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Abstract — The ESA Planck satellite is designed to achieve
precision imaging of the Cosmic Microwave Background
with an unprecedented combination of angular resolotion,
sensitivity, spectral range and sky coverage. The Low
Frequency Instrument is one of two complementary instru-
ments, and covers 30, 44, and 70 GHz with an array of wide-
band pseudo-correlation, cryogenic radiometers. Advanced
qualification models of the radiometer chains and of the
instrument electronics have been manufactured, tested and
imtegrated into the LFI Qualification Model. The main
radiometer calibration, RF tuning and performance charac-
terization is carried out at a single radiomcter chain level,
and then verified at instrument integrated level in dedicated
cryofacilities. Here we describe the main requirements and
instrument design, and we summarize the radiometer cali-
bration strategy optimised during the qualification activity in
view of the LFI Flight Model campaign

Index Terms — pleasc enter index terms.

I. Introduction

Following the COBE' and W M AP® missions, Planck®
is the third generation space project dedicated to obser-
vations of the Cosmic Microwave Background (CMB).
Planck is designed to observe lemperature anisotropies
over the whole sky with a powerful combination of
angular resolution (30 to 5" depending on frequency)
and sensitivity (AT/T = 10-%) leading to a determination

! http://lambda.gsfc.nasa.. gov/ploduct/cobc/_ o
? hitp:/fmap/gstc.nasa.gov
* htep://planck.esa.int

variance and unavoidable astrophysical foregrounds.
The Planck mstruments are also sensitive to polarisa-
tion and are expected to push CMB polarisation meas-
urements bevond previously reached sensitivities. The
Planck multi-frequency, high-resolution maps are
expected to have profound impact on cosmology, par-
ticularly through the high-precision extraction of cos-
mological parameters from the angular power spectra,
and will also form a rich data base for Galactic and
extragalactic millimeter-wave astrophysics. The wide
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PLANCK-LFI: INSTRUMENT DESIGN AND GROUND CALIBRATION STRATEGY
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Fig. 1. Overview of the Planck salellite, showing the primary
reflector, the baffle and the three thermal shields (“V-grooves™)
used to thermally decouple the cold {~ 50 K) telescope enclosu-
re from the warm (~ 300 K} service meduic.

spectral coverage (30-850 GHz) ensures that fore-
ground components can be precisely disentangled from
the cosmological fluctuations. This is achieved by the
combination of two instruments sharing the focal plane
of the Planck telescope: the Low Frequency Instrument
(LFI) covering the 30-70 GHz range with an array of
coherent receivers cooled to 20 K, and the High
Frequency Instrument (HFI), covering the 100-850
GHz range with bolometer detectors cooled to 0.1 K.
The design of the Planck satellite (see Fig. 1) is large-
ly driven by the need to thermally decouple the cold (~
50 K) payload enclosure from the warm (~ 300 K}
service module, and by radiation stray-light require-
ments. The Planck telescope is a shielded off-axis
Gregorian system with 1.5 m projected aperture, pro-
viding the needed angular resolution and side-lobes
rejection. Planck is planned to perforn at least two
complete sky surveys from a Lissajous orbit around the
Sun-Earth L2 point, at 1.5 million km frem Earth.
This paper describes the design and calibration of the
Planck-LFI instrument [1, 2]. We present the main sci-
entific and technical requirements driving the instru-
ment design as well as the key features of the LFI
pseudocorrelation receiver. Finally, we outline the cal-
ibration strategy and present sample results from the
radiometer qualification campaign.

I1. Requirements and design drivers

The heart of the LFI instrument is a mnlti-frequency
array of double-profiled corrugated horns [3] feeding
receivers using cryogenic indium phosphide (InP)
high-electronmobility-transistor (HEMT) low-noise

operating the radiometers at 20 K. This is achieved
with a closed-cycle, vibrationless, hydrogen sorption
cryocooler [4] which provides 1 W of heat lift at 20 K,
and alse provides 18 K pre-cooling to the HFI. This
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Fig, 2, View of the LFI radiometer array assembly. The frontend
unit 1s located at the focus of the Planck telescope, and includes
corrugated feed horns, the low-loss wide-band orthomode tran-
sducers, and the radiometer front-end modules (FEMs) with
liybrids, cryogenic low noise amplifiers and phase switches. The
composile waveguides are designed to meet simultaneously

. radiometric, thermal and mechanical requirements, and are ther-

mally linked to the V-groove shields. In the back-end unit, loca-
ted on top of the Planck service module at 300 K, the radiome-

ters back-end ensured further amplification and detection, and

are directly interfaced to the data acquisition electronics. After
on-board processing, provided by the rachometer elecironics box
(REBA) located in the SVM, the compressed signal is down-
linked to the ground station together with housekeeping data.

translales into stringent requiremerts on power con-
sumption (~ 350 mW) for the LFI cryogenic active
components, requirements that are fulfilled by splitting
the radiometers into a cold front-end and a warm back-
end sub-assemblies connected by a set of waveguides
(see Fig. 27?). To minimize parasitic thermal loads to
the 20 K stage (~ 230 mW) a composite waveguide
design is used with a straight section of gold-plated
stainless steel and a twisted section in electroformed
copper. The main specification of the LFI system are in
Table 1.

A differential instrument concept is essential to sup-
press L/f-type noise induced by gain and noise temper-
ature fluctuations from the amplifiers. Because the sus-
ceplibility

to most systematic effects increases with the radiometer
input offset, the sky signal must be compared to a refer-
ence as close as possible to the sky temperature, i.e., the

Planck a natural internal reference is provided by the
HFI 4 K stage. In order to suppress the effects of the
residual offset (< 2 K in nominal conditions) we intro-
duce a gain modulation factor  (of order wnity) in the
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Table 1. LFI flight performance specification

Cenler frequency [GHz) 30 44 70
Nuwnber of feeds 2 3 6
Number of detectors 8 12 24
Angular resolution [arcmin] 33 23 13
Effcctive bandwidth [GHz] 6 88 14
Noise per 0.5° pixe! [mk] 8 8 &
Sensitivity [mK Hz—1/2] 0.24 0.29 0.41
1/f knee frequency [mHz] 30 50 50
Systematic error/pixel [mk] <3 <3 <3
FEM power dissipation [mW} 27 34 24

on-ground data processing, which is used to balance the
radiometer output [6]. As we shall see, the QM measure-
ments confirm the efficient suppression of instability in
the measured signal difference (T4, — rTA,,.0). The 1/f
noise arising from the warm back-end is suppressed by
a fast-switching (at: 4 kHz) of the sky and load signals.

III. Receiver design

In the front-end part of the instrument the sky radiation
is separated by an OMT into two perpendicular linear-
ly polarised components that propagate independently
through two parallel radiometers. In each radiometer

M. BERSANELLIL B. AJA, E. ARTAL, ET AL.

(Fig. 3, top) the sky signal and the signal from the 4 K
reference load are coupled to the cryogenic LNAs via
a 1807 hybrid. The reference loads provide a stable sig-
nal by means of an optimised blackbody target at ~ 4
K [7]. One of the two signals then runs through a
switch that applies a phase shift which oscillates
between 0 and 180 at a frequency of 4096 Hz. The sig-
nals are then recombined by a second 180 hybrid cou-
pler, producing an output which is a sequence of sig-
nals alternating at twice the phase switch frequency. In
the back-end of each radiometers (Fig. 3, bottom) the
RF signals are further amplified, filtered by a band-
pass filter, and then detected. After detection, the sky
and reference load signals are integrated, digitised,
down-sampled, and requantized before downlink.
According to this scheme, each radiometer produces
two independent streams of sky-load differences. The
final measurements is provided by a further averaging
of these differenced data samples between the two
radiometer legs.

To first order each detector power output is given by:

(D X . 1
p=akd | Ty (G = r1) = v (G - ;f) +{1-2 )-'ﬂk_\-] :

where f3 is the radiometer effective bandwidth, & is
theBoltzmann constant, ¢ 1s the proportionality con-

20 K Front end

Ref. lond

To puratlel radlometer chain
Sky=27K
AN E
v -
o Hybrid Hybrid T‘WL Ao |
e gl e

3

< Relerence
lond =4 K

ILNAs Phase switches

. — P ¢ ——
s

Sky
B e ey P
]
| .

E DS
1/1098 sec

; Ny b 1A EERLR!
i | i
. > ,‘r( _N_>_.-\._--.l“ M—Jw ALN*-A 30101[ 'El:ElB,l‘ |ao'_01
i v
! Diod d Dara Signal Telemetry
LNAs  Filters 1‘Dn e:§ an A yuisition Processing|
. Camp Hilactronies Unit
; . .-‘;"& . ’ ™ ! \j"r"—"' a1 r11L 010
I Saias [
[P — Y —
1/4096 5 3
. e v Integrate Devwnsample
i Digitise
H 300 K BaCk end -1 Tequantise
Compraas

Fig. 3. Schematic of the front-end (upper figure) and back-end (lower figure) of a signal LFI radiometer. Each horn feeds two radio-
meters, each carrying a linearly polarised compenent, and each radiometer has two detectors receiving alieinate sky and load signals

at a rate of ~ 4 kHz.
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PLANCK-LFL INSTRUMENT DESIGN AND GROUND CALIBRATION STRATEGY

stant of the square law detector diode, G and 7 are the
effective gain and isolation, and r is the gain modula-
tion factor, The terms

_— _ . -
@) Ty = T Lpeg_omr (1= Ligeg—omr) Totys

3 Tjoarl = TmadL.u]( + (1 - Lfiié)xwh)'ﬁ

represent the sky and load signals at the input of the
first hybrid. Here the L terms represent the insertion
loss of the feed-OMT and of the 4 K reference load

“anmns at the input of the first hybrid, while small terms
from refurn loss and leakage are neglected for simplic-
ity. If the isclation term is small, then the power output
i nulled if

@ o~ Doyt D)
(Tload + Tﬁyﬁ)

In this case it can be shown [3, 6] that the radiometer
is sensitive only to the 1/f noise caused by noise tem-
perature fluctuations, which represent only a small
fraction of the total 1/f noise of the front-end ampli-
fiers, and the resulting knee frequency is linked to the
load temperature by f, o< (I — r)% Note also that the
radiometer sensitivity does not depend (to first order)
on the temperature of the reference load.

1V. Radiometers QM Campaign

The LFI demanding scientific performance (Tab. 1)
and the complexity of the systemn required early devel-
opment of radiometer models and an accurate on-
ground testing and calibration plan. Early in the proj-
ect, we developed prototype radicmeter chains to
assess the maturity of the receiver design, confirm fea-
sibility of critical units and understand residual receiv-
er systemalics. As a second step, qualification models
(“QM™) of the radiometers have been produced with
characteristics nearly identical to the flight models
(“FM™), though not requiring full flight performances.
The main purpose of the QM radiometer calibration
campaign was to optimise the test and calibration pro-
cedure in view of the flight campaign, and identify crit-
icalities in the instrument and/or measurement setup.

The basic radiometer unit is the radiometer chain
assembly (RCA) comprising feed-horn, OMT, front-
dule
Vi3 oi Fwavegmdes (Frgs—amd 5. R W
and FM, the main radiometer calibration, RF tuning
and performance characterization are carried oul at
RCA level and then verified dt instrument integrated
level Four RCAs were produced and tested as part of

Reference homs |8

1

" Wavegquides

Fig. 4. 30 GHz Radiometer Chain Assembly (RCA). The four
waveguides are visible, with twisted copper section connected
to the FEM, and the straight stainless steel section connecting
the BEM

ETg.;.”l;l;nt—end pertion of lhe;(_]_(_}H7 RCAs in cryo facility.
Two RCAs can be tested simultaneously in the 70 GHz cryofa-
cility. On the right two feed horns are visible coupled o the sky
load.

the QM campaign: one at 30 GHz, one at 44 GHz and
two at 70 GHz. The RCAs were integrated from com-
ponents extensively tested at single unit level (i.e.,
feeds, OMTs, FEM, waveguides, BEM). Optical and
polarisation performances are dominated by feed horn
and OMT characteristics, which have been extensively
tested before integration in the QM RCAs.

A) QM optical calibration

Accurate measurements of the feed horn beam symme-
try, sidelobes, and frequency dependence are needed to
properly model the LFI beams through the Planck tel-
e a m e in—flic A e =,

ments [8]. The phase and amplitude far field patterns
of the QM feed horns were measwred in the E and H
planes and +45°, at five frequencies in each band (cen-
ter frequency, +5%, and +10%). Feed measurements
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Fig. 6. Sample amplitude (left scale, dB) and phase (right scale,
degrees) pattern at 70 GHz in the two principal planes.
Experimental dala (diamonds) and simulations (continuous
line).

wete found in excellent agreement with simulations, as
shown in Figure 6. OMTs specifications were rather
extreme in terms of bandwidth (20%), return loss (20
dB) and isolation (—40 dB), and were designed and
manufactured with strong size constraints. Insertion
loss and isclation have direct impact on receiver noise
temperature and polarization sensitivity, whereas input
return loss at rectangular ports is needed to minimise
mis-maltch effects at the FEM interface. The scattering
parameters of OMTs were measured in a two port con-
figuration. Figure 7 shows a sample measurement of
retwrn loss of the 30 GHz OMT terminated with the
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Fig. 8. Representative noise spectrin of a 70 GHz QM RCA
differenced channel, after use of gain modulation factor. The
stability is improved by a factor of a few thousands with respect
the un-differenced signal.

feed horn, and of the feed horn alone. The qualification
model OMT isolation always exceeded —45 dB, ensur-
ing an excellent polarisation performance Measuring
waveguides S parameters was a challenging task due to
their length and complex routing. The most reliable
measurement technique turned out to be the one-port-
configuration, terminating the other end with a load or
a short for measuring S11 or 1512 x §21°*2,

B) Radiometer chain assemblies

A complete set of test and calibration procedures was
defined and performed on each QM RCA in order to
properly tune the LNA and phase switches, and to
measure the main radiometer characteristics such as
noise temperature, gain, bandwidth, band shape, offset,
1solation and linearity. The test were performed in

P cryo-facilities capable of reproducing nearly the same
thermal and environmental conditions as expected in
— .2
@ 20 -\ -
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Fig. 7. Measurement of reflectivity of the feed horn {diamonds) ¢ 30 . . .
arrd-the- OM T termimated-with thre-feed-horn{eirctes ) —The simu= 3 o 5 20 25
lation of OMT side ann reflectivity is shown by the dotied curve T (K]

{26-34 GHz only). The nominal radiometer bandwidth is 27-33
GHz. The distortion due to the circular to rectangular transition
used for the feed hom test was removed from the data using
time domain filtering (time gating}.
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Fig. 9. R.E:]JE:[ sentative linearicy [Cb[ on one of Lhe 44 GHz RCA
channels. No measurable deviation from linearity (at 107 level)
is observed within a temperature range as large as AT~18K.



PLANCK-LFT: INSTRUMENT DESIGN AND GROUND CALIBRATION STRATEGY

Fig. 10. Left: schematic of the large LFI eryo-chamber (~ 2 X 2 x 2 m} showing the configuration of the radiometer array assembly
for instrument-level testing, Right: picture of the instrument after integration to the cryofacility with electrical and thermal connec-

tions.

flight, i.e., 20 K front-end temperature, V-grooves lem-
peratures at waveguaides interfaces (roughly 130, 100
and 50 K, respectively), and 4 K reference loads. Low
return-loss “sky targets” were coupled to the feed
horns, with the possibility of changing their tempera-
ture in the range 6 to 35 K. High stability (at sub-mK
level) is required by the sky targets as well as reference
loads to measure the residual 1/f spectrum of differ-
enced data.

A typical radiometer noise spectrum (70 GHz RCA)
is shown in Figure 8 for the differenced (Ta,,
rTA, ). with a knee frequency near the 50 mHz
requirement (Tab. 1). Figure 9 shows a typical linear-
ity test (44 GHz RCA), where the signal dynamic
range is extended to 15-20 K, well beyond the range
of the astrophysical signal to be observed during the
survey. The noise and bandwidth performances of the
QM models were, as expected, typically within a fac-
tor ~ 1,5 of the flight requirements. Particular care
was devoted to implement a measurement of the
band-shape of the RCA system at cryogenic tempera-
ture, using an input RE swept source to the feed horn
through the sky load. Test results show good agree-
ment with RE model predictions. Finally, dedicated
tests were carried out to evaluate the susceptibility of
the radiometers to fluctuations in thermal and electri-
cal interfaces. The measurements yielded coefficients
consistent with Jnstrument mode]l predictions and

C) QM instrument tests

After performance calibration, the four QM radiometer
chains were integrated, without disassembling, onto
the LFI instrument, complete with the main-frame of
the front-end unit, back-end unit with acquisition elec-
tronics, on-board electronics and signal processing
(Fag. 10). Thermally and electrically representative
dummies were used for the missing chains. Radiometer
performances are verified at instrument integrated
level in a large dedicated cryo-facility with sky and ref-
erence loads controllable in the range 20-40 K.

The QM radiometric campaign, both at RCA and
instrument level, allowed the optimisation of test con-
figuration and cryo-facility setup, and was the basis for
the development of detailed test procedures as well as
dedicated analysis software. These are essential inputs
in view of the flight instrument calibration campaign.
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