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Abstract—The PLANCK mission of the European Space Agency
is devoted to produce sky maps of the cosmic microwave back-
ground radiation. The low-frequency instrument is a wide-band
cryogenic microwave radiometer array operating at 30, 44,
and 70 GHz. The design, test techniques, and performance of
the complete differential radiometer at 30 GHz are presented.
This elegant breadboard 30-GHz radiometer is composed of a
front-end module (FEM) assembled at the Jodrell Bank Obser-
vatory, Cheshire, U.K., and a back-end module assembled at the
Universidad de Cantabria, Cantabria, Spain, and Telecomuni-
cacio, Universitat Politécnica de Catalunya, Barcelona, Spain. The
system noise temperature was excellent, mainly due to the very
low noise performance of the FEM amplifiers, which achieved an
average noise temperature of 9.4 K.

Index Terms—Cosmic microwave background (CMB), cryo-
genic, low-noise amplifier (LNA), microwave radiometer,
PLANCK low-frequency instrument (LFT).

1. INTRODUCTION

LANCK is the third-generation space cosmic microwave

background (CMB) temperature anisotropy mission, fol-
lowing the cosmic microwave background explorer (COBE) and
Wilkinson microwave anisotropy probe (WMAP). PLANCK
will provide wide-frequency coverage with two instruments,
i.e., the bolometer-based high-frequency instrument (HFI) and
the radiometer-based low-frequency instrument (LFI), having
outstanding angular resolution and sensitivity [1]. The LFI
contains 22 differential radiometers covering three frequency
bands with ultralow-noise amplifiers based on cryogenic indium
phosphide (InP) high electron-mobility transistors (HEMTs).
There are four radiometers at 30 GHz, six at 44 GHz, and 12 at
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Fig. 1. Schematic of an LFI radiometer.

70 GHz [2], [3], all of them with a 20% effective bandwidth.
Fig. 1 shows a schematic of an LFI radiometer chain, which
comprises two receivers.

A feed horn [4], an orthomode transducer (OMT), a front-end
module (FEM), and a back-end module (BEM) constitute an LFI
radiometer.

The feed horn is in the focal plane and the OMT separates
the incoming radiation into two perpendicular linearly polarized
components that propagate independently through the two par-
allel branches. High performance of these passive components
has crucial importance in high-sensitivity CMB experiments.

The two main units, i.e., the FEM and BEM, are connected via
1-m-long waveguides. The FEM contains the most sensitive part
of the receiver, where pseudocorrelation is implemented. It op-
erates at 20 K to lower the system noise and to have better sensi-
tivity. This temperature is provided by a closed-cycle hydrogen
sorption cryocooler [5], which will be capable of proving 1.2 W
of cooling power at 20 K. This stringent requirement on low
power consumption caused the decision to split the radiometer
into a cold FEM and a warm BEM at 300 K. The BEM provides
further amplification, defines the band, and detects the signal.

Section II describes the overall architecture and operating
principles of the radiometer. Sections III and IV give details of
the design and performance characterization of the FEM and
BEM. Section V deals with the overall performance charac-
terization of the radiometer. Finally, conclusions are drawn in
Section VI.

II. RADIOMETER ARCHITECTURE

A. Overview

The LFI receivers are coherent direct detection radiometers.
The detected voltage results from the noise power without using
intermediate frequencies. High sensitivity is due to low-noise
temperatures and wide bandwidths of the amplifiers. On the
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Fig. 2. Half LFI radiometer schematic.

other hand, large bandwidths require a high degree of gain sta-
bility of the entire amplifier chain comprising the radiometer.
Gain and noise temperature fluctuations of the amplifiers them-
selves can produce instabilities that reduce the sensitivity. The
sensitivity, AT, achieved by a radiometer of effective band-
width 3 and noise temperature Ty for an integration time 7

is given by (1) [6] as follows:
L (AG 2
BT G

where AG/@ is the mean magnitude of the fractional gain fluc-
tuation with an approximate 1/f spectrum frequency [7], [8]
occurring during the integration interval and would vanish for
an ideal radiometer system. The effective bandwidth of the ra-
diometer [ is given by (2) as follows:

U af)df)?
I G2(f)df

where G(f) is the frequency-dependent power response of the
radiometers.

AT =T, - (1

p= (@)

B. Pseudocorrelation Radiometer

The pseudocorrelation radiometer [9]-[12] allows continuous
comparison and differencing between two independent observa-
tions, therefore, the sensitivity or the minimum detectable signal
is improved by a factor of v/2 compared to the Dicke radiometer
scheme.

Fig. 2 shows a detail of a half LFI radiometer. The other half
radiometer has an identical schematic.

The sky and reference load are coupled to a low-noise am-
plifier (LNA), in parallel chains, in the FEM via a 180° hybrid
coupler. Each signal then propagates through a phase switch.
There are two phase switches to keep symmetry, but only one
of them applies a phase shift that changes between 0°—180° at a
frequency rate of 4096 Hz. A second 180° hybrid coupler in the
FEM recombines the signals and delivers a power proportional
to each input load in a different BEM branch. Rapid switching
ensures that gain fluctuations in the BEM do not significantly
affect the overall radiometer gain stability. In the BEM, signals
are amplified, filtered by a bandpass filter, and detected with a
square-law detector.

Finally, a low-noise dc amplifier increases the detected signal
to the data acquisition electronic module.
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The outputs are switched data signals alternately proportional
to the sky and reference load temperatures modulated at the fre-
quency of the phase switching. These output signals are inte-
grated and digitized.

The expression of the FEM output signals for each frequency
in plane D according to Fig. 2 are given by (3) and (4) as
follows:
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where S and Sg are the signals from the sky and reference
load, respectively, Ly and Lpo are the hybrids’ insertion
losses, Gr1, G2, Np1, and N are the LNA gains and noise
in the FEM with phase shifts ¢ and @p1, L1 and Lo are the
phase-switch insertion losses, and ¢; and ¢ are the phases of
the phase switches.

The BEM outputs O and Os, according to the nomenclature
in Fig. 2, are video voltage signals obtained by integration along
the frequency band with (5) and (6), and these voltages take into
account the square-law response of the diode detector

fa Gpi- (D1 + Np1)|?
Or = Goer - g .|GB 1 51| 5
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2Tpe 3 2 Lwasz - Lpr2

where Gpc1 and Gpeg are the dc amplifier gains, and S and
S5 are the sensitivities of the detectors. Gg1, Gp2, Np1, and
Nps are the LNA gains and noise with phases ¢p; and ¢ ps.
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Lwai, Lwa2, Lpri, and Lpppo are the waveguides and band-
pass filter insertion loss, and their phases are owg1, Ywge and
WBPF1, YBPF2, respectively. D1 and D5, the FEM outputs ex-
pressions, are (3) and (4), respectively.

The most important effects are described in the previous
analysis to show how each subsystem relates to the overall
radiometer performance. Nonidealities in the components
comprising the radiometer lead to effects not included in the
above expressions.

In order to simplify the equations’ insertion losses, gains,
noise, and sensitivities are considered to be flat over the band
and identical for both branches. The product of gains and inser-
tion losses in the FEM and BEM is denoted G according to (7)
as follows:

_ Gr-Gp
" Lr-Lg

where G = Gp1 = G2, Gp = Gp1 = Gpa, Ly = Ly -
L1 . LH2 = LHl . L2 . LH2, and LB =
Lwas2 - Lppr2.

The phase ¢ will be 0° and ¢9 applies a phase shift that
changes between 0°—180°, therefore, the output voltage at each
branch, considering uncorrelated noise, is given by (8)—(11),
respectively.

Case 1) ¢1 and ¢ equal to 0°

G )
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where NF = NF1 = NFQ, NB = N31 = NBQ, and Y1 =
Y2 = 0°.

The output of the radiometer is then the difference of O, and
O, obtained by post-processing. In Section V-E-II, the differ-
ential output voltage using temperatures is presented.

An advanced elegant breadboard (EBB) at 30 GHz of the ra-
diometer [13] has been constructed to verify the performance
of the system. This prototype radiometer chain has provided
knowledge about design and fabrication of critical components,
radiometer characterization, systematic errors, and nonidealities
[14]. The 30-GHz radiometer design goals and requirements are
summarized in Table I. The total microwave gain of each chain
in the radiometer was selected in order to have —30 dBm as the
input power to each diode detector.

1. FEM

A half FEM was built as the EBB comprising one input hybrid
coupler, two LNAs, two phase switches, and one output hybrid
coupler.
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TABLE 1
RADIOMETER PERFORMANCE SPECIFICATIONS

Item Value
Number of feeds 2
Sensitivity 0.17 mK- Hz''?
System Noise Temperature 9K
System 1/f knee frequency 39 mHz
System Isolation 12 dB
System Effective bandwidth 6 GHz
FEM power consumption 27 mW
FEM Gain 30dB
BEM Gain 30 dB
BEM Noise Temperature 300 K

A. Hybrid Couplers

Each half FEM has a balanced structure based on two
matched magic-T hybrids. The first one provides half of the
input power from input loads to each branch. The second
one acts as a combiner and delivers a power proportional
to each input load to a different BEM branch. Both hybrids
have coaxial line probe transitions to WR-28. They have been
designed using electromagnetic modeling software and they
have been machined from aluminum alloy and gold-plated.
The contribution to the system noise of the input hybrid was
negligible due to the effect of its waveguide design and the
low operating temperature. To integrate the FEM, two identical
blocks with two hybrids were built as a single body ready to
house the LNAs and phase switches.

B. LNAs

LNAs are key components in millimeter-wave radar and ra-
diometer system applications.

The amplifiers, especially developed for the 30-GHz ra-
diometer receivers, have shown the best noise performance
among the reported InP-based LNAs at 20 K.

The designed LNAs have four stages. They have been
developed in millimeter-wave microwave integrated-circuit
(MIC) technology using InP HEMTs manufactured by NGST
(formerly TRW), Redondo Beach, CA. The design has been
carried out with available models for all the components used
in the amplifiers. From models at room temperature, their
performance at cryogenic temperatures have been taken into
account, with stability being a critical parameter.

The LNA transistors and matching networks were placed in
a narrow width channel in order to avoid oscillations related
to waveguide moding. Transistors are connected to microstrip
lines made on a Cuflon 0.003-in dielectric constant () of 2.2
with gold bonding wires. A/4 bond wires connecting the bias
lines act like an RF choke. The resistors and capacitors pre-
sented in the bias circuitry network are used to assure amplifier
stability at low frequencies. Within the band, their effect can be
neglected due to the presence of the A/4 wire, but outside, they
act as stabilizing elements.

The noise temperature requirement of these LNAs was lower
than ever previously achieved with a multistage transistor
amplifier. They have provided very low noise performance with
very low power consumption at cryogenic temperature. The
LNA gain was approximately 34.7 dB and pairs of LNAs were
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Fig. 3. Measured LNA gain and noise temperature at 15 K.

Fig. 4. HEMT-based phase switches, comprising a microstrip hybrid, active
devices, and bias circuitry.

matched in gain and phase. The average noise temperature over
the 6-GHz bandwidth was 9.4 K at 15 K. These results are
among the best reported [15], [16]. The gain in decibels and
the noise temperature in kelvin over the operating bandwidth
of one LNA is depicted in Fig. 3.

The bias settings for front-end LNAs were set for 20-K oper-
ation. The performance was optimized to obtain maximum gain
and minimum noise figure. In both amplifiers, all the drain volt-
ages were 0.6 V and the power consumption were calculated to
be 10.6 and 10.8 mW.

C. Phase Switch

The phase-switch design has been the subject of an interna-
tional patent [17] and it has been used on all LFI radiometers.
One phase switch [18] is placed in each FEM branch. It connects
the LNA outputs to the output hybrid and it introduces a phase
shift of 180° in the signal in one state with relation to the other.
This circuit has been specially designed for PLANCK LFI at
all frequencies. The phase switches used in this EBB FEM as-
sembly were designed with GaAs HEMTs as active elements,
leading to a very low power dissipation of a few microwatts.
The microstrip lines were made on a Cuflon 0.003-in dielectric
constant (e, ) of 2.2. Two HEMT-based phase switches were as-
sembled and tested at room temperature in a jig shown in Fig. 4.
The electronic bias consists of a decoupling.
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Fig. 5. Phase shift and insertion loss of the phase switch.

Fig. 6. Part of the EBB FEM showing four-stage LNA- and HEMT-based
phase switch.

Phase shift and insertion loss at room temperature are de-
picted in Fig. 5 showing a very flat response along the operating
bandwidth with a peak-to-peak variation of 5° over 10 GHz and
1.5° over a 6-GHz-band circuit formed by capacitors and resis-
tors. The results have shown very wide-band performance for
this design of a 180° phase shifter. The insertion loss was 4-6 dB
over a 13-GHz band, but it is thought to be partly attributable to
the test jig in which the switches were mounted. The only draw-
back of the phase switch was the relatively high insertion loss
(~6 dB), but its placement after the LNA means it does not have
much effect on the system noise temperature.

An improved phase switch designed on an InP monolithic
microwave integrated circuit (MMIC) chip version was man-
ufactured on the HBT InP wafer process at NGST. These
chips were tested warm and cold and showed to not only have
better performance than the other versions, but to offer sig-
nificant simplification in construction and integration into the
FEM. Test results at 30 GHz were excellent, phase response
of 180° £ 1°, insertion loss lower than 2.5 dB, and return loss
better then 10 dB across the operating bandwidth.

D. FEM Branch

An LNA- and HEMT-based phase switch have been assem-
bled in split blocks. Fig. 6 shows one four-stage LNA followed
by the phase switch. Two identical blocks were integrated with
the hybrids, being part of the FEM body, to build a receiver.

An external view of a half FEM is shown in Fig. 7, depicting
the two hybrid input waveguides (WR-28) and mounting lugs.
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Fig. 7. Exterior of a half FEM, showing input hybrid ports and mounting lugs.
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Fig. 8. Setup schematic to test output power.

E. FEM Test and Performance

Firstly, the half FEM was tested at room temperature to in-
dicate whether the FEM is working properly. It does not reveal
subtleties of performance, but indicates that the amplifiers and
phase switches are still operating with the correct bias condi-
tions. The sky target in these tests was a WR28 waveguide load,
and the reference load was a prototype of the 4-K reference load,
both at room temperature.

The half FEM was then cooled to 20 K and it was tested.
The FEM output power across the band was plotted using a
double-sideband mixer, signal generator, and noise-figure meter
according to the test setup shown in Fig. 8.

The output power versus frequency in one output of the FEM
with the four combinations of the phase-switch state is shown
in Fig. 9. The waveguide terminations inside the cryostat were
at 100 K as a hot load, and at 17.3 K as a cold load.

Both traces in Fig. 9 with higher output power belong to the
cases 180° and 0° or 0° and 180° phase-switch states and these
are related to the 100-K load temperature. When both phase
switches have the same state, the output power is lower and re-
lated to 17.3 K. The results for the other output in the FEM were
very similar, but the same levels of output power are obtained
with opposite phase-switch states.

IV. BEM

The BEM, where signals are amplified, filtered, and detected
has RF inputs and dc outputs. The half BEM is composed of two
identical branches and each one comprises two LNAs, one band-
pass filter, a diode detector, and a dc amplifier. The BEM gain is
specified to be 30 dB in order to have the detector diode working
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Fig. 10. LNA noise figure and gain at room temperature.

in its linear region. Two identical MMIC LNAs have been cas-
caded in order to provide the necessary gain. A WR-28 wave-
guide-to-microstrip transition was designed using a stepped-
ridge waveguide and it is the first functional element of the
BEM. This transition has been chosen for its broad bandwidth,
low insertion loss, and repeatable performance.

A. LNA

The LNA is on MMIC technology. The operating frequency
range of the amplifier is greater than the required bandwidth
of the BEM. The selected MMIC amplifier was the model
HMC263 from Hittitem, Chelmsford, MA. It is a high-gain
broad-band four-stage monolithic LNA, which covers the
frequency range of 24-36 GHz, and its size is 3.29 mm?. The
chip utilizes a GaAs pseudomorphic high electron-mobility
transistor (pHEMT) process offering a noise figure and a gain
against frequency from a single bias supply of +3 V @ 37 mA,
as depicted in Fig. 10.

B. Bandpass Filter

A bandpass filter was used to define an effective bandwidth of
20% and to reject undesired radiation out of the band of interest.
Low bandpass losses, more than 10 dB out-of-band losses, and
small size were considered the main objectives. A microstrip
coupled-line topology was chosen because it provides inher-
ently bandpass characteristics. A three-resonator filter has been
designed using the design method from the classic prototype
filter tables proposed in [19] and a design methodology has
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Fig. 11. 30-GHz bandpass filter on Duroid 6002.
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Fig. 12. Insertion and return losses of the bandpass filter.

been developed to achieve predictable frequency response in
microstrip filters using a commercial computer-aided design
(CAD) software. After a careful evaluation of the validity of the
CAD models, comparing simulated and accurately measured
results, the design was restricted to microstrip elements that
can be well characterized [20].

The selection of the substrate becomes critical due to the gaps
and widths of microstrip lines because it sets the line-etching
precision required and the minimum losses achievable. The filter
in Fig. 11 has been fabricated on a Duroid 6002 substrate with
0.254-mm thickness and dielectric constant (£,.) of 2.94.

Fig. 12 shows the filter response when it is measured with
coplanar-to-microstrip transitions on a coplanar probe station.
The insertion losses were lower than 1.5 dB in the whole band,
and the return losses were better than 12 dB.

C. Detector

After the signal is amplified and filtered, a square-law de-
tector is used to convert the signal from the sky or from the
reference load to dc voltage.

The detector is composed of a hybrid reactive/passive
matching network and a low-barrier Schottky diode. A
beam-lead zero-bias diode, model HSCH-9161, was selected.

A large- and small-signal diode model have been developed
to optimize the design. The matching network design requires
additional lossy components to meet the system requirements.
It uses a 100-€2-thick film resistor and its nonideal behavior at
the millimeter frequency band was included in the simulations
of the matching network. A radial stub is used to provide RF
ground to the diode. The virtual ground was also used to ex-
tract the dc output voltage and a dc return was provided by the
100-£2 resistor ground connection. A 100-k{2 load resistor was
used as video impedance to extract the detected voltage. The
detector circuit was implemented on an alumina dielectric sub-
strate (g, = 9.9; thickness = 0.254 mm). This detector, shown
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Fig. 13. 30-GHz diode detector. From the left-hand side: matching network
including 100-§2 resistor, diode connected to radial stub, and 100 k2 at the
output.
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Fig. 14. Detector input return loss for an input power of —30 dBm.
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Fig. 15. Detector output voltage versus input power at 30 GHz.

in Fig. 13, has been characterized individually on a coplanar
probe station with coplanar-to-microstrip transitions.

The input return loss measured with —30-dBm input power
using a vectorial network analyzer (HP8510C) is depicted in
Fig. 14.

The rectification efficiency or output voltage sensitivity
versus input power was measured at three frequencies across
the band 27, 30, and 33 GHz. Detector sensitivity curve at
30 GHz has been included in Fig. 15, showing linear perfor-
mance around —30 dBm of input power and a rectification
efficiency around 1000 mV/mW. Dynamic range for quadratic
response covers from —40 to — 15 dBm.

D. DC Amplifier

In order to provide sufficient detected signal to the data ac-
quisition electronic module, a low-noise dc amplifier has been
designed. A schematic of the dc amplifier is shown in Fig. 16.
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Fig. 16. DC amplifier.

Fig. 17. Branch of the BEM.

The first stage has an OP27 precision operational amplifier
that combines low offset and drift characteristics with low noise,
making it ideal for precision instrumentation applications and
accurate amplification of a low-level signal. A second balanced
stage, implemented with a IC-OP200, provides a balanced and
bipolar output. DC amplifier total power consumption with a
high-impedance load is approximately 37 mW.

E. Branch of the BEM

In order to have the EBB, two identical branches were built,
and one of them is shown in Fig. 17. From the left- to right-hand
side in the branch, there are two MMIC LNAs interconnected by
microstrip transmission lines on an Al,O3 substrate, 0.254-mm
thick, a relative dielectric constant of 9.9, the bandpass filter
using microstrip coupled lines on the PTFE-based substrate, and
the microstrip Schottky diode detector.

The EBB BEM has two identical branches with a WR-28
waveguide input and dc output connector.

F. BEM Test and Performance

Tests of the half BEM have been done at room tempera-
ture. Fig. 18 shows the detected voltage of the two branches,
sweeping the frequency with a signal generator from 22 to
40 GHz when a constant power level above the white noise
power is applied. The input power was —60 dBm, which is
similar to the noise power output from the FEM.

V. RADIOMETER PERFORMANCE AND RESULTS

The FEM and BEM were connected with a 1-m-long wave-
guide. Tests of linearity, system noise temperature, leakage,
gain, effective bandwidth, and 1/ f knee frequency were carried
out when the FEM was operating at 20 K and the BEM was
operating at 300 K. The block diagram in Fig. 19 shows the
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Fig. 20. Radiometer calibration curves.

configuration of the radiometer to perform some of the mea-
surements. Test of 1/ spectrum and effective bandwidth were
carried out with a test setup slightly different than that shown
Section V-A.

The FEM with the input hybrid, LNAs, phase switches, and
output hybrid are cooled to approximately 20 K in the cryostat.
Noise inputs come from two WR-28 terminations, both cooled,
but one is temperature controlled so that accurate temperature
differentials can be set between the input terminations for cali-
bration and test purposes.

A. Radiometer Operation

1) Linearity, Calibration Curve: Inorder to calculate the ra-
diometer constant, a calibration curve was calculated. The tem-
perature of the hot load was varied. Corresponding voltages at
the video amplifier output were measured by taking 1-s runs
of the switched radiometer at each new temperature, and cal-
culating the mean of the resulting time series. Fig. 20 shows a
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graph of voltage (V) versus temperature increment (A7) at var-
ious temperatures for both radiometer channels.

The straight line indicates the linearity of the detectors. Using
the equation of the line, the radiometer constant can be deter-
mined as 1/0.0613 = 16.31 K/V and 1/0.0578 = 17.54 K/V
for each BEM channel.

The calibration constant can also be determined by increasing
the temperature during the recording of a 5—min switched data
run. The beginning and end levels of the resulting ramp in the
time series yield an immediate AV value for the AT incre-
ment. The two values obtained for the differential calibration
constant were 16.3 K/V for BEM channel 1 and 17.3 K/V for
BEM channel 2.

B. Leakage and System Noise Temperature

Leakage is a measure of the detected energy from the sky
into the detected output from the reference termination and vice
versa. It is required to be less than 10%. It is minimized by
accurately matching the phase and amplitude responses of the
LNA and phase-switch pairs.

In order to measure the leakage and system noise tempera-
ture, the detected outputs in each switched state were compared.
A multimeter was used to measure the detected voltages from
the BEM for the four phase-switch settings. The test involved
measuring the detected outputs in each switched state with both
input terminations at minimum temperature, then heating one of
the terminations and re-measuring the detected voltages to de-
termine the Y -factor. In an ideal system, two phase-switch set-
tings 0°, 0° and 180°, 180° would connect hot temperature input
termination 7T}, to the output and the cold temperature load
Teo1a Would be connected via phase-switch settings 0°, 180°
and 180°, 0°. However, there is leakage between the states.

To measure the leakage and noise temperature of the indi-
vidual branches, the temperature of T}t was raised and, in the
process, a small increment was applied to Ti,1q. Therefore,
there are two hot temperatures and two cold temperatures that
are applied to the radiometer. The output detected voltages
proportional to the input temperatures with all the phase-switch
settings are measured to obtain four Y -factors, two per branch,
as in (12) and (13) as follows:

%1otl
Y =—— 12
! Vh0t2 ( )
‘/(‘,oldl
Y, = coldl 13)
> Veolar (

where Vi,0¢1 and Vi are the output voltages in pair 0° or 180°
of phase-switch settings, Vio1q1 and Vo142 are the output volt-
ages in 0°,180° or 180°, 0°.

The Y -factors for one branch allow us to calculate the system
noise temperature and the leakage substituting in (14) and (15)
as follows:

sys T Thot1(1 — L) + Teotar L
Tesys + Thot2(1 — L) + Teoraz L
_ Tys + Teorar(1 = L) + Thot1 L
" Tiys + Teoraz(1 = L) + Thota L

Y, = (14)

Y>

15)
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TABLE 1II
Y -FACTORS, LEAKAGE, AND NOISE TEMPERATURE

Switch State Thot1 =50 K, Teoiq1 = 17.24 K,

((1)1, CDz) T},mz: 17.71 K, Tcold2:13-8 K
Outl Out 2
180°,180° Y1=2.13 Y,=1.23
0°,180° Y,=1.22 Y1=2.07
Tys =93 K Tys =10.6K
L=62% L=78%
TABLE III

SYSTEM NOISE TEMPERATURE

Physical Temp (K) System Noise Temp (K) Accuracy (x K)

60 19 5.7
30 10.2 4.2
20 9.1 2.7

where 14y, is the system noise temperature, Ti,0¢1 is the highest
temperature of hot load, and T},4¢2 is the lowest in pair 0° or
180°, Teold1, Teolaz are the temperature of cold load in pair
0°,180° or 180°, 0°, and L is the leakage.

Two pairs of phase-switch state (0°, 0° and 180°,180°, and
0°, 180° and 180°, 0°) share the same leakage due to the ampli-
tude and phase mismatch. Therefore, these numbers can be used
to calculate two similar noise temperatures and leakage values
per branch. These results are shown in Table II.

Output detected voltage measurements were also performed
to estimate the system noise temperature at three different tem-
peratures and the results with their accuracy are presented in
Table III.

System noise temperature and leakage were measured in two
different ways and the second method used a noise figure meter
setup without diode detectors in the BEM. Power readings were
taken with 100-MHz steps and averaged across the band. The
hot and cold waveguide termination temperatures (Thot1, Thot2s
Teora1 and Teo1q1) that appear in Table II were used. This method
is based on power measurements through the Y -factors, as in
(14) and (15). System equivalent noise temperature and leakage
versus frequency are depicted in Fig. 21. The noise temperature
is believed to be accurate to approximately £2 K. Results of this
swept-frequency method agree well with the total power results,
shown in Tables II and III.

C. Data-Acquisition System

A data-acquisition system was used to take data over a period
of time in order to obtain the output noise spectra. Results of ef-
fective bandwidth and 1/ f output spectrum were obtained using
this setup. Fig. 22 shows a schematic diagram of the acquisition
system for the 30-GHz EBB.

The FEM under test is placed in a cryogenically cooled envi-
ronment and kept at 20 K. It is connected to the BEM that has
two inputs and two outputs, which relate to a single polarization
of the FEM, by two 1-m-long waveguides. A Lakeshore propor-
tional integral derivative (PID) temperature controller is used
to control the FEM and waveguide termination temperatures,
as well as providing temperature monitoring. The phase-switch
drive signal is sent to driver hardware in the FEM bias supply
box so that each phase switch can be switched or set to either
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Fig. 22. Scheme of the test setup for data-acquisition system.

the ON or OFF state. Independent drive can be supplied to each
of the two phase switches.

Each BEM has two outputs, the positive and negative sides of
a balanced output, which is fed to the distribution board.

The acquisition system was controlled by Labview software.
Two acquisition cards were mounted on the PC bus, one for
the analog-to-digital converters (ADCs) and the other for
the digital-to-analog converters (DACs). The acquisition and
phase-switch waveforms were synchronized. The hardware
connections were made on separate external distribution boards.

A low-pass filter comprised of a resistor and capacitor was
used as an integrator. Fig. 23 shows the simple RC network
that was built into the distribution board for the ADC inputs.
It can be seen that channel 1 (CH1) and channel 2 (CH2) are
fed into the distribution board as differential inputs and each is
presented with a series resistor of 150 €2 and a parallel capacitor
of 0.22 uF. The outputs are fed into the differential ADC inputs
of the acquisition card.

This built RC filter has an equivalent integration time (7) (16)
of twice the theoretical RC time response and it is equal to 66 us
as follows:

r=2-R-C. (16)
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Fig. 23. Schematic diagram of the RC networks built into the external

distribution board.

The low-pass filter 3-dB bandwidth B, 4g is defined as fol-
lows in (17):

&

€4 _ ; (17)

B =
3dB ™ 157 T (157-2-7)

where B is the postdetection equivalent bandwidth.

The designed low-pass filter has a 4.8-kHz 3-dB bandwidth
and a 7.5-kHz postdetection equivalent bandwidth. The half-
power bandwidth determines the acquisition sample rate when
the filter response is sharp. In the case of the simple RC filter
used, the more appropriate sample rate is that related to the post-
detection equivalent bandwidth since, beyond 3-dB bandwidth,
there is power and the optimum sample rate is that which covers
the highest frequency entering to the acquisition system. There-
fore, this implies a sample rate of around 15 kHz.

The switching frequency of the switches was set to 280 Hz
and the sampling rate to 16.8 kHz, being a multiple of the phase-
switch rate, and then re-sampled. For testing purposes, a switch
rate of 280 Hz, lower than the baseline of 4096 Hz, was chosen
to limit the sampling rate while providing enough samples of
each switch state in the data streams to avoid losing accuracy.

D. Effective Bandwidth

The effective bandwidth [6] of both branches was calculated
from the total power radiometer expression (18) as follows:

AT = AV = L (18)
Tiys V BT

where AT is the sensitivity of the radiometer, T4y is its equiv-
alent noise temperature, (3 is the effective bandwidth, 7 is the
integration time, AV is the rms value of output voltage noise,
and V is the dc output detected voltage.

Measurements of the dc output detected voltage and the rms
value of the output voltage noise were taken in all four switched
states for both branches, respectively. The appropriate sample
rate was used in order to calculate the effective bandwidth with
the acquisition system shown in Fig. 22 and with the integrator
in Fig. 23. Unswitched data over a period of time were taken in
order to know the white noise level of the output noise spectrum.

The effective bandwidths for both “high” states, or the states
where the output voltage corresponds to the highest temperature
termination, in both branches were calculated and the results are
shown in Table IV. The level in Vs is determined by taking a
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TABLE IV
EFFECTIVE BANDWIDTH

Switch State

Branch output V (Volt) AV (Vims) B (GHz)
(P, O2)
1 180°,180° 4.95 713+ 107 7.3
2 0°,180° 3.51 557 107 6.0
0.00050
0.00045
g 0.00040
& 0.00035
£ 000030
> 0.00025
0.00020
0.00015
0.1 1 10 100 1000
freq (Hz)

Fig. 24. Unswitched power spectrum.

mean in a section of white noise in the bandwidth of the low-pass
filter.

The effective bandwidth achieved was consistent with the
20% specification for the radiometer.

E. Stability

In coherent radiometric systems, one of the major concerns
is presented by gain and noise temperature fluctuations of the
amplifiers. Since the sensitivity is reduced, the receiver noise
performance is degraded and spurious correlations in the mea-
sured maps are introduced [21].

The schematic diagram of the acquisition system shown
in Fig. 22 with the integrator in Fig. 23 were used to take
unswitched and switched data over a period of time in order to
obtain the output noise spectrum.

1) 1/f Knee Frequency: The frequency at which the gain
fluctuations contribute a variance to the output of a total power
radiometer equal to that resulting from the system noise temper-
ature is parameterized as the 1/ f knee frequency.

The white noise level in Vynys/+/(Hz) is determined by
taking the mean of the fast Fourier transform (FFT) in a quiet
section well away from the 1/ f region

To obtain a power spectrum with sufficient resolution to
define the 1/f knee frequency, it is necessary to take a data
run over at least 10 min. Both unswitched and switched runs
were taken to demonstrate the improvement in knee frequency
achieved with switching.

Unchopped data were collected for 83 min, sampling at
16 800 samples/s, and the power spectrum is shown in Fig. 24.
If the data were not switched, the 1/f knee frequency was
approximately 4 Hz, and the white noise approximately
0.17 mV,s/+/(Hz). The noise power spectrum for the other
channel was very similar with a 1/ f noise cutting into the white
noise limit at approximately the same frequency.

To obtain the switched power spectrum, the switching fre-
quency was set to 280 Hz and it was a square waveform. One of
the phase switches is switched at 280 Hz and the other is fixed
in one state. This switch rate is slower than 4096 Hz and cannot
avoid the faster variations of gain and noise temperature in the
BEM. However, the results are valuable because they confirm
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that the 1/ f knee frequency in the BEM is lower than 280 Hz
and the radiometer is insensitive to its fluctuations. Data were
taken for a period of 15 min and sampling at 16 800 samples/s.
Fig. 25 shows switched data stream from each channel.

The voltage levels in the output data stream for each phase-
switch state have been identified as Al, B1 for channel 1 and
A2, B2 for channel 2. After any phase transition, there is a
spike in the data that corresponds to a change in output power
as the phase-switch transits. This spike was removed by dis-
carding 20% of the data (10% from each side of the square
wave). The time series data were generated by differencing the
output data as follows in (19), then a standard FFT routine was
used to determine the frequency spectrum and, hence, the 1/ f
knee frequency:

(By — Ag) — (B1 — Ay). (19)

The output power spectrum is shown in Fig. 26. The 1/ f knee
frequency was estimated to be approximately 50 mHz.

2) Gain Modulation Factor r: The radiometers measure dif-
ferences between the sky noise temperature and the reference
load at 4 K. It is desirable to minimize the offset between the
sky and reference signals in order to reduce instabilities.

The difference between both noise temperatures is compen-
sated to balance the output through the gain modulation factor
r [22], [23]. The aim is to maintain the output power as close
as possible to zero applying by software the gain modulation
factor. The differential output voltage can be written as follows
in (20):

(20)

‘/out =5-G-k- /H . (Tgky + Tﬁys - T(Tref + Tqys))

where S is the sensitivity of the detector, G is the radiometer
RF gain, k is the Boltzmann constant, 3 is the bandwidth, Ty,
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is the sky temperature, T;.¢ is the reference load temperature,
r is the gain modulation factor, and T is the system noise
temperature. Both T, and T} have included contributions due
to the antenna insertion loss.

To have an output voltage null by processing the gain modu-
lation factor from (20) can be written as follows in (21):

(Tsys + Tsky)
= ————- 21
" (Tsys + Tref) ( )

The voltage levels from the two branches of the BEM are
currently not matched. An r-value is needed to take into account
the different levels of 1/ f noise in each channel in order to have
a null output voltage. Therefore, an r-value is assigned to each
output channel and calculated using (22) and (23) as follows:

(A1 —rp1 - By)
(rz2 - Ba — A)

(22)
(23)

where Ay, Bj are levels of voltage for channel 1 and Az, B are
levels of voltage for channel 2 at each phase-switch state.

Ideally, 7,1 and 7,2 would be the same, meaning the two
output channels are very similar. A third r-value may be needed
when we obtain difference across the diodes and the expression
to calculate the time series to obtain frequency spectrum is as
follows in (24):

(A1 — Tzl - Bl) — Tz3 - (ng . BQ — Ag) (24)

The outputs were balanced in hardware using attenuators in
order to have r,; and 7,2 equal. Ignoring the third r-value 7,3
and applying a single r-value for r,; and r,2, a plot of knee
frequency versus r-value was obtained, as shown in Fig. 27.

Using the above optimum 7-value of 0.98, the knee frequency
was reduced to approximately 30 mHz.

The results demonstrate that the pseudocorrelation ra-
diometer scheme reduces the effect of instabilities of gain and
noise temperature. Therefore, by applying an accurate gain
modulation factor, a minimization of the 1/f knee frequency
can be achieved.

VI. CONCLUSION

Development of microwave hardware for the PLANCK
explorer LFI has presented a number of tough challenges
to hardware designers. This paper has described the overall
system architecture, and the design, assembly, and performance
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characterization of the 30-GHz EBB differential radiometer for
the PLANCK LFI. This is an integrated version of the 30-GHz
PLANCK radiometer using two branches of the FEM (at 20 K)
and BEM (at 300 K), connected via 1-m-long waveguides.
The radiometer operation has been demonstrated successfully,
and the overall system noise temperature, gain, effective band-
width, and 1/ f noise cancellation have been shown to meet the
stringent PLANCK LFI requirements. Instabilities from gain
and noise fluctuations have been minimized through the use of
phase switching and a gain modulation factor. The performance
of the EBB radiometer was excellent: average noise temper-
ature was approximately 9 K over the 20% bandwidth, and
the 1/f knee frequency was around 30 mHz, demonstrating
excellent gain and noise stability.
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