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21-cm signal 
< 100s of mK 

Foregrounds 
100-10,000 K  

RFI 
A few mK to 
10,000 K 
and more 

Receiver  
Noise 
10-20 K 
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Design philosophy for the radiometer 
•  Foregrounds have smooth spectrum while the 21-cm signal is predicted to 

have various spectral features 

•  Thus the design of the instrument is focused towards avoiding any spectral 
features from the system itself to avoid confusing it with the signal 

•  We measure smoothness using the concept of maximally smooth function 

•  It is a constrained polynomial approach which does not have inflection points 
(there is no zero crossing in second and higher order derivatives) 

•  Such functions fit only to the smooth part of the curve and preserve the spectral 
structures 
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SARAS 2 radiometer 
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1) Frequency independent beam 

T 0
A =

R
⌦ TB(✓,�)G(✓,�)d⌦R

⌦ G(✓,�)d⌦

•  However, beam weighted 
foreground might 
introduce mode-mixing if 
beam is frequency 
dependent 

•  SARAS 2 antenna has 
been made electrically 
small to achieve 
achromatic beam 
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2) Total Efficiency 
•  Affects systematics in two ways:  

1)  Part of transfer function of beam 
weighted sky to the receiver 

2)  Modulates internal reflections 

•  There seems to be a trade-off 
between sensitivity and smoothness 
of the transfer function 

•  SARAS 2 prefers smoothness and 
hence has comparatively low 
efficiency (which can partly be 
compensated with increasing 
integration time) 6 

TA = ↵(1� |�|2)T 0
A

Total efficiency 



3) SARAS 2 Receiver 
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•  The receiver architecture 
enables in-situ calibration of the 
system frequency response 

 
•  It also implements phase 

switching which cancels the 
cross-talk in the receiver arms 

 
•  The multi-path propagation of 

the signals in the system, which 
is big challenge to the 
experiments, can only introduce 
a smoothly varying component 
with the current compactified 
receiver 



Algorithms developed for data reduction and analysis 

Raw Data 

Averaging data for 
1 sec 

+ 
Pre-calibration 

median flagging 

Calibration and 
error propagation 

Post-calibration median 
flagging on each spectra 

Median flagging with 
different averaging in 
frequency and time 

domain to pick up low 
lying RFI 

Model the 
‘cleaned’ Data 

Analyze the 
resulting residuals 

for template 
signals 
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Dual Approach to Data modeling 

Maximally Smooth Functions 

Measurement Equation 
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Performance Evaluation of SARAS 2 

10 

•  The system was run with different 
reference terminations. 

 
•  The standard references result in 

different level and complexity of 
systematics 

 
•  The analysis was performed using 

measurement equation as well as 
using maximally smooth function 
to approximate the entire curve. 

•  The residuals were found to be 
noise-like implying no spurious at 
the acquired sensitivity levels. 



  

11 SS, Subrahmanyan, R., Shankar, N. U., et al. 2017b [arXiv:1703.06647]  
 
 
 



SARAS 2 
finally ready 
to watch 
skies! 
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We achieve 12 mK 
sensitivity demonstrating a 
dynamic range better than 

1 part in 65,000. 
 
 
 

Residuals after modelling the foregrounds + systematics 
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Approach towards constraining EoR 
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•  Minimum mass of 
halos for star 
formation 

 
•  Star formation 

efficiency 
 
•  SED 
 
•  X-ray efficiency 
 
•  Optical depth to 

reionization 

Cohen, A., Fialkov, A., Barkana, R., et al. 2017 [arXiv:1609.02312]  
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Constraining EoR: 1. Likelihood Ratio 

•  While Likelihood Ratio less than 
unity shows that the data is more 
consistent with noise than model,      

 Likelihood Ratio more than 
unity shows the data favors the 
model. 

 
•  The significance is computed by 

performing same analysis on 
mock data with different 
realizations. 

Mi

15 SS, Subrahmanyan, R., Shankar, N. U., et al. 2017a [arXiv:1703.06647] 



Signals disfavoured 
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Constraining EoR: 2. A joint modeling approach 

M(⌫) = F (⌫) + a⇥ S(⌫)

•  The data is jointly fit for foreground 
plus systematics with scale factor 
times the model 

•  We then compute coefficients for 
foregrounds, systematics and the 
scale factor along with their 
uncertainties 

 
•  The fitting uncertainties are used to 

deduce significance on the rejection  
 

�2 =
⌫2X
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w2
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(y⌫i �M(⌫i))

2
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Signals Disfavored 

18 SS, Subrahmanyan, R., Shankar, N. U., et al. 2017c [arXiv:1711.11281]  
 



Scenarios disfavored by the SARAS 2 data 
•  All the models rejected by SARAS 2 share similar astrophysical scenario: Rapid 

Reionization with either late X-ray heating due to very inefficient sources or no 
heating  

•  Poor X-ray heating can be attributed to low X-ray efficiency     , defined as: 

       Data hints at  

•  Rapid Reionization can be caused either by large mean free path of the ionizing 
photons, high star formation and ionizing efficiencies of the sources. The data 
disfavors large mean free paths (~70 Mpc) while the other two quantities are 
currently unconstrained. 

fX
LX

SFR
= 3⇥ 1040fX erg s�1M�1

� yr. fX > 0.1
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The Path Ahead 

•  More efficient antenna preserving the characteristics of smooth transfer 
functions 

•  More robust algorithms to extract signals from the multi-component data 

•  Directly constrain the parameter space of EoR from the data 
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•  SARAS 2 has been demonstrated to have 
a system transfer function to be maximally 
smooth so as to allow a separation of 
foregrounds and systematics from 21-cm 
signal at mK accuracy 

•  SARAS 2 data has been able to rule out 
theoretically predicted models of Epoch of 
Reionization 

•  The rejected models share the 
astrophysical scenario of late X-ray 
heating coupled with rapid reionization  

Take Away Message 
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•  SARAS 2 has been demonstrated to have 
a system transfer function to be maximally 
smooth so as to allow a separation of 
foregrounds and systematics from 21-cm 
signal at mK accuracy 

•  SARAS 2 data has been able to rule out 
theoretically predicted models of Epoch of 
Reionization 

•  The rejected models share the 
astrophysical scenario of late X-ray 
heating coupled with rapid reionization  

Take Away Message 
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Thanks for your attention! 


