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Abstract 

In this technical note we provide a preliminary analysis of the effect of temperature fluctuations at the level 

of the HFI 4K stage on the scientific performances of the Planck-LFI instrument. The stability of this stage is 

of crucial importance for the LFI, as it impact directly the stability of the measured signal through its 

reference load. The availability of the first simulations of the 4K temperature stability from the HFI team has 

prompted a quick assessment of the expected effect, which is found to be large enough to require the 

application of software removal algorithms to maintain the residual effect in the final maps within the 

required levels. Clearly it is of crucial importance the availability in a short time of measurements from the 

HFI 4K cooler in order to be able to perform robust estimates of the final expected systematic effect. 

1. Introduction 

The Planck-LFI radiometric receivers are pseudo-correlation radiometers [1, 2] that continuously compare 

the sky signal with a stable reference signal in order to minimise the effects from gain instabilities. This 

reference signal is provided by ECCOSORB loads thermally linked to the HFI 4K stage [3] which must 

display a high degree of stability to maintain at a �K level in the final maps any spurious signal caused by 

such instabilities. 

1.1 4K Reference Load Implementation 

70 GHz loads are mounted on the upper part of the HFI cryostat. They are bonded to a mounting structure 

facing the 6 LFI 70 GHz FEMs. 30 and 44 GHz loads are located on the cylindrical part of the HFI cryostat. 

They are mounted in individuals mounting structures. These latter loads are closer to the 4K cooler cold end 

and  are probably the most affected by temperature fluctuations.  

 

Figure 1 –Loads location on the HFI cryostat. Small blue blocks on the upper sector (100 GHz loads) are 
not present anymore 
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1.2 Temperature stability requirements 

The stability requirements of the reference load temperature have been specified in [4] and are summarised 

in the table below: 

Table 1 – Required stability of the temperature of the LFI 4K reference loads 

Random fluctuations  
(high frequencies, > 1 Hz) 

Spin-synchronous fluctuations Periodic fluctuations  
(non spin-synchronous, low 

frequencies < 1 Hz) 

10 mK/Hz
1/2

 � 1 �K  � 1 mK 

 

The temperature stability at the level of the reference loads is the result of temperature fluctuations 

propagating from many sources through the HFI instrument to the loads located on the external shield of the 

HFI box: 

�� temperature fluctuations at the LR2/LFI interface that propagate to the HFI instrument through the 

struts connecting the HFI to the LFI; 

�� temperature fluctuations at the LR1/HFI interface propagating from the 18 K plate to the 4 K cold 

end; 

�� temperature fluctuations at the 4 K cold end propagating through the 4 K box to the LFI reference 

loads. 

Furthermore we must take into account that the temperature stability of the various cold ends are not 

independent; in fact the stability of the LR1 cold end depends on the stability of the LR2 cold end and the 

stability of the 4 K cooler itself depends on the stability of the temperature of the 18 K stage.  

Recently the HFI team has made available estimations of the temperature stability at some interface points 

between the 4 K box and the reference loads considering the temperature behaviour of the LR1 cold end. 

This behaviour has been derived from the latest tests on the EBB Sorption Cooler in which a PID active 

control was implemented to stabilise the temperature at the LR2/LFI interface. The propagation of the 

resulting temperature oscillations through the ECCOSORB targets has been implemented by means of a 

simplified thermal model. In this note we report preliminary estimations of the effect of such temperature 

instabilities for a 30 GHz and a 70 GHz channel case.  

The results show that the effect cannot be considered negligible although is not at a show-stopper level. 

Further investigations are needed (i) to evaluate the effect of temperature fluctuations of the 4K cooler itself, 

(ii) to evaluate the effect on maps and power spectra also considering the presence of various astrophysical 

signals and instrumental noises, and (iii) to model more accurately the signal emitted by the reference load 

into the radiometer as a consequence of physical temperature fluctuations. 
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2. Sources of thermal instability 

In this study only the sorption cooler cold-ends LR1 and LR2 have been considered as sources of 

temperature oscillations. Therefore the temperature fluctuations at the level of the 4 K cooler neglect any 

possible contribution from instabilities intrinsic to the 4 K cooler itself. The input data of temperature versus 

time at the 18 K and 20 K stages come from a set of measurements performed on the Sorption Cooler EBB 

in which the LR2/LFI interface was stabilized with an active PID controller implemented according two 

different scenarios: (i) Coupled Design and (ii) Uncoupled Design. These different setups refers to a thermal 

link between the PID stage and LR3 on the sorption cooler cold end and don’t differ significantly for their 

impact upon LR1 stabilty. For further regarding the controller implementation see [5, 6]. 

In Figure 2 we show the measured temperature at the LR2 cold end with the two implementations of the PID 

controller, while in Figure 3 we report the corresponding amplitude spectra. 
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Figure 2 – Temperature at the LR1 cold end of the EBB Sorption Cooler with active stabilisation of the 
temperature at the LR2/LFI interface; (a) PID controller with “Coupled” design, (b) PID controller with 

“Uncoupled” design 
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(b) 

Figure 3 – Amplitude spectrum of the temperature fluctuations at the LR1 cold end of the EBB Sorption 
Cooler with active stabilisation of the temperature at the LR2/LFI interface; (a) PID controller with 

“Coupled” design, (b) PID controller with “Uncoupled” design 

3. Propagation of temperature fluctuations from LR1 to the LFI reference 

loads 

In [7] it has been reported a thermal simulation study with the aim to evaluate the transfer function (ftrans) 

characterising the propagation of temperature fluctuations from the LR1 cold end to the 4 K box. The 

transfer function is such that for each position x�  on the 4 K box the amplitude of a temperature fluctuation 

having frequency � and phase � can be calculated as: 

),(),,(),,( LR1trans ������ TxfxT �	
�
��

    (1) 

In  Figure 4 we show the amplitude transfer function relative to a 30 GHz channel reference  load, which 

represents the most sensitive reference load to temperature fluctuations at the LR1 (see discussion in 

Sec.1.1). In our treatment we have neglected the phase contribution to the transfer function, as it was not 

evaluated in the HFI study.  
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Figure 4 – Amplitude transfer function for the propagation of temperature fluctuations from the LR1 cold 
end to the reference load. 

 

We have also evaluated the thermal damping provided by the ECCOSORB loads using a 2-D analytical 

thermal model [8]; in Figure 5 we show the result relative to a 30 GHz ECCOSORB target, which shows that 

the thermal damping provided by the loads themselves is negligible compared to the overall thermal 

damping (cfr. with Figure 4). 
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Figure 5 – Amplitude transfer function for the propagation of temperature fluctuations through a 30 GHz 
LFI reference load. 
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4. Measured signal instability 

The next step is to convert the physical temperature fluctuation of the reference target first into a variation of 

the radiometer reference signal and ultimately into a variation of the measured signal.  

Assuming perfect emissivity for the reference target we can approximate the variation of the reference signal 

in antenna temperature, AT�  caused by a variation in physical temperature, physT� , by 

� � physphys2

2

1
TT

e
exT

x

x

A � 	�
�


� , where 
0kT

hx �

  and, in our case, T0 ~ 4.5 K. 

The radiometric transfer function can be calculated considering the differential radiometer output power 

defined as: 

�
�

�
�
�

�
��
�

�
��
�

�
�����


FE

n

n4K

FE

n

nskyDCBEFE
BE

FE

BE

FE

~~
)(

G
T

TTr
G
T

TTGGGaktp �        (2) 

where: 

�� phys

OMTfeedOMTfeed

sky

sky

1
1

~ T
LL

T
T ��

�

�
��
�

�
��


��

 represents the sky signal at the output of the feed-OMT 

system, 

�� phys

4K4K

4K
4K

1
1

~ T
LL

TT ��
�

�
��
�

�
��
  represents the reference signal at the output of the reference horns, 

�� Tphys is the temperature of the front end (~20 K), 

�� the L parameters represent the insertion losses of the front-end passive components, 

�� the G parameters represent gains of the RF and DC amplifiers, 

�� the Tn parameters represent the front-end and back-end amplifier noise temperatures, 

��
sys4K

syssky

~

~

TT
TT

r
�

�
� is the gain modulation factor, 

�� � is the radiometer bandwidth, k the Boltzmann constant and a is the proportionality constant of the 

square law detectors. 

In Table 2 we summarise the baseline radiometer parameters used in our calculations. 
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Table 2 – Baseline radiometer parameters 

Frequency 
(GHz) 

30 44 70 

�� 0.991513 0.98185 0.95482 

Lfeed-OMT (dB) 0.25 0.25 0.25 

L4K (dB) 0.2 0.2 0.2 

GFE(dB) 35 35 35 

GBE(dB) 35 35 35 

Tn
FE

(K) 8.60 14.10 25.70 

Tn
BE

(K) 350 350 450 

Tphys(K) 20 20 20 

r 0.8235 0.8721 0.9214 

If we denote with 
4K

radT  the variation in the radiometer output caused by a variation 
4KT  in the reference 

load signal we can write 
4K4K

rad

4K

rad TTFT   
  where 
4K

OMTfeed4K

1

sky

4K

rad
4K L

LrT
T
p

T
pTF �

�

�

!
!

�
�
�

�
�
�
�

�

!
!


  . 

In Figure 6 we show an example of the differential output of a 30 GHz radiometer caused by a fluctuation in 

the reference signal induced by temperature oscillations at the LR1 cold end (coupled scenario, see Figure 2-

a). The peak-to-peak effect at this level is of the order of ~ 0.6 mK. 

 

Figure 6. Time ordered data representing the 30 GHz radiometric output caused by a fluctuation in the 4 
K reference signal induced by LR1 temperature variations (coupled scheme, see Figure 2). 
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In Figure 7 we show the amplitude spectrum of the above data stream, from which it is apparent that the 

fluctuation is dominated by slow harmonics (with frequency < 1 mHz). In particular the right panel shows 

that the spin synchronous components are expected to be at sub-�K level. 

(a) (b) 

Figure 7 – Amplitude spectrum of the data stream in Figure 6. The right panel represents an expansion of 
the high frequency part of the spectrum 

5. Estimate of the peak-to-peak effect on the final maps 

5.1 Analytical treatment 

Under quite general assumptions the peak-to-peak effect of periodic oscillations in the detected signal on the 

reconstructed sky map can be evaluated analytically [9]. In fact if we consider a periodic fluctuation (T) of 

general shape in the detected signal, we can expand it in Fourier series, i.e.: )  2 exp( tiAT j
j

j �"
 #
�$

�$


, 

where �j represents the different frequency components in the fluctuation. 

Let us now estimate what is the damping factor for the various harmonics determined by the measurement 

strategy alone. To do this we consider  two different regions of the frequency spectrum  with respect to the 

satellite spin frequency, �spin: 

�� the low frequency region, i.e. �j < �spin, and 

�� the high frequency region, i.e. �j % �spin. 

In the low frequency region each harmonic with amplitude Aj will be damped by the measurement 

redundancy and by the projection of the time ordered data onto a map with a pixel size &pix by a factor 

proportional to )/ sin( spin��" j . In the high frequency region, instead, we make a distinction between 

frequencies that are synchronous with the spin (i.e. �j = k �spin) and frequencies that are not (i.e. �j ' k �spin). 

For the first ones there will be no damping effects as these signals are practically indistinguishable from the 
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sky measurement, while the second will be damped  by a factor of the order of N 	 &pix / &rep where &rep 

represents the satellite repointing angle (i.e. the angle between two consecutive scan circles in the sky). 

Besides the damping provided by the measurement redundancy we can also add an additional reduction 

provided by the application of high-pass filtering algorithms to the time ordered data: if we denote with Fj 

this additional damping then we can write the following expression of the final peak-to-peak effect of a 

generic signal fluctuation T on the map: 

�
�
�

�

�

�
�
�

�

�

�
�
�

�

�

�
�
�

�

�
��

�"�&&	
� ###

�
�
�'�
�(��(� spin

spin

spinspin

/
)/sin(

/

/

1
2

 spinreppix
map

p-p

j
j
jj

jjj
k j

jj AFA
FA

N
T              (3) 

where N is the number of times each sky pixel is sampled during each scan circle. 

5.2 Analytical estimates results 

In the following tables (Table 3 and  
Table 4) we report a summary of the peak-to-peak effects on the final maps estimated with the analytical 

method outlined in Section 5.1. The estimation has been done both considering a pixel size equal to the 

physical beam size (see results in Table 3) and  considering a pixel size relative to the Nside parameter that is 

used to build the maps (i.e. Nside= 256 at 30 and 44 GHz and Nside = 512 at 70 GHz). 

The results shown in the following tables show that the estimated effect is in the range of 1 – 2 �K 

depending on the frequency, which is close to the maximum allowed systematic error from reference load 

fluctuations as specified in the systematic error budget [4] especially at 70 GHz, where the effect has a 

greater impact because of the smaller pixel size. 

Table 3 – Estimated peak-to-peak effect on map with pixel sizes corresponding to the physical beam size 

 30 44 70 

Pixel size (arcmin) 33 24 14 

 Before 
destriping 

After 
destriping 

Before 
destriping 

After 
destriping 

Before 
destriping 

After 
destriping 

Coupled scheme 23.78 0.90 34.32 1.32 60.51 2.34 

Uncoupled scheme 22.42 0.77 32.38 1.13 57.16 2.06 

 

Table 4 – Estimated peak-to-peak effect on map with pixel sizes corresponding to the map Nside parameter 

 30 44 70 

Pixel size (arcmin) 13.7 13.7 6.8 

 Before 
destriping 

After 
destriping 

Before 
destriping 

After 
destriping 

Before 
destriping 

After 
destriping 

Coupled scheme 57.29 2.18 60.13 2.30 123.67 4.79 

Uncoupled scheme 54.00 1.85 56.73 1.98 116.83 4.23 
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5.3 Maps and power spectra 

In this section we show some examples of maps and power spectra calculated using the time streams relative 

to the coupled scenarios for the 30 and 70 GHz cases. 

In Figure 8 we show maps relative to the 30 GHz channel (in ecliptic coordinates) of the effect before and 

after classical destriping was applied. Because the classical destriping algorithm removes constant offsets 

from every (coadded) ring the residual effect on the destriped map is not spread uniformly over the map, but 

has a higher amplitude on one half of the map compared to the other. Tests are in progress using a 

generalised version of the destriping algorithm which is able to remove more complex functions from time 

ordered data (e.g. linear slopes). 

Note that the peak-to-peak effect calculated on the maps (before and after destriping) is in agreement with 
the analytical estimates summarised in  

Table 4. 

Figure 8 – Maps before and after destriping of the effect induced by fluctuations of the 4K reference load 
in the coupled scenario at 30 GHz 

In the following figure power spectra of the effect before and after destriping are compared to a typical CMB 

power spectrum; while the power spectrum of the effect before exceeds the CMB at multipoles l > 450, the 

power spectrum of the effect after destriping is at least two order of magnitudes less than the CMB power 

spectrum (also for low values of l, see inset).  
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Figure 9 –Power spectra of the effect before and after destriping at 30 GHz (coupled scenario). A typical 

CMB power spectrum is plotted for comparison 

In the following figures we show the same comparison for the 70 GHz case. In Figure 11 it is interesting to 

notice the rise in power spectrum at high multipoles that is characteristic of slow periodic effects mapped 

with a high angular resolution. In fact when time ordered data of  “slow” periodic effects are coadded over 

the 60 repetitions of each sky ring, the resulting coadded TOD is a sequence of slopes with sharp 

discontinuities between adjacent circles. These discontinuities are responsible of the sharp power spectrum 

rise shown in Figure 11. 

 

Figure 10 – Maps before and after destriping of the effect induced by fluctuations of the 4K reference 
load in the coupled scenario at 70 GHz 
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Figure 11 –Power spectra of the effect before and after destriping at 70 GHz (coupled scenario). A typical 
CMB power spectrum is plotted for comparison. Note the rise in the power spectrum of the effect at high 

multipole values (l > 800) 

6. Conclusions 

In this technical note we have discussed a preliminary evaluation of the effect of temperature fluctuations in 

the LFI 4K reference loads on the LFI measurements. The analysis considers the expected temperature 

variations at the interface between the reference loads and the HFI 4K box caused by the instability of the 4K 

cooler cold-end driven by the 18K stage temperature fluctuations.  

Temperature data measured at the LR1 cold-end on the EBB sorption cooler have been used together with 

damping factors of the HFI structure calculated with the HFI thermal model; a simple model of the thermal 

damping provided by the ECCOSORB loads has been used to evaluate the actual temperature fluctuation at 

the load extremity. The temperature variation has then been converted into antenna temperature assuming 

perfect emissivity in the ECCOSORB load. 

The estimated signal variation at the radiometric output is of the order of ~ 0.8 mK peak to peak that 

translates into an error of the order of several tens of micro-K per pixel when projected onto the sky. By 

applying classical destriping algorithms the effect is reduced to a level of the order of ~ 1 – 2 �K 

peak-to-peak which is close to the allowed limit in the systematic error budget plan (~ 2.2 �K peak-to-peak 

per pixel including spin synchronous effects). 
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The angular power spectrum of the effect increases at high multipole values exceeding the CMB power 

spectrum for l > 400 in the 30 GHz case and for l > 800 in the 70 GHz case. If destriping is applied to the 

effect then the power spectrum is suppressed by about 2 – 3 order of magnitudes. 

Although the effect does not seem to be at the level of a show-stopper it cannot be considered negligible and 

will be further investigated along three main directions: 

�� take into account also the temperature fluctuations of the 4K cooler itself (that have been neglected 

in this study) as soon as measurements will become available; 

�� a more accurate modelling of the effect on maps and power spectra (considering the addition of 

astrophysical signal and instrumental noise) and the application of alternative filtering-destriping 

codes to the time-ordered data; 

�� a more accurate modelling of the signal emitted by the reference load into the radiometer as a 

consequence of physical temperature fluctuations. 
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