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MeerKAT
•MeerKAT

• Karoo Array Telescope (KAT)


• meerKAT means “more of KAT”


• 64 dishes, 13.5 dish diameter


• 48 in core area


• maximum baseline 8km


• L-Band (0.9-1.67GHz)


• UHF-Band (0.58-1.015GHz)


• will be part of SKA Phase I


• MeerKAT extension project: 
add 20 dishes, increase 
maximum baseline to 17km

Total hight of 19.5m;

Total structure weight of 42 Tons

Main reflector with effective diameter of 13.5m;

Sub-reflector with diameter of 3.8 m

The L-band/UHF-band receivers

and digitizers are mounted on the

receiver indexer, which can 

accommodate up to 4 receivers.

Azimuth speed/range: 

2deg/s [-185 to +275 deg]

Elevation speed/range: 

1deg/s [15 to 88 deg]



MeerKAT science projects
Priority Group 1

Radio Pulsar Timing: Testing Einstein's theory of gravity and gravitational radiation - Investigating the physics of 
enigmatic neutron stars through observations of pulsars.
LADUMA (Looking at the Distant Universe with the MeerKAT Array) - An ultra-deep survey of neutral hydrogen gas in the 
early universe.Priority Group 2
MESMER (MeerKAT Search for Molecules in the Epoch of Re-ionisation) - Searching for CO at high red-shift (z>7) to 
investigate the role of molecular hydrogen in the early universe.
MeerKAT Absorption Line Survey for atomic hydrogen and OH lines in absorption against distant continuum sources 
(OH line ratios may give clues about changes in the fundamental constants in the early universe).
MHONGOOSE (MeerKAT HI Observations of Nearby Galactic Objects: Observing Southern Emitters) - Investigations of 
different types of galaxies; dark matter and the cosmic web.
TRAPUM (Transients and Pulsars with MeerKAT) - Searching for, and investigating new and exotic pulsars.

A MeerKAT HI Survey of the Fornax Cluster (Galaxy formation and evolution in the cluster environment).
MeerGAL (MeerKAT High Frequency Galactic Plane Survey) - Galactic structure and dynamics, distribution of ionised 
gas, recombination lines, interstellar molecular gas and masers.
MIGHTEE (MeerKAT International GigaHertz Tiered Extragalactic Exploration Survey) - Deep continuum observations of 
the earliest radio galaxiesThunderKAT (The Hunt for Dynamic and Explosive Radio Transients with MeerKAT) - eg gamma ray bursts, novae and 
supernovae, plus new types of transient radio sources.

MeerKAT is ready for open time observation
Instructions, documentation, and the tools required to prepare and submit proposals are 
available on the SARAO website [ https://science.ska.ac.za/meerkat ]

SARAO

https://science.ska.ac.za/meerkat


MeerKLASS
• MeerKAT Large Area Synoptic Survey (MeerKLASS)

• single dish IM & interferometry galaxy survey

• 4000 square deg; 

• continuum survey sensitivity of 5 microJy

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

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



MeerKLASS
• MeerKAT Large Area Synoptic Survey (MeerKLASS)

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

Constrains on primordial 
non-Gaussianlity 

with Multi tracer technique 
U. Seljak 0807.1770 

With  different  dark 
matter tracer 

one can directly measure 
b1/ b2 

no cosmic variance  



• MeerKAT HI IM Pilot survey

• 170 square deg, ~10 hours, 

• ~60 dishes, Fix Alt ~ 45deg

• L-band (856-1712MHz)

• Overlap with WiggleZ/SDSS

• Test system, training pipeline

MeerKLASS Pilot Survey



• Time-ordered data analysis

• RFI flagging: Signal Extraction and 

Emission Kartographer (SEEK; 
Akeret et al. 2017)


• Noise diode as real-time calibrator

• Point source as flux and bandpass 

calibrator

• Bayesian based calibration 


• pixel grid mapmaking

MeerKLASS Pilot Survey

J. Wang et. al. arXiv:2011.13789



• Map-making


• Noise model

• Assuming white noise only, N ~ Tsys

• Estimate the noise covariance matrix with data

• white noise + correlated noise (1/f noise)

MeerKLASS Pilot Survey

arXiv:astro-ph/9611130

No. Method Specification
1 Generalized COBE W = [AtMA]−1AtM

2 Bin averaging W = [AtA]−1At

3 COBE W = [AtN−1A]−1AtN−1

4 Wiener 1 W = SAt[ASAt +N]−1

5 Wiener 2 W = [S−1 +AtN−1A]−1AtN−1

6 Saskatoon W = [ηS−1 +AtN−1A]−1AtN−1

7 TE96 W = ΛSAt[ASAt +N]−1, (WA)ii = 1
8 TE97 W = Λ[ηS−1 +AtN−1A]−1AtN−1, (WA)ii = 1
9 Maximum probability Nonlinear method if non-Gaussian

10 Maximum entropy Nonlinear method

Table 1: Map-making methods

be augmented to include the brightness of various foreground components
in each pixel, and the matrix A would encompass the assumptions made
about their frequency dependence.

Without loss of generality, we can take the noise vector to have zero
mean, i.e., ⟨n⟩ = 0, so the noise covariance matrix is

N ≡ ⟨nnt⟩. (2)

In some of the methods described below (methods 4-9), the following prior
assumptions are made about the map: it is assumed to be a realization of
random vector with zero mean, i.e., ⟨x⟩ = 0, with some known covariance
matrix

S ≡ ⟨xxt⟩ (3)

and uncorrelated with the noise, i.e., ⟨nxt⟩ = 0.

2.2 Ten mapping methods

We will now summarize some map-making methods that have recently been
used or advocated in the CMB context. All linear methods can clearly be
written in the form

x̃ = Wy, (4)

where x̃ denotes the estimate of the map x and W is some m × n matrix
that specifies the method. Table 1 shows the choices of W that define the
linear methods we will discuss.

3



Noise Model

sky correlated white

Temporal Correlation Frequency Correlation

White Noise
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(a) (b)

Figure 1. (a): The waterfall plot of the simulated time-ordered data using the model of Eq. (12) as the input power spectrum. The simulation uses 1/f noise
parameters: fk = 0.1Hz at frequency resolution �⌫ = 1MHz, ↵ = 2.5 and different values of � as shown in each panel. � = 1 corresponds to uncorrelated
1/f noise across frequency while � ! 0 is fully correlated (one can still see a fluctuation since we cannot simulate � = 0 exactly). (b): The temporal power
spectrum density of the simulated time-ordered data as shown in Fig. (1a). The black dashed curve shows the power spectrum of pure 1/f noise simulation
(set white noise equals to 0) with frequency resolution of 0.1MHz and the solid curve shows the simulation with white noise added; The red dashed/solid
curve show the same simulations with frequency resolution reduced to 1MHz. The horizontal lines indicate the white noise level with frequency resolution
of 0.1MHz (blue) and 1MHz (green), respectively. The cross points with the vertical lines indicate the knee frequency at the corresponding frequency
resolution, which is estimated with Eq. (13). For � = 1 (fully uncorrelated), we expect the 1/f noise power spectrum to be inversely proportional to the
frequency resolution.

2.2 2-Dimensional Power Spectrum Density

The 1/f noise can potentially be correlated in frequency. We need
therefore to consider a 2-dimensional power spectrum to fully de-
scribe its statistics. This 2-D power spectrum density can be es-
timated by Fourier transforming the observed time-ordered data
along the time and frequency axes,
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in which f is the temporal frequency and ⌧ is the spectroscopic
frequency (the Fourier conjugate in the frequency domain). In this
case, if we only have white noise fluctuations, Ŝ(f, ⌧) = 1. We
then build our 2-Dimensional (2D) power spectrum density model
as

Sfn(f, ⌧) = F (f)H(⌧), (9)

where F (f) describes the temporal correlation power spectrum,

F (f) =
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with fk the knee frequency defined at the frequency resolution of
�⌫). H(⌧) is the spectroscopic correlation power spectrum density,
which can be modeled as (Harper et al. 2018),
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where � specifies the amount of correlation across frequencies and
⌧0 = 1/(N⌫�⌫). Combining the white noise term, the 2D power
spectrum model can be expressed as,

S(f, ⌧) = A

 
1 +

1

K�⌫

✓
fk

f

◆↵ ⇣
⌧0

⌧

⌘ 1��
�

!
, (12)

in which, K =
R
d ⌧sinc

2
(⇡�⌫⌧)

�
⌧0
⌧

�
(1��)/� . The derivation of

Eq. (12) is shown in the appendix. A ⇠ 1 due to the normalization
with T

2

sys. In our analysis, A is set as an overall amplitude parame-
ter which can be constrained by the observation data together with
f0, ↵ and ⌧0.

The knee frequency fk as a function of frequency resolution
is an important consideration for the LSS correlation signal on the
largest scale sizes. For example, if we are interested in line-of-sight
scales of ⇠ 100Mpc/h, at 900MHz (i.e. z ⇠ 0.6), this corre-
sponds to frequency scales of ⇠ 25MHz. Depending upon the
knee frequency, at the ⇠ 25MHz frequency resolution there is the
potential to detect the 1/f noise more significantly than at lower val-
ues of the frequency resolution. The knee frequency at two different
frequency resolutions, �⌫, �⌫0, is related via,

lg fk = lg fk0 +
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The derivation is shown in the appendix. We test the shift of the
knee frequency with simulated time-ordered data. Fig. (1a) shows
the waterfall plots of the simulated time-ordered data with different
frequency correlation properties. As � ! 0, the 1/f noise becomes
fully correlated over the frequency band. As � ! 1, the frequency
correlation length is reduced and the 1/f noise between different
frequencies becomes independent (down to the frequency resolu-
tion).

The corresponding temporal power spectrum of the simulated
data is shown in Fig. (1b). The black solid curve shows the power
spectrum with 0.1MHz frequency resolution, which is the raw fre-
quency resolution of the simulation; while the red curve shows the
power spectrum after averaging over 10 frequency channels. The
dashed curves show the simulation with only 1/f noise (set white
noise level to 0). The horizontal lines indicate the white noise level
with frequency resolution of 0.1MHz (blue) and 1MHz (green),
respectively. The cross points with the vertical lines indicate the
knee frequency at the corresponding frequency resolution, which is
estimated with Eq. (13). The white noise floor, as expected, is re-
duced by one order of magnitude after frequency averaging. How-
ever, the 1/f noise level behaves differently with different � val-
ues. In the case of � = 0, the 1/f noise is fully correlated over
the frequency band. The level of 1/f noise power spectrum does
not change with averaging frequency channels, but the white noise
does. The different behavior between 1/f noise and white noise re-

c� 20?? RAS, MNRAS 000, 1–??
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The power spectrum in the time direction from the extra 1/f-type
noise component can then be modelled as (Harper et al. 2018),
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where ↵ is the spectral index of the noise. This enforces that for large
f the 1/f noise power spectrum goes to zero and the overall power
spectrum becomes dominated by white noise. Our model for the full
temporal power spectrum density function is then,
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where A (⇠ 1) is as a free parameter fit together with ↵ and fk.

2.2 2-Dimensional Power Spectrum Density

The 1/f noise can potentially be correlated in frequency. We need
therefore to consider a 2-dimensional power spectrum to fully de-
scribe its statistics. This 2-D power spectrum density can be esti-
mated by Fourier transforming the observed time-ordered data along
the time and frequency axes,
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in which f is the temporal frequency and ⌧ is the spectroscopic fre-
quency (the Fourier conjugate in the frequency domain). In this case,
if we only have white noise fluctuations, Ŝ(f, ⌧) = 1. Following
Harper et al. (2018), we then build an empirical 2-Dimensional (2D)
power spectrum density model as

Sfn(f, ⌧) = F (f)H(⌧). (9)

Where we assume that the correlations in time and frequency are
separable and only a function of |t � t

0| and |⌫ � ⌫
0|. In reality the

system can be more complex than this, especially if we have non-
linearities and ultimately we need to check the validity of our model
through the data itself as we will see later. In the equation above,
F (f) describes the temporal correlation power spectrum,

F (f) =
1
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with fk the knee frequency defined at the frequency resolution of
�⌫). H(⌧) is the spectroscopic correlation power spectrum density,
which can be modeled as,

H(⌧) =
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where � specifies the amount of correlation across frequencies and
⌧0 = 1/(N⌫�⌫). Combining the white noise term, the 2D power
spectrum model can be expressed as,

S(f, ⌧) = A
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Eq. (12) is shown in the appendix. A ⇠ 1 due to the normalization
with T
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sys. In our analysis, A is set as an overall amplitude parameter
which can be constrained by the observation data together with f0,
↵ and ⌧0.

The knee frequency fk as a function of frequency resolution is an
important consideration for the LSS correlation signal on the largest
scale sizes. For example, if we are interested in line-of-sight scales of
⇠ 100Mpc/h, at 900MHz (i.e. z ⇠ 0.6), this corresponds to fre-
quency scales of ⇠ 25MHz. Depending upon the knee frequency,
at the ⇠ 25MHz frequency resolution there is the potential to de-
tect the 1/f noise more significantly than at lower values of the fre-

quency resolution. The knee frequency at two different frequency
resolutions, �⌫, �⌫0, is related via,

lg fk = lg fk0 +
1

↵
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✓
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The derivation is shown in the appendix. We test the shift of the
knee frequency with simulated time-ordered data. Fig. (1a) shows
the waterfall plots of the simulated time-ordered data with different
frequency correlation properties. As � ! 0, the 1/f noise becomes
fully correlated over the frequency band. As � ! 1, the frequency
correlation length is reduced and the 1/f noise between different fre-
quencies becomes independent (down to the frequency resolution).

The corresponding temporal power spectrum of the simulated
data is shown in Fig. (1b). The black solid curve shows the power
spectrum with 0.1MHz frequency resolution, which is the raw fre-
quency resolution of the simulation; while the red curve shows the
power spectrum after averaging over 10 frequency channels. The
dashed curves show the simulation with only 1/f noise (set white
noise level to 0). The horizontal lines indicate the white noise level
with frequency resolution of 0.1MHz (blue) and 1MHz (green), re-
spectively. The cross points with the vertical lines indicate the knee
frequency at the corresponding frequency resolution, which is esti-
mated with Eq. (13). The white noise floor, as expected, is reduced
by one order of magnitude after frequency averaging. However, the
1/f noise level behaves differently with different � values. In the case
of � = 0, the 1/f noise is fully correlated over the frequency band.
The level of 1/f noise power spectrum does not change with aver-
aging frequency channels, but the white noise does. The different
behavior between 1/f noise and white noise results in a higher knee
frequency value at lower frequency resolution. With � increasing,
the 1/f noise behaves more like the white noise. In the case of � = 1,
the 1/f noise if fully uncorrelated between frequencies and the power
spectrum level is reduced by one order of magnitude as well. In this
case, the knee frequency does not change with frequency resolution.

2.3 Parameter fitting

The parameters that characterise the 1/f noise can be constrained by
fitting the model against the measured noise power spectrum. We
build the �2 function both for temporal and the 2-D power spectrum
density function,
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in which, h i⌫ represents the average over the frequency channels
and �Ŝt , �Ŝ are the estimated errors of the temporal and 2-D power
spectrum density, respectively. The errors of the temporal power
spectrum density are estimated via the standard deviation of the
power spectrum density using different frequency channels,
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where N⌫ is the number of frequency channels. The errors of the
2-D power spectrum density can be simply estimated via,
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where Nmode is the number of Fourier modes within the f � ⌧ bins.
However, it assumes a Gaussian error and the error is underestimated
in reality. Therefore, we also estimate the 2-D power spectrum den-
sity errors using a set of jackknife samples.

The jackknife sampling method (Efron 1982) is widely used in
the error estimation for large-scale structure surveys. Following the

MNRAS 000, 1–?? (20??)

Simulated TOD with different frequency correlation Temporal PS with different frequency resolution 

Temporal PS model

2D PS model

S. Harper et.al. arXiv:1711.07843



Noise Model
We measured the MeerKAT 1/f noise power 
spectrum density by tracking the South 
Celestial Point for 2.5 hours.

Remove strong correlations with Singular Value 
Decomposition (SVD)



Noise Model
We measured the MeerKAT 1/f noise power 
spectrum density by tracking the South 
Celestial Point for 2.5 hours.

Remove strong correlations with Singular Value 
Decomposition (SVD)
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Figure 11. The 2D power spectrum density estimated with SCP19 data. 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 scale. The white contours shows the levels 2, 10, 102, and 10

3. and the dashed contours show the fitted power spectrum model at the same levels.
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Figure 12. The fitted fk,20MHz versus ↵ (left panels) and � (right panels) for each of the antennas. Top/bottom panels show the results of HH/VV polarizations.
The results with different number of modes subtracted are shown with different colors.

MNRAS 000, 1–?? (20??)

Fit the 1/f noise model (arXiv:1711.07843) to 
the data to constrain the 1/f noise parameters

Y. Li, et al. arXiv:2007.01767



MeerKLASS Pilot Survey
Time Ordered 

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
Sub. signal



• Holographic measurements of MeerKAT 
primary beam

MeerKAT Beam Effect
K. Asad et. al. arXiv:1904.07155

S. D. Matshawule et. al. arXiv:2011.10815



• Beam effect on foreground cleaning 

MeerKAT Beam Effect
S. D. Matshawule et. al. arXiv:2011.10815



Satellites

Ph.D. project Brandon Engelbrecht



Single dish or Interferometry 

Bull, P., Ferreira, P. G., Patel, P., & Santos, M. G.  
(2015). ApJ, 803(1), 1–33.



Single dish or Interferometry 
MIGHTEE provides HI cube


11.2 hours tracking of 
COSMOS field

S. Paul et. alt. arXiv: 2009.13550

Simulated MIGHTEE

m
K

^2
 M

pc
^3



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

• With MeerKLASS, we have a good opportunity to test HI IM with 

multi dishes before SKA operating;

• With current pilot survey, we test our calibration pipeline;

• We have done detailed analysis about the noise model for 

MeerKAT;

• With 2 SVD modes removed, the gain is stable over about 100s; 

With 5 SVD modes removed, the gain is stable over 1000s

• We test the beam effect on foreground cleaning;

• We also simulated the satellite contamination during the 

observations.

• Working hard on cross power spectrum detection

Thanks !


