

ν(GHz)	
α	[arcmin]	

Updated	Table	4.8	
from	CDR	

40	 	63.6469	

50	 26.7163	

60	 17.2348	

68	 6.5142	

78	 4.3463	

89	 3.2250	

100	 1.7644	

119	 0.8153	

140	 0.8818	

166	 1.2091	

195	 1.5080	

235	 4.8186	

280	 8.7949	

337	 20.2555	

402	 101.8234	

δr	(%	sys.	)	 1.014	

Fixed

Mean

Median

For inverse  
variance 
weights

Absolute  
polarisation angle 

uncertainty 
must be ≲ 1arcmin 

to meet δr ~ 5.77 10-6 

(less stringent  
on relative angle  
per frequency) 

Note: Planck HFI 
~60 arcmin/detector 

preflight

P. Viela & E. Martinez-Gonzalez



Bandpass measurement requirements:

10

If 𝒈 can be calibrated well enough using Dipole, 𝜹𝒈 is
dominated by 𝜹𝜸. We need to determine a bandpass
measurement resolution that satisfies the requirement.

𝑑 = 𝒈(𝐼𝑐𝑚𝑏 + 𝜸𝒅𝐼𝑑 + 𝜸𝒔𝐼𝑠) ± 𝒈𝜀[ 𝑄𝑐𝑚𝑏 + 𝜸𝒅𝑄𝑑 + 𝜸𝒔𝑄𝑠 𝑐𝑜𝑠2𝜑 + 𝑈𝑐𝑚𝑏 + 𝜸𝒅𝑈𝑑 + 𝜸𝒔𝑈𝑠 𝑠𝑖𝑛2𝜑] + 𝑛

If 𝒈 can’t be calibrated well enough with Dipole, 𝜹𝒈 is 
dominated by the Dipole calibration uncertainty. Other 
calibrator? 

𝜸𝒅 =
𝐼𝑐𝑚𝑏(𝜈0)
𝐼𝑑(𝜈0)

׬ 𝑑𝜈 𝐺(𝜈)𝐼𝑑(𝜈)
׬ 𝑑𝜈 𝐺(𝜈)𝐼𝑐𝑚𝑏(𝜈)

⟶ 𝛿𝛾 =
𝛾Δ𝜈 − 𝛾0

𝛾0

Most stringent requirement is coming from channel 
337 GHz (dust dominated): 𝜹𝒈~𝟎. 𝟎𝟎𝟏.

Top Hat

𝜈𝑐 =
𝑑𝜈׬ 𝐺(𝜈) 𝜈
𝑑𝜈׬ 𝐺(𝜈)

Gains and Bandpasses Results

9
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𝜹 𝒓
≤
𝟓.
𝟕
×
𝟏𝟎

−
𝟔

𝛿 𝑟

𝜐𝑖 (GHz) ∆𝑔 𝛿𝑔 𝜐𝑖 (GHz) ∆𝑔 𝛿𝑔 𝜐𝑖 (GHz) ∆𝑔 𝛿𝑔
40 2.5 × 10−3 𝟐. 𝟎 × 𝟏𝟎−𝟐 89 5.0 × 10−3 7. 𝟐 × 𝟏𝟎−𝟐 195 2.5 × 10−4 𝟎. 𝟔 × 𝟏𝟎−𝟐

50 7.5 × 10−3 𝟔. 𝟎 × 𝟏𝟎−𝟐 100 1.0 × 10−3 𝟐. 𝟑 × 𝟏𝟎−𝟐 235 5.0 × 10−4 𝟎. 𝟖 × 𝟏𝟎−𝟐

60 7.5 × 10−3 𝟔. 𝟎 × 𝟏𝟎−𝟐 119 1.0 × 10−3 𝟐. 𝟓 × 𝟏𝟎−𝟐 280 1.0 × 10−3 𝟏. 𝟔 × 𝟏𝟎−𝟐

68 7.5 × 10−3 10. 𝟖 × 𝟏𝟎−𝟐 140 2.5 × 10−3 𝟓. 𝟕 × 𝟏𝟎−𝟐 337 1.0 × 10−4 𝟎. 𝟏𝟔 × 𝟏𝟎−𝟐

78 1.0 × 10−2 1𝟒. 𝟒 × 𝟏𝟎−𝟐 166 7.5 × 10−4 𝟏. 𝟔 × 𝟏𝟎−𝟐 402 1.0 × 10−4 𝟎. 𝟏𝟖 × 𝟏𝟎−𝟐

Expected mean 
𝜹𝒓 ≥ 𝟏𝟓%error on gain will affect BB measurement 

δr ~ Δg2
Bandpass measurement requirements:
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CMB + dust + synchrotron

γx = relative calibration of foreground x wrt CMB
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Playing with band shapes

1.5
GHz

3.0
GHz

Artificially introduced
periodic structures
with characteristic
freq and amplitudes:
• 1.5 GHz: 2% pp
• 3.0 GHz: 20% pp
• 10 GHz: 20% pp
• 30 GHz: 20% pp

Worst case scenario:  
top hat bandpass @ 

337 and 402GHz 
(dust dominated) 

→ meas. resolution ~ 0.5GHz
T. Ghigna et al



Optics induced rotation of polarisation
• Lenslets + sinuous antennas + bandpass filters + TES detectors 

used for LFT and MFT (horns + OMTs for HFT)

✦ almost scale free structure →   
broad band for dichroic and trichroic detectors 
(used in PolarBear, SA, SPT-3G, SO, …)

✦ dual polarisation with limited cross-polarisation

‣ but polarisation tilt angle ψ varies  
with frequency (“wobbling”) and with position in focal plane 

‣ for perfectly co-polar beam, with polarisation rotated by ψ:  
   =   cos 2ψ,     =   sin 2ψ

‣ will also be present with rHWP

✦ GRASP simulations:

‣ at 34 and 42 GHz:   max(| |)/max( ) = 0.013 = sin 2ψ  → ψ = 22.3’

‣ at 88 GHz:              max(| |)/max( ) = 0.1    = sin 2ψ  → ψ = 2.86o 

• Rotation of polarisation → EE to BB leakage :   CBB’ = cos2 2ψ CBB + sin2 2ψ CEE

• This rotation will have to be 

‣ included in the definition of the effective angle of polarisation, using optics simulations,  
and/or, calibrated out with Crab measurements, or using TB and EB spectra, … 
in order to reach the requirement of a few arcmin residual error

‣ can it be reduced by co-analysing the signal from an antenna (tilt = ψ(ν))  
with the one of its mirror image (tilt = -ψ(ν))  ?

Q̃ Ĩ Ũ Ĩ

Ũ Ĩ

Ũ Ĩ

E.H. & H. Imada

A. Suzuki



GRASP simulation  
for 100GHz detector 

@88GHz  
(lower bandpass edge)

ψa ψa-ψb ψb

� Ĩ a �  Ĩ a − Q̃ a � Ũ a

� Ĩ a − Ĩ b � Q̃ a + Q̃ b � Ũ a + Ũ b



GRASP simulation  
for 100GHz detector 

@100GHz 

ψa ψa-ψb ψb

� Ĩ a �  Ĩ a − Q̃ a � Ũ a

� Ĩ a − Ĩ b � Q̃ a + Q̃ b � Ũ a + Ũ b



GRASP simulation  
for 100GHz detector 

@112GHz  
(higher bandpass edge)

ψa ψa-ψb ψb

� Ĩ a �  Ĩ a − Q̃ a � Ũ a

� Ĩ a − Ĩ b � Q̃ a + Q̃ b � Ũ a + Ũ b



GRASP simulation  
for 100GHz detector 

“integrated” 

Freq [GHz] 88 100 112 88+100+112

FWHM 
[arcmin] 29.8 26.2 23.4 25.9

ψ at beam 
center [Deg] 3.29 3.27 2.89 3.09 ψa ψa-ψb ψb

� Ĩ a �  Ĩ a − Q̃ a � Ũ a

� Ĩ a − Ĩ b � Q̃ a + Q̃ b � Ũ a + Ũ b



BB (full beam) ~ BB (co-polar beam) + EE (Δρ sin2ψ)2 + residual
imperfect mirroring:    Δρ = 0.1

r=10-3

r=10-4

r=10-2

lensing BB

4 detectors at 100GHz

removed by rHWP? modeled? � ∝ 1/ Ndet ?



BB (full beam) ~ BB (co-polar beam) + EE (Δρ sin2ψ)2 + residual

r=10-3

r=10-4

r=10-2

lensing BB

4 detectors at 100GHz

imperfect mirroring:    Δρ = 0.01

removed by rHWP? modeled? � ∝ 1/ Ndet ?



BB (full beam) ~ BB (co-polar beam) + EE (Δρ sin2ψ)2 + residual

r=10-3

r=10-4

r=10-2

lensing BB

4 detectors at 100GHz

imperfect mirroring:    Δρ = 0.001

removed by rHWP? modeled? � ∝ 1/ Ndet ?



Conclusions
• Many systematics can affect the accuracy with  

which r is measured or constrained (<5.77 10-6)

‣ instrumental polarisation (including HWP)

‣ beam mismatch, beam side lobes

‣ detector gain, orientation, band-width

✦ No major show-stopper so far, but some simulation 
work to do, for instance

‣ coupling of systematics

• Many features of LiteBird detection chain must be 
calibrated very precisely.



Extra slides
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Focal plane configuration

320	mm	

102	mm	

195	mm	82	mm	

280 337 402235195

1354 detectors
2 x 254 Dichroic TES 
338 Monochromatic TES166 GHz 448 GHz

HFT (2.7:1)

40 50 60 68 78

LFT (4.7:1)

1248 Trichroic TES 

34GHz 161 GHz

89 100 119 140

100 119 140 166 195

MFT (2.5:1)89GHz 224 GHz

2134 detectors
386 Trichroic TES 
488 Dichroic TES

Number of detectors: 4636

Y. Sekimoto



• Electric field   of (sky emitted) incoming radiation has 
the Stokes parameters 

 

• Optical system outputs    

with Jones matrix   such that  

• Measured signal   integrated over all incoming radiations 
  

when the instrument is rotated by angle ψ 

ein = (Ex(r, t), Ey(r, t))

I = ⟨E2
x + E2

y ⟩

Q = ⟨E2
x − E2

y ⟩
U = 2 Re ⟨ExE*y ⟩
V = 2 Im ⟨ExE*y ⟩ = 0

eout = Jopt . ein

Jopt J†
optJopt = [ Ĩ + Q̃ Ũ + iṼ

Ũ − iṼ Ĩ − Q̃ ]
d = ⟨e†

outeout⟩
d =

1
2 ∫ dr [ĨI + (Q̃ cos 2ψ − Ũ sin 2ψ) Q + (Q̃ sin 2ψ + Ũ cos 2ψ) U − ṼV ]



Effect	of	the	IP	on	the	dipole	

•  The	dipole	is	a	strong	
signal	and	also	leaks	into	
the	polarization	

•  Again	detector	averaging	
will	reduce	the	effect	as	
1/Ndet	

•  Since	the	dipole	can	be	
predicted,	the	signal	can	
be	used	to	fit	the	IP	
parameters		

The	leakage	on	maps	can	be	predicted	analyticaly	by	propagating	
the	expression	of	the	IP	through	the	map-making	equations		


