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Large Scale Structure



Large Scale Structure
• CMB


• Galaxy optical survey


• BOSS


• DES


• eBOSS


• DESI


• LSST


• Euclid
Planck 2018



Radio Telescope
• Continue Survey 


• loss redshift info.


• HI Galaxy Survey 


• hard for high redshift


• HI Intensity Mapping Survey 
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Radio Telescope
• Continue Survey 


• loss redshift info.


• HI Galaxy Survey 


• hard for high redshift


• HI Intensity Mapping Survey 

Santos, M G et, al. ArXiv 1501.03989 

BAO, k ~ 0.074 Mpc^-1 
IM 10k hr,  25k deg^2, dz=0.1; 

inter.  1k deg^2, dz=0.3

Intensity  Mapping Survey

Galaxy Survey



HI Experiments 
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Intensity Mapping Galaxy Survey

Arecibo 
ALFALFABingo 

GBT x WiggleZ 
K. Masui et. al. 2013 ApJ 763L 20M

Parkes x 2dF 
C. Anderson 1710.00424

21CMA 



MeerKLASS
• 64 x 13.5m, max baseline 8km


• MeerKAT Large Area Synoptic Survey 
(MeerKLASS)


• single dish IM & interferometry galaxy survey


• 4000 square deg; 4000 hours


• L-band (0<z<0.58) / UHF-band (0.4<z<1.45)

M. G. Santos et. al. 1709.06099 and references therein 



MeerKLASS Pilot Survey
• MeerKAT HI IM Pilot survey


• 200 square deg, 20 hours, 


• ~60 dishes, Fix Alt ~ 45deg


• L-band (960MHz - 1.67GHz)


• Overlap with WiggleZ/SDSS


• Test system, training pipeline



MeerKLASS Pilot Survey
• Data analysis pipeline

Time Steam 

RFI Flagging 
Hide & Seek 

Calibration  
Noise diode 
Point source 

Noise Analysis 
1/f noise 

Map-making 

‣ d_t = A m + n_t

‣ m = ( A^T N^{-1} 

A )^{-1} A^T N^{-1} d_t

‣ N -> Noise covariance 

matrix

Map Domain 

Foreground Clean 
PCA/ICA 

Power Spectrum 
x WiggleZ/SDSS 

Stacking Analysis

Self-Calibration



1/f Noise
• Correlated noise


• receiver gain variance 

f/f_ktime



1/f Noise Model
• frequency correlation

f0 = 1.e-5, alpha = 2

the knee frequency at unit resolution as,

lg f0 = lg fk,�⌫ �
1
↵

lg (CK�⌫) (13)

where,

K =
2
⇡

Z !max

!min
d!sinc2(�⌫!)

✓!0
!

◆ 1��
� (14)

2.3 parameter constrain

The 1/f noise parameters can be constrained by fitting the model against the estimated
noise power spectrum. We build the �2 function both for temporal and the 2-D power
spectrum density function,
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and perform a constrain of the free parameters by minimizing �2 function.

3 Observation and Data Reduction

2016 SCP Data The data in 2016 (SCP16) are observed with three of the MeerKAT
antennas, named M017, M021 and M036, pointing at the South Celestial Pole (SCP).
The observation started with 20 Hz dumping rate for 3 min (Experiment ID 20160922-
0004), following with 1 Hz dumping rate for 2 hours (Experiment ID 20160922-0005).

The frequencies range from 856 MHz, with 4096 frequency channels and 0.209 MHz
frequency resolution. In order to get rid of the RFI contamination, we only use the fre-
quency range from 1313.6758 MHz to 1461.8457 MHz and mask few RFI contaminated
channels within the range.

2019 SCP Data The SCP tracking data in 2019 (SCP19) are observed in three days,
with the full MeerKAT array, ⇠ 60 dishes and 2.5 hours per day. The number of dishes
varies a little bit between days due to the dish maintenance. All the data are taken with
0.5 Hz dumping rate. The data on the first day (April 20th, Experiment ID 20190420-
0006) have noise diode pattern injected for 1.8 s in every 20 s. The rest data (April 23
and April 24, Experiment ID 20190423-0023 and 20190424-0024, respectively) do not
have the noise diode pattern.

The frequency range and resolution for the data in 2019 are the same as in 2016.
Fig. (3) shows the frequency spectrum of the SCP tracking data, averaged over the
observation time. The left panel shows the spectrum of all three antennas used in the
SCP16. The middle and right panels show the spectrum of first 6 antennas used in two
days of SCP19 observation. The amplitude shown here is the uncalibtated raw detector
output power. The di�erences of the amplitude between days are mainly because the
di�erent digital gain setup. We pick up a relatively RFI-free frequency range between

5

the knee frequency at unit resolution as,

lg f0 = lg fk,�⌫ �
1
↵

lg (CK�⌫) (13)

where,

K =
2
⇡

Z !max

!min
d!sinc2(�⌫!)

✓!0
!

◆ 1��
� (14)

2.3 parameter constrain

The 1/f noise parameters can be constrained by fitting the model against the estimated
noise power spectrum. We build the �2 function both for temporal and the 2-D power
spectrum density function,

�2
t =

⇣
Ŝ
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1/f Noise Measurements
• South Celestial Pole (SCP) observation


• 64 dishes; 2.5 hours; 2s sampling rate



1/f Noise Measurements
• Singular Value Decomposition  (SVD)



1/f Noise Measurements
• PS estimation

Figure 9: The temporal power spectrum density of the data of Apr.24th 2019SCP. The
results of the first 4 antennas are shown in di�erent panels. In each panel, the results of
two polarization are shown in the left and right subpanels and di�erent colors show the
results with di�erent number of SVD mode subtracted. The solid lines are the fitted 1/f
noise temporal model using Eq. (7)

5 Results

5.1 SCP16 data

5.2 SCP19 data

The temporal power spectrum is estimated by Fourier transferring the time order data
along the time axis. Before the power spectrum estimation, we reduce the frequency
resolution down to ⇠ 20MHz by averaging every 100 frequency channels. The fre-
quency averaging can reduce the white noise level and push the knee frequency to
the measurement range of f . However, as we discussed before, the shift of the knee
frequency is depends on the frequency correlation of the 1/f noise.

The temporal power spectrum density of the data of Apr.24 2019SCP are shown in
Fig. (9). The results of the first 4 antennas are shown in di�erent panels as the example.
In each panel, the results of two polarizations are shown in the left and right subpanels;
the results with di�erent number of SVD modes subtracted are shown in di�erent color,
as indicated in the legend. The significant 1/f-type noise power spectrum is shown in
the plots. With SVD modes subtraction, the 1/f-type noise power is reduced and the
flat white noise power spectrum starts to dominate at higher f . A clear knee frequency
is shown up with SVD mode subtraction.

The white noise level is fixed at ⇠ 5 ⇥ 10�8. It is because the time ordered data are
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1/f Noise Measurements
• PS estimation

Figure 10: The 2D power spectrum density estimated with SCP19 data (Apr.24th).
From the top-left to the bottom-right, each panel shows the result with no SVD modes
subtraction, one mode, two modes and five modes subtraction. The two polarization
are shown in the left/right sub-panels. All the plots are truncated with the same color
range. The white contours shows the levels of the power spectrum at 1, 10, 102, 103 and
104. The dashed contours shows the fitted power spectrum model at the same levels.

normalized with the time averaged bandpass, which is dominated by Tsys. As shown in
Eq. (7), the white noise level is normalized to 1/�⌫, where �⌫ = 20MHz.

We also estimate the 2D power spectrum density by Fourier transferring both along
the time and frequency axes. The results of data of Apr.24 2019SCP are shown in
Fig. (10). It shows the results of one antenna (M000) as an example. From top-left to
the bottom-right panels, it shows the 2D power spectrum with 0, 1, 2 and 5 SVD modes
subtracted, as labeled in the title of each panel. The results of two polarizations are
shown in the left and right subpanels, respectively. The white solid contours shows the
power spectrum at level of 1, 10, 102, 103 and 104; The white dashed lines shows the
fitted model at the same power spectrum levels as the measurements.

The white noise power spectrum is normalized to 1. The contour at level of 1
indicates the knee frequency at di�erent spectroscopic wavenumbers !. The region
outside of the level-1 contour is white noise dominated and good for cosmological
correlation measurements. Fig. (11) shows the averaged 2D power spectrum over all
dishes. The black dashed lines in Fig. (11) indicate the corresponding cosmological
scales projecting to the f �! space, assuming observation at 900MHz with scan speed
of 5arcmin/s. The temporal and spectroscopic wavenumber, f and !, are related to the

11



1/f Noise Measurements
• PS estimation

Figure 11: Same as Fig. (10) but average the 2D power spectrum over all dishes. The
black dashed lines indicate the corresponding cosmological scales projecting to the
f � ! space, assuming observation as 900MHz and scan speed of 5arcmin/s.

Figure 12: Same as Fig. (11), but instead of averaging the power spectrum, we average
the time ordered data over all dishes before power spectrum estimation.
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Figure 15: The fitted fk,20MHz verse ↵ (left panels) and � (right panels) for each of
the antennas. Top/bottom penels show the results of HH/VV polarizatins. The fitting
results with di�erent number of modes subtraction are shown with di�erent colors.
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in which, ⌫0 = 1420MHz is the rest frame H� emission line frequency; c is the speed of
light; ⌫obs is the observing frequency and u is the scanning speed.

The 2D power spectrum model, Eq. (12), is fitted to the measurements for each dish,
polarization with di�erent number of SVD mode subtracted, individually. The fitting
parameters, fk,20MHz, ↵ and � are shown in Fig. (15).

6 Conclusion

...

A Temporal Power spectrum density

The temporal power spectrum density can be expressed as,
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v=900MHz, u=5arcmin/s



1/f Noise Measurements
• PS estimation



Summary
• HI IM is considered promising as a probe of cosmological LSS


• It has been test with GBT/Parkes


• We proposed a HI IM project with MeerKAT


• 1/f noise analysis for MeerKAT



Thanks ! 


