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The QUIJOTE experiment 

El	  Teide	  Observatory	  
2390	  m	  

Dome	  &	  telescopes	  

•  QUIJOTE	  (Q	  U	  I	  JOint	  	  Tenerife	  Experiment)	  is	  a	  ground-‐based	  radio	  
astronomy	  project	  aimed	  to	  characterize	  the	  polarizaPon	  of	  the	  Cosmic	  
Microwave	  Background	  (CMB).	  

•  The	  instruments	  are	  installed	  and	  operated	  at	  El	  Teide	  Observatory,	  
Tenerife,	  Spain.	  



QUIJOTE:	  project	  baseline	  

v  Surveys:	  

•  Wide	  survey:	  20,000	  deg2,	  ≈15	  μK/deg2	  @	  11,	  13,	  
17	  and	  19	  GHz,	  ≤3	  μK/deg2	  @	  30,	  40	  GHz	  	  

•  Deep	  cosmological	  survey:	  3×1,000	  deg2,	  ≈4	  μK/
deg2	  @	  11,	  13,	  17	  and	  19	  GHz,	  ≤1	  μK/deg2	  @	  30,	  
40	  GHz	  (ader	  1	  year)	  

v  Scien;fic	  goals:	  

•  B-‐modes	  down	  to	  r=0.05	  (ader	  3	  years),	  r=0.1	  (ader	  
1	  year).	  

•  CharacterizaPon	  of	  the	  synchrotron	  and	  AME	  
polarizaPon.	  

11	  GHz,	  700h	  	  

v  Two	  telescopes	  (both	  operaPve)	  and	  three	  
instruments:	  MFI	  (10-‐20	  GHz)	  -‐operaPve-‐,	  TGI	  (30	  
GHz)	  –commissioning	  Dec	  2015-‐	  and	  FGI	  (40	  GHz)	  
-‐2016-‐	  

v  1-‐deg	  angular	  resoluPon.	  



QUIJOTE dome with the two telescopes 
(Teide Observatory) 



     Multi-Frequency Instrument (MFI), 10-20 GHz   

16-‐20	  GHz	  

10-‐14	  GHz	  

Polar	  Modulator	  

OMT	  

•  In	  operaPon	  since	  Nov.	  2012	  
•  4	  horns,	  covering	  4	  frequencies	  of	  2	  GHz	  

bandwidth:	  11,	  13,	  17,	  19	  GHz	  
•  SensiPviPes:	  ~400-‐600	  μK	  s1/2	  per	  channel	  

LNA	  



     Multi-Frequency Instrument (MFI), 10-20 GHz   

The	  polar	  modulator	  spins	  at	  a	  programmable	  frequency	  in	  the	  range	  
10-‐40	  Hz	  and	  produces	  the	  modulaPon	  of	  the	  polarizaPon.	  The	  sum	  of	  
the	  channels	  gives	  I	  while	  the	  subtracPon	  of	  pairs	  of	  channels	  gives	  the	  
polarizaPon	  modulaPon:	  
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reference position angle of each polar modulator. To accom-
plish this we use Tau A (also known as the Crab Nebula) as
a calibrator, which is the brightest polarized source in the
sky in the microwave range. We perform daily 25-min raster
scans of 10× 10 degrees around this source, from which we
derive a polarized flux that is a function of the intrinsic Q/I
and U/I , of the position of the modulator relative to ϕ0 and
of the parallactic angle ϕp. WMAP 7-year results (Weiland
et al. 2011) show that the Q/I and U/I ratios for Tau A do
not significantly vary (less than 2%, which is consistent with
the error of the measurement) between 23 and 94 GHz. We
therefore assume that these factors will remain equally un-
changed down to 10 GHz, and use as reference the WMAP

measurements at 22.8 GHz, the closest frequency. As we also
know ϕp, we can therefore fit for ϕ0.

Using 191 raster scans on Tau A throughout a year we
have checked that the recovered polarization angle, ϕ0, is
stable over time. We then combine all these observations to
derive a unique value for each horn. The accuracy on the de-
termination of this angle is respectively 0.8◦ and 0.4◦ for the
two horns that will be used in the polarization analyses that
will be presented in this paper. In QUIET, an experiment
which has similarities with QUIJOTE, a precision of 0.5◦

is achieved by using a combination of Tau A observations
with a sparse-wire-grid calibrator (QUIET Collaboration et
al. 2012). We point out however that the accurate determi-
nation of this angle is important only to derive precise Q and
U fluxes. An incorrect angle will result in a mixing of flux be-
tween Q and U , but the polarized intensity P =

√

Q2 + U2

will remain unchanged. As in this analysis we will get con-
straints on the polarization fraction, the accurate calibration
of the polarization angle is unimportant.

2.1.4 Map making

The four output channels of each frequency band contain a
combination of three Stokes parameters I , Q, U . The sum
of these channels, after calibration of their individual gains,
give I , while the subtraction of pairs of channels gives the
following combination of Q and U :

Vsub = Qsin(4ϕpm + 2ϕp) + Ucos(4ϕpm + 2ϕp) , (1)

where ϕpm is the position angle of the polar modulator,
whose reference position is calibrated following the proce-
dure explained in section 2.1.3, and ϕp is the parallactic
angle. Out of the four channels, two are correlated and there-
fore are affected by the same 1/f noise, while the two other
are not. To reconstruct the polarization signal we then only
use the two correlated channels, in order to minimize the 1/f
contribution. The typical knee frequencies of our receivers
are fk ∼ 10−40 Hz depending on the channel. However, for
the measurement of polarization, the subtraction results in
much lower values of fk ∼ 0.1 − 0.2 Hz. In order to further
reduce the 1/f noise in the final maps, we apply a filter on
the time-ordered-data (TOD) by subtracting the median of
the data in intervals of 20 s, after binning the data at 50 ms.

Under the assumption that the filtered TODs are dom-
inated by white noise, we consider the noise covariance ma-
trix to be diagonal, a hypothesis that considerably simplifies
the map-making. As the response of our instrument to polar-
ization is a combination of Q and U , in order to recover these
Stokes parameters in each pixel we have to combine all the
samples lying in that pixel corresponding to different angles
ϕ = 4ϕpm + 2ϕp. To do so we use two independent strate-
gies. The first one consists in producing 100 maps, each one
corresponding to ϕ angles within a given bin, and then us-
ing the 100 values of each pixel to find the best-fit solution
for Q and U from equation 1. The second strategy builds
on an analytical χ2 minimization. The different parameters,
which are combinations of sines and cosines of the ϕ angles,
are grouped in each pixel, and at the end of the process the
Q and U values are computed using the analytical formulas
that result from this minimization. In both cases the data
samples are weighted according to their noise, which is cal-
culated from the standard deviation calculated during the
binning of the TODs.

To produce the final maps we use a HEALPix pixeliza-
tion (Górski et al. 2005) with Nside = 512 (pixel size 6.9 ar-
cmin), which is sufficient given the beam FWHM. While we
have checked that the maps resulting from the two strategies
are almost identical, in the subsequent analyses we use those
resulting from the second method, since it is considered to
be more accurate as it does not requiere a discretization of
the ϕ angles.

2.2 Ancillary data

All the polarization data that will be used in this article
come from the QUIJOTE experiment. However, in order to
obtain the full spectral energy distribution (SED) of G159.6-
18.5, from which the residual AME fluxes will be inferred,
we use ancillary data from other experiments. In the low-
frequency range we use the Haslam et al. (1982) map2 at
0.408 GHz, the Berkhuijsen (1972) map3 at 0.820 GHz and
the Reich & Reich (1986) map at 1.4 GHz.

At 10.9, 12.7, 14.7 and 16.3 GHz, similar frequencies
to QUIJOTE, we use data from the COSMOSOMAS ex-
periment (Watson et al. 2005). In order to minimize the
1/f noise, the data from this experiment was filtered by the
suppression of the first seven harmonics in the FFT of the
circular scans, which results in a flux loss on large angular
scales. For this reason, the comparison with other experi-
ments that preserve all the angular scales is not straight-
forward. It is necessary to account for the flux lost, as it
was done in Planck Collaboration et al. (2011). The fluxes
presented in that paper are already corrected, so we directly
take those fluxes.

2 We use the map supplied by Platania et al. (2003).
3 We projected the map downloaded from
http://www.mpifr-bonn.mpg.de/survey.html into HEALPix
pixelization.

c⃝ 2014 RAS, MNRAS 000, 1–17



MFI polar modulator   

Due	  to	  problems	  with	  the	  degradaPon	  of	  the	  bearings	  (rotor	  and	  bearings	  
work	  at	  80	  K)	  when	  performing	  observaPons	  the	  modulator	  is	  posiPoned	  
at	  4	  discrete	  values.	  



     MFI polar modulator 



QUIJOTE-‐science	  

QUIJOTE	  I	  (11GHz)	  

WMAP	  I	  (23GHz)	  

GalacPc	  plane	  around	  l=8º	  (20ºx6º	  maps	  ):	  	  

v  MFI Instrument (10-20 GHz). 
•  In operation since Nov. 2012.  

•  4 horns, covering 4 frequency bands:  

11, 13, 17 and 19 GHz.  

•  Sensitivities: ~400-600 µK s1/2 per channel.  

v  TGI (30 GHz) and FGI  (40GHz) instruments: 

•  TGI: 31 pixels at 30GHz. Expected sensitivity: 
50 µK s1/2 for the full array. 

•  FGI: 31 pixels at 40GHz. Expected sensitivity: 
60 µK s1/2 for the full array.  



Perseus molecular complex 
Génova-‐Santos	  et	  al.	  (2015),	  arXiv:150104491	  

200	  hours	  

•  QUIJOTE	  intensity	  provides	  the	  first	  independent	  confirmaPon	  of	  the	  spectral	  downturn	  
•  No	  polariza;on	  detec;on:	  ΠAME <	  10.1%	  at 12	  GHz	  and <	  3.4%	  at	  18	  GHz	  	  
•  TGI	  observaPons	  should	  provide	  a	  sensiPvity	  of	  ΠAME ~ 0.1%	  at	  30	  GHz	  

6 R. Génova-Santos et al.

Figure 1. QUIJOTE intensity map at 11 GHz of the whole region covered by the observations (left), in comparison with the WMAP
9-year map at 23 GHz (right). The positions of the G159.6-18.5 molecular cloud, the California HII region (NGC1499) and the 3C84
quasar are marked with crosses. The QUIJOTE map encompasses 277 deg2, contains in total 149 h of observations, and its RMS is
≈ 80 µK/beam. By comparing the relative amplitudes of California and G159.6-18.5 it can easily be noted how the presence of AME
boosts the brightness of G159.6-18.5 at 23 GHz.

(2012b), consisting of integrating the analytical posterior
probability density function over the parameter space of the
true polarization. The same posterior can not be used for the
polarization fraction, Π = P/I×100, as it follows a different
distribution. As, to our knowledge, there is not in the litera-
ture any analytical solution for the posterior distribution of
Π, we numerically evaluate this function by applying Monte-
Carlo simulations. This approach has already been carried
out in López-Caraballo et al. (2011) and in Dickinson et al.
(2011).

3 RESULTS AND DISCUSSION

3.1 Maps and consistency tests

In Fig. 1 we show the intensity map at 11 GHz resulting
from combining 149 h of observations, where emissions from
G159.6-18.5, the California nebula (NGC1499) and the 3C84
quasar are clearly visible. More detailed I , Q and U maps
at our four frequencies around the position of G159.6-18.5
are shown in Fig. 2. The Q and U maps on this source are
consistent with zero polarization, and therefore upper limits
on the polarized intensity will be extracted in section 3.3.
Some striping is clearly visible in the maps, which is pro-
duced by the presence of regions with a higher noise due to
a lower integration time per pixel and, to a lesser extent, to
1/f residuals. The inhomogenities in the coverage (integra-
tion time per pixel) maps are caused by the separation of the
horns in the focal plane, which leads the sky coverage to be
different when we observe the field before or after crossing
the local meridian. In theQ and U maps at 11 and 13 GHz of
Fig. 2, the two orthogonal stripes with clearly higher noise

correspond to regions with integration of ∼ 3 − 7 s/pixel
(pixel size 6.9 arcmin). By comparison, in the central region
inside the circle where we perform the aperture photometry,
the integration time is ∼ 30−35 s/pixel, resulting in a lower
pixel-to-pixel dispersion of the data.

An important consistency test, that may reveal the
presence of systematics and other spurious effects, is ob-
tained through jackknife maps. We have uniformly split our
full dataset in two halves in such a way that the maps of
number of hits associated to these two halves are as sim-
ilar as possible. The differences of the two halves divided
by two, for the intensity and polarization maps at our four
frequencies, are shown in Fig. 3. As expected, the intensity
emission coming from G159.6-18.5 is consistently cancelled
out in these maps. While a similar striping pattern to the
maps in Fig. 2 is seen, these maps are dominated by instru-
mental noise. This is confirmed by the noise values shown
in Table 1, where we compare the pixel-to-pixel RMS cal-
culated in two different regions: the external ring that we
will use for background subtraction when calculating the
intensity and polarization fluxes, and a region of very low
sky emission enclosed by the dashed circle represented in
Fig. 3. The RMS values in Q and U are similar in the orig-
inal maps and in the sum and difference of the two halves.
They are typically ∼ 250 µK/pixel (pixel size: 6.9 arcmin)
or ∼ 25 µK/beam (beam size: 1 ∼ degree). In the case of
the I maps, the RMS in the background ring are higher in
the sum than in the difference because of the emission of
the source. In the circle with low sky signal the values in the
sum and in the difference maps are very similar.

The last column of Table 1 shows the average RMS
levels in the Q and U maps normalized by the integration

c⃝ 2014 RAS, MNRAS 000, 1–17



Observa;ons	  of	  AME	  W44	  

WMAP	  I	  (23GHz)	  

• 	  Bright	  SNR	  on	  the	  GalacPc	  plane	  showing	  
AME	  (Planck	  collaboraPon	  et	  al.	  2014)	  

• 	  Confirmed	  with	  Quijote	  (50hrs)	  

• 	  Possibility	  of	  geung	  Pght	  polarizaPon	  
constraints	  on	  the	  AME,	  ader	  subtracPng	  out	  
the	  polarized	  synchrotron	  component.	  

MFI	  results.	  W44	  



QUIJOTE	  Wide	  Survey	  

o 	  Polarized	  intensity	  at	  
17GHz	  (wide	  survey,	  
700hr),	  compared	  to	  
WMAP	  23	  GHz.	  
	  
o 	  Even	  with	  a	  preliminary	  
map-‐making,	  compact	  
objects	  and	  diffuse	  
emission	  is	  starPng	  to	  be	  
seen.	  

MFI	  results.	  Wide	  
survey	  



Thirty GHz Instrument (TGI) 
 

Cryostat internal structure 
31 pixels 
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QUIJOTE  30 GHz Instrument (TGI) 

•  Phase	  switches	  in	  two	  balanced	  branches	  
•  Microwave	  CorrelaPon	  (180º	  hybrids)	  
•  Direct	  detecPon	  (Scho#ky	  diode)	  
•  Simultaneous	  measurement	  of	  Stokes	  parameters	  (I,	  Q,	  U)	  
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Cryo-LNA (FEM) 26-36 GHz – IAF MMIC Ka V2 BA  

Performance	  of	  the	  62	  cryogenic-‐
Low	  Noise	  Amplifier	  (LNA)	  units	  
at	  12	  K	  	  
(Gain	  and	  Noise	  Temperature)	  
	  
Average	  values	  (26-‐36	  GHz):	  
	  	  Gain	  ≈	  43	  dB	  
	  	  Noise	  temperature	  ≈	  25	  K	  

Internal	  view:	  
Two	  MMIC	  chips	  



Phase	  
Switches	  

Correla;on-‐	  
Detec;on	  

RF	  Gain	  

TGI BEM rack assembly 

BEM for 1 pixel 

BEM	  rack	  TGI	  (16	  pixels)	  



Phase Switches - QUIJOTE TGI 

View	  of	  the	  90°	  (led	  part)	  and	  180°	  (right	  part)	  phase	  switches,	  only	  one	  branch.	  

Coplanar	  waveguide,	  slotline	  and	  microstrip	  transmission	  lines	  
	  
Switching	  devices:	  PIN	  diodes	  



Same	  main	  architecture	  as	  30	  GHz	  receiver	  

Receiver scheme QUIJOTE 40 GHz  
(35-47 GHz) Forty GHz Instrument (FGI) 
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Cryogenic	  Low-‐Noise	  Amplifier	  (FGI)	  	  
(35-‐47	  GHz)	  

Cryo-‐Q-‐Band	  LNA	  MMIC	  (two	  units)	  from	  IAF-‐Fraunhofer	  +	  gain	  equalizer	  
Prototype	  results:	  

	  Gain	  ≈	  41	  dB	  at	  15	  K	  
	  Noise	  temperature	  ≈	  22	  K	  at	  15	  K	  



FGI	  phase-‐switches	  module	  (180	  and	  90	  degrees).	  Two	  branches.	  
Based	  on	  SPDT	  MMIC	  chips	  and	  waveguide	  phase-‐shiders.	  

Phase Switches - QUIJOTE FGI 



Beyond QUIJOTE: 
IR Electro-Optical Correlator for a Large  

Format Interferometer 



Preliminaries 

-‐	  Goal:	  Develop	   instruments	   to	  measure	  polarizaPon	  with	  high	  sensiPvity	  at	  

the	  QUIJOTE	  frequency	  bands:	  10-‐20,	  30	  and	  40	  GHz.	  	  

-‐	  Detec;on	  Technology:	  Bolometers	  are	  not	  opPmal	  in	  this	  frequency	  range.	  	  

Ultra	  Low	  Noise	  receiver-‐based	  polarimeters	  can	  be	  used.	  	  

-‐	  Opto-‐Mechanics:	  Size	   limiPng	  factor	   for	  direct	   imaging	   instruments	  due	  to	  

the	  restricted	  focal	  plane	  area	  of	  the	  required	  telescope.	  	  

-‐	   Large	   Format	   Interferometer:	   Not	   limited	   by	   the	   focal	   plane	   area.	  

PotenPally	   hundreds	   or	   even	   thousands	   of	   receivers	   to	   have	   opPmal	  

sensiPvity.	  



Preliminaries 

-‐	  Main	  Challenge:	  Develop	  a	  correlator	  for	  hundreds	  of	  wideband	  microwave	  

(MW)	   signals.	   The	   rouPng,	   combinaPon	   and	   detecPon	   result	   complex	   and	  

very	  expensive.	  

-‐	  Proposal:	  Use	  Electro-‐OpPcal	  (EO)	  modulators	  to	  up-‐convert	  MW	  signals	  to	  

the	  Infra	  Red	  (IR)	  wavelength	  (1550	  nm).	  	  

-‐	  The	  correlaPon	  and	  detecPon	  can	  be	  performed	  using	  opPcal	  fibers,	  lenses	  

and	  IR	  cameras.	  	  

-‐	  High	  density	  detecPon	  and	  low	  cost.	  

-‐	  Very	  well	  understood	  technology	  to	  implement	  a	  synthesized	  imager.	  	  	  



MZM-Based Optical Correlator 
Up-conversion of MW Signals to the IR 
 

 

 

 

 

 

 

-‐	  Use	  of	  Mach-‐Zehnder	  OpPcal	  Modulator	  to	  perform	  the	  frequency	  range	  

conversion.	  

-‐	  OpPcal	  carrier	  needs	  to	  be	  filtered.	  



Instrumental Precedents 
EPIC: Space mission concept 
 

 

 

 

 

 

 

-‐	  From	  30	  to	  300	  GHz.	  

-‐	  Bolometric	  Interferometer	  

-‐	  Fizzeau	  Beam	  Combiner	  



Instrumental Precedents 

This	  kind	  of	  interferometers	  act	  as	  imagers	  
(Baustelli	  et	  al.,	  AstroparPcle	  Physics	  34,	  2011,	  705-‐716)	  	  	  

QUBIC: Ground-based Instrument 

 

-‐	  SynthePzed	  Imager	  

-‐	  97,	  150	  and	  220	  GHz	  

-‐	  AntarcPca	  Concordia	  StaPon	  

-‐	  Fizzeau	  Beam	  Combiner	  



Interferometer Implementation Proposal 

QUIJOTE TGI MW Receivers 

Polarization Modulation 

Silicon Technology:  

Hundreds of 

modulators with low 

cost and Size 



Interferometer Implementation Proposal 

QUIJOTE TGI  

Amplification Stage 

Polarization Modulation 

and hybrids can be 

implemented also in 

Silicon 



CONCLUSIONS 
•  QUIJOTE	  is	  a	  polarizaPon	  experiment	  designed	  to	  reach	  a	  level	  of	  sensiPvity	  of	  r=0.05.	  
•  QUIJOTE	  can	  measure	  the	  synchrotron	  and	  AME	  polarized	  emissions	  with	  

unprecedented	  sensiPvity	  in	  a	  unique	  frequency	  band	  no	  covered	  by	  other	  
experiments.	  In	  parPcular	  is	  an	  excellent	  complement	  to	  Planck	  at	  low	  frequencies.	  

•  First	  light	  of	  MFI	  (10-‐20	  GHz)	  on	  QT1	  in	  Nov.	  2012.	  RouPne	  observaPons	  on	  selected	  
GalacPc	  regions	  and	  cosmological	  fields	  have	  been	  done	  since	  then,	  producing	  
intensity	  and	  polarizaPon	  maps	  at	  4	  frequencies.	  

•  Polar	  modula;on	  techniques	  allow	  an	  instantaneous	  measurement	  of	  the	  Q	  and	  U	  
Stokes	  parameters	  with	  a	  good	  control	  of	  systemaPcs.	  This	  has	  been	  proven	  with	  real	  
measurements	  for	  the	  MFI	  and	  at	  the	  lab	  level	  for	  the	  TGI.	  

•  TGI	  (30	  GHz)	  is	  being	  installed	  in	  the	  second	  telescope	  (QT2)	  and	  commissioning	  is	  
expected	  in	  the	  next	  weeks.	  One	  year	  of	  observaPon	  with	  the	  TGI	  should	  provide	  a	  
sensiPvity	  of	  r=0.01.	  Sensi;vity	  in	  the	  degree	  of	  polariza;on	  of	  AME	  regions	  should	  
reach	  0.1%	  in	  a	  relaPvely	  short	  Pme.	  

•  FGI	  (40	  GHz)	  is	  presently	  under	  construcPon	  and	  is	  expected	  to	  be	  finished	  by	  the	  end	  
of	  2016.	  Combined	  FGI/TGI	  data	  should	  reach	  r=0.05	  ader	  3	  years	  of	  observaPons.	  	  

•  Legacy	  polariza;on	  maps	  (10-‐40	  GHz)	  and	  derived	  products	  will	  be	  made	  publicly	  
available.	  

•  A	  large-‐format	  interferometer	  based	  on	  an	  electro-‐opPcal	  correlator	  is	  being	  
planned	  for	  polarizaPon	  observaPons	  at	  the	  QUIJOTE	  frequencies.	  The	  expected	  
improvement	  in	  sensiPvity	  will	  allow	  to	  reach	  values	  of	  r=0.01	  or	  below.	  A	  9	  pixels	  
interferometer	  at	  10-‐20	  GHz	  is	  expected	  to	  be	  developed	  as	  a	  first	  step.	  


