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ABSTRACT. We give a description of the design, construction andngstif the 30 and 44 GHz
Front End Modules (FEMSs) for the Low Frequency Instrumerfljlof the Planck mission to be
launched in 2009. The scientific requirements of the misdaiarmine the performance parameters
to be met by the FEMSs, including their linear polarizatiomuccteristics.

The FEM design is that of a differential pseudo-correlatiadiometer in which the signal
from the sky is compared with a 4-K blackbody load. The Low $¢oAmplifier (LNA) at the
heart of the FEM is based on indium phosphide High Electrobibg Transistors (HEMTS). The
radiometer incorporates a novel phase-switch design wiiigks excellent amplitude and phase
match across the band.

The noise temperature requirements are met within the merasut errors at the two frequen-
cies. For the most sensitive LNAs, the noise temperatureeabaind centre is 3 and 5 times the
quantum limit at 30 and 44 GHz respectively. For some of th#5Rhe noise temperature is
still falling as the ambient temperature is reduced to 20tdbiiity tests of the FEMs, including a
measurement of the 1/f knee frequency, also meet missiairesgents.

The 30 and 44 GHz FEMs have met or bettered the mission regeires in all critical aspects.
The most sensitive LNAs have reached new limits of noise @atpre for HEMTSs at their band
centres. The FEMs have well-defined linear polarizationrattaristcs.

KEYWORDS. Space instrumentation; HEMT amplifiers; Microwave radébens; Instruments for
CMB observations
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1 Introduction

Observations of the Cosmic Microwave Background (CMB) ewnique information about the
early history of the Universe some 380,000 years after tlgeB2ing. The CMB power spectrum
as a function of the angular frequendy,gives critical data for cosmology. Up to the present,
the angular frequency coverage is obtained from a combimaif ground and balloon (high-
observations of restricted areas and space (Jaai-sky observations. Ground-based instruments
sampling hightvalues include CBIT], the VSA [2], DASI [3], QUaD [4] and ACBAR [5]; balloon
instruments include BOOMERANG] and ArcheopsT]. The space-based instruments giving all-
sky coverage are COBBJ and WMAP [9-11]. The Planck satellite will give full sky coverage
over a widel range in a single instrument with data collected at all fesgies simultaneously.

From the earliest days of CMB research it was recognizedGlagactic foregrounds were a
significant contaminant of the CMB. At the lower frequenciggchrotron [e.gl2] and free-free
emissions 13] were well-established foregrounds but their accuracgssfficient for precise mea-
surement of the CMB and as indicated below, Planck will ba&usémprove this. A spinning dust
(*fanomalous emission”) componerit4, 15] was later identified; it dominated the foregrounds
in the frequency range 15 to 40 GH%f 17]. At frequencies above-100 GHz, the dominant
foreground is the thermal (vibrational) emission from iatellar dust which has a range of tem-
peratures and particle sizetd]. HFI will enable an accurate measurement of this foregdoun

To derive the best estimate of the CMB sky distribution, inécessary to have a wide fre-
guency coverage in the Planck armoury in order to identify mmove the Galactic foregrounds.
The Planck satellite covers the frequency range 30 to 857 Withztwo technologies. The Low
Frequency Instrument (LFI) consists of low noise amplife@r80, 44 and 70 GHz. The High Fre-
qguency Instrument (HFI) uses bolometers at 100, 143, 213,,8% and 857 GHz. The frequency
bands which are least contaminated by foregrounds, anceHest for observing the CMB, are
those in the octave either side of 100 GHz. The 70 GHz chasribkichannel where foregrounds
are minimum both in intensity and linear polarization.

This wide frequency coverage in a deep all-sky survey wilvie crucial information on all
the Galactic components. The 30 and 44 GHz channels areyarty important in determining



the properties of the synchrotron, free-free and spinningt domponents when combined with
new ground-based surveys at lower frequencies.

All the receivers/detector bands on Planck between 30 aBds3% will be sensitive to linear
polarization. Special attention has been paid to the pwiftthe polarization detection system
since the E-mode polarization of the CMB is weakZ uK) and any B-mode polarization will be
weaker by factors of 10 or more. The linear polarization ef slgnchrotron emission is relatively
strong, so accurate measurements over a wide frequenceg maifigcontribute substantially to
an understanding of the structure of the Galactic magnedld.fi Careful measurements of the
polarization in all the frequency channels are necessadgtect and quantify the polarization of
the free-free and dust — both spinning and thermal.

In this paper we describe the design, development and gesfithe cryogenic section (the
front end modules, FEMs) of the LFI radiometers at 30 and 44 .GFhe structure of the paper
is as follows. Sectior2 describes the specification and rationale of the radionatan at 30
and 44 GHz, along with a description of the input structune (torns) and the back end modules
to which the FEMs are attached. Secti®mlescribes the design of the various components of
the FEMs. Sectiort gives the details of the FEM assembly and qualification. Tuometric
performance of the FEMs is given in sectibnAn overall summary of the expected performance
of the 30 and 44 GHz radiometers in orbit is provided in secio

2 Specification of the Radiometer chain at 30 and 44 GHz

The principal observational objective of Planck is to proglunaps of the whole sky in the 9 fre-
guency channels listed in table 1. The telescope is an @faptanatic design with a diameter of
1.5 m. The spacecraft will spin at 1 rpm around an axis offset by 85°from the telescope bore-
sight so that the observed sky patch traces a large circleisky. The FWHM beamwidth at each
of the observing frequencies is also given in table 1. Theivecs at the LFI frequencies are based
on indium phosphide (InP) high electron mobility transisttHEMTS) cooled to 20 K by a closed
cycle hydrogen sorption cooler. The HFI detectors inclysides-web and polarization-sensitive
bolometers operating at 0.1 K. The LFI is sensitive to linealarization in all channels while the
HFI has 8 polarization sensitive detectors at each of itsvééb frequencies.

The sensitivity in each of the Planck frequency bands isrgimgerms of the rms thermody-
namic noise temperature in each corresponding beam areblalt It is seen that the highest
temperature sensitivities are at the lower frequencies.

The LFI instrument with its arrays of cooled pseudo-cotrefaradiometers represents an
advance in the state of the aft9 20] over the sensitivity of COBE{] and WMAP [21]. It is
particularly designed to have maximum freedom from systensarors both in total power and
polarization.

The overall rationale for the radiometer design, whichedgffrom the WMAP design9] is
described in22]. The LFI radiometer design is largely driven by the needugpsess the fraction
of 1/f-type noise induced by gain and noise temperatureudiitins in the amplifiers which would
be unacceptably high for a simple total power system. A whfidal pseudo-correlation scheme
is adopted, in which signals from the sky and from a blackybiederence load are combined by



Table 1. Original specification of the receivers and bolometerdamék.

Property Centre frequency (GHz)
30 44 70 100 143 217 353 545 85
LFI2 or HFIP LFI LFI LFI HFI HFI HFI HFI HFI HFI
Number of horns 2 3 6 8 12 12 12 4 4
Linear polarization Yes Yes Yes Yes Yes Yes Yes No No
Resolution (arcmin) 33 24 14 10 71 50 50 50 5|0
AT /T per pixel (Stoke$)¢ 2.0 2.7 47 25 22 48 147 147 6,700

aLFI receives both linear polarizations and employs indidragphide (InP) HEMT amplifers

bHFI units are spider-web and polarization-sensitive beiters

¢Goal in uK /K 10 for square pixels of side given in the “resolution” row, asfdble after 2 full sky surveys (14
months)

a hybrid coupler, amplified in two independent amplifier clsaiand separated out by a second
hybrid as shown in figuré.

Each front end module (FEM) is
located in the focal area of the Planck
telescope where itis fed from two dual- . P
profiled feed horns, one directed at the : m e
sky and the other at the 4-K reference,
load located on the surface of the high'
frequency instrument (HFI) unit. The
FEM then receives the two input sig- |
nals which pass through the first hybrid boeean e : 5—--B-ffz"-w";ﬁ"-‘@'*“ﬁ-"?-“--:

and are then amplified. After appro-

priate phase switching at 8 kHz the

signals pass through the second hybriﬁi.gure 1. The basic block diagram of the radiometer chain.

The signals are then sent via1.5 m The sgnals from the horn and reference load are fed to the_hy-
. brids via the ortho-mode transducer (OMT). The dashed line

of waveguide to the back end mod- . . i . )

} surrounding the hybrids, first amplifiers, and phase swiche

ule (BEM) at the 300 K station of thedelineates the front end module (FEM). The dashed line sur-

spacecraft where they are further amounding the second amplifiers, filters, detectors and vigigo

plified and then was measured usinglifiers defines the back end module (BEM). The FEM and

phase sensitive detectors. The BEMBEM are connected by four 1.5 m lengths of waveguide.

at 30 and 44 GHz are described in de-

tail by [23], this volume, while the 70 GHz radiometers are described24}. The output signal

is the difference between the sky and the reference loadgsétitly reduced 1/f noise. This infor-

mation is sent to the data acquisition electronics (DAE) al@dn the spacecraft.
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The specification of the FEM parameters at 30 and 44 GHz is suined in table2.



Table 2. Specification of the 30 and 44 GHz Front End Modules (FEMsggaired by the Planck mission.

30 GHz Channel (Ka band) 44 GHz Channel (Q bandl)
Centre frequency 30 GHz 44 GHz
Number of FEMs 2 3
Bandwidth 60 GHz (20% of 30 GHz) B GHz (20% of 44 GHz)
Noise temperature over band 8.6 K, (6.1 K goal) 14.1 K, (10gbHl)
Gain (band average) 30 dB min/33 dB max 30 dB min/33 dB max
Gain variation with frequency <5 dB across band <5 dB across band
Radiometric isolation 10%, (5% goal) 10%, (5% goal)
FEM gain variation with ambi- <0.05 dB/K <0.05dB/K
ent temperature
FEM noise variation with am- <0.8K/K <0.8 K/K
bient temperature
FEM gain variation with time <21 dB /1000 hrs cold running <1 dB /1000 hrs cold running
1/f knee frequency <50 mHz, K20 mHz goal) <50 mHz, 20 mHz goal)

3 FEM Design

3.1 Physical layout

The overall sensitivity of the Planck LFI, at each of its meament frequencies, is largely deter-
mined by the design of its FEMs. In order to meet the requirgmef the Planck project it was

necessary to achieve amplifier noise temperatures lowermteviously achieved with multi-stage

transistor amplifiers. As the instrument is designed to mreathe sky temperature in orthogonal
linear polarisations, the input ports of the FEM connecthimitstrument’s feed horn via an ortho-
mode transducer (OMT). Referring to the block diagram inrfidiieach FEM comprises two input

hybrid couplers (one per polarisation), four low noise afigss (LNAS), four phase switches, and
two output hybrids.

To achieve the lowest possible noise temperature, it wassisacy to minimise any loss in front
of the LNAs and this, together with other performance datepointed to the use of a waveguide
hybrid coupler at the input. The specification of the wavdgsito connect the FEM to the BEM
dictated the use of an essentially identical coupler foramgput. It was decided at an early stage
that in order to fit all the above elements of the FEM into therieted volume available around the
HFI instrument, a highly integrated design would be requifEhis was not readily commensurate
with the mix of transmission techniques desired, or withdhsirability of being able to test each
item individually. A multi-split-block solution was adogd, where the four LNA/phase switch
modules were mounted to end plates, side by side pairs of liékgy arranged above and below,
in a mirror-image format around the centreline. The endeglérmed one waveguide face of each
hybrid coupler, to which a block containing the machined egaides was attached. The only
difference in the design of input and output hybrids was ertbuteing of the H-plane waveguides
to the external interfaces. FiguPeshows an exploded view of the FEM assembly.



Mass was a major consideration.
Gold-plated aluminium alloy (6082- e oo |ometnaunic
T6 grade) was used, but part thick- <> —

nesses, mounting screw positions and ﬁ
=N

torque levels had all to be considered
to avoid distortion of the critical inter-

faces, where imperfections could result
in unwanted signal leakage, crosstalk

and loss. To reduce mass, unneces>,

. e Ner Ly NS
sary metal was machined away, leaving: ;<3
good contact around waveguide joints, "

with sufficient stiffness especially near "
mountlng p0|nts Input double hybrid

Hybrid Cones

H-polarisation

The microwave absorbing sur-
faces of the 4 K matched loads are
mounted around the periphery of the
HFI instrument. To access the two load

horn waveguides conveniently, the HFigure 2. Exploded diagram of FEM showing input and out-
plane hybrid outputs terminate on th@ut double hybrids, 4 low noise amplifiers grouped one pair to
inner surface of the FEM as assemblashch polarisation channel and associated side platesaddrdi

in the LFI. The FEM mounting flangesplates. A single LNA is outlined in red, and the polarization
were machined at a precise beam angp@irs are outlined in dashed lines.

for the sky horns.

With up to 20 low noise transistors and 8 phase switch diogesBM, all operating at 20 K,
several requirements, some conflicting, had to be consider¢he design of the bias circuitry.
Since the expected in-flight cooling power available to there Planck focal plane unit is only
~1.1 W, all power dissipation had to be kept to the absolutarmim. This set the requirement to
use InP active devices operated in power starved mode. Vésting the amplifiers it is necessary
to control each individual gate and the drain voltages. Wihenbest values were found poten-
tiometers were used to common most of the control wires tomige the number of supply lines.
Since the FEMs are driven by 1.5 m of wire length, it was necessary to terminate each wire i
the FEM with electrical protection devices. Nuclear hamtkfight-emitting diodes (LEDs) were
found to be suitable and can remove any sharp spikes whidhdueed on to these long lines.

The maximum allowable dissipation per FEM was dictated kyctholing power of the Planck
20 K sorption cooler25] and the thermal losses down the FEM/BEM connecting wawksguand
wiring. Such critical limitations were met with drain vajfes as low as 0.6 V. A dedicated bias test
power supply with a high level of protection, capable of duimg up to 5 drain, 5 gate and 2 phase
switch voltages to each of four LNAs was designed and builthBjate and phase switch supplies
were adjustable for either polarity.

Assembly and testing (outside the cryostat) was done unéan coom conditions using pre-
cleaned parts. In order to avoid any leakage between themadérs, it was necessary to assemble
the different parts of the modules with great care as to aligmt of all faces and flanges.



3.2 Hybrids

The input and output hybrid couplers
utilise the conventional “magic tee”
configuration and differ only in the
way that the input and output waveg-
uides are configured in order to in-
terface with other parts of the ra-
diometer (figure3). At each junc-
tion is a matching probe centred be-
tween the balanced arms, but off-
set away from the H-plane waveguid€&igure 3. Magic T Hybrid waveguide as realized in Planck
interface.  Ansoft's High FrequencyFEMS.

Structure Simulator (HFSS) electro-
magnetic modelling software was used
to determine the dimensions and off- |,
set of the probe for optimum hybrid E
performance. In all cases, the per-_,
formances were checked with model .
jigs. The hybrids, being an inte- | —mm B
gral part of the FEM body, were re ||~ s:m e —

522 meas

alised using split-block construction; | |5

----- 523 meas

44 GHz Hybrid Measured and Modelled Performance

- 541 meas

machined from aluminium alloy then | |--sines
gold-plated. In operation the FEM is [ B T
cooled to 20 K. The combined effectof |} ~/ [ [y Moty &
the waveguide design, and the Iowtem— SR
perature and consequent high conduc- s e a s0
tivity of the gold, means that the input

hybrids contribute negligible noise td=igure 4. 44 GHz measured hybrid S-parameters. All un-
the system. A typical plot measured ayanted cross-talk parameters are less than 15 dB. The wanted

room temperature is shown in figude signals eg S21 are imperceptibly different from the expkcte
dB value.

The insertion loss above the nomina
3 dB split was less than 0.1 dB.

The balanced arms of the hybrid are terminated in wavegid®axial transitions where
the short-circuited end of each transition forms part offijibrid, while the probe forms part of
the LNA. This is shown in the FEM exploded view, figu2e As with the hybrids, performance
of the transitions was optimised using both HFSS modelling &@st model measurements. The
amplifiers were tested with jigs to convert from striplinewtaveguide. These consist of a short
piece of waveguide with a back short into which the LNA pins dihe loss of the jig system
compared to the hybrid connection when the LNAs were in th¥ E@ntributed less than 1 K,
which was our measurement error. Thus the extra loss of thiedsymust be less than 0.2 dB. This
result was extremely important for the performance of thelel-EM as the first hybrid comes
before the LNAs.




3.3 Low Noise Amplifiers
3.3.1 LNAdesign

Each of the four outputs from the in-
put hybrids couples via a tuned prob!
and short length of coaxial line to
an LNA constructed using microwaves
integrated circuit (MIC) techniques ji g
Each LNA output connects to the out=-—% :
put hybrid via a phase-switch. Figube
shows the 30 GHz LNA and phase
switch in the FEM RF section.

The designs of the Ka-band ang
Q-band HEMT-based amplifiers drew =
significantly on the work of 26]. A
30 GHz NRAO design had been fur]
ther developed over a number of yea

for ter nic temperatures in the .
oruseatcryogenic temperatures hl—elgure 5. 30 GHz FM LNA and phase switch. The four tran-

Jodrell Bank Observatory (JBO) Verysistors can barely be seen in the RF channel running from from

Small Arrgy (VSA) receiygrs operatingight to left. The phase switch is seen as a black rectangle on
on Tenerife. This amplifier was usedhe left. The bias voltages to the transistors and contrttd vo
as the starting point for the Planck 30ages to the phase switches can seen from top to bottom of the

GHz LNA. The cryogenic hardeningfigure.

was critical for the Planck amplifiers,

as was the ability to survive the vibration due to the laurigbe to the smallness and lightness of
the RF components, g-forces are negligible at the freqesrgenerated during the Ariane launch,
and this was not in practice an issue (see section 4.2).

3.3.2 HEMT and MIC design

Indium phosphide HEMTs manufactured by TRW (now NGST) aezlss the active elements, as
they provide extremely low noise performance with minimadver dissipation (as low as 5 mW
per LNA at 30 GHz), which is vital for this space-borne praojeith limited cooling capacity. Each
LNA provides a minimum of 30 dB of gain, and the pairs of LNAsi@ch channel are matched in
both gain and phase over the 20% bandwidth. In view of the fareithe lowest achievable noise
temperature, the final 30-GHz design usesi80 gate width, 0.1um gate length InP HEMTs
provided to JBO by JPL Pasadena from the Cryogenic HEMT Qgdition Program (CHOP)
CRYO3 wafer run for the first stage and other @M gate width devices for the remaining stages.
The 44-GHz design uses ¢0n gate width HEMTs from the same CRYOS3 wafer for the first stage
and 80um CRYQO3 for the remaining stages.

The CRYO3 wafers were found to be absolutely critical fos ghrioject. Not only did they give
the lowest noise, but also the particular wafer had an utlyshin passivation layer which proved
essential for the highest frequencies. At the time of thedKaonstruction this particular CRYO3
wafer was the only one in existence with these particulapgrties.



3.3.3 LNA construction

Figure 6 shows the upper (RF) side of

a Q-band (44 GHz) LNA/phase switch _
assembly, where the probes forming';?g;g G
part of each transition to the symmet-ég F g
rical waveguide arms of the hybrid canf}e "
be seen projecting from each end. The
RF input is on the left-hand side, with
the phase switch mounted on a carrier
towards the right-hand side of the chas-
sis. The remainder of the RF side of
the LNA, including the integral phase
switch, is realised in MIC microstrip
format using a pure PTFE substrate
(CuFlon) for lowest loss.

The EM fields are contained as far
as possible within a narrow channel
to minimise the production of higher-
order waveguide modes. The RF circuit boards are just eisibfigure6 as thin grey lines with
gold tracks down their centres. Effective grounding of éhesards was found to be very important
and silver conductive glue was used in the area beneath eact.b

Some components of the bias circuits are sited on the RF Smleninimise the complexity
of supply wiring, each amplifier was supplied with a singlaidy two gate and two phase switch
voltages. One of the gate inputs supplied the critical fiees while the other input was common
to the remaining stages. To ensure that each HEMT receiveeddirect gate bias as determined
by the cold tests, a potentiometer,
made up of resistor array chips, wa
used to drop the common voltage t
that required. These chips were b
passed throughout the testing phask
and only bonded into circuit after the
final cold test described above.

The remainder of the DC secy
tion, comprising potentiometer netz
works for the gate supplies, a distribu== :
tion PCB, and protective LED diodesj
is mounted in a compartment beloviie
the RF section, with feed-through pin
supplying power to the ladder net"
works above. From the DC interface
which is a Nanonics connector, fine
PTFE-covered wires feed supply volt-

Figure 6. 44 GHz (Q-band) LNA, RF side.

Figure 7. Q-band LNA DC side.



ages to the distribution PCB. These are screened with brdttei30 GHz FEM and shielded by a
cover plate in the 44 GHz FEM.

Two sets of amplifiers were built for each FEM, one set wiradhfithe opposite side to the
other. To the right side of figuré, the LNA bias circuitry can be seen, and to the left, the phase
switch bias.

During transit and handling, protective covers were fittedllatimes to prevent static or me-
chanical damage.

3.3.4 LNAtest set-up

A square cross-section test cryostatsme
with easily removable outer and inne
lids was built for LNA testing. Aper-
tures were machined around the p¢
riphery to allow a wide range of in-
put, output or bias interfaces to be fitgs
ted using custom-built interface plate »
For the standard noise/gain measurg=
ment, a circular horn was attached u
the LNA input behind and close toif
a MylarTM (PET) window. This al-
lowed the hot and cold load techniqu
to be applied successively outside th¢
cryostat. The physical temperature of

the test cryostat was typically 18 K andrigure 8. LNA test cryostat, configured for Q-band LNA mea-
stable to 0.5 K. surements.

The output was measured using a double sideband mixer, aB#B&oise figure meter and
an HP8350B sweep oscillator.

The test set is shown in figuBe The test computer stepped the test frequency of the equnipme
across the band for each temperature, reading the noise powach step.

The gain and noise performance were measured using reéeteads comprising copper
cones lined with microwave absorber, one at room temperathe other at liquid nitrogen tem-
perature. Each was placed in turn in front of the mylar windmwering the cold horn inside the
cryostat. The results were corrected for the extremelylssstimated losses in the horn, transition
and window. Any devices with measurable gate leakage dsrmeere detected and removed at this
point

In an attempt to standardize noise temperature measurgnaedd GHz LNA built at NRAO,
in the same way as the WMAP amplifies were built, was compaitdtire Planck amplifiers. This
LNA was flown to JBO and tested on the above test system, an@d_D&\ was flown to NRAO
and tested on their test set-up. The conclusion was thaygterss were in agreement to 1 K noise
temperature.



3.3.5 Modelled and actual performances of LNAs

The design software used for the LNAs was MMICAD V2. The stagrpoint for the HEMT was
the “FETN” model R7] in the element list, with small modifications at times totsbe device data
available.

The remainder of the circuit was modelled with microstripneénts, and lumped elements
where dimensions were considered sufficiently short. Ttaiits were optimised for gain, band-
width, gain variation, stability and input/output retuas$es. Phase matching of LNAs was effected
after completion of individual LNAs, by small experimentdianges to biases and bond lengths.
Although a recheck was necessary, this normally had liffeceon the other parameters.

During development, device data were also obtained by rammpérature (RT) Vector Net-
work Analyser (VNA) measurements up to 110 GHz using on-nprfebing.

A prototype LNA, with well-matched WR28 transitions on iiand output, gave excellent
noise results. However, when the same LNA design was utiiis¢he 30 GHz front end module,
with WR28 hybrid couplers on input and output, the noise grentince was significantly inferior
to that of the prototype LNA. Loss of the gold-plated wavelguhybrid was calculated to be neg-
ligible, so the source of the additional noise had to be sbatgewhere. The impedance match
‘seen’ at the input of the LNA was thought to be a possible eanfsthe problem. Whereas the
input and output of the prototype LNA were well-matched, ihe LNA ‘saw’ an impedance very
close to 50 ohms, this was not the case for the hybrid couplés effect is described by the well

known relationship28]:
Rn

-l-e:-l-min‘|‘-|-0€S ‘Ys_Yminlz- (3-1)
Te is the effective noise temperature of the LNA
Tmin is the minimum noise temperature of the LNA (given optimunpé&dance matching)
To is the standard reference temperature (290 K).
R, is the equivalent noise resistance of the LNA.
Gs is the source conductance.
Ys is the source admittance as ‘seen’ by the LNA input.
Ymin IS the optimum source admittance.

As the LNA connects to the waveguide via a built-in transit{onicrostrip-coax-waveguide)
it is not possible to directly measure the impedance at tterfate. Instead the hybrid coupler
(figure 3), including transitions, was modelled in HFSS to producepp# S parameter matrix.

The 4-port scattering matrix for the hybrid coupler was used circuit simulator (Agilent
ADS) to model the performance of the first stage of the 30 GHALN was then possible to
optimise the length of the first stage gate bond for minimuieentemperature, i.e. making close
to Ymin. Good agreement was finally obtained between the model anch#asured performance
of the amplifier.

Modelled stability has its limitations, as the HEMTs havéngzapability well over 100 GHz
where model accuracy is poor. It was found necessary to sy, ltow-Q resonators in each
drain circuit. These resonators comprised a bond wire teigtiee film deposited on a quartz
substrate, the inductive bond being tuned in length to dammetabilities, often close to 100 GHz.
At 44 GHz, it was also found advantageous to use the sameit¢gehat a frequency below the
LNA band to flatten the gain response. Gain and noise tempemswith the latest modelled
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Gain and noise temperature results for all 30GHz FM LNAs (including phase switch losses)

I

3F1A3 gain
3F1AGNT
3F1A4 gain
F2A1 NT
3F2A1 gain
3F2A2NT

e ()

Gain (dB)

3F2A3 gain
3F2A4NT

3F2A4 gain
3F1ATNT
10 |— = ModelNT

—
- /\ — = = = - Model gain

== E% -

Frequency (GHz)

Figure 9. Gain and noise temperature performance for all 30 GHz FM & Kiicluding phase switch losses).
The modelled parameters are indicated by a bold dashedTine.Planck band is indicated by the white
central part of the plot.

Gain and 44GHz FM losses)

4F1ATNT
———— 4F1A1 Gain
4F1A2NT

4F1A2 Gain

Gain (dB)

4F2A2 Gain
4F2A3NT
———— 4F2A3Gain

)
I
\
\W
)
@
Noise temperature (K)

Frequency (GHz)

Figure 10. Gain and noise temperature performance for all 44 GHz FM &NiAcluding phase switch
losses). The modelled parameters are indicated by the lasldedl lines. The Planck band is indicated by
the central white part of the plot.

results are shown in figur&and10. These modelled results and measurements agree. Edgential
the gains is optimised across the correct Planck bands,dilse temperatures are a minimum in
these bandwidths and at both frequencies the amplifiergweline requirements for the LNAs as
indicated in the scientific requirements (see tdle

3.4 InP MMIC phase switches

Figurellshows the 30 GHz version of the InP phase switches which tegrated in the PLANCK
LFI FEMs at all frequencies. The basic desi@9][using a double hybrid ring configuration was
scaled to the three centre frequencies 30, 44 and 70 GHzeRbagol is obtained through two
shunt PIN diodes attached to the circuit through quarterewangth striplines. The performance
of each band has been presented previoud. [The phase and amplitude match are plotted on
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a separate plot in figurg2. The excel-
lent amplitude €0.05 dB) and phase
match (180+1°) can be seen acrosgs
the entire 27-33 GHz band. Return loJ
is less than -10 dB over the band a
the insertion loss is better than -2.5d
for a non-starved mode of operation @
500 uW power consumption.

Apart from the consistently high
microwave performance of the phas
switch it proved critical that the phasé
switch was capable of operation wit
< 1 mW power consumption at cryo

genic temperatures. This was achieved
by using the NGST InP PIN diode prO_Figure 11. Photograph of the InP MMIC Phase switch manu-

. ) f NGST, USA.
cess which gives state-of-the-art per‘:’lCtureoI atNGST, US

formance. % ‘ ‘ ‘
Although the phase switch is inte- T Phesediferance

gral with the LNA in the final configu- T At

ration, it is mounted on a small plated

metal carrier bolted within the RF sec-

tion of the LNA and then bonded E, 0

across the minimal gaps. This arrangezzl

ment permits the removal and separate_ | | | | | | | | T

jig testing of a phase switch or, by fit- | | | | | - 4

ting a 50 ohm line to a dummy carrier, P

the separate testing of an LNAmodule. “s % 2" 5 % s = % % ® %

For rigidity, the carriers are of substan- rrowen (65

190

__________

10 180

=2
o
saa1bap ‘eseyd

)
S

bal thickness except at the |nterface§1igure 12. Graph to show typical phase match, return loss,

V\{here t-he)-/ .are stepped to minimise Rffq tion joss and amplitude balance of the 30 GHz InP phase
discontinuities. switch.

A MMIC version of this circuit,
using MMIC PIN diodes manufactured by NGST (NRC) was subsetiy used in all qualifi-
cation model (QM) and flight model (FM) amplifiers. An earlyoptem with attachment of these
large chips was resolved and the excellent performancel teumaintained down to below 0.5 mA
current.

3.5 LNA optimisation

3.5.1 Gain and noise temperature

With the assembled amplifier jig-mounted, S-parameterg inétially measured on the VNA using
common drain voltages and currents for all amplifiers, armbth phase switch states. These results
gave room temperature (RT) gain, phase, input and outputréisses, and isolation.
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At this stage, the gain profile was SF1A1 ROOM TEMP 2401105 TEST 8
optimised by altering the biases, the
last two or three stages being tuned for
gain performance (4 stages in total at |-
Ka-band, 5 at Q band), and the first R
two stages for best noise performance. | 4 o o
Once the results were acceptable, them pa—
LNA was mounted in the test cryo-
stat at room temperature and, starting
from the same standard biases, tunedn
for good noise performance and gain : . ;

across the band (see, for example, re- . .
sults for amplifier 3F1A1 in figura3). Figure 13. 3F1A1 room temperature gain and noise tempera-

This was usually achieved b modifi_ture across the Planck band (27-33 GHz), CRY03 in 1st stage
y y with 15 thou bonds. The gain is lower and the noise temper-

cation O_f gate or source bond _Iength%‘ture much higher than in the corresponding 20 K measure-
The gain responses of potential paitgents.

of amplifiers were matched as closely
as possible.

Once the room temperature tun-
ing was deemed satisfactory, the am- 3F1A1 TESTY COLD NT & GAIN 21101105
plifier was cooled to approximately
20 K, the biases reset to common, but «
lower, drain voltages and to a set of
known initial drain currents which typ- ©
ically resulted in good cryogenic per-;
formance. Stability was confirmed ~
over a range of bias conditions. Small |,
adjustments to first and second stage | o
gate voltages were used to finally op- |, ‘ ‘ ‘
timise noise performance (see results ’ T e

for the same amplifier, 3F1A1, at 20K, _. _ ,
. Figure 14. 3F1A1 gain and noise temperature, measured at
figure 14). Any changes other than20 K, CRYO3 in 1st stage

bias adjustments were extremely time-

consuming at this stage, as they necessitated additioyadtat heating and cooling cycles. Most
of the amplifiers needed several room temperature and amjotgst iterations during the tuning
process.

3.5.2 Amplitude and phase matching

Once amplifiers had been paired up for use in each channelBMa the room temperature phase
responses were compared, and modifications made as neeggaaise the absolute mean phase
across the band. The LNAs in each radiometer need to be weéthed in both amplitude and
phase for best radiometer performance, isolation etc.
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Figure 15. Gain amplitude match for two Q band LNAs.
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Figure 16. Phase difference for two Qband LNAs.

It can be seen from figurelb and 16, that gain amplitude and phase are well matched for the
two Q-band amplifiers shown.

Finally, cold tests were repeated to ensure that the nompderature and gain profiles were
still in specification.

3.6 LNA performances

The gain and noise temperature performance across the haatto amplifier is illustrated in
figure 9 for the 30 GHz FEMs and figur#0 for the 44 GHz FEMs. The performances of all the
amplifiers in each FEM are summarised in tat3es1d4, as means taken across the band.
Figure9 centred at 30 GHz shows noise temperatures for the amplifigically varying from

just over 10 K at the band edges+05 K in the middle of the band with a gain varying from just
over 35 dB to just under 30 dB. The average values over all@h@&13z amplifiers are 8.1 K noise
temperature, 33.0 dB gain and a bandwidth of 5.3 GHz. Thdaimverage figures for the 44 GHz
amplifiers are 13.9 K noise temperature, 34.3 dB gain and A8 l&andwidth. Comparison with
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Table 3. Summary of mean performance of 30 GHz LNAs in FEMs 3F1 and 3 the definition of
effective bandwidth see sectién3.1

Amp # Mean NT Mean Gain Effective
across band (K) across band (dB) Bandwidth (dB)
3F1A1 6.7 31.8 4.5
3F1A2 7.8 32.1 4.9
3F1A3 7.8 35.6 5.7
3F1A4 8.0 325 5.6
3F2A1 9.76 32.13 5.3
3F2A4 11.15 32.60 5.8
3F2A2 6.30 33.51 5.2
3F2A3 7.05 33.76 5.7

Table 4. Summary of mean performance of 44 GHz LNAs.

Amp # Mean NT Mean Gain Effective
across band (K) across band (dB) Bandwidth (dB)
4F1A1 14.3 345 7.1
4F1A4 14.6 35.8 7.5
4F1A2 13.3 35.1 8.95
4F1A3 15.5 34.5 7.9
4F2A1 14.1 34.0 7.2
4F2A4 14.3 33.3 8.5
4F2A2 11.6 33.0 8.2
4F2A3 13.6 33.9 8.2
4F3A1 13.5 34.9 7.7
4F3A4 13.7 344 7.7
4F3A2 13.9 34.0 6.9
4F3A3 14.2 34.2 7.5

the values for the complete FEMs (tables 6 and 7) show thaethembers are just a few percent
better, indicating that there is very little extra loss ie FEMSs.

4 Qualification

Once the amplifier construction was complete, they werenalsisel into the FEM bodies, four
per FEM (two radiometer front ends, one for each sense ofipatin). They were then ready
for qualification and performance verification. In this sactwe describe the qualification of the
assembled FEMs.
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4.1 FEM vibration qualification

A structural analysis was carried out
with the assistance of the Engineerin
Department, University of Mancheste
for both 30 and 44 GHz FEMSs beforg
commencing the vibration testing. Th
critical frequencies under the Ariang
V vibration spectrumA150 Hz) were
found to be very much lower frequenc
than would be expected for any resd
nances affecting the bonds. The lo
est vibration natural frequencies of th ;
FEMs were 1.8 kHz at 30 GHz and

0.92 kHz at 44 GHz. The vibration)

PR |~
i 1g

testing thus tested only the structural™

integrity of the FEM blgcks. Figure 17. A Ka band FEM on the vibration table during a
The FEMs were vibrated at ESA-

vibration test at Rutherford Appleton Laboratories.

agreed QM and FM levels at CCLRC

to qualify for flight operation. One of the Ka band FM FEMs iaim on the vibration table in
figure 17. Before departure for CCLRC, and immedately on return, réemperature S-parameter
measurements made with the VNA were used to measure the Rifrpance. At CCLRC, the
bias settings were checked before, after and in betweenwdaiciion axis to determine that no
changes were taking place during the vibration procedusepradicted by the structural analysis,

no significant changes in either bias settings or RF perfoomavere found for any of the FEMs.

4.2 Thermal vacuum testing

Special cryostats were built for ther-
mal vacuum and performance testin@
of the 30 and 44 GHz FEMs. The sky'
waveguide load was controlled by &’
Lakeshore controller for accurate temz-a
peratures in the range 20-30 K. In this
way accurate Y factors (equatioB. )
for the FEMs were measured and noiqu
temperatures to 1 K, including systemgi—w
atic and random errors, were obtained.
Each FEM was put through at least 4 e 200 e 2 2w
(and in some cases, several more) cy- memse mamen masan e

cles, over a few days, between roorBigyre 18. Thermal cycles, a) Average noise temperature over
temperature and 20 K as prescribedl cycles at 60 K, b) Average gain at 60 K, c) Average noise
by ESA, with test measurements beingmperature over 4 cycles at 20 K., d) Average gain at 20 K.
taken at both warm and cold stages of

Gain (dB)

60 (1/2) 60 (4) 60 (1/2) 60 (3) 60 (4)

e (K)
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Table 5. Example of long term testing at 20 K of the four channels. Blihe noise temperature and | is the
isolation.

Ch NT pre NT post Gain Gain | I
(K) (K) pre post pre posi
(dB) (dB) (dB) (dB) (%) (%)
AB BA AB BA
1 165 16.2 156 153 302 304 22 33

AA BB

2 161 161 157 161 31 312 21 2|7
AB BA

3 163 165 154 155 315 317 15 19
AA BB

4 155 154 155 154 322 321 33 37

the cycles to confirm that the FEMs were not showing significlegradation in performance.
Examples of the change in measured performance for FEM 3#&hawn in figurel8, the fluc-
tuations also giving an indication of the repeatability lo# results from one test to another. No
significant trends were found for any FEM.

4.2.1 Long term variation

During the qualification and performance verification thevisEwere operated for many hours in
both cryogenic and warm conditions. All were checked forglderm variation in performance.
Comparison of measurements taken on 4F3 at the beginnirge dhérmal vacuum cycles and at
the end of final performance testing (tablesee also sectiob) show that the performance was not
degraded significantly over several weeks of testing anarthlecycling AT, < 1K,AG < 0.2dB).

4.3 Bias Supply

The bias supply used to test the FEMs had to be extremelyestaiol connected in such a way that
no earth loops were formed. This was achieved by running Eidd-off trickle-charged batteries.
The space qualified bias supply in the LFl is housed in the OB& 4 Acquisition Electronics) box,
and can be controlled and monitored when in space. The fislfpgections describe the response
of the FEM to various changes in the bias supply.

4.4 Sensitivity to drain voltage — operating point

The dependence of noise temperature and gain on the LNA do#tege,V d, were investigated
as part of the process of tuning the FEM (results for FEM 4Fdwshin figures19 and20). The
results for 4F1 were typical of the sort of behaviour foukid was the only parameter changed;
the gate voltageV g, values being kept constant at 1.2 V and not modified to kemdrdin current,
Id, constant. The gain increased\ad is increased up to about 1 V, then flattened off. In this
case the noise temperature measurement showed a broadumitietween 0.7 and 0.85 V. 0.85 V
was adopted as the best compromise operating point. Thetiedfdbandwidth was also close to
maximum at thig/ d value.
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4F1 FEM op3 (LNA 2&3) NT v VD

Noise Temperature (K)
&

. —— 0p3_AB full band
« @~ op3_BA full band
~--—-- 0p3_AB reduced band
0p3_AB temp corrected

0.6 0.‘7 0.‘8 0.‘9 i
VD drain (V)

Figure 19. Variation of noise temperature withd, FEM 4F1, output 3.

4F1 Variation of gain with Vd

338

33.6

3344

Gain (dB)

33.24

—&— opl AB
~-m- opl BA
- 0p3 AB
326 i op3 BA

0.6 0.‘7 018 0.‘9 1 11
vd (V)

Figure 20. Variation of gain withv d, FEM 4F1, output 3.

4.5 FEM sensitivity to voltage supply — EMC testing

The purpose of this test is to check the sensitivity to rippiethe supply lines.The sensitivity of
the FEM to drain and gate voltage was checked. Test bias ‘maakonnections were provided
for access to the raw drain voltage supplies to two LNAs. €laewed monitoring of the applied
bias voltage and/or injection of modulating signals to dateiconducted RFI.

For AC test measurements the waveform generator was seted@gine wave modulation on
the LNA drain voltage such that the modulation on the BEM atigmltage could be clearly seen
and measured using the spectrum analyser. For each teséfi®gthe input modulation voltage
Vin(rms), the BEM DC output voltage, and BEM output frequency compondsgnm (rms) were
recorded. The transfer function was then computed as fellow

VBEM(rmS)
rms) X VBEM (DC) ’

Frransfer= Vin( (4.1)

i.e. the fractional BEM voltage variation per unit input tage variation.
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The data show a decreasing response with frequency indic#tiat at frequencies above
100 kHz the supply lines will not affect the FEM.

5 FEM and Radiometer Performance

The performance of each FEM, comprising two front-end nawditer sections, is characterised in
terms of the following parameters: noise temperature, gaisus frequency, effective bandwidth,
isolation, and 1/f knee frequency.

FEM system tests were performed alone, and in conjunctidh rgpresentative waveguides
and a representative BEM. The BEMs used were models sugplidte manufacturers of the flight
BEMSs, and further details can be found i@3].

5.1 S-parameter measurements, FEMs only

Several other tests were necessary to
establish FEM functionality. The first » |
test performed, for room tempera- 8 R B N Y
ture characterisation of the FEM, and“[~| | || /|
to provide a baseline against which 1 1
the FEM could be compared through% [N MY ™ MVF!‘
out the test sequence, was the meg- : f ™
surement of the room temperature S-5— 5 = 7 & T O A 3
parameters. All combinations of sky J ' ‘ T e
and reference port input, E- and H ] Y VW“ |
plane output and phase switch state e e

u

for each FEM were characterised u%figure 21. S-parameters as a function of frequency for 44 GHz
ing the vector network analyser. A reggnm 4F3, with the input signal on the sky port, for the ra-
stricted set of combinations were rediometer containing LNAs 4F3A2 and 4F3A3. The VNA fre-
peated whenever confirmation was retuency range is much wider than the Planck bandwidth, 39.6
quired that no changes had taken p|a(§@484 GHz, indicated by dashed vertical lines.
after events such as the vibration tests.
An example of these results, for FEM 4F3, is shown in figdte

When the two phase switches, in a given radiometer, are isahe state (AA or BB), S21
indicates the forward gain state. When the phase switcleemantiphase (AB or BA), the S21
parameter gives the “isolation state”, and the differerete/ben the two states gives a measurement
of the isolation as a function of frequency. Over the Plarmhdothis is from 10 to 15 dB. S11, the
input return loss, is between -5 and -15 dB across the Plaawc#t,land S22, the output return loss,
is between -4 and -15 dB.

5.2 FEM noise temperature and gain

The noise temperature of the FEM is a critical parametert amist be low enough to allow the
instrument to detect fluctuations of the order of 1@ 106 K in the observed temperature of the
cosmic microwave background as the spacecraft and itsr@ntezams rotate. The noise tempera-
ture of the LNAs is dependent on the physical temperaturbefievices, hence all measurements
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of FEM performance are made with the FEM maintained closkdd’lanck operating temperature
of 20 K.

The receiver noise temperature is calculated accordirtgtolassical Y-factor method, whereby
the FEM output is measured at two input temperatures. Tleeen€e load is kept at a stable low
temperature{ 17 K). Within the cryostat, the sky horn is replaced by a terapge controlled
waveguide load, which is varied betweggy (~26 K) andThigh (~50 K). The measured voltage is
proportional to(T, + Tsky), hence the ratio between the output voltages viewing hotafutloads,
or Y factor, is
~ Vhigh  (Tn+ Thigh)
B Vlow B (Tn+-|-low)

The gain must be such as to maximise the amplification of tireai but must not be such that
the signal at the FEM output is enough to cause operationeimém-linear response region in the
BEM. The gain versus frequency response of the FEM is alsmporitant element in determining
the effective bandwidth, although the final bandwidth idsed filter in the BEM (see sectidn 3).

Y

(5.1)

5.2.1 Gain and noise temperature as a function of frequency

The gain and noise temperature were

measured at intervals across the Planck S oy
band, to define the frequency response : A
and allow calculation of the effective ="

bandwidth (see sectidh3). Figure22
shows the set up used for each half-
FEM noise temperature test. Only one
FEM output at a time could be meaFigure 22. Measurement set up for noise temperature and gain
sured. The biases used were those dietermination as a function of frequency. The dashed sectio

termined as optimal in the individualindicates components within the cryostat, which are algo th

LNA tests and fixed during the COm_components encapsulated within the FEMs.

moning of the gate and drain biases,
and the mixer system was calibrated using an Agilent noisdediype R347B. The reference
load temperature was controlled to a fixed temperature afitabd K. The sky input was set to a
controlled temperature of about 26 K (see the descriptioth@fdetermination of the appropriate
temperature in sectiob.6). The measurement was made for each phase switch statdeatuldl
power output from the FEM was measured across the band is etd®0 MHz. The sky input was
then set to 50 K, the system allowed to equilibrate, and thaesece of measurements repeated.

An example of the variation of gain and noise temperaturefasaion of frequency is shown
for FEM 4F2 in figure23. Tabless and7 summarise the results for all the FEMs at both frequencies,
which are given as band averages over the nominal Planck Barelresults of all the high gain
states are presented, for each radiometer, together withéan for each radiometer. Both internal
radiometer names (e.g. 3F1) and the LFI numbers used inmatigs assembly and testing are
given, so cross comparison can be made with the resultsneltdiom the measurements of the
noise properties of the flight receive@0[ 31].

For all these noise temperature measurements, the measurancertainty is estimated at
1 K. At 30 GHz, for RCA27 (3F2), both channels are lower thanrthise temperature requirement
of 8.6 K (cf. table2). For RCA28 the noise temperatures are 1-2 K higher. At 44 Ghiz

nnnnn

eeeeeee
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noise temperatures are fairly consistent for all the FEMse performances achieved are highly
satisfactory, and represented the state of the art at tleeviinen the amplifiers were built.

The mean gains at 30 GHz, 31 dB, do not formally meet the requirements, but in practice
given the actual realisation of the BEMs, higher gain waswented since the signal level at the
BEM would have caused saturation had the gain approachddrthal requirement.

A similar comment applies to the et et s ]
gains at 44 GHz, though the gains were “
intrinsically capable of being higher
here because the amplifiers had five athdl st
stages rather than four. Low noise tem- |
perature was regarded as the primary g=—— \ o
target in the LNA tuning procedure. In .| M
the case of the 44 GHz, the complex it- J .
eration process to balance the FEM and ;
BEM gain lead to an overall radiome-

ter gain higher than optimal resulting
in a slight residual non-linearity in theFigure 23. Gain and noise temperature as a function of fre-
quency across the Planck band for 44 GHz FEM 4F2, Chan-
nel 3.

3 3 %
oise temperature (K)

S
>
>
[
N
Ni

3 40 42 a4 46 4 50
Frequency (GHz)

radiometer respons&2, 33].

Tables6 and7 also contain details
of the effective bandwidth and isolation which were derifemin the present measurements, and
will be described in more detail in secti@n3.

5.2.2 Temperature susceptibility

Both noise temperature and gain vary 7
with the physical temperature of the

FEM, because the properties of the , %
HEMT devices are still dependent on / /

physical temperature at 20 K. The ex- ¢
perimentally observed dependence of i
noise temperaturg, of INP HEMTS vs :
ambient temperatur€, approximately “
decreases linearly with, between 300 =
and 80 K while below 80 K approxi- - - ;
mately decreases with(T, [34, 35]. In e
fact the data in -flguré4 show the de- Figure 24. Noise temperature susceptibility to FEM physical
pendence of noise temperature aPPIO¥ nerature, 4F1.
imately proportional to,/T,. The vari-
ation of gain and noise temperature with FEM(4F1) physieaigerature found for the CRYO3
2060 devices are shown in figurd4 and25. The FEM cryostat could not be taken much below
20 K, but for this FEM if the behaviour for 4F1 continues to 4 ypical temperature, extrapolation
would have taken the noise temperature frorm5 K to~ 6 K.

The gain susceptibility is less clear, but the suggestidhdsthe peak gain is close to being
achieved at around 20-25 K, as shown in figRBe

Noise Temperature (K)
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4F1 gain sensitivity to FEM physical temperature

P

Gain (dB)

Figure 25. Gain susceptibility to FEM physical temperature, 4F1.

FEM Physical Temperature (K)

Table 6. 30 GHz flight models performances, measured with the FEN® & physical temperature.

FEM Ch Phase switch Noise Gain Effective Isolation NT (K)ldsion
state temp (K) (dB) bandwidth (GHz) (%) Corrected
RCA28 1 AB 10.6 32 4.9 6.1 8.9
(3F1A2, 3F1A3) BA 10.6 32 4.9
(M2, M1) 2 AA 10.7 31.9 5.1 4.2 9.6
BB 10.7 31.8 5.1
Mean, radiometer 1 10.7 31.9 5.0 5.2 9.3
RCA28 3 AB 9.8 30.2 5.1 4.4 8.5
(3F1A1, 3F1A4) BA 9.8 30.2 5.1
(S2, S1) 4 AA 3.9 8.9
BB 10 30.3 5.2
Mean, radiometer 2 9.9 30.2 5.1 4.2 8.7
RCA27 1 AB 7.2 319 6.1 2.9
(3F2A1,3F2A4) BA 7.2 319
(S2, S1) 2 AA 6.9 322 6.3 3.6
BB 7.3 322
Mean, radiometer 1 7.2 32.1 6.2 3.3
RCA27 3 AB 8.1 31 6.5 3.3
(3F2A2,3F2A3) BA 8 31
(M2, M1) 4 AA 77 31.2 6.4 3
BB 79 31.2
Mean, radiometer2 7.9 31.1 6.5 3.2
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Table 7. 44 GHz Flight Model performances, measured at 20 K physétaperature.

FEM Ch Phase switch Noise Gain Effective Isolation NT (K)ldsion
state temp (K) (dB) Bandwidth (GHz) (%) Corrected
RCA25 1 AB 15.4 33.7 6.9 3 14.8
(4F1A1, 4F1A4) BA 15.3 33.9 6.7
(M1, M2) 2 AA 156 34.6 6.9 3.6 14.7
BB 154 34.3 7
Mean, radiometer1 154 34.1 6.9 3.3 14.8
RCA25 3 AB 15.4 334 7.9 1.8 15.1
(4F1A2, 4F1A3) BA 15 335 7.9
(S2, S1) 4 AA 14.4 33.9 7.7 0.7 14.3
BB 145 337 7.7
Mean, radiometer 2 14.8 33.6 7.8 1.3 14.7
RCA24 1 AB 15,5 30.6 7.2 4.9 13.9
(4F2A1, 4F2A4) BA 154 305 7.3
(M2, M1) 2 AA 156 31.3 7.1 3.8 14.5
BB 154 31.1 7.1
Mean, radiometer1 155 30.9 7.2 4.4 14.2
RCA24 3 AB 15.2 31.8 7.9 3.2 14.3
(4F2A2, 4F2A3) BA 153 31.8 7.8
(S1, S2) 4 AA 156 324 7.8 3.8 14.3
BB 155 321 7.8
Mean, radiometer 2 15.4 32.0 7.8 3.5 14.3
RCA26 1 AB 15.4 30.7 7.07 5.1 13.5
(4F3A2, 4F3A3) BA 15.2 30.8 7.04
(S2, S1) 2 AA 147 315 7.17 5.9 13
BB 155 311 7.23
Mean, radiometer 1 15.2 31.0 7.1 55 13.3
RCA26 3 AB 179 32.0 6.77 6.4 15.6
(4F3A1, 4F3A4) BA 18.1 32.0 6.84
(M1, M2) 4 AA 16.7 32.6 6.65 7.1 13.9
BB 16.1 325 6.63
Mean, radiometer2 17.2 32.3 6.7 6.8 14.8
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5.3 Effective bandwidth

5.3.1 Integration over the gain profile
The effective bandwidth, which is required to be 20 % of thetiaé@ observing frequency at each
radiometer frequency (see taldlg is defined as:

[/ G(v)dv] ?

P Teway 52

or practically for discrete measurements:

B N (ZiNzlvout(i))z
P- Af.N +17 5N (Vouli)?

(5.3)

whereN is the number of frequency pointf is the frequency step, and(i) is the output voltage
at each frequency.

This bandwidth can be determined directly by calculatiomgishe data obtained during the
gain measurements for the FEMs described in se&i@rlabove. The calculations for the FEM
alone quoted in tablé and table7 have been carried out over the appropriate nominal Planck
bandwidth, 27-33 GHz for central frequency 30 GHz, and 388+ GHz for central frequency
44 GHz. Such calculations would be expected to yield lowdnesthan would be measured
for a complete radiometer chain, because the system aga@aliill not cut off sharply at the
nominal frequencies. At 30 GHz, FEM 3F2 meets the requirgrf@iBGHz), and 3F1 is slightly
below, while at 44 GHz the bandwidths are all slightly low.e8k values are indicative but are not
characteristic of the flight radiometer bandwidths. Corigoer should be made with the effective
bandwidth measurements made for the flight radiometer cdssamblies (RCAs) and during the
RAA tests B1, 32].

5.3.2 Noise equivalent bandwidth from the radiometer data

The FEM by itself does not define the radiometer bandwidtigesthere is no filter in the FEM,
and the intrinsic FEM band is therefore much wider band ttmenspecification. Assuming the
feed horn, OMT and waveguide bandpasses are not restritieadiometer bandwidth depends
mainly on the combination of the FEM amplifier band and the NI\aimplifier band, and the filter
and detector in the BEM. Hence, it is strictly only meaningfumeasure the combination of FEM
and BEM, together with the interconnecting waveguides.

The white noise level\V (O AT) sets the fundamental limit on the signal level which can be
measured, and the ratld/ /V gives the primary measurement of the sensitivity of theaiaditer,
independent of any detector offset. Both these quantitiesbe determined from the noise char-
acteristics of the radiometer time-ordered data strearns.rddiometer bandwidth is given by the

well-known radiometer relationship:

ar_ Lt (5.4)

T /BT
whereAT is the minimum detectable temperature changés the overall system noise tempera-
ture, B is the pre-detection bandwidth in Hz (assumed to be a topdnady is the integration time in
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Table 8. Noise equivalent bandwidth determined from time-ordetet stream obtained with radiometer
3F2 using first the channel containing amplifiers 3F2A1 ANR2AE, then the channel containing amplifiers
3F2A2 and 3F2A3.

Channel 3F2Aland 3F2A4  3F2A2 and 3F2A3
1/(AV V)24 GHz  1/(AV V)24 GHz

0 4.30 4.35
1 5.20 5.16
2 5.40 6.60
3 5.62 5.67

seconds. The rms white noise and mean noise temperaturaeleterenined from the time-ordered
data streams (see sectibrb.3 and the effective bandwidth derived using:

5 1 400 5.5)

(AV /N2 77
whereAV is the rms white noise level i //Hz V is the average voltage level of the time series
and is a measure of the signal power, and the integration isneéfectively 1 second since the
oversampled data are averaged to give an effective 100%cgialy.

The results from two switched data streams taken with FEM &E2shown in tabl&. The
factor 400/77 applied in the final calculation of the bandbid to correct for the fact that 23% of
the data at the edge of each square wave was blanked to remibefeiisg transients (100/77), and
to account for the data averaging mentioned above (onerfattg2) and the differencing of the
two channels (other factor af2).

Inevitably, the result will vary from BEM to BEM, so the ressiquoted in tabld, which are
lower than the bandwidths measured by band integratiorhfoiFEM alone, are only relevant to
the specific QM representative BEMs used. The flight perfoiceas determined by the FEMs in
combination with the flight BEMsJ3] and other RCA elements.

5.4 Isolation

If a voltage change is introduced in one channel of the radtemthe isolation is the ratio of the
resulting change in the voltages of the other channel tomiogvk introduced change.
The basic definition of isolation, L, is given by:

L — Viixed2 — Viixed1
- )
Vchangez— Vchangel

(5.6)

whereViixeq refers to the voltages in the nominally constant channealreednd after the change, and
Vchangerefers to the voltages in the channel where the change waslited. These are measures
of the signal powerl = 0 gives full isolation and. = 1 gives full coupling.

This definition does not take into consideration the fact thahe JBO test cryostat, part of
the rise seen in the nominally “fixed” load is due to paraditating of the load, as the fixed and
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variable loads can not be sufficiently thermally separateglitninate any fixed load heating. The
isolation determined in this way will overestimate the effen the “fixed” load.
Including the parasitic heating effect, the isolation carekpressed as:

L — (AVfixed - CATfixed) (5 7)
(AVfixed - CATfixed + AVchange) ' '

where:

AViixed = Viixed2 — Viixed1:

AVchange: Vchangez_ Vchangel

ATfixed = Tfixed2 - TfixedL

ATchange: Tchangez_ Tchangel
andC is the temperature to voltage conversion factor (see $e616). This definition still does not
include the effect of the slight change in FEM temperatudeiggd by raising the load temperature,
but these are negligible compared to the parasitic loadritgatfect.

5.4.1 Isolation as a function of frequency

In order to derive the isolation as a function of frequencyoss the LFI band, a modification is
required. For a given phase switch state and a given FEM othiply factor for one channel can
be calculated as a function of frequency from:
VHot
Veold’
where the voltages are measured with the variable load hibt@ld respectively.
The isolation as a function of frequency is then given by:
(Tea(Y1— 1)+ TeaY2(1- Y1)
(Tea(Y1+Y2—2) + Tea(Y2—-Y1(2Y2 - 1))
+(1=Y2)(Th1 — ThaY1))
—Th1(Y1+Y2—-2) 4+ Ta(YL(2Y2—1) —Y2))’

Y:

(5.8)

(5.9)

where:
Ty1 = higher variable load temperature 60 K),
Ty2 = lower variable load temperature 20 K),
Tc1 = higher fixed load temperature-(17 K),
Tco = lower fixed load temperature«(17 K).

The isolation was calculated in this way at all the measudtp across the Planck band for
each FEM, and the results shown in tabland table7 are the band averages. Figu@ shows
an example of the isolation variation with frequency for BtEeM 4F2. Typically the isolation was
found to be well below the 10% requirement at all points in Bi@nck band. These results are
obtained without a BEM, and refer to the FEM alone.

5.4.2 Radiometer isolation including phase switch balance

The isolation between channels as seen in the radiometégemtion can also be obtained from
the radiometer time-ordered data streams if the data fran ealiometer are recorded separately
(without double differencing, see sectibrb.3. Comparison of the output levels before and after
the temperature rise give measurements of the total isaldticluding the phase switch amplitude
mismatch.
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Figure 26. Isolation across the Planck band for FEM 4F2, output 1. iBhiseasuring the isolation between
the channel containing LNA 4F2A1 and the channel contaibiNg 4F2A4.

Figure 27 shows a 15 minute run

taken with FEM 3F2 using the ra- [

diometer containing amplifiers 3F2A1 5‘0;

and 3F2A4 while the temperature on I

the variable load was ramped from 54'5;

28.7 to 40 K. The time taken to sta- g [

bilise the system after this tempera- % 4.01

ture change is such that equilibrium =~ I 1
has probably not quite been reached, > ]
but assuming the level at the end of the

run is close to the equilibrium level, 3'00 200 200 00 800
the isolation, and isolation corrected Time (s)

for parasitic heating of the “fixed” load

as described in sectiob.4.1 (equa- Figure 27. Run 6, time series ramp, 15 minutes data stream
tion (5.1)) are as shown in table§ taken with FEM 3F2 and the two representative BEMs. Dark
and10. The long time (several 100 SXred) line refers to temperature ramp and the light (greiee) |
the signal takes to reach its final valughows the cross-talk sigma.

is caused by a combination of time

constants of the different components which make the FEMVIB&d data acquisition electron-
ics. The isolation is well within the requirement of 10%, aso within the goal figure of 5% for
both channels (both detectors). The results are similaalfahannels, at both frequencies. The
isolation corrected for parasitic heating is compared & ribxt line with the uncorrected isola-
tion determined irb.4.1, which is slightly higher. The final line gives the value oéttadiometer
calibration constant (see sectibré) which was used in the correction for the parasitic heating.

5.5 Radiometer tests, FEM+BEM

The results of some radiometer tests have already beenanedtiHowever, before completing the
discussion of the FEM testing in the radiometer configuratibis useful to describe some details
of the radiometer set up and operation mode
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Table 9. Temperature ramp.

Thot (K) Tcold (K) Tfem (K)
Low end of ramp 28.7 17.8 17.9
High end of ramp 40 18.6 18.7

Table 10. Isolation for FEM 3F2 as determined from radiometer ramga.dRadiometer data run with QM
representative BEMs.

Detector 1  Detector 2
Channel 0 1 2 3
Mean before ramp (V) 2.95 3.97 395 2.97
Mean after ramp (V) 3.05 514 513 3.08

Isolation % 8.15 8.69

Isolation % corrected 1.4 2.2

for parasitic heating

Mean isolation as 3.3 3.2

measured across band

Cal const, V/IK 0.104 0.104

5.5.1 Phase switch tuning procedure

Before running the radiometer tests, it was necessary embalthe phase switches to ensure opti-
mum performance.
The balancing procedure is essen-
tially a matching of phases through 3F1 Phase Switch balancing LNAs 2&3. 09.08.05
the two radiometer legs, and for this
reason, the full radiometer chain with 2.3
BEMs is required. For this test, both§ 2_22'2 |
sky and reference load are at the sanfe 22| S W rarancea
. > = ——before balancing

temperature. The LNA in one arms 21

. . g 205 gt T i
of the radiometer is turned off, ands -
the other arm is operated in switched ';
mOde. The FEM OUtpUt iS moni_ 1 43 85 127 169 211 253 295 337 379 421 463

tored on an oscilloscope, and the phase _ .
) ) . . Figure 28. Oscilloscope trace of BEM output during phase
switch bias on the working arm is

. . . switch balancing of FEM 3F1.
tuned until the amplitude in the square g

wave seen at the output of the BEM is

zero, as illustrated in figurg8. The procedure is then repeated for the other arm of themsatir,
and repeated iteratively if necessary until both outputsvsho steps. This ensures that no offsets
are introduced by a mistuning of the phase switches.
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In some cases, this process was found not to give any impmwviim noise temperature once
the amplifier pairs had been physically well matched. Beedhe physical matching has been
done with the phase switches in the standard operating coafign, the radiometer has essentially
already been balanced, and any further adjustment tendbtdance it.

5.5.2 Noise floor verification

The white noise level sets the fundamental limit on the digiech can be measured, and the ratio
AV /V, whereAV is the white noise level iW /\/Hz, andV is the average voltage level, gives the
primary measurement of the sensitivity of the radiometetependent of any detector offset. It is
therefore essential to know that the measured white noistiethat of the radiometer itself, and
not that contributed by the back end data acquisition elagis (DAE). This was confirmed by
running the radiometer with the BEM on and off.

5.5.3 Operation mode — differencing across the detector daes

The preceding tests on the FEM alone were all performed witbwitching. In order to test the
performance likely in the full radiometer, in particulardetermine the 1/f knee frequency, it was
necessary to operate the FEM in switched mode. Strictly ongyphase switch is needed in each
radiometer, but to make the two arms of the radiometer adasias possible for reasons of phase
matching, a phase switch has been included in each arm (see X)g During operation, only one
phase switch is used, the other being fixed. This providesseaundancy in case of failure of a
phase switch.

Three data streams are recorded
— a switched waveform from each
channel of the radiometer and on
‘pure’ switched waveform from the
phase switch (i.e. 0-5 V). The pur Al
waveform is used as a trigger for po B1l
data analysis. The data are averaggd
over the step, resampled at the switch
frequency, and binned into odd and
even phase switch states, yielding 4
data streams. Quantities such as 04 I-
ibration constant can be determinegl A2
directly from the undifferenced data.
However, to determine the 1/f knee fre- B2
guency the data must be differenced
The fact that the gains in each chan
nel are not exactly the same is taken

into account by means of the gain mod-
ulation or “r’ factor, which should be Figure 29. lllustration of a short section of radiometer output
from the two radiometers in a single FEM. The red bars indi-

less than 1. In the illustration in fig- e th 1 here the dat g ded at the beginni
ure 29, the difference would be (Al-Cae e regions where the data are discarded at the beginnin
and the ends of the square waves.

B1)r- (A2-B2), where A1/B1 represent
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the two switch states on one radiometer output and A2/B2radwo switch states on the sec-
ond radiometer output. This first difference, effectivebtween the sky and the reference loads,
removes long term drifts due to the amplifiers in the BEM. Theamwhite noise level may be
calculated for each detector from this differenced datdfeE&incing again across the two detec-
tors, the equivalent of a double Dicke system, removessdilifie to drifts in the FEM amplifiers.
Fourier transforming the double differenced data yiel@sammplitude spectrum from which the 1/f
knee frequency can be determined.

5.6 Radiometer linearity and calibration curve

The radiometer constant, or correspondence between thsuneeavoltage and the radiometer
system temperature in K, can be calculated from the rampsthatan in figure27. Typical values

of the radiometer constant are given in tab The beginning and end level of the resulting ramp
in the time series yield an immedia®/ value for theAT increment (seé.4.2). Alternatively, the
constant can be measured directly by changing the inputdeaxtyre and recording the radiometer
output voltage change. This test has been described i et 3], this volume.

5.7 1/fknee frequency
5.7.1 Gain modulation factor

Planck LFI uses the pseudo-correlation radiometer dediginyhere the temperature of the refer-
ence load does not have to be the same as the sky temperatateséehe so called “gain modula-
tion factor”, r, is used to null the output signal. Nulling the output sigm@himizes the sensitivity
to RF gain fluctuations. However, care must be taken bechese will be effects on error propa-
gation and levels of noise from the two channels are no loitgetical.

[36] give the following expression for the 1/f knee frequerfgy

f = Lc? [<Tshkyyb+ (1+A/C)Tn> —r (Tr2¥b+ (1+A/C)Tn)] 2

2 hyb 2
(s + ™)

, (5.10)

hyb
Which is zero for = w_
Teet +(HA/C)Ty
WhenA/C = 1/2\/Ns < 1,r = r§ and we have the condition for null radiometric power, with

Tshk3§b = rTrZ}’b. Then the knee frequency expression can be simplified as:

fie 0 (1= 1)(To/(Ta+T x))°B- (5.11)

The gain fluctuations will cancel out and the residual 1/6eds dominated by the noise tempera-
ture fluctuations in the HEMTSs.

No 4-K load was available at JBO, and the sky load was only tamied at about 20 K. In
order to simulate the correct channel imbalance for the test expected in flight, it was neces-
sary to calculate the appropriate temperature for theanter load and the r value to which this
corresponded.

The radiometer tests in the cryostats were run with theeafar load temperatures derived by
this method at both frequencies, to simulate the 1/f comnlitilikely to prevail on Planck. Time
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series data were taken and transformed to yield the powetrspe and hence the measured 1/f
knee frequency.

For Planck, it is extremely impor-
tant to have data with the lowest 1/f
knee frequency possible. Excessive 1/f *** 1
noise would degrade the data by in- "**
creasing the effective rms noise, de-,
creasing the sensitivity, and increas=
ing the uncertainty in the measurement __ |
of the power spectrum at low multi- . . . . .
poles. The post-detection knee fre- v 50 R 20 0 30
quency needs to be significantly lower Time sece
than the satellite rotation frequency
(fspin~ 0.017 Hz), otherwise the resul-
tant maps will require de-striping. Al-
though at values ofy < 0.1 Hz it is
possible to apply destriping algorithms "™ \
to control the increase in rms noise to  **% \
within a few % of the white noised[7], “O0E D

EBB Radiometer 5 min Differnecing across the diodes. Time series.
140202

025 || |
0.248
0.245

Figure 30. Example of time series.

EBBE Radiometer 5 min Differencing across diodes. 1.f plot. 15.02.02

L . ¥ 3.00E05

it is clearly preferable to avoid such > VAL ]

measures. . U\va\r ,‘ ‘ i m“ wll
Figures30to 32show respectively . . v J

an example of a section of a typical 0.001 0ot o1 ! "

Frequency Hz

time sequence, a power spectrum taken
from a time sequence where the data
have been differenced between the sky Figure 31 Frequency Spectrum, singly differenced data.
and reference load only (singly dif-
ferenced) and an example of a power
spectrum where the data for a longer
stream have been differenced also be-
tween the two detector diodes of the 177°F
two output streams. :
The gain drift in the time sequence
is clearly evident. The first power spec-
trum shows a knee frequency of about
50 mHz, whereas the power spec-
trum of the doubly differenced data i
indicates a knee frequency of about bl bt il
0.0 Q10 1,00 10,00 100,00
10 mHz. It proved difficult to achieve Freq. {Hz)
consistency in these measurements in
the laboratory set up at JBO, due to the )
. Figure 32. Power spectrum of the doubly differenced data for
presence of many other operations an

frequencies on site. Hence the values

X
¥ 100
T £
=

107
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guoted for the knee frequency in secti®rare those obtained in the test campaign in Latsh [
this volume] where individual Radiometer Chain Assemb(i@€As) were tested and then Ra-
diometer Assembly Arrays (RAAs; the complete LFI) wereddst

5.7.2 Variation of 1/f knee frequency with gain modulation r

The gain modulation factor may vary
during long integrations, and it may **
be necessary to update it during mea-~
surements. In flight, it will be possi- .
ble to determine the factor from the -
measured data by three different metkg:—:
ods Bg]. Assuming the offset balanc-= .,
ing will be done in software, the r value =
can be calculated from radiometer data”
acquired in total power mode, i.e. be- .
fore differencing. The plan is to down-
load about 15 minutes per day of total
power mode data. The r factor can then
be calculated from i) the average of the sky and referenads|ag the ratio of the sky and refer-
ence load standard deviations, and iii) by minimising theefrequency determined from the final
differenced data.

An example of such a minimization is shown in figld® where several different r values have
been used, and the knee frequency resulting from each chagcbeen determined.

This method is time consuming, so for online analysis, tihewotwo methods mentioned will
be preferable.

Differencing across diodes R-value vs knee frequency 21.08.01

Figure 33. Variation in knee frequency with r-value.

5.8 Power consumption

The satellite as a whole has a stringent power budget bethesmoling capacity of the cooler
chains is limited. The power budget of each FEM was theretarefully evaluated. The power
dissipation per stage for each of the amplifiers was combiméid a contribution for the phase
switch and the 16 transistors used in the bias protectiauitérto give the power dissipation for
the whole FEM. The results for each FEM are shown in tdldle The total power dissipation
summed over all five FEMs was within the requirements at 3044nGHz.

5.9 Polarisation isolation

Each radiometer chain assembly (RCA) containing one FEMud®es two radiometers, one for
the “E” and one for the “H” linear polarizations, collecteidhslitaneously for a single horn. Any

leakage between any of the channels will be interpreted additional systematic polarized signal,
so it is important that the cross polarization leakage, danpmation isolation, should be as low as
possible. The mean cross polarization was found to be betvideand -58 dB for all combinations.

The leakage from one channel back into the sky port of the atiennel is between -32 and -34 dB,
which is very much less than is reflected back from the inmélfit(S11). These results ensure
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Table 11 Power dissipation for all the flight FEMs.

FEM Total Power (mW)
3F1 32.8
3F2 27.5
4F1 47.6
4F2 47.7
4F3 43.7

excellent polarisation isolation in the FEM for the purpageCMB polarisation measurements.
The polarisation properties of these radiometers will treisontrolled by the OMT properties.

6 Conclusions

We report in this paper the construction and testing of thBl§&t 30 and 44 GHz for the LFI in
the Planck mission39, this volume]. The FEMs and BEMs, when combined, providditiesarly
polarized radiometers at these frequencies. The speifisator these FEM units were agreed at
the outset of the projectp].

The LFI FEM parameters necessary to meet the science ofgigat 30 and 44 GHz were
given as requirements and goals and are summarised inlialktbere they are compared with the
values actually achieved. The FEM units meet the requirésnevithin the measurement errors,
for most parameters and in particular the noise temperatihe units come close to the more
stringent goals in several parameters.

Of particular note are the noise temperatures achievedetal®ng with the wide bandwidths
are critical for the high sensitivity required for the Pl&amission. Some LNAs within the FEMs
(see tabless and4) met the goals at 30 GHz and 44 GHz within the measurementsseand
reached 3 and 5 times the theoretical quantum limit respgtat the band centres. Furthermore,
a range of tests showed that LNAs and FEMs achieved the igtaeiels required to meet the
observing strategy of Planck. In particular, the 1/f noised frequency<29 mHz, close to the
goal, met the conditions imposed by the 60 second rotatigngbef the spacecraft.

The linear polarization performance of the FEMs exceededéelyuirements of the mission.
The isolation between the E- and H- polarizations was medsta be between 51 and 58 dBs
for the various FEMs. The LFI radiometers have very well daeteed position angle precision,
being determined by the accuracy of the waveguide engimgefihe 30 and 44 GHz geometry is
accurate to~ 0.1°; the corresponding precision 4s 1°in the HFI polarimeters. The temperature
stability requirement values are given in tall2 The temperature accuracy is controlled by the
HFI sensors and will be published in a later HFI paper. Plamitkthus add these temperature
values of the 4 K load to the differential measurements oftbFjive absolute temperature results.

The final system temperatures will include a contributiconfrthe CMB and a possible con-
tribution from the spacecraft environment. All the FEMs g their Test Review Board and
were deliverd to ESA and shipped to and received in Labencbadule. They were then inte-
grated into the Radiometer Chain Assembly and eventually the Radiometer Array Assembly
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Table 12 Summary of the FEM goals, requirements and mean achievéafpances.

Centre Goal Requirement Achieved
Frequency
(GH2)

Gain, excluding phase 30 33dB 30 dB 31.1 dB (mean)
switch insertion loss (including phase switch)

44 33dB 30dB 32.3dB

(including phase switch)

Noise temperature of 30 6.1 K 8.6 K 8.9K
the FEMs (mean across band)

44 104K 141K 15.6

(mean across band)

Bandwidth 30 6 GHz 6 GHz 5.7 GHz

44 8.8 GHz 8.8 GHz 7.3 GHz
Isolation 30 <5% 10% ~ 4.0%

44 <5% 10% 4.1%
1/f knee frequency 30 20 mHz <50 mHz ~ 28 mHz

44 20 mHz <50 mHz ~ 29 mHz
Temperature stability 10uKHz Y2 >10 mHz
requirements

100uKHZz %2 <10 mHz

of LFI at Laben. They underwent further testing at each stagd were finaly integrated to the
spacecraft in Cannes and the whole instrument was cryaglgniested for the first time in CSL,
Liege. [see3l, 32
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