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1/f Noise
• 1/f in the literature 

• Maino, D.,et al., 2002. Removing 1/f noise stripes in 
cosmic microwave background anisotropy 
observations. Astronomy & Astrophysics 387, 356–
365. 

• Maino, D.,et al, 1999. The Planck-LFI instrument: 
analysis of the 1/f noise and implications for the 
scanning strategy.  

• Seiffert, M.,et al. a&a 1197, 14.  

• … Temporal Correlation Frequency Correlation

White Noise
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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,
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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,
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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),

S
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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,

S
t
(f, ⌫) =

A

�⌫

✓
1 +

✓
fk

f

◆↵◆
, (7)

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,

Ŝ(f, ⌧) =

������

s
�t�⌫

NtN⌫

Nt�1X

p=0

N⌫�1X

k=0

�d exp [�2⇡i (fp�t+ ⌧k�⌫)]

������

2

, (8)

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,
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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,
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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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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??)

Temporal PS model

2D PS model

Harper S. E., et al., 2018, MNRAS, 478, 2416

Simulated TOD with different frequency correlation Temporal PS with different frequency resolution 
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1/f Noise
• Investigations on 1/f Noise for HI intensity mapping: 

• Harper S. E., et al., 2018, MNRAS, 478, 2416. 

• Li Y., Santos M.G., et al, 2021, MNRAS, 501, 4344. 

• Hu W., Li Y., et al., 2021, MNRAS, 508, 2897. 

• Irfan M.O., Li Y., Santos M.G., 2024, MNRAS, 527, 4717.
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Figure 13. The best-fit knee frequency of the temporal power spectrum
density with di�erent level of SVD subtraction. The results are averaged
over all of the feeds and the r.m.s across the feeds are plotted as error
bars, but with bad feeds excluded. The results with auto-correlation SVD
subtraction are shown in red and the the cross-correlation SVD subtraction
results are in blue. The XX polarization is shown using circles with solid
lines and the YY polarization using squares with dashed lines.

increase from 0 to 30, the plateau expands from . 4 ⇥ 10�5 Hz to
. 10�4 Hz.

We then fit the power spectrum using Eq.(6). Figure 11 and
Figure 12 show the best-fit spectral index and the knee frequency
of the time stream data averaged over the feeds, with the cross and
auto-correlation SVD subtractions, respectively. The results with
di�erent levels of SVD subtraction are shown with di�erent colors.
With the number of SVD modes subtraction increases from 0 to
30, the spectral index drops from ⇠ 3.0 to ⇠ 1.0 for both the cross
and auto-correlation SVD subtraction. The knee frequency behaves
di�erently for the auto- and cross correlations. For cross-correlation
SVD subtraction, the knee frequency is reduced from ⇠ 10�2 to
⇠ 2 ⇥ 10�3 with 20 modes subtracted, and stays at the same level
as more modes are subtracted. However, for auto-correlation, the
knee frequency goes down to ⇠ 6 ⇥ 10�4 Hz with another 10 more
modes subtraction.

The di�erences can be seen more directly in Figure 13, where
knee frequency averaged over all 19 feeds are shown in red for auto-
correlation SVD subtraction, and in blue for the cross-correlation
SVD subtraction. As the cross-correlation SVD modes subtrac-
tion removes the correlation from the sky variations, the remain-
ing correlation after 20 mode subtraction are dominated by the
system-induced 1/f noise, and its knee frequency is ⇠ 2 ⇥ 10�3

Hz. Such system-induced 1/f noise can be further removed with
auto-correlation SVD modes. With another 10 modes subtracted,
the knee frequency is reduced to ⇠ 6 ⇥ 10�4 Hz, indicating that the
system-induced 1/f-type variations are well under the thermal noise
fluctuations over 1600 seconds time scales. In the rest of the analysis,
we focus on the results with auto-correlation SVD subtraction.

In Figure 12 we can also find that the best-fit values of most
of the feeds are similar except the results from Feed 9 XX and Feed
16 YY (the outliers in Figure 12). Furthermore we plot the FAST
L-band Array of 19 feed-horns again, colored with the value of the
spectral index in Figure 14 and the knee frequency in Figure 15.
Except Feed 16 and Feed 9, the 1/f-type noise for most of the
feeds behaves similarly. It seems that there are large fluctuations
in the gain of Feed 16 YY and Feed 9 XX during the observation.
Such gain fluctuations can be reduced by removing with a few
more SVD modes, however, it does indicate that corresponding

Figure 14. The distribution on feeds of the spectral index of the 1/f-type
noise, from the fitting to the temporal power spectra. The XX and YY
polarizations are shown in the lower and upper subpanels. The deployment
and label of feeds are same as those in Figure 1.

Figure 15. The distribution on feeds of the knee frequency of the 1/f-type
noise, from the fitting to the temporal power spectra. The XX and YY
polarizations are shown in the lower and upper subpanels. The deployment
and label of feeds are same as those in Figure 1.

receiver channels are not performing properly. We will exclude the
Feed 9 XX and Feed 16 YY polarization in the following statistical
calculations. In Table 1 and Table 2 we list the mean and r.m.s.
values of the fitting parameters for the 10MHz-resolution band of all
feeds except Feed 16 and Feed 9, for the auto and cross-correlation
SVD subtraction respectively.

To check how the results depend on the number of pixels, we
have splitted the time stream data into 3 subsets, each has equal
time length. The analysis for each subset give results similar to the
whole set. We also rebin the data into time resolution of 0.2s and 8s
and compare the analysis results. The di�erences appear mostly in
the first 5 SVD modes. After the first 5 SVD modes are removed the
results are similar, though with the lower time resolution the error
is larger.

4.2 2D Power Spectrum

The 2D power spectrum density is estimated by Fourier transform-
ing the data along both the time and frequency axes. The data we
use here has time and frequency resolution of 1.0 s and 0.2 MHz.

MNRAS 000, 1–13 (2021)



1/f Noise
• Elimation of 1/f noise 

• Map-making processing.  

• De-striping  

• For future SKA sciences 
• 1/f noise feature 

• Elimination method  

• Effects on cosmological parameter 

         

 , 

gm = gt + n → ĝ = (FTN−1F + C−1
g )

−1
FTN−1gm

Cg = (FTF)−1 FTCNF (FTF)−1 CN(δt) = ∫ P( f )e2πifδtdf

Li Y.C., Wang Y.G. et al. 2023, ApJ, 954, 139

MAX TEGMARK THE ASTROPHYSICAL 
JOURNAL, 480:L87–L90, 1997 May 10



• The 1/f noise feature analysis for the SKA HI intensity mapping survey 
• Yichao Li; Wenkai Hu; et. al. 

• Hunting HI filament via galaxy pairwise stacking analysis with future HI 
intensity mapping survey 
• Yichao Li; Diyang Liu; et. al. 

• One-dimensional power spectrum with the SKA 
• Yougang Wang; Yichao Li; et. al. 

• Forging a precise probe for the late universe based on 21-cm cosmology 
• Xin Zhang; Yichao Li; et. al.



HI in the filament
• HI in the IGM are highly ionized after EoR 

• Simulation shows that it is still detectable with ~100 hr integration time

Takeuchi Y., Zaroubi S., Sugiyama N., 2014, MNRAS, 444, 2236. Kooistra R., Silva M.~B., Zaroubi S., 2017, MNRAS, 468, 857. 



HI Intensity Mapping (IM) Survey with Galaxy Pairwise-
Stacking (GPS)

Tianlai (天籁)

HIRAXFAST

MeerKAT/SKA

BINGO

CHIME

• HI IM can be quickly carried 
out and maps LSS within a large 
cosmic volume. 

• Assume filaments connect 
clusters. 

• We use the galaxies as proxies for 
the cluster positions.

Tramonte D., Ma Y.-Z., Li Y.-C., Staveley-Smith L., 2019, MNRAS, 489, 385.



GPS with Parkes

Tramonte D., Ma Y.-Z., Li Y.-C., Staveley-Smith L., 2019, MNRAS, 489, 385.

Time-ordered data HI maps Foreground-cleaned 
HI maps Filaments

• GPS of HI maps

‣ Achieve an upper limit for filament HI 
‣ Limited by the lower angular resolution 
‣ Limited by the lower sensitivity  
‣ Limited by foreground residule



Simulations Test

‣ Using TNG simulation snapshot at z~0.1 
‣ Remove particles belonging to galaxies 
‣ Make the HI cube with filament HI only 
‣ Simulate the SDSS Main Galaxy Sample 
‣ Apply the galaxy pairwise-stacking

Liu, Diyang and Li, Yichao et. Al. under review.

based on FAST HI Pilot survey



‣ Using TNG simulation snapshot at z~0.1 
‣ Remove particles belonging to galaxies 
‣ Make the HI cube with filament HI only 
‣ Simulate the SDSS Main Galaxy Sample 
‣ Apply the galaxy pairwise-stacking

Liu, Diyang and Li, Yichao et. al. under review.

Simulations Test
based on FAST HI Pilot survey



Simulation Forecast

• Combining multiple frequency slices 

• Cosmic variance dominating 

• Large-area survey has better performance than 
small-area deep survey 

• The next-generation HI intensity mapping survey 
has great potential for filament studies. 

Liu, Diyang and Li, Yichao et. al. under review
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One-Dimensional PS
• FAST 1D power spectrum 

•  

• Single pointing observation for FRB  

• 250 pointings, with each 20-30 min integration time 

• Redshift 0.007 - 0.084 

• Shot noise dominated  

• SKA 1D power spectrum 
• Larger beam size 

• Lower shot noise 

• A crucial method for future HI cosmology.

P1D (k∥, z) = ∫ dk⊥

(2π)2 P3D (k∥, k⊥, z)

1D PS estimation using FAST single pointing observations

Zhao, Boyan; Liu, Yingfeng; Wang, Yougang et. al. In prep.

1D PS simulation for SKA

Zhao, Boyan; Wang, Yougang et. al. In prep.
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Precise Probe for Late Universe
• The synergy between current HI experiments

P.-J. Wu, X. Zhang, 2022 JCAP 01 060  

P.-J. Wu, Y. Li, J.-F. Zhang, X. Zhang, 2023, Sci. China Phys. Mech. Astron. 66 7, 270413

HIRAX  
(z = 0.8 ~ 2.5)

SKA  
(z = 0.35 ~ 0.8)

FAST  
(z = 0 ~ 0.35)



Precise Probe for Late Universe
• The synergy between current HI experiments 

• The synergy between future HI experiments

Pan J.-D., Wu P.-J., Du G.-H., Li Y., Zhang 
X., 2024, arXiv, arXiv:2408.00268.



Precise Probe for Late Universe
• The synergy between current HI experiments 

• The synergy between future HI experiments 

• The synergy between different cosmic probes 
• FRB, GW, SGL

J.-G. Zhang, Z.-W. Zhao, Y. Li, J.-F. Zhang, D. Li, X. 
Zhang, 2023 SCPMA 66, 120412 

S.-J. Jin, S.-S. Xing, Y. Shao, J.-F. Zhang, X. 
Zhang, 2023 CPC 6, 065104 

Wu, Peng-Ju; Shao, Yue; Jin, Shang-Jie; Zhang, 
Xin;  2023,JCAP, Volume 2023, id. 052. 



Summary
• The 1/f noise feature analysis for the SKA HI intensity mapping survey 

• Yichao Li; Wenkai Hu; et. al. 

• One of the key systematic issues for HI intensity mapping 

• Hunting HI filament via galaxy pairwise stacking analysis with future HI 
intensity mapping survey 
• Yichao Li; Diyang Liu; et. al. 

• The next-generation HI intensity mapping survey has great potential for filament studies. 

• One-dimensional power spectrum with the SKA 
• Yougang Wang; Yichao Li; et. Al. 

• 1D power spectrum is a crucial method for future HI cosmology. 

• Forging a precise probe for the late universe based on 21-cm cosmology 
• Xin Zhang; Yichao Li; et. al. 

• The synergies between HI experiments, as well as different cosmic probes, are crucial for 
future precise cosmology. 
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• Yougang Wang; Yichao Li; et. Al. 

• 1D power spectrum is a crucial method for future HI cosmology. 

• Forging a precise probe for the late universe based on 21-cm cosmology 
• Xin Zhang; Yichao Li; et. al. 

• The synergies between HI experiments, as well as different cosmic probes, are crucial for 
future precise cosmology. 
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GPS on tSZ effect
• GPS of tSZ effect with Planck data 

• Looking for the missing baryons located in the filaments.
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A&A, 624, A48.
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