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ABSTRACT. The 30 and 44 GHz Back End Modules (BEM) for the Planck LowgEency Instru-
ment are broadband receivers (20% relative bandwidth) wgrkt room temperature. The signals
coming from the Front End Module are amplified, band pasgditeand finally converted to DC
by a detector diode. Each receiver has two identical branfillewing the differential scheme of
the Planck radiometers. The BEM design is based on MMIC Lows®&lamplifiers using GaAs P-
HEMT devices, microstrip filters and Schottky diode detextd@heir manufacturing development
has included elegant breadboard prototypes and finallyifipagion and flight model units. Elec-
trical, mechanical and environmental tests were carri¢doouhe characterization and verification
of the manufactured BEMs. A description of the 30 and 44 GHekBznd Modules of Planck-LFI
radiometers is given, with details of the tests done to dater their electrical and environmental
performances. The electrical performances of the 30 andHiiBack End Modules: frequency
response, effective bandwidth, equivalent noise temperal/f noise and linearity are presented.
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1 Introduction

The Low Frequency Instrument (LFI) is one of the two instratseof the ESA Planck satellite.
The objective of the satellite is to achieve precision mdph® Cosmic Microwave Background
with a very good sensitivity to observe sky temperaturearopies [L]. LFI contains very high
sensitive receivers based on cryogenic radiometers wéin Bront-End Modules (FEM) operat-
ing at 20K PR]. LFI covers three adjacent frequency bands centred at8@and 70 GHz, with a
fractional bandwidth of 20%, and uses cryogenic very lovsa@mplifiers with Indium Phosphide
(InP) High Electron Mobility Transistors (HEMT) in the FEMhe Front-End Modules are physi-
cally and thermally separated from the Back-End Modulesugy a meter of copper and stainless
steel rectangular waveguide. The signals originating @WEEM are then further amplified and
finally detected in the BEM that operate at 300 K.

Planck-LFI radiometers are based on a differential scheédg,[shown in figurel. Signals
from the sky and from a 4 K reference load are combined usint8&') hybrid. Both signals
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Figure 1. Planck Mission radiometer scheme.

are amplified by Low Noise Amplifiers (LNA) in the Front-End Miae. Two identical phase
switches introduce a differential (180phase shift in one branch with relation to the other. The
second (189 hybrid delivers a signal proportional to sky temperatureme output, and a signal
proportional to the reference load temperature in the other

The balanced structure of the FEM permits to obtain two $&grsky and reference, contam-
inated by the same amount of noise because both have passedtiihe same LNA and phase
switches. By differencing signals across the two outpuilsgugost-processing, the noise can be
cancelled. Phase switching at 4 kHz is done also to remové/thwise of the BEM, because it
does not have a balanced structure like the FEM. This BEMerisiaoticeable at low frequencies,
at some hundreds ¢fz. Noise cancellation can only be perfect if the two FEM braascare iden-
tical and the balance is perfect as well. In practice a littiealance is tolerated and it was tested
as a leakage from one input to the theoretically isolategudut

Next sections describe in detail the 30 and 44 GHz BEM uniBafck-LFI, from their design
principles and individual subsystems performance, to thed frlight Model units which are inte-
grated in the Planck satellite. Prototype and Elegant Breawdl units are presented and described
showing their main characteristics. Electrical and emvinental tests have been performed in all
the Qualification and Flight Model units delivered to therfelasatellite Project System Team.

2 Design of the Back-End Modules

In this section, we will describe all the fundamentals ofre®= component designed and their
individual performance before integration.

2.1 Low Noise Amplifiers

Each Low Noise Amplifier (LNA) consists of two cascaded arfigris in order to have enough
gain and to provide a signal in the square law region of thelalidetector. Monolithic Mi-
crowave Integrated Circuits (MMIC) on GaAs technology haeen chosen at 30 and 44 GHz.
The MMIC at Ka-band are commercial circuits, model HMC26@nir Hittite. They have four
stages of Pseudomorphic-High Electron Mobility Transst@#HEMT), with an operating band-
width from 24 GHz to 36 GHz, and offer 23 dB of gain and 3 dB ofsediigure from a self-biasing
supply of+3 Volt, 52 mA. A picture of the MMIC at Ka-band, its noise figugain and input and
output return loss are shown in figuze
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Figure 2. (a) Ka-band LNA MMIC (b) MMIC performance.

Figure 3. Q-band LNAs, (a) Normally ON; (b) Normally OFF.

At Q-band two custom designed MMICs have been assembBled ey have been manufac-
tured with the process EDO2AH from OMMIC, which employs a @ gate length PHEMT on
GaAs. The first MMIC has four stages of depletion mode traoigNormally ON: N-ON) with
gate widths of 4x1%m and 6x15um, shown in figure3(a). The second MMIC, in figur8(b),
has four-stages of enhancement mode transistors (Nox@&Fy. N-OFF) with gate widths of
6x15um. The N-ON LNA preceding the N-OFF, was found to be the bestims of input and
output matching and noise performance. The main requirtsvadrthe two LNAs are to provide
low noise and low power consumption with enough gain. Usidrat amplifier an LNA, based
on N-ON PHEMT transistors, a good noise performance wasraatawith a power consump-
tion of only 90 mW. The second LNA, with N-OFF PHEMT transistowas added to increase the
gain with a very low impact in the noise figure and a very low powonsumption of 32 mw. All
the circuits were measured on wafer using a coplanar praierst Noise figure, return loss and
associated gain for the Q-band depletion and enhancenagisidtor LNAs are plotted in figuee

2.2 Band Pass Filters

A band pass filter was used to define an effective bandwidt®%f &nd to reject undesired signals
out of the band of interest. Low bandpass losses, more theB dot of band losses and small size
were considered the main objectives to fulfil. The filter wasddl on microstrip coupled line struc-
ture that was chosen because it provides inherently goadi pass characteristics. The design is a
three-order Chebyshev resonator filter. Electrical modetupled lines and an electromagnetic
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Figure 4. Q-band LNAs on wafer performance, (a) Normally ON; (b) Natiyn OFF.
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Figure 5. Microstrip bandpass filter.

simulator was used in the design phase. The design methothagas on the classic prototype
filter tables provided byf{], but a desigh methodology has been developed to achiewedatable
frequency response in microstrip filters using commerciDGoftware. After a careful evalua-
tion of the validity of the CAD models, comparing simulatetiaccurately measured results, the
design was restricted to microstrip elements than could dleckaracterizedq]. The selection of
the substrate became critical due to the gaps and widthsohttrostrip lines because it sets the
line-etching precision required and the minimum lossegeaable. Microstrip lines were made
on Duroid 6002 substrate with 10 mils thickness and didleconstant of 2.92. Several units of
microstrip band pass filters were fabricated and testedicaltest results for the 30 GHz filter are
insertion losses lower than 0.84 dB in the band, and for theH4# filter, insertion losses better
than 1.5dB and return losses better than 10 dB across thatwgebandwidth. A photograph of a
30 GHz filter is shown in figur®. The response of the filters when they have been measured with
coplanar to microstrip transitions using a coplanar prabgos is depicted in figuré.

2.3 Diode Detectors

The diode for the detector was a GaAs planar doped barriesttkghdiode. The specific model

chosen was a zero-bias beam-lead diode HSCH-9161 fromradikchnologies. This diode has
suitable characteristics to be used at microwave freqaencAmong the main specifications in
the detector design are the input matching, the sensitritythe tangential sensitivity. The diode
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Figure 8. (a) Ka-band detector sensitivity at 30 GHz; (b) Q-band deterectification efficiency at 44 GHz
for -30 dBm of input power.

equivalent circuit is not a good match to &lhm so it was necessary to synthesize a network
that would transform it to something close with an input rhiatg network. Thus the detector is
composed of a hybrid reactive/passive matching netword tlae Schottky diode. Both detectors,
for 30 GHz and 44 GHz, were mounted with a coplanar-to-mtdmsransition to make on-wafer
tests as a previous step to the BEM integration. The prdcétigalementation is performed with
transmission lines printed on a standard dielectric satestiAlumina with 10mils thickness and
dielectric constant of 9.9. A view of the detectors is showfigure7. The output voltage sensitiv-
ity has been measured at 30 GHz for the Ka band detector anshibivn in figuré(a). Figure8(b)
depicts the rectification efficiency of the Q-band detectdha frequency of 44 GHz for 30 dBm

of input power.
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Figure 9. DC-amplifier schematic.

2.4 DC Amplifier

The detector diode output is connected to a low noise DCHéistplvith an adequate voltage gain
to have the required detected signal level for the data aitiqui electronic module. A schematic
of the DC-amplifier is shown in figur®. The first stage has an OP27 precision operational ampli-
fier that combines low offset and drift characteristics am hoise, making it ideal for precision
instrumentation applications and accurate amplificatiba low-level signal. A second balanced
stage, implemented with an OP200, provides a balanced adabioutput. DC amplifier total
power consumption with a high impedance load is 37 mW.

The amplifier gain is given by the ratio between the diffeamutput voltageVvyy, andVi,
(input voltage from the detector), whéve, is given by:

R> R4
Vout = V, — Voo = 2- N1+ =1V 2.1
out out+ out Rl—|— RZ |: R3:| n ( )

The detector resistive load RB; + Ry. In order not to affect the detector RF response, the
conditionR; + Ry, > 50 kOhm was fulfilled.

Since the phase switch frequency rate in the receiver is Hi@9he output signal has to
provide a video bandwidth of at least 50 kHz, which meanstti@butput signal contains more than
ten harmonics in order not to degrade the information. TheaB@lifier measured gain-bandwidth
product was 5.7 MHz. This operational amplifier gain bandkigroduct has been taken into
account, and the maximum achievable balanced gain witlasing output bandwidth was 100.
A voltage gain of 50 is due to the OP27 and a further of 2 due balamced to balanced conversion
of the OP200 with unit individual gain. Another constraitfittiis DC amplifier is to provide an
output voltage in a window between 0.2 Volt and 0.8 Volt, vehtre data acquisition electronics
(DAE) works properly. The designed DC amplifier was adjud@deach channel, taking into
account small RF gain differences, in order to have the aid@voltage inside the window and to
achieve the output bandwidth requirement. The resultimghvédth was 163 kHz. Figurg0 shows
the DC amplifier measured low-frequency noise referred ¢oafmplifier input. The white noise
voltage level is 8 //Hz (= —162dBV/\/Hz), and the flicker noise knee-frequency, defined as
the point where the noise voltagey& times the white noise voltage, is 2.8 Hz.
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Figure 11. General view of the EBB 30 GHz BEM branch with LNA, band paksrfiand detector.

3 Manufacturing

3.1 Elegant breadboard prototype

The objective of the Elegant Breadboard (EBB) prototypes twaxperimentally demonstrate the
radiometer concept, by integrating a fully representatiné in the laboratory. An EBB demon-
strator must have the same electrical functionality as tia fiight unit. The internal architecture,
electrical scheme, and the electronic components werethe as for flight. The electronics com-
ponents do not need to be space qualified. The size and wdighé &BB demonstrator can
be different from the flight unit. To make easier the inteigratwith the EBB of the Front End
Module, the EBB version of the 30 and 44 GHz BEM included ontg dranch. In fact the EBB
version is a quarter of one full BEM. Figulel shows a photograph of one EBB at 30 GHz. This
EBB branch contains a Low Noise Amplifier (LNA), a Band Padt&eF(BPF), a Schottky diode
detector (DET) and a low frequency amplifier (DC Amp). Thetcanfrequency is 30 GHz and
the nominal fractional bandwidth is 20%. Figuk2 shows two EBB BEM units connected to the
Prototype Demonstrator (PD) FEM in the laboratory at Jbdahk Observatory.

The first functional element of each BEM is a waveguide-tofostrip transition that was
designed using a ridge waveguid®.[The input waveguide flange is WR-28 for the 30 GHz BEM
and WR-22 for the 44 GHz BEM. The transition is a four sectistepped ridge waveguide to
microstrip line transition which provides a broadband perfance. This transition has been chosen
for its broad bandwidth, low insertion loss, and repeatgddgformance. Figurd3 shows the
experimental results of back to back rectangular wavegtadaicrostrip transitions using ridge
waveguide transformer. Microstrip line losses are inctuitethe result. The length of microstrip
50 Ohm line, on Alumina substrate 10 mils thickness, was 10imboth units (Ka band and Q
band). The estimated insertion loss of one single ridge gude transition is lower than 0.2 dB.



Figure 12. The EBB 30 GHz BEM branches connected to the Prototype Dstraior FEM in Jodrell Bank
Observatory.
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Figure 13. Insertion loss and return loss of back to back rectangutaseguide to microstrip transitions
through stepped ridge sections. (a) Ka band unit, (b) Q baitd u

3.2 Qualification and Flight Model units

The final BEM mechanical configuration for the Qualificatiold4! and Flight Model has four RF
branches, providing signal amplification and detectiontfar complete radiometers. Mechanical
design had been carried out by Mier Comunicaciones S.Ainvéh allowed envelope of 70 x 60
x 39 mn? including all the RF and DC circuitry. Mass is 305 g for 30 GHENB and 278 g for the
44 GHz BEM. Figurel4 shows the external view of the BEM. Internally there are fedént levels
of PCB circuits, from top to bottom, as follows:
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Figure 15. (a) DC Amp PCB contains operational amplifiers; (b) DC PCBtams voltage regulators.

1. DC PCB: It contains voltage regulators for a half BEM (oeesiver, two branches)

2. DC amplifiers PCB: It contains the DC operational ampkfifar a half BEM (two signal
detected outputs)

3. RF part: It contains two RF branches (one receiver)

4. DC amplifiers PCB: It contains the DC operational amplfifar the other half BEM (two
signal detected outputs)

5. DC PCB: It contains voltage regulators for the other h&MB(one receiver, two branches)

Pictures of the DC and RF circuits are in figureand figurel6.

Qualification Model (QM) units have been manufactured usitemtical electrical and me-
chanical components as for the Flight Model (FM) units. Thé @dFM components have
identical quality level and have been space qualified faligwthe same procedures. The only
difference between QM and FM units is the different envirental tests done on each case. In
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Figure 17. (a) FM units of 30 GHz BEM,; (b) QM unit of 44 GHz BEM.

particular vibration levels and thermal cycling tests favl @nits have been more demanding than
for FM units. Summarising: QM units are identical to the FMtsinbut they are not intended to be
installed in the satellite. In order to be ready to deal wiithited unexpected component failure in
the FM units, before launching the satellite, spare FM urfithe 30 and 44 GHz BEM have been
also manufactured and tested. Pictures of FM or QM units afr8D44 GHz BEM are showed in
figure17.

4 Electrical characterization tests

A set of basic tests were performed at three different teatpers in the range of possible operating
temperatureTiow (—25°C), Thom(26°C) andThign(48°C), to verify proper operation of the FM Back-
End Modules and fulfillment of the specified electrical regmients. They were assembled and
tested in a clean room equipped with a vacuum chamber whablesius to achieve low pressure
levels and to vary the base plate and shroud temperaturmhthacceptance ranges. The principal
tests performed were frequency response, equivalent tesiggerature, stability and linearity. Test

—10-
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Figure 18. RF to DC response at three temperatures for a CW power iripl@@dBm, (a) BEM 30 GHz
Flight Model; (b) BEM 44 GHz Flight Model.

equipment available included vector network analyzersmvirequency sources, noise sources
and low frequency spectrum analyzers.

4.1 Frequency response and effective bandwidth

The frequency response (RF to DC) measurements were dawimigi aCW small signal into
the waveguide input, for a constant power level. The leveghefsignal was set to yield a readily
measurable response, but not so large as to cause nonifieets. This test was needed in or-
der to know the bandpass response. It was measured steppisgrthesizer source through 201
frequencies and recording the output voltage for each &ecy with the RF output of the synthe-
sized enabled and disabled. Figli&shows the RF to DC response for the flight model BEMs at
30 GHz and 44 GHz.

The measured results obtained for the RF to DC response egetaisalculate the effective
bandwidth. The effective bandwidth is defined accordingext expresion.

|/ G(F)dff?
BWor — 4.1
NTEOT )
G(f) is the RF power gain of the BEM, including the RF detector oase. ThisG(f) gain
is obtained by RF to DC response test. This test is perfornifdanmicrowave sweep generator
providing a constant input power versus frequency, so tfeetfe bandwidth can be calculated
as @.2), using only the output voltage values taken at discretguiacies.

N )(Xil\l_lvout(i)—voutoff)z (4.2)

B =Af.
V\éﬁ <N +1 2|N:1 (Vout(i) - Voutoff)2

whereN is the number of frequency point&f is the frequency stepy(i) the DC output voltage
at each frequency arM, o5 is the DC output voltage when the sweep generator is\@ffior is
typically about 25 mV for the 30 GHz BEM and lower values foe #d GHz BEM.

Tablel shows the values of the effective bandwidth for each flightleh@EM at three differ-
ent temperatures in the range of possible operating tertypera

—-11 -



Table 1. Effective bandwidth of the BEM Flight models in GHz. (Onatwf each band is a Flight Spare).
Estimated error =t 1%.

ChannelA ChannelB ChannelC ChannelD
BEM Tiow Thom Thigh Tiow Thom Thigh Tiow Thom Thigh Tiow Thom Thigh
30GHzFM1| 9.11 9.16 9.07] 9.17 9.14 9.02 9.34 9.36 9.27 9.54 9.45 9.28
30GHzFM2| 9.23 9.26 9.29 9.35 9.29 9.32 9.16 9.10 9.06 9.84 9.77 9.72
30GHzFM3]| 9.34 9.26 9.13 9.04 9.09 9.02 9.03 9.00 8.88 8.88 8.88 8.72
44 GHzFM1| 7.85 7.60 7.51 7.70 7.50 7.29 8.36 8.23 8.06 8.39 8.32 8.04
44 GHzFM2| 8.57 8.55 8.44 7.87 7.94 7.92 8.76 8.74 8.58 8.55 8.52 8.35
44 GHzFM3| 8.02 7.93 7.77 7.43 7.38 7.27) 8.08 8.02 7.83 8.33 8.31 8.16
44 GHzFM4 | 7.87 7.86 7.75 8.35 8.30 8.04 7.72 7.74 7.6Q 8.51 8.46 8.22

4.2 Equivalent noise temperature

A method has been developed to achieve an accurate and wtggilent noise temperature of
the whole receiver. This method takes into account commlencise sources, which have not a
flat Excess Noise Ratio (ENR) versus frequency in millimetee range, an&F to DC receiver
performance along the band. Because the hot temperatune osed noise source and the BEM
RF gain show variations across the operating bandwidth, tixe exgression was used to obtain
the global equivalent temperaturge) [10]:

Y T(F)Vae F) = Y To 3 {2V F)
(Y = 1) 3 Vet ) '

(4.3)

rec

WhereT;, andT, are the hot and cold temperature of the noise sotr¢ethe noise¥ — factor, and
Vget is the detected voltage at each frequency when a CW sigrthl avdionstant power sufficiently
above white noise level, is applied at the BEM input. he factoris given by:

Y — Vdet|h

= . 4.4
Vdet|c ( )

WhereVyed,, andVged, are the receiver output voltages when two known source teapes, hot
and cold loads, are connected at the BEM input.

TheY — factor was tested with a cold load and a hot load using a commercisé rsmurce
Q347B from Agilent. The equivalent noise temperature adal fower radiometer was slightly
worse than on wafer measured noise figure of a naked MMIC duelyrta losses in the wave-
guide to microstrip transition and to the readjustment eflifas point to decrease the ripple in the
operating band, trading off noise temperature and effedctandwidth. This noise temperature has
minimum impact on the global radiometer performance dubedigh gain of the FEM.

Table 2 shows the values of the equivalent noise temperature fdr #igbt model BEM at
three different temperatures in the range of possible tipgréemperature. The large variability
of the equivalent noise temperature of 44 GHz BEM units was tdutheir large dependence on
the input matching network result, which was observed to berg critical parameter, not easy to
control during the assembly process of MMIC.

—12 —



Table 2. Equivalent noise temperature of the BEM Flight models itvike (One unit of each band is a
Flight Spare). Estimated errot: 20 K.
ChannelA ChanneB ChannelC ChannelD
BEM Tlow Tnom Thigh Tlow Tnom Thigh Tlow Tnom Thigh Tlow Tnom Thigh
30GHzFM1| 196 317 365 | 159 294 349 | 231 349 413 | 150 292 346
30GHzFM2| 176 288 324 | 179 299 332 | 202 316 357 | 167 307 350
30GHzFM3| 164 286 347 | 129 272 323 | 257 342 410 | 185 301 364
44 GHzFM1| 923 856 1006| 734 676 745| 798 662 744 | 546 643 881
44 GHzFM2| 346 494 397 | 513 674 587 | 349 426 386 | 299 405 509
44 GHzFM3| 419 467 525 | 520 595 755 | 385 437 591 | 392 437 484
44 GHzFM4| 342 561 939 | 464 459 609 | 271 380 609 | 342 510 598

Table 3. 1/f knee frequency (Hz) of 30 GHz FM2 BEM unit.

Channel | Tiow | Thom | Thigh
A 75 90 | 103

B 75 | 100 | 94
C 74 | 100 | 117
D 87 | 100 | 100

4.3 Stability: 1/f noise

The raw measurements of the output spectrum are used foetbardnation of the 1/f knee fre-
guency. First, the output spectrum data are handled in aitbgac scale in frequency. This way,
it is possible to plot the spectral noise density composed tite noise constant value, at high
frequencies, plus the contribution of the 1/f noise at loggfrencies. According to the definition,
the 1/f noise knee frequency is the frequency at which theenagbltage spectrum density is at a
level of v/2 of the white noise voltage spectrum density level, fordnse inV rms/sqrt(Hz). Us-
ing power density instead of voltage density then the lev8/dB above the white noise level (for
instance in a scale of dBm/Hz).

The BEM low frequency power spectrum was characterized wilhewlett Packard Vector
Signal Analyzer HP81490A when a wave-guide matched loadnsected to the input. The test
was done at three temperatures: nominal (299 K), low (273r) lsigh (326 K). The 1/f knee
frequency was below 400 Hz in all BEM units, much lower thaa pihase switching of the FEM
(4096 Hz), so gain fluctuations of the back-end module didmggct on the global performance
of the radiometer. The dominant 1/f noise source is attithtio the Schottky diode detector, since
it refers directly to the diode current. The 1/f noise spauntof each LNA alone was tested and the
knee-frequency was about 13 Hz for the N-ON LNA and about 15ddzhe N-OFF LNA. These
results make evident that diode detector is mainly resptm$or the knee-frequency of the BEM.
The results for the four channels of a 30 GHz BEM FM unit aregiin table3. Figure19 shows
a typical noise spectrum of a flight model BEM at 30 GHz.

— 13—



-20

-30

-40

-50

-60

-70

Noise Spectrum (dBmV/Hz)

-80

-90

1 10 100 1000
Frequency (Hz)

Figure 19. Typical low frequency noise power spectrum at the BEM outfasted in a 50 Ohm spectrum
analyser.
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Figure 20. 44 GHz QM BEM dynamic range.

4.4 Linearity

The detected voltage versus input power was measured intordet the BEM dynamic range. A
HP83650B generator was used@4 source. Results for the 44 GHz QM representative BEM are
depicted in figure20 (solid line) for a 40.3 GHZW signal input. In order to use a more realistic
input signal, a wide band noise stimulus was used to meakar8EM sensitivity. This noise
was obtained from a broadband white noise source, Q347B Agifent, accordingly filtered and
amplified by another 44 GHz BEM branch with only the radiofrency chain (detector and DC
amplifier not included). Results are also plotted in fige@€circles). Taking into account the FEM
gain and noise temperature, the BEM is always working underpression regime. The BEM
non-linearity is a combination of the second MMIC LNA gaimwaression and the non-linearity
of the diode detector. Given the dynamic range and the casjomre response of the BEM, it is not
possible to identify the 1 dB compression point. Due to tlisipression effect, measured signal
must be converted using the calibration curves, accordirtbe procedures described in detail in
in [11].

Results of compression for channel A of a FM unit at 44 GHz hoeva in figure21. The test
was done at three temperatures: nominal, high and low.
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5 Verification tests

5.1 Vibration and thermal vacuum

Comprehensive vibration tests were performed, at diftepbemes and frequency profiles, from
5Hz to 2000 Hz. The sequence applied in the QM BEM unit testtivagollowing one for each
axis: Low sine vibration, sine vibration, random vibratiand low sine vibration surveys. The
low level sinusoidal vibration surveys were conducted mheaxis, prior and after performing
sinusoidal and random vibration, at a sweep of 2 oct/min anacaeleration of 0.5 g, in the range
5-2000 Hz, only one sweep per run. The sinusoidal vibratsh ¢onsisted of a single sweep per
axis, at a rate of 2 oct/min. In all vibration tests the BEMtanvere not operating.

The units were tested in 3 mutually perpendicular axes, Barhtparallel to the base plate and
the third one perpendicular to it. FiguB2 shows the axes orientation with relation to the BEM
unit.
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Figure 23. 30 GHz QM BEM attached to the shaker.

Table 4. Acceptance sinusoidal vibration test levels.

Axis Frequency rangéHz) | Level
Out-of-plane(OOP) 5-21.25 +/-8 mm
21.25-100 20g
In-plane(IP —NFRIP — PFP) 5-21.25 +/-8 mm
21.25-100 16 g

As the specified vibration levels were defined with relatioritte spacecraft axis system, a
stiff fixture providing the right inclination for the BEM uts was envisaged in order to match to
the shaker axis. The BEM units were hard mounted on the fixfthies fixture guaranteed that the
major modes of the BEM were not modified, in the sense thatieqy shifts were below 5% for
lower frequency modes. The units were tested at the envieatahtemperature expected during
satellite launch. A view of one BEM unit mounted on the shagén figure23.

For the FM units the acceptance sinusoidal vibration tesisted of a single sweep per axis, at
arate of 4 oct/min. The acceptance levels applied in thistesndicated in tablé. The acceptance
random vibration test was done according to the levels aratidns presented in tabfe

The proper BEM performance, after the vibration of each, wréts checked by post-dynamic
performance verification tests. These checks were perfbimyemeasuring a small number of
indicative requirements of the BEM, like power consumptionorder to be sure that the unit
was still alive and performing well. The electrical behawioin terms of noise and RF to DC
conversion, did not change after vibration and thermal vattests. The tested deviations were
within the range of the test equipment measurement accuracy

Thermal vacuum tests for BEM flight units were done basidaylysix thermal cycles, with a
total duration of about 25 hours, betwee35°C and+55°C. The thermal profile is depicted in
figure24. During thermal cycling, a set of Reduced Performance TB$3) have been performed.
As in the vibration tests, after thermal vacuum test theigaheondition and functionality of each
unit was checked.

Each unit in turn was screwed to the base plate of the vacuwamlobr and low thermal
resistance ensured by thermal silcone compound. Tempemataling in the acceptance range was
thus achieved by changing the base plate temperature. THeddithroughs of the chamber were
connected to the BEM, in order to have available the DC poimesloutside the chamber. Output
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Table 5. Acceptance random vibration test levels.

Axis Frequency(Hz)|Power Spectral Densitig? /Hz) | Gms | Time per axis(s)
20 0.0482
80 0.192
Out—of — plane 220 6.912
(OOP) 240 6.912 25.05 60
300 0.832
500 0.832
2000 0.00822
20 0.0241
80 0.096
In— plane 150 3.456
(IP—NFRIP —-PFP) 170 3.456 20.0ﬂ 60
300 0.704
500 0.704
2000 0.00411

ALY
ATy

Hours

Temperature (°C)
>

Figure 24. Thermal profile for a FM unit test (RPT instants highlighteith squares).

channel signals and DC consumption were continuously rdtby the Agilent 34970A Data
Logger with the 34901A switching unit.

As it is shown in figure25, the BEM waveguide inputs were left open. In order to avosl th
detection of any noise signal, an aluminium wall, coverethwilayer of microwave absorber, has
been located at a distance of 2.5 cm from the BEM.

5.2 Electromagnetic compatibility

Very strict EMC tests were performed on BEM units, accordmgpecifications. Both conducted
and radiated emission and susceptibility tests were mauerféring signals covering the range
from 30 Hz to 18 GHz depending on the individual test were uatliated tests included electric
and magnetic fields emission and susceptibility. In the cAsenducted EMC tests the emission
and the susceptibility were tested through the power sulppdg +-5 Volt. The most difficult test

to fulfil was the conducted susceptibility, because the BHiitsido not have DC to DC converters
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Figure 25. BEM fixation to base plate of thermal vacuum chamber.

inside, and power supply fluctuations appeared at the BE®ttEd output. Special filtering on the
power supply input lines was used to avoid susceptibilitpwatfrequencies.

6 Conclusions

Back End Modules at 30 and 44 GHz for Planck Low Frequencyunstnt have been designed,
manufactured and tested. They have successfully fulfihedetectrical, mechanical and environ-
mental requirements of Planck satellite mission. Quatificamodel units and Flight Model units
have demonstrated the compliance with the required pedioces.

Acknowledgments

This work has been supported by the Spanish "Plan Nacion&t@ei’, Programa Nacional de

Espacio, grants ESP2002-04141-C03-01/02/03 and ESRZOIBIF-C03-02. The authors would
like to thank Eva Cuerno and Alexandrina Pana for the asseailthe BEM prototypes. Planck is
a project of the European Space Agency with instrumentsefdity ESA member states, and with
special contributions from Denmark and NASA (USA). The RlahFI project is developed by an

International Consortium lead by Italy and involving CaaaBinland, Germany, Norway, Spain,
Switzerland, UK, USA.

References
[1] N. Mandolesi et al.Planck pre-launch status: the Planck-LFI prograatcepted bystron. Astrophys.
(2009).

[2] R.J. Davis et al.Design, development and verification of the 30 and 44 GHz-fgod modules for the
Planck Low Frequency Instrume009JINST4 T12002

[3] E.J.Blum,Sensibilie des Radidtlescopes et&epteurs Corrdation, Ann. Astrophys22 (1959) 140.

[4] M. Bersanelli, N. Mandolesi and J. Marti-Canal®ylti-band radiometer for measuring the cosmic
microwave backgroungroceedings 082"d European Microwave Conferenddilan, Italy,
Sept. 2002Eur. Microw. Conf.32(2002) 547

- 18 —


http://dx.doi.org/10.1088/1748-0221/4/12/T12002
http://dx.doi.org/10.1109/EUMA.2002.339344

[5] M. Bersanelli et al.Planck pre-launch status: Design and description of the [Eogguency
Instrumentaccepted byAstron. Astrophyg2009).

[6] B. Aja et al.,Q-Band monolithic GaAs PHEMT low noise amplifiers: compaestudy of depletion
and enhancement mode transisigreoceedings o6AAS 2002 Symposiuyiilan, Italy, Sept. 2002,
pp. 53-56.

[7] G.L. Matthaei, L. Young and E.M. Jonddlicrowave Filters Impedance-Matching Networks and
Coupling StructuresMc. Graw-Hill (1964).

[8] M. Detratti et al.,Millimetre Wave Broadband Bandpass Microstrip Filters.digg and Test
proceedings 082" European Microwave Conferenddilan, Italy, Sept. 2002,
Eur. Microw. Conf32(2002) 573

[9] W.J.R. Hoefer and M. BurtorClosed-Form Expressions for the Parameters of Finned addé&d
WaveguidedEEE MTT 30(1982) 2190

[10] B. Aja et al.,A new method to obtain total power receiver equivalent ntasgperatureproceedings
of the 339 European Microwave Conferenddunich, Germany, Oct. 2003,
Eur. Microw. Conf33(2003) 355

[11] A. Mennella et al.;The linearity response of the Planck-LFI flight model reeesv
2009JINST4 T12011

—19 —


http://dx.doi.org/10.1109/EUMA.2002.339349
http://dx.doi.org/10.1109/TMTT.1982.1131406
http://dx.doi.org/10.1109/EUMA.2003.340963
http://dx.doi.org/10.1088/1748-0221/4/12/T12011

	Introduction
	Design of the Back-End Modules
	Low Noise Amplifiers
	Band Pass Filters
	Diode Detectors
	DC Amplifier

	Manufacturing
	Elegant breadboard prototype
	Qualification and Flight Model units

	Electrical characterization tests
	Frequency response and effective bandwidth
	Equivalent noise temperature
	Stability: 1/f noise
	Linearity

	Verification tests
	Vibration and thermal vacuum
	Electromagnetic compatibility

	Conclusions

