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Polarimetric receiver in the forty gigahertz band: new instrument for the Q-U-I Joint
Tenerife experiment

Enrique Villal, Juan L. Cano?, Beatriz Aja!, J. Vicente Teran? Luisa de la Fuente!, Angel
Mediavillal, Eduardo Artal®

!Departamento Ingenieria de Comunicaciones, Universidad de Cantabria, Plaza de la
Ciencia s/n, Santander, 39005, Spain

2Erzia Technologies, Josefina Sainz de la Maza 4, Santander, 39012, Spain

This paper describes the analysis, design and characterization of a polarimetric receiver
developed for covering the 35 to 47 GHz frequency band in the new instrument aimed at
completing the ground-based Q-U-l Joint Tenerife Experiment. This experiment is
designed to measure polarization in the Cosmic Microwave Background. The described
high frequency instrument is a HEMT-based array composed of 29 pixels. A thorough
analysis of the behaviour of the proposed receiver, based on electronic phase switching, is
presented for a noise-like linearly polarized input signal, obtaining simultaneously I, Q and
U Stokes parameters of the input signal. Wideband subsystems are designed, assembled
and characterized for the polarimeter. Their performances are described showing
appropriate results within the 35-to-47 GHz frequency band. Functionality tests are
performed at room and cryogenic temperatures with adequate results for both temperature

conditions, which validate the receiver concept and performance.

1. INTRODUCTION

The design of wideband and very sensitive receivers is of most importance to radio astronomers since
they are key instruments for the study of the relic signals or radiations that help us to explain the origin of the
Universe. Among these signals, the Cosmic Microwave Background (CMB) is probably the most important one
due to the rich information contained in its intensity and polarization for the explanation of the early Universe.
The scientific community has devoted many resources to the study of the CMB through the development of
different experiments, such as the Cosmic Background Explorer (COBE) (Richards 2007), the Wilkinson
Microwave Anisotropy Probe (WMAP) (Richards 2007) and the PLANCK mission (Aja et al. 2005; Bersanelli
et al. 2010; Aghanim et al. 2014). Facing all these satellite experiments, there are many ground-based
experiments (National Aeronautics and Space Administration 2017) which have complemented the data
obtained from the three spacecraft and enabled to measure other significant CMB parameters. In this way, the
Q-U-I Joint Tenerife (QUIJOTE) experiment is aimed at characterizing the polarization of the CMB and other
galactic and extragalactic signals at medium and large angular scales in the frequency range from 10 to 47 GHz
(Rubifio-Martin et al. 2010; Lopez-Caniego et al. 2014). The configuration of the 40 GHz band receiver (35 to
47 GHz) is focused on the analysis of the inflationary period of the Universe using CMB data. As a polarimeter,
the receiver should enable to obtain I, Q and U Stokes parameters simultaneously and to improve the knowledge
of that period of time and complement the data obtained with the Thirty-GHz Instrument (TGI) receiver in the
26 to 36 GHz band (Villa et al. 2015).

This paper presents the analysis, design and characterization of the polarimeter designed for the highest

frequency receiver of the QUIJOTE instrument: Forty-GHz Instrument (FGI), verifying its functionality



according to the theory. A representative polarimeter is analysed obtaining the detected voltages in each output,
which depend on the polarization of the incoming signal and the phase state of the receiver. Experimental
measurements of the receiver validate the instrument concept comparing measured values with the theoretical
ones at room temperature, and, furthermore, a cryogenic cycle is done in order to analyse the behaviour
emulating the real operation at the telescope. The document is divided into five sections. The first one gives an
introduction whereas the FGI QUIJOTE experiment is described and analysed in section 1. Then, in Section IlI,
the different subsystems which form the receiver are explained, giving an overview of their individual
performances. Functionality tests, at room and cryogenic temperatures, are presented and discussed in section

IV. Finally, section V draws general conclusions.
2. FGI EXPERIMENT
The QUIJOTE project is a ground-based experiment installed and operated at El Teide Observatory

(Canary Islands, Spain), in which the high frequency receiver, the FGI, is composed of 29 pixels, working in the
35 — 47 GHz frequency band.

The selected frequency range is due to complement the data obtained with the low frequency receivers
and cover all the frequency range just below the inoperative 60-GHz band, which corresponds to the first
oxygen absorption line. Moreover, the design of this polarimeter involves a significant reduction in map noise
due to the number of receivers whilst a lower synchrotron signal from our galaxy is expected in this frequency
band (Rubifio-Martin et al. 2010; Lopez-Caniego et al. 2014).

The proposed receiver configuration improves the performance of the TGI one (Villa et al. 2015; Villa
2014), since a higher integration level and isolation performance have been achieved. The new topology of the
correlation and detection module regarding the TGI receiver provides improved microwave results in terms of
reflection coefficients and isolation between branches. Besides, a more accurate phase control of broadband
hybrids in order to correlate the signal of receiver branches is achieved, which implies in a better agreement
between the measured output values and the theoretical expected ones.

2.1. FGI Receiver Block Diagram

As in the QUIJOTE TGI receiver (Villa et al. 2015; Villa 2014), the FGI polarimeter is intended to
measure three of the Stokes parameters (I, Q and U) simultaneously in order to characterize the polarization of
the CMB. These parameters are obtained after combining measurable output signals in the receiver.

The block diagram of each pixel in the FGI polarimeter is shown in Fig. 1, which is divided into a cold
stage module (20 K) and a room temperature (298 K) part. The cryogenic part is made up of a feedhorn antenna,
a polarizer, an orthomode transducer (OMT) and two low-noise amplifiers. This part provides two output signals
at the OMT, proportional to left- and right-hand circular polarization components of the wave received by the
antenna. These signals are amplified by two identical cryogenic low-noise amplifiers and, then, combined and
processed in the Back-End Module of the receiver. Hence, outside the cryostat, further amplification, filtering,
electrical phase switching and correlation and detection stages are performed at room temperature. Finally, the
microwave signals are converted into DC voltages which are processed by a data acquisition system (DAS).

The polarimeter operation is based on electronic phase switching, with sixteen phase states generated
by individual phase shifts of 0°, 90°, 180° or 270° in each receiver branch (Villa et al. 2016), which provides four
equivalent phase states in the receiver, each one obtained with four different combinations of the phase

switches.
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Fig. 1 Block diagram of a single pixel of the FGI QUIJOTE receiver

2.2. FGI Receiver Analysis

The analysis of the receiver consists in expounding the relationship between the four detected voltages
of the system and the Stokes parameters and on determining the total system noise temperature based on all the
noise contributions in a ground-based receiver.
2.2.1. Stokes parameters calculation

In each pixel, a set of four outputs voltages (Va1 to Vas) are expected as shown in Fig. 1, providing
detected DC levels. The combination of the polarizer and the OMT in the Front-End Module of the receiver
separates the incoming linearly polarized signal to circular components by rotating 45° the reference system of

the polarizer regarding the OMT.
As stated before, the definition of the polarimeter enables the measurement of the I, Q and U Stokes

parameters (Collet 2005), which are expressed in a circular coordinate system as

L =|E[" +|E,[* ©)
Q-2Rdg "€, @
U=-21ng"E,) ®)

where E, and E; are the left and right circular polarization electrical field components, respectively. To simplify
the notation, V. and Vr are defined as the signals proportional to the left-hand and right-hand circular electric

field components at the OMT output, respectively.
The analysis of the receiver operation depends on the phase state of the Phase Switches Module. To

simplify it, a reduced diagram of a FGI pixel is considered and shown in Fig. 2. Each phase state @r can be
defined in terms of the phase difference between branches of the pixel as

Dr= Dy - o1 = (D3 + Dy)-(D1 + D) (4)
where @, corresponds to the insertion phase of the lower branch of the Phase Switch Module and @s; to the

insertion phase of the upper branch of the Phase Switches Module in Fig. 2.
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Fig. 2 Simplified diagram of a single FGI pixel



As initial step, the reference phase state is assumed in the Phase Switches Module, in which both

branches are configured in the 0° phase state. Hence, the detected output voltages are obtained as

Vs o V= Ve ®)
Vg, eV + V| (6)
Vg eV, =V, [* 0]
Vyp oV +Ve|* (®)

In the particular analysis of a linearly polarized signal, two 90° out-of-phase signals are expected at the
OMT outputs when a linearly polarized signal incomes the system. Therefore, the signals proportional to each
circular polarization components accomplish that Vr=j-V.. Then, the Stokes parameters are obtained by

performing linear combination between the output values, and the following combinations are achieved:

Vi Vg, oV +V [V =V [ el 9)

Vg +Vyp ooV = V[V + v [ el (10)
Vg, =V, eV +V [P =V, =V [P Q (11)
Vys =Vyp ooV = iV [ =NV + jV, | U (12)

Similarly, the Stokes parameters are calculated for the other phase states by means of the modification
of the value of @r, and their values are listed in Table 1. Voltage values are used to calculate the values of the
Stokes parameters, which are normalized by its maximum value, corresponding to the intensity parameter I, to

fulfil their theoretical range, with maximum I, Q and U amplitudes equal to the unity.

Table 1 Stokes parameters from output detected voltages

Ot I Q U

0° Va1+Va2=Viz+Vas Vi2-Va Vaa-Vas
90° Va1+Va2=Viz+Vas Via-Vas Va2-Var
180° Va1 +Va2=Viz+Vas Vi2-Va Vaa-Vas
270° Va1+Va=Vaz+Vas Vaa-Vis Vi2-Var

The CMB is expected to be linearly polarized, therefore, the analysis of the polarimeter is focused
when a linearly polarized input signal is coming to the receiver. Hence, for an x-axis linearly polarized input

signal, the detected outputs according to (5)-(8) for the phase state @r =0 are expressed as

Vg =KV, [ (13)
Vy, =0 (14)
Vs :g"VL‘Z (15)
_Kyop 16
Vd4 _?NL‘ ( )

where K is a constant related to the full responsivity of the receiver chain. By changing the phase state of the
phase switches module, the output voltage values for the different phase states are obtained and listed in Table
2.

Table 2 Detected voltages for an x-axis linearly polarized signal
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2.2.2. Noise Analysis

The previous analysis is complemented with the evaluation of the noise temperature of the receiver. As
a ground-based experiment, the total system noise temperature is not only affected by the involved subsystems
in the polarimeter, but also influenced by the atmosphere. Then, the system noise temperature Tsys (Otoshi 2008)

can be expressed as

+T°ﬂ+T

atm

T, =T

sys atm

17)

receiver

where Tam is the effective atmosphere temperature, Tcwms is the CMB temperature, Lam is the attenuation of the

atmosphere and Treceiver IS the noise contribution of the FGI receiver. This contribution is given by

T =T +T,

receiver antenna spillover

+T, (18)

where Tanenna IS the equivalent antenna noise temperature, Tspiover IS the effective noise temperature added by the

fraction of power received which originates from the ground, and the receiver noise temperature T, is

L -1 L
Tr = (Lfeed _1) 'Tp + Lfeed 'Trlz (Lfeed _1) 'Tp + Lfeed '[TLNA + (C(':! ) T +— TBEMJ (19)

LNA : GLNA
where Ty, is the cryogenic physical temperature, Lsed iS the insertion loss of the polarizer and the OMT, Tina is
the equivalent noise temperature of the cryogenic LNA, T, is the physical room temperature, L. is the insertion
loss of the interconnection element between the cryogenic and the room temperature parts, Gina is the gain of
the cryogenic LNA and Tgewm is the noise temperature of the Back-End Module. Fig. 3 shows a block diagram of

this system.
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Fig. 3 Block diagram of the system for the noise analysis

3. FGI POLARIMETER SUBSYSTEMS

The different subsystems that are part of the FGI receiver, from the cryogenic part to the room
temperature one, have been individually assembled and experimentally characterized.

The feed subsystems are waveguide components, such as the feedhorn antenna, the polarizer and the
OMT, which are tested at room temperature, since only a reduction on their losses are expected when they
operate under cryogenic conditions. The feedhorn antenna is based on a corrugated design (Cano et al. 2011)

using a circular waveguide input. The cross-polarization of the antenna is a significant issue, and it is defined by



the throat of the antenna. A view of its measurement process is shown in Fig. 4 and its results are depicted in

Fig. 5, in terms of the directivity, input return loss, worst value of cross-polarization for Phi=45° and radiation
patterns at 41 GHz (co-polar at Phi=0° and Phi=90°, and cross-polar at Phi=45°).
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Fig. 5 FGI feedhorn antenna results. (a) Input matching, cross-polarization and directivity. (b) Radiation pattern
at41 GHz

The polarizer is a square waveguide component (Tribak et al. 2009) with stepped ridges in the four
internal walls of the waveguide. The ridges are carefully designed to achieve an accurate wideband 90° phase
difference between TEj, and TEg: orthogonal propagated modes in a square waveguide. Some views of a
manufactured polarizer are shown in Fig. 6, while measured results are depicted in Fig. 7.

Fig. 6 FGI polarizer views
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Fig. 7 FGI polarizer results. (a) Input matching and insertion loss for both ridge sections. (b). Phase difference
between the two propagated modes

The OMT (Cano et al. 2010) is the device which enables the component separation of the incoming
signal. It is based on a turnstile junction with an inserted scatterer. A view of the OMT is shown in Fig. 8. It is
designed with a circular input waveguide and two WR22 rectangular waveguide in-phase outputs. The output
reflection coefficients in WR22 waveguide are measured by connecting a circular radiating load at the input, as
well as the isolation between them as the transmission between both accesses. To characterize the transmission
losses between the circular port and each rectangular one, a short-circuit is placed in the circular port and they
are estimated as one half of the measured reflection coefficient in each port, since the isolation results between
rectangular ports is very high. The measured results, in terms of the insertion loss, matching in rectangular ports,

isolation and phase difference between transmission paths, are shown in Fig. 9.

Fig. 8 FGI OMT photograph
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Fig. 9 FGI OMT measurements. (a) Rectangular waveguide reflection coefficients, transmission losses and
isolation between outputs. (b) Phase difference between both transmission paths

The cryogenic low-noise amplifier (LNA) is composed of two cascaded identical monolithic
microwave integrated circuit (MMIC) LNAs with an equalizer in-between. The MMIC LNA design is based on
100-nm metamorphic high-electron-mobility-transistor (MHEMT) technology from the Fraunhofer 1AF
(Freiburg — Germany), which shows outstanding performance operating at cryogenic temperatures (Aja et al.
2012). In order to compensate the negative gain slope they exhibit, a microstrip equalizer based on Zhou et al.
(2012) is designed and placed between them. The resistors of the equalizer are directly etched over the alumina
substrate using a 20 /square resistive layer. An internal view of a cryogenic LNA is shown in Fig. 10. The test
of the device is performed when it is cooled down to 15 K, showing an average insertion gain of 49.8 dB and
noise temperature of 15.9 K within the 35-to-47 GHz band with a total power consumption of 27.2 mW (Teran
2017). The results are shown in Fig. 11.
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Fig. 10 FGI cryogenic low-noise amplifier internal view
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Fig. 11 FGI cryogenic low-noise amplifier insertion gain and noise temperature

The room temperature subsystems for the FGI polarimeter include further amplification, phase
switching and correlation and detection. The first module is the Gain&Filtering Module depicted in Fig. 1. It is
composed of two cascaded monolithic commercial LNAs with an equalizer in-between and a microstrip filter to
define the band. The first LNA used in the module is a four-stage amplifier model CGY2122XUH from
OMMIC, while the second one is the model HMC1126 from Hittite. The equalization of the microwave
response is accomplished using in-house microstrip design (Teran 2017) based on the use of series and shunt
etched resistors over an alumina substrate with a 50 Q/square resistive layer. Finally, the microstrip filter, also

designed on alumina substrate, confines the 35-to-47 GHz frequency band. An internal view of the module is

shown in Fig. 12 and its performance, in terms of gain and matching for both rectangular ports, is shown in Fig.

Fig 12 FGI gain and filtering module internal view
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Fig. 13 FGI gain and filtering module measurement: input and output return loss and gain
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The Phase Switches Module is a WR22 waveguide chassis based on a four state phase shifter with PIN
diodes as switching devices for each receiver branch. The microstrip circuit has two phase shifting branches
with a 90° fixed phase difference which are combined using Wilkinson dividers, and each branch has an
individual 0/180° phase shifter. Further details are described by Villa et al. (2016). Besides, the module provides
full switching functionality with the use of transistor-transistor logic (TTL) drivers, model DR65-0109 from
MACOM Technology. A detailed view of the assembly inside the chassis is shown in Fig. 14. The phase
performance of the module shows average phase shifts of 88.5°, 178.3° and 269.3° over the band (Villa et al.
2016).

~\ L £
F xE r' &
"“'“"“"'%_ . . % 3

Fig. 14 FGI phase switches module internal view

Finally, the Correlation and Detection Module has WR22 waveguide input and output ports and
includes 90° waveguide hybrids, a fixed 90° waveguide phase shifter and Schottky diode detectors. The
waveguide hybrids provide high isolation values and accurate 90° phase shifts between their ports, which
involves a better precision in the power division of the microwave signal. A set of four hybrids couplers are
involved. The inputs couplers separate the input signals with same magnitude and 90° out of phase, whilst the
other pair of hybrid couplers in the module produce the correlation operations, addition and subtraction, between
the input signals. The remaining port in each hybrid coupler is terminated in a matched load manufactured with
absorber material Eccosorb MF124. Besides, the fixed 90° waveguide phase shifter shows an extremely low in-
band phase error, so the phase of the incoming signals to the detector is highly controlled. These features cause
that the mid-voltage output signals for each state show balanced levels. Finally, microstrip detectors (Villa
2014) based on the Schottky diode HSCH-9161 from Agilent Technologies convert microwave signals to DC
output voltages which are amplified by operational amplifiers. An internal view of the module is shown in Fig.
15, while experimental tests are shown in Fig. 16 for 90° out-of-phase input signals to both waveguide input
ports: the first test is a frequency sweep using a constant input power of -20 dBm, and the second test is a power

sweep for a fixed frequency of 41 GHz.
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Fig. 15 FGI detection and correlation module internal view
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Fig. 16 Output voltages from the FGI detection and correlation module. (a) Frequency sweep for an input power
of -20 dBm. (b) Power sweep for an input frequency of 41 GHz

4. FGI POLARIMETER TEST

Once all the subsystems have been described, their joint operation is presented. Their functionality as a
polarimeter is focused on two different tests. First, a room temperature characterization in order to validate the
theory behind the receiver. Then, a cryogenic test in which its real operation is analysed.

4.1. Room Temperature Performance

The room temperature functionality test of a FGI polarimeter pixel consists of providing a broadband
linearly polarized signal at the receiver input (feedhorn) and acquiring the detected voltages at the Correlation
and Detection Module outputs. A specific board is designed including all the Back-End subsystems and
interconnections, which is depicted in Fig. 17, in order to provide a robust configuration for each pixel. The
configuration shown in the picture causes an additional 180° phase shift between both input branches, since the

Gain and Filtering Modules have to be assembled in opposite arrangement by mechanical constraints.
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Fig. 17 Back-End Module board including the assembly of the subsystems

The test includes all the Front-End Module passive components working at room temperature, while
the cryogenic LNAs are not included in order to avoid saturation on the receiver due to an excessive gain and
noise levels.

A broadband noise-like x-axis (horizontal) linearly polarized signal is used to excite the pixel,
accomplished with a noise source model 346CK01 from Agilent Technologies and, then, amplified (around
33 dB) and transmitted by a conical horn with rectangular waveguide input, which defines the polarization axis.
The conical transmitting horn and the feedhorn antenna of the pixel are separated a fixed distance, which is
enough to avoid receiver gain compression and ensure linear operation. Additional waveguide to 2.4 mm coaxial
transitions are used in order to connect the OMT outputs to the BEM input using flexible cables. Besides, the
individual pixel board is assembled inside a rack, which contains 10 units. The test bench for this test is shown
in Fig. 18.

(@) (b)
Fig. 18 Pictures of the polarimeter test bench. (a) Front-End feed system on the left receives an x-axis linearly
polarized signal from the conical feedhorn on the right. (b) Connection from OMT outputs to a Back-End
Module pixel input by two phase balanced coaxial cables

The test consists of measuring the detected voltages of the receiver in a defined period of time in which
all the phase states are swept. Therefore, a set of TTL signals controls the Phase Switches Module in order to
change their state. The system is configured with a sampling rate of 1 kHz, acquiring one second of data using a

PXI system. The output voltages of a pixel are measured and their values are shown in Fig. 19.
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Fig. 19 Output signals of a pixel inside the BEM rack for an x-axis linear polarization input signal
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The average values of the four detected voltages (Va1 to Vas) for each phase state are listed in Table 3,

as well as the values of the Q and U parameters for I1=1. The listed values corresponds to the order expected in

the receiver according to the TTL control signals, in which the so-called state ‘0’, corresponding to a low level

signal in the TTL control signals, occurs when the maximum voltage in Vg, output is measured in two

consecutive states.

Table 3 Average detected voltages in each output, and Q and U Stokes parameters for each phase state for 1=1

State Dr(9) Vg1 (V) Va2 (V) Vg3 (V) Vs (V) Q )
0 0 0.03 1.11 0.51 0.55 0.98 0.04
1 270 0.64 0.75 1.25 0.08 0.86 0.08
2 90 0.51 0.7 0.03 1.29 0.99 0.15
3 180 0.81 0.02 0.45 0.49 0.89 0.05
4 90 0.44 0.73 0.03 1.23 0.99 0.24
5 0 0.05 1.57 0.67 0.88 0.96 0.13
6 180 1.14 0.03 0.58 0.76 0.88 0.14
7 270 0.48 0.54 0.91 0.07 0.84 0.06
8 270 0.57 0.44 0.93 0.06 0.87 0.13
9 180 1.2 0.04 0.66 0.76 0.87 0.08
10 0 0.05 1.26 0.62 0.63 0.95 0.01
11 90 0.39 0.53 0.03 0.99 0.99 0.14
12 180 0.93 0.03 0.42 0.7 0.87 0.27
13 90 0.59 0.83 0.04 1.51 0.99 0.16
14 270 0.65 0.55 1.12 0.07 0.88 0.08
15 0 0.03 1.01 0.44 0.54 0.97 0.10

4.2. Cryogenic Temperature Performance

The cryogenic test of the FGI polarimeter pixel is performed with the Front-End and the Back-End

Modules working at 15 K and 300 K ambient temperatures respectively. A simplified schematic of the

configured set-up with the parts of the receiver involved is shown in Fig. 20. The Front-End Module for this test
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consists of a WR22 waveguide termination connected through a stainless steel (SS) waveguide to a 3 dB in-
phase waveguide power divider and a pair of cryogenic LNASs inside a cryostat. Consequently, the feedhorn
antenna, the polarizer and the OMT are replaced with the first three previously listed elements. A picture of the
set-up inside the cryostat is shown in Fig. 21. The set-up is provided with temperature sensors located on the
cryogenic LNAs and on the waveguide termination to control the working temperatures inside the cryostat. In
addition, a heater is attached to the waveguide termination, which allows to introduce a range of input noise
temperatures to the receiver by modifying the physical temperature of the termination. Then, the waveguide
power divider distributes the input noise from the waveguide termination, and its outputs are connected to both

cryogenic LNAs without any phase difference between them.

Tweterm  Treceiver VCI 1

Heater Sensor » . Correlation AV
3-dB Gain & Phase d2
sswe In-Phase | &

. Powar Filtering Switches Detection
Waveguide divider b
Termination

Modules Module Module Y
d3
Front-End Module (T = 15 K) Back-End Module (T = 300 K)

Vs

Fig. 20 Simplified schematic of the receiver for the cryogenic test

Fig. 21 Assembly of the front-end part for the test inside the cryostat

The assembly shown in Fig. 21 is connected to a Back-End Module at room temperature, integrated in
a board as shown in Fig. 17. The output detected voltages are analysed in terms of noise temperatures in the
receiver. Therefore, the four idealized detected outputs (the maximum, the minimum and the two mid-voltages
signals corresponding to each phase state in an ideal receiver performance as listed in Table 2) are proportional

to the receiver equivalent noise temperature and the noise introduced by the waveguide termination as follows:

Vmax = o Treceiver + TWG—Term ) (20)
2 2
Vmin — a_(Treceiverj (21)
2
Treceiver T —Term
Vinear = Vineaz = a-( 5 + WG4T) (22)
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where a is the responsivity of the receiver, Treceiver IS the receiver equivalent noise temperature and Twe-erm iS the
noise temperature of the waveguide termination at the input of the receiver. These voltages are obtained at the

paired outputs of each hybrid Va1, Va2 or Vg, Vas depending on the phase state of the receiver. On the other hand,

the responsivity, a, is also slightly different for each state, mainly due to the different insertion loss value of the

Phase Switches Module.
Calculating the total voltage Viear as the addition of the four detected voltages for any phase state, its

value is expressed as

Vtotal :le +Vd2 +Vd3 +Vd4 = a'(Z'Treceiver +TWG—Terrn) (23)
which includes the total noise temperature of the waveguide termination at the input and twice the noise of the
receiver due to the two branches contribution in the Front-End Module. Applying two different temperatures to

the waveguide termination (Twe-term1 and Twe-term2 With Twe-term2™> Twe-Term1), the receiver equivalent noise

temperature (Treceiver) Can be obtained using the Y-factor method from the equation:

-|-recewer _ ; TWG—TermZY_ YiTWG—Terml (24)
where the Y-factor is calculated with the detected voltages as follows:
— Vtotal Two-Term2 (25)
VtOtaI ‘TWG—Terml

This test is performed acquiring the four output detected voltages during a period of time equal to 1 s
with a sampling rate of 1000 samples/s, setting four different fixed termination waveguide temperatures and a
switching frequency of 16 Hz. The waveguide termination temperature is fixed at 15 K, 50 K, 70 K and 88 K
consecutively. Vi is calculated, using Eq. 23, from the detected voltages for each sample and for all the input
temperatures. The obtained values of Vil for the 16 states are depicted in Fig. 22(a). Regarding the different
responsivity for each state, the average value of Vi for two of the states versus the waveguide termination
temperature is calculated and depicted in Fig. 22(b), showing a linear behaviour for the receiver. The chosen
states are marked as En and E_ in Fig. 22, which corresponds to the states with the highest and the lowest

responsivity respectively.
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Fig. 22 Output detected voltages Vioal for different termination waveguide temperatures. (a) Acquisition time of
1 s showing the 16 phase states, Ey indicates the state with the highest responsivity and E, the state with the
lowest responsivity (b) Average Viotal Versus temperature for states En and E
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The receiver noise temperature does not depend on the insertion loss of the Phase Switches Module
since the LNAs in the Front-End Module together with those in the Back-End Module provide a gain of more
than 70 dB. Therefore, for any phase state with two different waveguide termination temperatures, the receiver
equivalent noise temperature can be calculated according to Eq. 24 and Eq. 25. Using the values of Viotal at Twe-
term OF 50 K and 88 K for each state in Fig. 22(a), the average Y-factor obtained for the 16 states, applying Eqg.
25 is 1.168, which corresponds to 34.5 K receiver noise temperature calculated with Eq. 24. This value has the
contribution to the noise of the SS waveguide and the in-phase waveguide power divider, both cooled down to
15 K, which show together around 1.2 dB insertion loss. This insertion loss is slightly higher than the feed
system composed of the polarizer and the OMT, which have, as a whole, 0.5 dB insertion loss, while the
receiver noise temperature is around 27 K.

Two long-term data acquisitions of the detected voltages with the waveguide termination at 88 K are
performed. Both acquisitions last 5 minutes with 3200 samples/s but with a different phase configuration. The
first one is configured with a constant phase state, while in the second one a switching rate of 16 Hz is applied.
For a fixed phase state, the receiver is working as a total power radiometer and the output detected voltage
spectrum, shown in Fig. 23(a), is obtained applying a fast-Fourier transform (FFT) to the maximum detected
output voltage. The maximum detected voltage is Va1=Vmax for the phase state chosen, which shows a DC output
voltage measured of 4.7 V. The effective bandwidth (Kraus 1986) of the receiver is calculated from the total
power radiometer sensitivity expression as follows:

AT _AV_ 1 (26)

T, VBt
where AT is the sensitivity of the radiometer, Tsys the system equivalent noise temperature, AV is the root-mean-
square (RMS) value of the output voltage noise, V is the DC output detected voltage, g is the effective
bandwidth and z is the integration time. The obtained effective bandwidth for the receiver without switching is
12.3 GHz using Eq. 26, with VV=4.7 V, integration time 0.5 s (Tiuri 1964), and the level of AV in RMS is

determined by taking the average value in a section of white noise well away from the 1/f region of the low
frequency spectrum in Fig. 23(a), which gives 6:10°V,, ¢ /«/ Hz .

In order to demonstrate an improvement in 1/f knee frequency of the output power spectrum for

switching operation with respect to the unswitched one, the FFT of the time series

(\/mm‘E0 +Vmax‘E180)—(\/mm‘E180 +Vmax‘EO) is calculated, where V.| and Vmax| pare the minimum and

min‘E E

maximum detected voltages for one phase state (E0) and V and VmaX‘Elso are the minimum and maximum

min|5180
detected voltages for a phase state (E180) with 180° phase difference with respect to EQ. The time series is
obtained using the acquired data during 5 minutes with a switching frequency of 16 Hz, and applying the FFT.
Hence, the obtained output power spectrum is calculated and depicted in Fig. 23(b). These spectra show a 1/f
knee frequency of around 2 Hz when the phase state is switched, while a value above 10 Hz when no switching
operation applied. This performance is expected to be improved once the polarimeter is installed in the telescope
since a fast switching frequency of 16 kHz will be used and all the components of the full receiver will be
included in the test, using a more complex acquisition set-up. The 1/f noise contamination on the astronomical
observations is critical for the final scientific objectives, since it degrades the quality of the acquired data

increasing the effective rms noise and the uncertainty in the power spectrum at low multipole values (Seiffert

17



2002, Janssen 1996, Maino 1999, Maino 2002). In CMB observations the statistical properties of the cosmic
signal are degraded with the 1/f noise, increasing the overall noise level, and causing undesired strips in the final
sky maps (Jansen 1996).
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Fig. 23 Output power spectrum. (a) Unswitched configuration. (b) Switched configuration

5. CONCLUSION

The analysis, design and characterization of the FGI receiver for the QUIJOTE instrument working in
the 35 to 47 GHz frequency band have been presented. The theoretical analysis of the receiver is described in
terms of the output voltages, which enable the calculation of the Stokes parameters, and noise performance. The
different subsystems which compose the full receiver have been described, showing outstanding performances
in a bandwidth greater than a 30% at Q-band using waveguide and hybrid planar technologies. The receiver
functionality has been demonstrated performing measurements at both room and cryogenic temperatures. A full
switching capability test has been performed at room temperature, obtaining significant results in terms of the
calculation of the Stokes parameters (I, Q and U) for a broadband noise-like x-axis linearly polarized input
signal, with good agreement between the values of | and Q parameters and low error in the value of the U
parameter. The analysis of the sensitivity of one pixel of the polarimeter has been estimated under cryogenic
operation of the feed part in the Front End Module, obtaining an equivalent receiver noise temperature of around
35 K and an improved performance when switching function is applied to the system reducing the 1/f knee
frequency of the output power spectrum.
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