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ABSTRACT. The Low Frequency Instrument (LFI) is a radiometer arrayecing the 30-70 GHz
spectral range on-board the ESA Planck satellite, launcimetay 14th, 2009 to observe the
cosmic microwave background (CMB) with unprecedentedigi@t.

In this paper we describe the development and validation sbfaware model of the LFI
pseudo-correlation receivers which enables to reprodud@eedict all the main system parameters
of interest as measured at each of the 44 LFI detectors. Thelsgle system total gain, noise
temperature, band-pass response, non-linear respongel FTlFAdvanced RF Model (LARFM)
has been constructed by using commercial software toolslatedof each radiometer component
as measured at single unit level.

The LARFM has been successfully used to reproduce the LFAWehobserved during the
LFI ground-test campaign. The model is an essential elem&n¢ database of LFI data processing
center and will be available for any detailed study of raditen behaviour during the survey.

KEYWORDS Modeling of microwave systems; Space instrumentationgriiiiave radiometers;
Instruments for CMB observations
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1 Introduction

The properties of the Cosmic Microwave Background (CMB)taoma wealth of information about
physical conditions in the early universe and a great deaffoft has gone into measuring those
properties since its discovery. Numerous ground based alfmbh borne experiments, as well as
space missions have been devised to obtain measuremem4Bo§ectrum, spatial anisotropies,
and polarisation over a wide range of wavelengths and angoédes. Following the Cosmic Back-
ground Explorer (COBB and the Wilkinson Microwave Anisotropy Probe (WMARsatellites,
launched by NASA in 1989 and 2001 respectively, Pldriskan ESA space mission designed to

Ihttp:/flambda.gsfc.nasa.gov/product/cobe/
2http://map.gsfc.nasa.gov/
Shttp://www.esa.int/planck
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extract essentially all information encoded in the temjpgeaanisotropies and to measure CMB
polarisation to high accuracy.

Planck, successfully launched on 14th May 2009, will obsé¢ime entire sky from a Lissajous
orbit around the second Lagrangian point of the Earth-Setesy. The focal plane, formed by the
1.5 m off-axis telescope, hosts two cryogenic instrumetiits:Low Frequency Instrument (LFI),
covering 30-70 GHz in three bandf,[and the High Frequency Instrument (HFI) ranging from
100 GHz to 857 GHz in six bandg][ The two instruments operate atk@nd at 01K respectively.
Such temperatures are achieved through a combination si/pasdiative cooling and three active
coolers B]. While LFI and HFI alone have unprecedented capabiliités the combination of data
from the two instruments that gives Planck the imaging pother redundancy and the control of
systematic effects and foreground emissions needed tewactiie scientific goals of the mission.

The LFI has been designed to cover the low frequency portidheoPlanck spectral range
with three bands centred at 30, 44 and 70 GHz using pseudelaiion receivers based on Indium
Phosphide cryogenic high electron mobility transistorE ) low noise amplifiers (LNA).

In order to support the radiometers design and testing pegeell as the study of the instru-
ment behaviour and potential systematic effects duringsthmeey, we have developed a software
model, the LFI Advanced RF Model (LARFM). In this paper wectése the development and val-
idation of the LARFM, which has been constructed using conciaksoftware tools. The model
was developed in two stages: the first stage, the Analytiéd®EM (section3), is an analytical,
parametric model built upon the requirements and spedditaibf the LFI receivers frequency by
frequency. Its development started before the hardwarebuiisand proved its usefulness in pre-
dicting both radiometers performance and first-order egtisof the expected impact of potential
systematics.

The second stage is the Real-Data LARFM (sectiprimplemented after the LFI was built,
which includes the data of each radiometer component asureshat single unit level channel by
channel. The model is capable of reproducing in detail thim system parameters of each of the
44 LFI channels “as built”, including total gain, noise tezngture, bandpasses, non-linearity of
the response. The Real-Data LARFM has been successfultiytageproduce the LFI behaviour
observed during the LFI ground-test campaign §]. Currently, the Real-Data LARFM is an
essential element in the database of LFI data processirigecamd is available for detailed studies
of radiometer behaviour during the Planck survey.

2 The Planck LFI design

2.1 The overall LFI configuration

LFI (figure 1) is an array of eleven horns, each feeding two orthogonehliy polarised chan-
nels centred at 30, 44 and 70 GHz, on the focal plane of an a@jtagregorian telescope. The
LFI radiometers include the Front End Unit (FEU) and the B&Rckl Unit (BEU), connected via
44 rectangular waveguides. Such a division into FEU and BE&leen performed in order to
minimise the effects of power dissipation in the criticatdbplane area.

The Front End is cooled down to ROby one of two Sorption Coolers, while the Back End,
which is located in the body of the satellite, is at ambiengerature. The Front End Unit is the
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Figure 1. A drawing of the LFI with its spacecraft interfaces.

heart of the LFI instrument and it contains the feed array asabciated OrthoMode Transduc-
ers (OMTSs), hybrid couplers and amplifiers blocks. The Bank BElnit comprises the Back End
Modules (BEM) and the Data Acquisition Electronics.

2.2 The LFI radiometer design

The LFI array is made up of eleven Radiometric Chain AsserflR{yA) (figure2) each incorpo-
rating the two radiometers connected to the feed horn. Eadiometer includes a pair of ampli-
fication/detection chains correlated through a pair of liybouplers, constituting a continuous-
comparison devicel]. In this scheme, the difference between the inputs to eattieahains (the
signal from the telescope and that from a reference blagkbmatl, respectively) is continuously
being taken. This scheme strongly suppresses 1/f noiseaiedeby instabilities in the RF ampli-
fiers, but not in the receiver elements following the secoytatid coupler. To remove this “Back
End” 1/f, it is necessary to modulate the sign of the comparigsing solid-state phase-shifters
within the correlation section. The differencing receiiraproves the stability at a cost of a factor
of v/2 in sensitivity compared with a total power scheme. Anyatghce between the sky and
reference input signals can give rise to 1/f noise, in the lig€kivers this is further reduced by
scaling one of the output data streams by a gain modulatictorfar”. The blackbody reference
itself must remain at a very stable temperature (6pe [

The intensityAT of the smallest detectable signal is given by the radionegjeation (fromT]):

T
AT =2 %ﬁ”"'se (2.1)
e

whereT, is the input temperature to the radiomeiggiseis the radiometer noise temperature and
T is the integration time. Radiometers are characterised speatral response ) through the
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Figure 2. The Low Frequency Instrument Radiometric Chain Assemlbiyf RCA) with the Data Acquisi-
tion Electronics diagram.

radiometer band. The effective bandwidth is defined as:

. 2
[fg(v)dv}
Bett = (Zo :
Jg?(v)dv
0

(2.2)

3 The analytical LFI Advanced RF model

The need to analyse the effect of LFI non-ideal response @edtimate the impact of systematic
effects lead to the development of a radiometer system atowg], using the Agilent Advanced
Design System (ADS) software. ADS provides Radio FrequéRdy) models for development
of system specifications. It contains an RF simulator thatliots performance of complete RF
systems and includes a set of block-level RF models for tiaed non-linear components. The
ADS Design Environment, Data Display, RF System Simulatoriodels tools enable the graphic
implementation of the receiver components and the poigitmlobtain information about the RCA
main properties, such as system gain and noise temperature.



3.1 Implementation

The radiometer model is built as a network whose electromtagproperties can be expressed
using scattering parameters, taking into account the $cemseé reflections of the input signal, when
it passes through each network element.

For a generic multi-port network definition, it is assumedttbach of the ports is allocated
an integer n ranging from 1 to N, where N is the total numberasfg The insertion loss is the
loss in load power due to the insertion of a component at saitg ;M a transmission system. In
measured insertion loss tables found in literature |8ag? is given rather than the pure insertion
loss value. In order to evaluate the pure insertion lossytbasured return loss has to be taken into
account. Th¢&1|2 is measured experimentally, in decibel, as

192 = 24, (3.1)
S1 includes both the effect of the insertion and the return, lmsfct:
Sy =108/ 1- 1078 (3.2

and the pure insertion loss is given by:

_ N
1-101w0
Return loss, instead, is given by:
RLgg = 10Logio [Su1l?, (3.4)

and total system gain is obtained by:

B Pout
G(dB) =10Logo ( Ko BV (Trose To) ) : (3.5)

whereT;, is the input load temperature aRgl,; the corresponding power at detector outut;is
the effective bandwidth anldg is the Boltzmann’s constantygise the system noise temperature is
the input load temperature necessary to generate, in desssgystem, the same output voltage of
the noisy device with zero input load.

3.1.1 Devices implementation

Figure 3 shows a schematic of the implementation of the Analytic LMRHA he elements that
constitute the RCA receiver shown in figuzehave been modelled in ADS starting from n-port
device models, amplifiers, hybrids, wave-guides modelsegnction-based models.

Input Loads. The receiver input load is generated by the port compateentination It is a 52
resistance at temperatufg,; that produces a power noise equaPte- KgTaniAV, where, in order
to simulate the power absorbed by the sky and reference feed i, is the antenna temperature
related to the thermodynamic temperattirby:

hv

Tant= mﬁ T. (3.6)

ekt —1
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Figure 3. The Analytical LARFM graphical representation in the AD&siyn environment. Each compo-

nentis a port device completely characterised by the paemdisplayed in the figure.



Feed Horn and OMT. The sky and reference feed horns, as well as the OMT, are tadds
two-port devices, completely characterised by their sdat) parameters - expressed in terms of
insertion loss and return loss - and by their physical teaipee, taking into account the noise
temperaturéloise generated by the component itself into the network. Giveimpat signalT;, at
the input port of, e.g., a feed horn, the signal at the outpth@element is given by:

Tout = ’SZI‘ZTin + Tnoise (3-7)

Hybrids. The hybrid is modelled be a four port S-parameter set of @mpuatising two values of
magnitude and phase. They are set to correctly reprodude-fifease and anti-phase addition of
the inputs. The hybrid model by default has a perfect potatam, but we tested also the effect
of a crosstalk between the two paths of the signal (that sitesila non-ideal isolation between the
two channels of the radiometer). The hybrid, being a noisggmanent, is also characterised by the
physical temperature of the device.

Front End and Back End Low Noise Amplifiers. The Low Noise Amplifier (LNA) is modelled
using the amplifier component of the ADS object library. TidA.model uses scattering parame-
ters for modelling the amplifier gairs41) and reflections at the input and output ports of the device
(S11 and S»); minimum noise figureNFnin) at optimum source reflectiori{,) and equivalent
noise resistanc®, are used instead of noise figure to characterise the ampiifise, providing
also a correct return loss modelling respohse.

Phase Switch. The phase switch model is a two ports system. Scatteringrdess are defined
in polar coordinates, so that the change in phase is obtdipestting theS;; parameter phase
to 180 degrees. The temperature parameter characteresesite properties of the phase switch
model, as for the feed horn and OMT models.

Waveguides. The RCA waveguides are modelled into two parts, the coppeeguade model
and the gold-plated/stainless-steel waveguide modeler@ive high thermal conductivity of cop-
per, the copper waveguide model consists in a single reglangaveguide element at the same
temperature of the Front End Module, i.e. 22K. At the input aatput ports two impedance trans-
formers play a double role: they enable the waveguide magdioi the characteristic impedance of
the network (5(2) and they model the waveguide flanges return loss.

The gold-plated and stainless-steel waveguide modebudtin characterised by the same param-
eters, is more complex than the copper one, including sevectangular waveguide elements,
taking into account the linear temperature gradient batvtiee two flanges.

In fact the stainless steel section interfaces to two ha&gsit either end, one at 300 K and the
other at 22 K. The thermal distribution along the stainlésslsvaveguide is critical due to its high
electrical resistivity. So, with reference to figutethe stainless steel section has been modelled
so that the temperature at the flanges and shields (V-gramtegjaces is preserved. For the gold
plated sections the value for gold resistivity has been.used

By setting the dimensions (width and height) of the wavegsiigection, the temperatures at
the interfaces and the return loss at the flanges, the modeldgo reproduce a cryogenic response
of the waveguides, in terms of the insertion loss in the sited frequency band.

“4http://edocs.soco.agilent.com/display/ads2009/Afiepl+(RF+System+Amplifier)
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Figure 4. Schematic of the temperature distribution along the waidsgs. V-grooves are thermal shields
that isolate the cold Front End (22K) from the warm Back Endk (#93K).

Bandpass filter. Its design is a Chebyshev response bandpass filter and #&mptars (see fig-
ure3for a complete list) completely constrain the insertiorslwsthe passband and the slope at the
cut-off frequency. From the noise temperature analysiatpmfiview, the band pass filter behaves
like an attenuator, such as OMT and feed horns.

Detector. The detector has been modelled with a two ports system diaiss by a return
loss value. The power conversion and integration over ting la@e performed by an appropriate
calculation envelope, available in ADS, so that the outmitage integrated over the frequency
bandAv of the radiometer is given by:

Vout - / G N Pout(v) dV7 (3.8)
Av

where G is a gain factor arhy(v) = Vour(V)?/R, beingVou(v) the simulated output voltage as a
function of the frequency anld = 50 Q the impedance of the network.
Running ADS simulations it is possible to calculate:

* scattering parameters over the band for the whole RCA maotktomponent by component;
 output voltage over the band;

* integrated output voltage.

3.2 Model verification

The model is verified first at single component level and thdRGA level.

3.2.1 Component level verification

The functional consistency of each radiometer componergrified evaluating scattering parame-
ters, output voltage and noise temperature. At single compidevel the S-parameters are verified
by the ADS primitive models themselves, so that a verificatibsub-groups of cascaded elements
has been carried out, e.g. cascaded feed horn and OMT. Tléas#eh scattering parameters ex-
actly match with those calculated using the scattering im#teory, giving confidence that ADS
applies the same expressions to compute scattering pananfiet a cascaded system.

Given the large quantity of cascaded elements, the vadidadf the waveguides model is
performed by comparing the simulation results with the mess$S,; at room temperature. Then
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Figure 5. 30 GHz waveguid&,; at ambient temperature (measured and simulated) and arigotgen-
perature (simulated only). Ripples in measurements argaueflections within the test set-up; those in
simulations are due to the impedance mismatch at the flangg$aces, since -30 dB return loss is set in
this simulation.

a prediction of their behaviour at cryogenic temperaturpeidormed using the model, since no
cryogenic measurements are available for the waveguidgsiré show a comparison between
simulation and measurements for the 30 GHz assembled wigee¢ropper section and gold-
plated/stainless steel section) at ambient temperatO@K()3

Cryogenic simulation shows that ti&; is about 1dB better than that measured and simu-
lated at ambient temperature. The cryogenic model takesaictount for the copper and gold-
plated/stainless steel resistivity dependence on thedesatyre distribution along the waveguides.

To evaluate the reliability of the model, functional testsl performance tests have been per-
formed. Functional test goals included calibration of th&tem and a check of the correct mecha-
nism for phase switching.

The calibration factorG, giving the conversion of the diode’s output signal (in splinto
physical units (in kelvins), is defined as:

 T-T, AT
T Vi—V, AV

G (3.9)
whereAT is the variation between two different input temperatuaadAV is the corresponding
variation in the output voltages. From equatich9 it follows that the calibration facto6 is
independent of the temperature of the reference load.

The following simulation set-up has been used to calculaealibration factor:

» Reference load temperature is fixed to 4K;
» Sky load temperature is changed between 20K and 77K;

All Phase Switches conditions have been analysed: botbmeder branches with 0 degree
lag; both branches with 180 degree lag; the intermediatassia which only one branch signal is
180 degree shifted (labelled (0, 180) and (180, 0) in fig)reNote that the effect of the lag on
a single branch of the radiometer is to reverse the sky amdamte signal at the outputs of the
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Figure 6. Calibration test results at 30 GHz. The factis plotted in K/V versus frequency for fixed sky
(left) and reference (right) load temperatures. The calibn factor is independent of phase switch status,
labelled asl(ag;, Lagp).
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Figure 7. System Total Gain and System Noise Temperature of a 30 GHz dd@racterised by insertion
loss only and both insertion loss and return loss. When tédlexare calculated by the simulator, the total
gain is reduced and the system noise temperature increases.

radiometer. The simulation has been repeated by fixing théogkl temperature to 4K and varying
the reference load between 20K and 77K. Figdishows the calibration factds in the 30 GHz
RCA frequency band, in any status of the two phase switch@somdlifferences between the two
results are due to asymmetries in the RCA (presence of the @NHE sky input).

3.2.2 System level verification

Performance tests have been conducted, including systenaga system noise temperature cal-
culus in the LARFM. All components parameters are set ta thaininal value as from the Planck
LFI specifications and requirements. The case of an RCA ctaised by the insertion loss only is
simulated; then simulations are repeated by taking intowtcfor the reflections of the input sig-
nal (return loss). Figur@ shows a generally good agreement with expected behaviefledions
cause a general fall of the system gain value and the formafiband ripples, which contribute
to an effective bandwidth reduction. System noise tempegas also affected by the presence of
reflections at the waveguides flanges, causing ripples; awerdts mean value in the frequency
band increases to about 1.5%.
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gain measured at 293K. (Right) The second 44 GHz LNA pro®mtypasurements at 295K.

3.3 Applications
3.3.1 Instrument performances with two FEM prototypes

As a first application of the LARFM to the analysis of the instient performance®], we eval-
uated the system response in the frequency band in two eifferonfigurations including two
prototypes of the Front End amplifiers at 44 GHz, whose peréorces, in terms of input/output
return loss and total gain are measured in the frequencyera8g50 GHz (figure8). The LNA
noise figure is given by the measurements on a third LNA anchbashanged during the entire
analysis of the prototypes; its profile is visible in Systemidé¢ Temperature simulation for the
nominal case (see figug right).

In order to evaluate the effect of the Front End LNA perforggion the system total gain,
noise temperature and effective bandwidth, we set all RGArpaters, with the exception of those
of the Front End amplifiers, to their nominal value at 44 GHheTn-band performances of the
two LNA prototypes are measured at ambient temperature (stwase). The nominal case, with
the LNA input return losRRL, = -5 dB, output return losRLyy; = -6 dB and gainG = 30 dB, is
also simulated for a comparison.

Figure9 shows that in both simulations including LNA prototypes tbtal gain follows the
shape of the corresponding prototype, with wide rippledrequencies above 47 GHz, due to the
effect of the input return loss. As expected, the RCA withdbeond LNA prototype exhibits better
performance in terms of total system gain, in particulafifequencies above 44 GHz. Simulations
show similar results for the system noise temperature pitlta diverges for frequencies above 48
GHz in the first prototype simulation; the input return lofshe LNA plays a leading role in this
simulation, since nearly all incoming power is reflectechatltNA input port.

The effective bandwidth, as calculated by the LARFM for akttcases is summarized in
tablel.

This analysis shows that the LARFM is a useful tool to ingeste the behaviour of the Planck
LFI instrument when in band non idealities characterisesyfséem components.

3.3.2 Effects of OMT asymmetry

If the OMT arms have different performance, in terms of lass geflection in the frequency band,
the two orthogonal components of the polar signal are aftedifferently, and will be confused

—-11 -
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prototypes and the nominal case (LNA performances as fropirements).

Table 1. Effective bandwidttBeg in the measured data frequency range (38-50 GHz) and in éinelPLFI
required frequency bandwidth (20% of the centre frequency)

Frequency Range 38-50 GHz 39.6-48.4 GHz
Beff Prototype 1 6.93 6.28
Beff Prototype 2 8.94 7.45
Best Nominal 11.75 8.84
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Figure 10. Effect of the OMT in band asymmetries on the total system géihe 30 GHz RCA Qualification
Model.

with a real polarisation signal when processing the paltios information. As an application of
the LARFM, the impact of asymmetries, in terms of losses afidctions, in each one of the OMT
arms on the in-band total system gain is studied. Simulateoe performed by setting all RCA
parameters to their nominal values, with the exception ef@MT insertion loss and return loss,
measured on the Qualification Model (QM) of the 30 GHz OMT.

Simulation results in figur&0 shows that the maximum gain mismatch between the arms of
the radiometer is about 0.25% at 30 GHz.

For a description of the impact of asymmetries between tloeatins of the 30 GHz RCA on
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Figure 11. Difference, in mK, between the final output of the two bragsbf the radiometer.
the CMB polarisation measurement, the following exprassias to be evaluated:
1
ABT) = = /Gl(v)Tsky(v)dv - /Gl(v) F1Ter(v)dv| +

a5 | S Ty v [Gav)raT(v)ay (310)

whereG;(v) andG;(v) are the gain relevant to the two arms of the radiometer (fifjQy€eTsky and
Tref are the observed sky temperature and the reference loaéitete and; andr, are the gain
modulation factors for both arms of the RCA. The sky signabisametrised assuming a power-low
behaviour for the sky temperature,

Tay=av P (3.11)

wherea andf3 are derived from WMAP foreground maps at 23, 33, 41, 61 and 94 é&nd the
CMB signal expression,
hV/KBTo
TCMB (V) = WTO (3.12)

whereTy = 2.725 K, anKg is the Boltzmann’s constant. The K, Ka and Q band data fixatlaad
B values in the ranges < [5-10%,6-10°%] and 3 < [0.25,0.35. The reference load temperature
follows the frequency dependant 4.8K black-body curvelit analysis.

By calculating the integrals for the specified variationgas of the normalisation parameter
a and of the spectral indef, the difference between the two differenced output signasthe
expression\(AT), is plotted in figurell.

4 The Real-Data LFI Advanced RF Model

During the qualification and performance tests, each compoof the LFI radiometers was inde-
pendently characterised in terms of frequency responseselhardware measurements replaced
the parameters used in the analytical version of the LARFh Wie objective of estimating the
effective response of the 44 channels of the LFI flight hardwa

The new LARFM maintains the same implementation just fomtheeguides simulator, while
the other units are replaced by their measurements. Mareibvemain objective of the LARFM
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Input load Feed horn and OMT Front End Module Waveguides Back End Module Output

blackbody spectrum measured S-parameters Gain and Tsys tests Analytical model Transfer function (mV/  mV output as a
+ extrapolation + temperature mW), Tsys and Return function of frequency
gradient Loss tests

Figure 12. Model schematic for each LFI channel: feed horn and OMT &@racterized by their S-
parameters; FEM by gain and noise temperature; waveguréesiraulated analytically; BEM by return
loss, transfer function and integrated noise temperature.

became the estimation of the bandpass responsel16gealjie to the high impact of systematic
effects on end-to-end bandpass measurements. The ndrhseetplain the implementation and
the results obtained with the LARFM.

4.1 Implementation

Figure 12 shows a schematic of the implementation of the Real-Data EMRIn this model the
pseudo-correlation strategy is not considered, see sedtib2 so each channel is completely
independent from the other channel of the same radiometeredser, the number of devices is
strongly reduced because FEM and BEM devices where fullyacherized after assembly.

4.1.1 Feedhorn and OMT

Feed horn and OMT return losses were measured on their alysémdxrting the test signal from
the OMT port to be connected to the FEM. Insertion losseteduk are available for the OMT only,
but the impact of the feed horn is negligible. Feed horn andTOhbdel is a single S-parameters
passive component based on these data.

41.2 FEM

A FEM model considering the pseudo correlation strategyleepectral response measurements
of each component assembling the FEM:

* Hybrids

» Low Noise Amplifiers

* Phase switches

* Internal FEM waveguides

However, all these components when tightly assembled med-EM change their response
significantly due to mutual interactions. It is thereforermeeliable to use the data from the tests
of the complete FEM.

Each channel is simulated independently from the othersgyuita from gain and noise tem-
perature tests performed by the FEM producers. Each ch#@nehsidered as a total power ra-
diometer frozen in the configuration of the phase switchetestwhich connects it to the sky signal.
Indeed, there are two phase switch state combinations wherame BEM channel is connected
to the sky arm, but, after phase switch balancing, the resgsomatch better than .1dB.
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In ADS, the FEM has been modelled as an amplifier with gainrgiwethe performance tests
on each FEM channel and noise figure computed by the systepetatare as:

T
F = 10log;, (ﬁ) . (4.1)

FEM S 1 could only be measured at ambient temperature, therefereARRFM implements the
mean expected valu®; = —7dB. The RCA is then studied in an ideal configuration, in whidh al
four RCA channels are looking simultaneously to the skyalign

4.1.3 BEM
The BEM model is made up of:

» Reflection only S-parameter component for return loss
* A noise generator for the noise temperature

» An equation object for the gain

In order to model the whole RCA, the RF signal coming from tB&/Rhrough the waveguides
is summed with a noise generator based on the measured BE® teonperature. This signal is
then amplified by the measured spectral transfer functionenting input power to output volts at
a given frequency, which includes the effect of all the BENhgmnents together.

The output is a bandpass response of the complete RCA whitkthea be integrated over
frequency in order to compute the detector voltage outmttdan be compared with test results.

During the flight hardware test campaign, 30 and 44 GHz RCAgvel signal compression
at BEM level, i.e. the BEM output doesn'’t increase linearlithathe input temperature. This
effect has a big impact on system temperature calculatiecause the data extrapolation process
emphasises even a small non-linearity. Therefore, a paramm®n linear analytic model was
developed in 11] in order to fit test data for extracting the overall RCA gagstem temperature
and BEM compression factor. The model is based on the fafigwiguation:

1
1+b- Go- (TA + Tnoise)
where Ty is the antenna temperatur@g is the linear gain andb is the compression factor. The
compression factor is a single scalar value per channelhwhigresents the BEM gain dependence
on the input power. BEM tests were performed at a power leVeres compression is expected.
The first operation to perform then is to calculate the lirgain by using the known information
on the compression factor measure in the relevant testsedumion used is:

Grest
1-Db-Pn-Grest
whereGegt is the total BEM gain or transfer function (i.e. output vgkavs input power)b is the
scalar compression factd®, is the input power for the BEM test argj, is the computed linear
gain. The last step is to substituBg, for the gain parameter of the BEM and change the equation
describing the BEM to:

Vout = G0 :

: (TA + Tnoise) ) (4-2)

Giin = (4.3)

G-Pn

Vouir=——7"—7"—. 4.4
out (l+b'F)|n'G) ( )
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Figure 13. LFI27S-11 at 30 GHz. Comparison of LARFM bandpasses withterend swept source mea-
surements performed on WR28 nominal bandpass, betweea26.40 GHz, se€l[].

4.2 Results

The Real-Data LARFM outputs are the channel bandpassdsyutpluts, gains and noise temper-
atures either on the full RCA or in any section of it. Thesedat the basis of several analyses on
the LFI radiometers, in the following paragraphs we are gamintroduce the most interesting.

The most important result of the LARFM is bandpass estimasee 10]. Figure13 shows a
good agreement between LARFM bandpasses and end-to-ersdireeents, the end-to-end mea-
surements are however affected by systematic effects adgiality is not sufficient for a quan-
titative analysis.

Figure 14 shows the output voltage as a function of input load tempegameasured in a
linearity test compared to the LARFM results assuming aalirB=M response and implementing
the BEM non-linear model as explained in secttbh.3 The compression parameteof eq. @.4)
was measured using the test results and the comparison slgeosl agreement between the non-
linear model and the measurements.

The LARFM was also successfully applied to predict the immacbandpasses of the sub-
stitution of a damaged FEM unit with a spare unit, to assessthven it would be acceptable to
replace or necessary to repair the unit. Figlseshows the impact on the LARFM bandpasses of
the eventual substitution of the flight FEM with the sparet wm RCA 24. The response of the
spare FEM is more structured than the nominal unit and theoiath is reduced by about 20%
(see [L2)), the unit was successfully repaired.

The RF model has been used also during the cryogenic testaigimio successfully investi-
gate the saturation at the BEM diode, by modelling the RF pdewel at the diode input.

A more direct use of the model is foreseen in the unfortunase of the radiometers working
in non-nominal configurations, for example different thatmonditions. In this case it is possible
to estimate the impact of these non-nominal conditions @h eamponent and then make use of
the LARFM to simulate the non-nominal behaviour in terms afidpasses and output voltage.
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Figure 14. Output voltage versus temperature for a linearity testgamed to the LARFM linear and non-
linear BEM models.

FS vs FM SIMULATIONS (10 log mV)
30

i PV e A Y

Response (dB)

2
i A//J//
H
: —
T Flant
z S 9

\

-30

-40 T T T T T T T
36 38 40 42 44 46 48 50

Frequency (GHz)

Figure 15. Comparison between LARFM bandpasses with nominal vepsug $EM on LFI24M-00

5 Conclusions

We have described the LFI Advanced RF Model, based on conmhsoftware tools and measure-
ments of the radiometer component at single unit level. TARIEM provides a good description
of the response of each of the 44 channels of the Planck-ltBY,asuch as radiometer response
(including non-linear behaviour), system gain, noise terafure, spectral shape of the radiome-
ters bands.

The measurements of the scattering parameters of the singke (i.e., feed horns, Ortho-
Mode transducers, front-end modules, waveguides, bagkverdules) are very precise (typically
better than 0.1dB), while in some cases the end-to-end mexasuts of the integrated radiometer
properties are more difficult. This is the case, for examjgethe evaluation of the shape of the
spectral bands, whose knowledge is particularly impoffarpolarisation analysis. In these cases,
the availability of the LARFM has proved particularly uskefu

After being successfully used to support the Planck-LFigieand ground-test campaigns, the
model is now incorporated in the LFI data processing centedlow detailed studies of radiometer
behaviour during the Planck survey. Similarly, future psEn radiometric instruments will likely
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require similar models to be developed to support instriurdemelopment and data analysis. Our
experience has shown the usefulness of such an RF softwatel mied indicates a strategy and
some technical tools that may be useful for other projectaerfuture.
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