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Overview

• EoR Science Overview

• Impact of Cost control Options

• Progress towards a KSP bid

Many questions still under investigation



Status of LOFAR
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1) LOFAR, MWA, PAPER => Currently upper limits
2) HERA: z<12 power spectrum & first images 
3) SKA1: power spectrum z<30 & resolved images of EoR
4) SKA2: map cosmic volumes

HERA
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Continuing improvement

Upper limits beginning to make contact with possible models
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Fig. 7.— Left: The current best published 2� upper limits on the 21cm power spectrum, �2(k), (solid symbols

represent analyses led by HERA collaborators) compared to 21cmFAST-generated models at k = 0.2hMpc�1. Anal-

ysis is still underway on PAPER and MWA observations that approach their projected full sensitivities (see Fig. 3);

HERA can deliver sub-mK2 sensitivities. Right: The Ali et al. (2015) limit at z = 8.4 excludes the entire gray

shaded area corresponding to a cold IGM (Pober et al. 2015). The color scale shows the power spectrum amplitude

at k = 0.25 hMpc�1 for a given spin temperature and neutral fraction. Constraints are weaker if the (currently

unknown) neutral fraction at z = 8.4 is very high or low, as the 21 cm signal is brightest during the middle of

reionization.

(Fig. 7). The inherent challenge of simultaneously meeting stringent sensitivity requirements while

suppressing foregrounds ⇠ 5 orders of magnitude brighter than the 21 cm signal make this progress

all the more remarkable. To achieve this, HERA team members have refined and improved tech-

niques spanning all aspects of the experimental process, from how we calibrate our data (Zheng

et al. 2014; Jacobs et al. in review. 2016; Barry et al. in prep. 2016), to how we understand fore-

ground contamination (Moore et al. 2013, 2016; Thyagarajan et al. 2015a; Pober et al. 2016), to

how we design the interferometer itself (Parsons et al. 2012a; Dillon and Parsons 2016). In this

section, we discuss how the legacy of these first generation 21 cm experiments inform critical aspects

of HERA’s design.

Perhaps the most important advance informing HERA’s design is a refined understanding of

how smooth-spectrum foregrounds interact with instrument chromaticity to produce a characteristic

“wedge” of foreground leakage in Fourier space (see Fig. 8), outside of which the 21 cm signal

dominates. Through theoretical and observational work (Datta et al. 2010; Morales et al. 2012;

Parsons et al. 2012b; Vedantham et al. 2012; Thyagarajan et al. 2013; Hazelton et al. 2013; Pober

et al. 2013; Liu et al. 2014a,b), we have learned how the boundary between the wedge and our “EoR

window” is determined by the separation between antennas, signal reflections within antennas, and

the angular response of the antenna beam. Deep integrations also show us that, to the limits of

current sensitivity, foreground emission is absent outside of the wedge; it can only appear there

through instrumental leakage (Parsons et al. 2014; Ali et al. 2015; Moore et al. 2016; Kohn et al.

2016). Thus, to open the widest possible window for EoR measurements, HERA must use close-

packed antennas that minimize signal reflections and deliver significant forward gain relative to

their horizon response. Tests with prototype HERA antennas (Figs. 10 and 11, discussed in §4.1)

indicate that a moderately large parabolic dish with a short focal height can meet these requirements

(Ewall-Wice et al. in review. 2016; Neben et al. 2016; Thyagarajan et al. in prep. 2016).

PAPER adopted a foreground mitigation strategy based largely on filtering out the wedge

in frequency domain (so-called “delay filtering”; Parsons et al. 2012b). By reducing the need
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Pritchard & Furlanetto 2007

Images, power spectra, 21cm forest

Imaging Neutral Hydrogen During the EoR with LOFAR 7

Figure 4. EoR maps at redshift 9, with a hxHIi = 0.2 field of view of
2.5

� ⇥ 2.5

� (note that the LOFAR field of view will be around 5

� ⇥ 5

�).
Panel A shows the original simulated EoR map at full resolution. The map
shown in Panel B is smoothed with a 20 arcmin (standard deviation) Gaus-
sian kernel. Panel C shows the same map as in B but with noise added to
it assuming 600 hours of observation with LOFAR. Panel D is the same
as C, i.e., with 600 hours of observation noise, but here the foregrounds
were added and then extracted with the Wp fitting procedure (Harker et al.
2009b). Panel E is the same as C but with half the noise level of the map
in panel B (2400 hours of observation). Panel F is the same but with 2400
hours of observation noise and foregrounds that were added and then ex-
tracted with the Wp fitting procedure. The contour levels are colour coded
as shown in the colour table at the top of the figure.

of the plots indicates that they are dominated by white noise. We
would like to emphasize that this is not the system noise contribu-
tion which typically has a much larger amplitude and is not white
(see Fig. 2). Therefore, in order to compare the phases of the var-
ious images, we only take into account the pixels that have values
larger than 10�4 times the maximum amplitude.

Next, we plot the phases of the pixels with relatively high am-
plitudes (> 10�4 of the maximum amplitude). Each of the four
panels of Fig. 6 plots the phases of the reconstructed images (maps
C-F in Fig. 4) versus the phases of the original map (map B in
Fig. 4). These plots are presented as density plots. A high corre-
lation shows as high concentration of points (high contour values)

Figure 5. The rank-ordered Fourier space amplitude for each of the 5 im-
ages, B-F, shown in Fig. 4. All curves are normalized with respect to their
maximum amplitudes. The solid black line is plot for map B whereas the
other curves show the Fourier space amplitudes of image C (blue dotted
line), D (cyan dashed line), E (red dotted-dashed line) and F (magenta dou-
ble dotted-dashed line). All uv-maps are dominated by the highest few
hundred pixels. The rest of the Fourier space pixels are noise dominated
as demonstrated by the sudden drop in the amplitudes and their almost flat
slope thereafter.

along the diagonal. In all the panels the correlation between the
phases is obvious. The best correlation is clearly obtained in the
lower left panel because map E has the lowest noise and is without
foregrounds. The worst correlation, though still a very clear cor-
relation, is obtained in the upper right panel because map D has
high noise and still has some residuals from the subtraction of the
foregrounds.

We repeated the same procedure on the
200 h�1 comoving Mpc BEARS simulations and get very
similar results. To cover the same angular size as the previ-
ous simulation we tile the BEARS simulation box to reach
400 h�1 comoving Mpc. The result of this simulation is shown
in Fig. 7, where the left panel shows the original 20 arcmin.
smoothed simulation assuming 2400 hours of Observation with
LOFAR. The right panel shows the extracted image after adding
noise and foregrounds also smoothed with 20 arcmin. Gaussian.
The two maps are clearly very similar with a correlation coefficient
of ⇡ 0.61. The correlation coefficient here is lower that the same
comparison done with the previous simulation (between panels B
and F in Fig. 4) due the relatively small size of the simulation box
where the number of large-scales modes is smaller.

This conclusion is insensitive to the type of source we assume
to power reionization, i.e., thermal or power-law. This is reassuring
and indicates that this effect is driven more by the very large-scale
structure than by the details of the reionization process. It should be
emphasized here that with higher resolution the increased number
of low-mass sources might slightly change the picture, but not in
a drastic way, as already seen in very large-scale high-resolution
simulations (Iliev & Mellema, private communication).

c� 0000 RAS, MNRAS 000, 000–000

Zaroubi+2013

21-cm fluctuations from X-ray heating 1691

Figure 10. (a) |T̄b|!̄Tb (k). We consider the following sources of Lyα emis-
sion: stellar only (solid curve), X-ray excitation only (dotted curve) and
stellar+X-ray excitation (dashed curve). All curves are calculated at z = 20
and have been normalized to the stellar only case, to compensate for different
mean values of xα . We assume X-ray emission from star-burst galaxies. Also
plotted is |T̄b|!δδ (thin solid curve). (b) |T̄b|2!2

µ2 (k). Same line conventions
as in (a).

sources. We note that the shape of the spectrum is somewhat sensi-
tive to the spectral index of the X-ray sources – with the variation
being similar to between the stellar + X-ray and X-ray only curves.
Thus, isolating the 21-cm fluctuations from the Lyα flux variations
could also constrain the X-ray spectrum of the first sources.

6.3 Effects of X-ray background

We now explore the effect of modifying the X-ray luminosity of
our sources. We have so far taken f X = 1 in our analysis, but con-
straints on the high-redshift X-ray background are weak giving us
significant freedom to vary fX, which parametrizes the source lu-
minosity. As an example, for our Model A, values of f X ! 103 are
easily possible without X-ray or collisional ionization of the IGM
violating WMAP3 constraints on τ at the 2σ level. In Fig. 11, we
show the time evolution of the 21-cm fluctuations for Model A, tak-
ing f X = 0.1, 1 and 10. This serves to illustrate the effect of late
or early X-ray heating and illustrates the range of uncertainty in
making predictions.

Earlier heating (dashed curve) causes the temperature fluctua-
tions to become important at higher redshift, cutting into the region
of Lyα fluctuation. This will make the 21-cm signal more compli-
cated as temperature and Lyα fluctuations contribute over a similar
range of redshifts. However, early heating also means that temper-
ature fluctuations become unimportant for the 21-cm signal at late
times improving the prospects for extracting cosmology from the
21-cm signal (Santos, Cooray & Knox 2005; McQuinn et al. 2006).
In contrast, late heating (dotted curve) allows a clearer separation
between temperature and Lyα fluctuations, but means temperature
fluctuations are likely to be important during the beginning of reion-
ization. This will complicate the extraction of information about H II

regions as reionization gets underway.
Clearly, there is considerable uncertainty as to the behaviour of

the 21-cm signal at high redshifts due to our poor understanding of

Figure 11. (a) Redshift evolution of |T̄b|!̄Tb (k) at k = 0.1 Mpc−1 for Model
A, but with f X = 0.1 (dotted curve), 1.0 (solid curve) and 10 (dashed curve)
(b) Redshift evolution of |T̄b|!µ2 (k). Same line conventions as in (a).

the source populations. Viewed another way, measurement of the
evolution of the 21-cm signal could provide useful constraints on
the X-ray background at high redshift. This is important as efforts to
observe the diffuse X-ray background are complicated by technical
issues of calibration. We also note that for weaker X-ray heating
other sources of heating, especially shock heating, may become
important.

Finally, we remind the reader that our model is applicable in the
IGM outside of ionized H II regions. If heating occurs late, so that
temperature fluctuations are important as H II regions become large,
then it will be important to extend this model if accurate predictions
of the 21-cm signal during reionization are to be made. It will also be
important to include these temperature fluctuations into simulated
predictions of the 21-cm signal.

7 O B S E RVAT I O NA L P RO S P E C T S

We now turn to the important question of observing the features
outlined above. The first generation of 21-cm experiments (PAST,
LOFAR, MWA) will be optimised to look for the signature of H II

regions at redshifts z ! 12. Their sensitivity decreases rapidly at
redshifts z " 10 (Bowman, Morales & Hewitt 2006; McQuinn et al.
2006) and so they are unlikely to be able to detect the effects of inho-
mogeneous heating. The proposed successor to these instruments,
the SKA, is still under design, but its fiducial specifications should
allow the z > 12 regime to be probed. In this section, we will con-
sider using an SKA-type experiment to observe 21-cm fluctuations
at z = 13 and 15 and calculate the achievable precision.

Before this, we must make the necessary caveats concerning fore-
grounds. Foregrounds for 21-cm observations include terrestrial ra-
dio interference (RFI), galactic synchrotron emission, radio recom-
bination lines and many others (Oh & Mack 2003; Di Matteo, Ciardi
& Miniati 2004; section 9 of Furlanetto et al. 2006). Typical fore-
grounds produce system temperatures Tsys " 1000, compared to a
signal measured in mK. These foregrounds increase rapidly as we
move to lower frequency, making their removal an even greater con-
cern for high-redshift observations than low ones. Although tech-
niques for foreground removal are well grounded, their effectiveness

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 376, 1680–1694
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Constraining CD and EoR astrophysics with HI data Andrei Mesinger

1st$gen:$LOFAR,$
MWA,$PAPER…$

SKA$

Reioniza(on) Hea(ng) Cosmic)Dawn) Dark)Ages)

Figure 1: 21cm brightness temperature offset from the CMB (from [1]). The horizontal axis shows evolution along the
comoving line-of-sight coordinate, from z⇡ 62 to z⇡ 7. From right to left we see the expected major milestones in the
signal: (i) collisional decoupling (red!black); (ii) WF coupling (black!yellow); (iii) IGM heating (yellow!blue); (iv)
reionization (blue!black). The top panel corresponds to a “fiducial” model, while the lower panel corresponds to an
“extreme X-ray” model in which primordial galaxies are much more efficient than local star-bursts in generating X-rays
(see, e.g. [2]), saturating the unresolved soft X-ray background [3] by z ⇠ 10. The lower panel further assumes that
soft X-rays with energies ⇠<1keV are absorbed within the host galaxy. Although the models have comparable electron
scattering optical depths, te, the astrophysical milestones are very different in 21cm. The redshift limit accessible to first
generation interferometers roughly corresponds to the vertical yellow line; the SKA-LOW should probe out to roughly
the vertical blue line, opening-up a new window on the Cosmic Dawn. The slices are 750 Mpc in height and 1.5 Mpc
thick.

1. Introduction

With unprecedented resolution and sensitivity, the SKA-LOW will enable ground-breaking
studies of early Universe astrophysics through the 21cm line from neutral hydrogen. No other
planned instrument will allow us to study baryons at high redshift in such detail. We will be able
to trace the delicate, physics-rich interplay between the intergalactic medium (IGM) and the first
galaxies.

As a cosmological probe, the signal is usually represented in terms of the offset of the 21cm
brightness temperature from the cosmic microwave background (CMB) temperature, Tg , along a
line of sight at observed frequency n (c.f. [4]):

dTb(n) =
TS�Tg
1+ z

(1� e�tn0 )⇡ (1.1)

27xHI

✓
1�

Tg
TS

◆
(1+dnl)

✓
H

dvr/dr +H

◆r
1+ z
10

0.15
WMh2

✓
Wbh2

0.023

◆✓
1�Yp

1�0.25

◆
mK,

where TS is the gas spin temperature, tn0 is the optical depth at the 21cm frequency n0, dnl(x,z)⌘
r/r̄ � 1 is the evolved (Eulerian) density contrast, Yp is the Helium mass fraction, H(z) is the
Hubble parameter, dvr/dr is the comoving gradient of the line of sight component of the comoving
velocity, and all quantities are evaluated at redshift z = n0/n � 1. The cosmological 21cm signal
uses the CMB as a back-light: if TS < Tg , then the gas is seen in absorption, while if TS > Tg , the
gas is seen in emission.
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Valdes+ 2012

21cm Forest with the SKA Gianni Bernardi

Figure 1: Upper panels: Spectrum of a radio source positioned at z= 10 (ν ∼ 129 MHz), with a power-law
index α = 1.05 and a flux density J = 50 mJy (left hand panels) and 10 mJy (right hand panel). The red
dotted lines refer to the instrinsic spectrum of the radio source, Sin; the blue dashed lines to the simulated
spectrum for 21cm absorption, Sabs (in a universe where neutral regions remain cold); and the black solid
lines to the spectrum for 21cm absorption as it would be seen with an observation time tint = 1000 h and a
frequency resolution ∆ν = 10 kHz. The first panel to the left corresponds to a case with the LOFAR noise,
while the other two panels have 1/10th of the LOFAR noise, roughly expected for SKA1-low. Lower panels:
The ratio σabs/σobs corresponding to the upper panels.

on the 21cm forest (e.g. Carilli, Gnedin & Owen 2002; Mack & Wyithe 2012; Ciardi et al. 2013),
the intrinsic radio source spectrum, Sin, is assumed to be similar to Cygnus A, with a power-
law with index α = 1.05 and a flux density J = 50 mJy and 10 mJy. The simulated absorption
spectrum, Sabs, is calculated from the simulations mentioned above. The observed spectrum, Sobs,
is calculated assuming an observation time tint= 1000 h with the LOFAR and SKA1-low telescopes
and a bandwidth ∆ν = 10 kHz. A clear absorption signal is observed. This is more evident in the
lower panels of Figure 1, which show the quantity σabs/σobs, where σi = Si− Sin and i=abs, obs.
As already mentioned above, the inclusion of Ly-α or x-ray heating could suppress or reduce the
absoprtion features, with the extent of the effect being highly dependent on the source model (see
e.g. Mack & Wyithe 2012; Ciardi et al. 2013).

Very strong absorption features could be easily detected also at lower redshift, when most of
the IGM is in a highly ionization state, if we were lucky enough to intercept high density cold
pockets of gas (with τ21cm > 0.1; these cells are found in ∼ 0.1% of the LOS in the simulation), as
shown in Figure 2.

Moving towards higher redshift, when most of the gas in the IGM is still neutral and relatively
cold, would offer the chance of detecting a stronger average absorption (rather than the single
absorption features observed at lower redshift). If a radio source with characteristics similar to the
ones described above were found, SKA1-low would easily detect the global absorption as shown
in Figure 3, although it would not be straightforward to distinguish whether the suppression of the

4

Ciardi+ 2015



Jonathan PritchardSKA Town Hall 2017

Intensity mapping at 3<z<5

Preliminary calculation Pourtsidou+

Intensity mapping with LOW for OmegaHI & cosmology
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SKA observing strategy
Deep:    5    x 1000hr integration  => 100 deg2 field
Middle:  50   x 100hr integration   => 1,000 deg2 field 
Shallow: 500 x 10hr integration     => 10,000 deg2 field
IM:         50  x 100hr integration   =>  1,000 deg2 field 

Shallow: LOFAR-like power spectrum sensitivity over 10000 deg2.
Middle: Shallow imaging + power spectrum over 1000 deg2

Deep:  Power spectrum to z<28 & deep imaging over 100 deg2

IM: OmegaHI & cosmology at 3<z<6 over 1000 deg2

Key frequencies: 200-50MHz
Wider band for foregrounds
(multibeaming to reduce tint)

Koopmans+ 2015
[arXiv1505.07568]



Impact on EoR of cost 
control options



No effect on EoR

WS / 
Origin 

Description 
 

LOW / 
MID / 

COMMON 
Science Implication Science 

Impact 

5.39	

INFRA_SA Renewable energy to outer dishes 
The 9 outer dishes on MID (3 on each spiral arm) could be powered by solar in-situ rather than 
from a central power supply, removing the need for overhead power lines.  Reduction of both 
construction and operations costs but no impact on science. 

MID None 1 

5.34	

Maximise use of code produced during Pre-Construction 
Pre-existing code is being identified for re-use in SKA. This may include  
code developed in precursors, code developed as part of other projects (typically open source) 
and code developed in pre-construction as part of prototyping. 

COMMON None 1 

5.38	
	
	

Simplify DDBH LOW 
The Digital Data Back Haul (DDBH) is the science data network connecting the antenna stations 
to CSP. This option explores the possibility to simplify the DBBH for LOW, going from a managed 
network design (exploiting network switches to forward data) to a point-to-point connection (where 
data communication is established by other means).   

LOW None 1 

5.38	
	
	

Simplify DDBH MID 
The Digital Data Back Haul (DDBH) is the science data network connecting the antennas to CSP. 
This option explores the possibility to simplify the DBBH for MID, going from a managed network 
design (exploiting network switches to forward data) to a point-to-point connection (where data 
communication is established by other means).   

MID None 1 

5.25.2	

Reduce PSS-MID: A, 750 nodes to 500 nodes 
This cost control option involves necessitating that the CSP.PSS design processes 3 tied array 
search beams per PSS processing node on MID. Currently the design processes 2 tied array 
search beams per PSS processing node on MID. To achieve this would require improved 
processing algorithms (which may not be possible) or the reduction in search parameter space 
(i.e. not performing a complete pulsar search so not achieving the same science). It is considered 
that the change from 2 beams/node to 3 beams/node will potentially be possible without needing 
to perform an incomplete search. If it is not possible this equates to a cut in the number of pulsar 
beams that can be processed across the full search parameter space by 500, i.e. from 1500 to 
1000 beams. 

MID Likely none, or small reduction of pulsar 
search parameter space. 1 

5.25.2	

Reduce PSS-LOW: A, 250 nodes to 167 nodes 
This cost control option involves necessitating that the CSP.PSS design processes 3 tied array 
search beams per PSS processing node on LOW. Currently the design processes 2 tied array 
search beams per PSS processing node on LOW. To achieve this would require improved 
processing algorithms (which may not be possible) or the reduction in search parameter space 
(i.e. not performing a complete pulsar search so not achieving the same science). It is considered 
that the change from 2 beams/node to 3 beams/node will potentially be possible without needing 
to perform an incomplete search. If it is not possible this equates to a cut in the number of pulsar 
beams that can be processed across the full search parameter space by 166, i.e. from 500 to 334 
beams. 

LOW Likely none, or small reduction of pulsar 
search parameter space. 1 

5.35	

Reduce CBF-MID: Freq. Slice variant of CSP design vs. MeerKAT-based design 
This cost control option involves adopting either the Frequency Slice CBF (Correlator – Beam-
former) design from CSP, or a MeerKAT-based CBF design. The chosen option would need to 
satisfy the current System requirements for processed bandwidth, zoom modes, numbers of 
pulsar search and timing beams etc. 
 

MID None 1 

WS / 
Origin 

Description 
 

LOW / 
MID / 

COMMON 
Science Implication Science 

Impact 

5.39	

INFRA_SA Renewable energy to outer dishes 
The 9 outer dishes on MID (3 on each spiral arm) could be powered by solar in-situ rather than 
from a central power supply, removing the need for overhead power lines.  Reduction of both 
construction and operations costs but no impact on science. 

MID None 1 

5.34	

Maximise use of code produced during Pre-Construction 
Pre-existing code is being identified for re-use in SKA. This may include  
code developed in precursors, code developed as part of other projects (typically open source) 
and code developed in pre-construction as part of prototyping. 

COMMON None 1 

5.38	
	
	

Simplify DDBH LOW 
The Digital Data Back Haul (DDBH) is the science data network connecting the antenna stations 
to CSP. This option explores the possibility to simplify the DBBH for LOW, going from a managed 
network design (exploiting network switches to forward data) to a point-to-point connection (where 
data communication is established by other means).   

LOW None 1 

5.38	
	
	

Simplify DDBH MID 
The Digital Data Back Haul (DDBH) is the science data network connecting the antennas to CSP. 
This option explores the possibility to simplify the DBBH for MID, going from a managed network 
design (exploiting network switches to forward data) to a point-to-point connection (where data 
communication is established by other means).   

MID None 1 

5.25.2	

Reduce PSS-MID: A, 750 nodes to 500 nodes 
This cost control option involves necessitating that the CSP.PSS design processes 3 tied array 
search beams per PSS processing node on MID. Currently the design processes 2 tied array 
search beams per PSS processing node on MID. To achieve this would require improved 
processing algorithms (which may not be possible) or the reduction in search parameter space 
(i.e. not performing a complete pulsar search so not achieving the same science). It is considered 
that the change from 2 beams/node to 3 beams/node will potentially be possible without needing 
to perform an incomplete search. If it is not possible this equates to a cut in the number of pulsar 
beams that can be processed across the full search parameter space by 500, i.e. from 1500 to 
1000 beams. 

MID Likely none, or small reduction of pulsar 
search parameter space. 1 

5.25.2	

Reduce PSS-LOW: A, 250 nodes to 167 nodes 
This cost control option involves necessitating that the CSP.PSS design processes 3 tied array 
search beams per PSS processing node on LOW. Currently the design processes 2 tied array 
search beams per PSS processing node on LOW. To achieve this would require improved 
processing algorithms (which may not be possible) or the reduction in search parameter space 
(i.e. not performing a complete pulsar search so not achieving the same science). It is considered 
that the change from 2 beams/node to 3 beams/node will potentially be possible without needing 
to perform an incomplete search. If it is not possible this equates to a cut in the number of pulsar 
beams that can be processed across the full search parameter space by 166, i.e. from 500 to 334 
beams. 

LOW Likely none, or small reduction of pulsar 
search parameter space. 1 

5.35	

Reduce CBF-MID: Freq. Slice variant of CSP design vs. MeerKAT-based design 
This cost control option involves adopting either the Frequency Slice CBF (Correlator – Beam-
former) design from CSP, or a MeerKAT-based CBF design. The chosen option would need to 
satisfy the current System requirements for processed bandwidth, zoom modes, numbers of 
pulsar search and timing beams etc. 
 

MID None 1 

EoR is essentially focussed on LOW.  
MID useful for some synergy science, but not priority

Some items have no impact

Pulsar science is awesome, but doesn’t impact EoR

et cetera



Beam forming
5.19	

MID Frequency and Timing Standard: SaDT solution vs. MeerKAT-based solution 
This cost control option involves adopting either the SaDT design, or a MeerKAT-based design. 
The chosen option would need to satisfy the current System requirements for frequency stability 
and timing precision. 

MID 
 
None 1 

5.36	
MID SPF Digitisers: DSH solution vs. MeerKAT-based solution 
This cost control option involves adopting either the DSH design, or a MeerKAT-based design. 
The chosen option would need to satisfy the current System requirements. 

MID 
 
None 1 

5.26	/	
5.29	

LOW RPF: Early Digital Beam Formation vs. Analogue Beam Formation 
This cost control option involves a change to the beam forming architecture by placing either a 
digital or analogue beam-former immediately adjacent to the stations, thereby eliminating long 
distance analogue signal transport. The chosen option would need to satisfy the current System 
requirements. 

LOW 

 
 
None 1 

2	

LOW Antenna: Log Periodic Design vs. Dipole Design 
This option refers to undertaking a choice of antenna that best matches the scientific needs and 
cost constraints. Since none of the current antenna designs meet the System Requirements, 
further work is needed to optimise the antenna solution.  

LOW 
 
None of the current designs meet the L1 
requirements 3 

8	

SDP- HPC:  Deploy 200 Pflops (rather than 260 Pflops) 
It is expected that the cost of SDP processors will decrease in time due to more efficient and 
cheaper technology becoming available (Moore's Law gain). Therefore, re-sizing the first major 
purchase and assembling the full 260 Pflops SDP system in stages, rather than in a single 
deployment, results in a saving. If a smaller SDP is initially deployed, computationally demanding 
observations need to be observed for smaller fractions of time, in order for the sustained load on 
SDP to be compatible with the reduced system size. Those observations will still be possible, but 
will be accumulated more slowly. 

COMMON 

 
 
 
Lower allowed duty cycle for HPC-
intensive observations. 2 

5.24.3	

Reduce Bmax MID from 150 to 120 km: Case A, remove 3 dishes, but keep infra to 150km 
There are three variants (this one and the next two) on the SKA Members statement regarding the re-
baselining decision of 6 March 2015, which stated “a target of delivering baseline lengths of 150km, 
but with a fall-back of 120km if funding is constrained”.  This reduction impacts the 3 outer dishes on 
the spiral arms, resulting in a ~20% loss of angular resolution for the HPSO objective on proto-
planetary disks.  In the cases that the 3 dishes are removed completely (A and C), a small loss in 
overall sensitivity occurs.   In case A, the dishes can be easily restored if funds become available, as 
the Infrastructure (pads, fibre, roads) are in place. In case B the dishes are relocated to the core, 
improving sensitivity for other HPSOs, e.g., Pulsars, HI. In cases where the dishes are completely 
removed it will be very difficult to add them back at a later date. 

MID 
Reduction of maximum achievable 
resolution by 20%, although can be 
partially recovered with data weighting 
and longer integration times. 

2 

5.24.2	 Reduce Bmax MID from 150 to 120 km: Case B, remove infra, but add dishes to core 
See comments above. MID 

Reduction of maximum achievable 
resolution by 20%, although can be 
partially recovered with data weighting 
and longer integration times. 

2 

5.24.1	 Reduce Bmax MID from 150 to 120 km: Case C, remove infra, remove dishes 
See comments above. MID 

Reduction of maximum achievable 
resolution by 20%, although can be 
partially recovered with data weighting 
and longer integration times. 

2 

5.13.2	

Reduce Bandwidth output of band 5 to 2.5GHz 
This cost control option involves reducing the instantaneous bandwidth of Band 5 from 2 x 2.5 
GHz to 1 x 2.5 GHz. Simultaneous line measurements of lines separated by more than 2.5 GHz 
would then not be possible. However, if the CSP-MID Frequency Slice design (see above) is 
adopted one could place multiple 200-MHz Frequency Slices anywhere within Band 5, to have a 
cumulative but not necessarily contiguous bandwidth of 2.5 GHz across Band 5. Pulsar timing 
could not have 2x2.5 GHz bandwidth for the 8 pulsar timing beams but could trade beams for 

MID Longer Band 5 observing times for some 
applications (2x) 2 

Station level beam forming Tile level beam forming 
(analog or digital) 

Details? - semi-real time beam calibration? Gains at 16 dipole level?



Beam forming

• MWA and LOFAR both make use of tile level beam forming 
• Currently not the limiting factor in their EoR observations. Not 
enough experience to say if it might limit at deeper integrations.  
DD calibration ought to absorb residual beam errors(?) 
• MWA experience illustrates importance of good design e.g. bit 
depth for analog delay system, sensible (irregular) arrangement 
of dipoles within tiles, etc. 
• Retaining flexibility in analysis is desirable. Gain corrections at 
dipole level? Unclear how much computation allows? 
• Concerns on fidelity of beam modelling required. Trade off 
between computational effort in beam forming versus calibration. 
• Hard to capture impact in current simulations. Hence worrying. 
Actively being pursued e.g. with OSKAR Chapman, Mouri, others



Reduced processed bandwidth

bandwidth so as to have (for example) 4 pulsar timing beams each with 2x2.5 GHz bandwidth. 
Planned targeted pulsar searches in Band 5 would have reduced sensitivity of x sqrt(2), i.e. would 
require increased observing time of a factor of 2 for the same sensitivity. 

5.5.2	

Reduce MID Band 5 feeds: A, from 130 to 67 
In order to preserve the HPSO on protoplanetary disks, it is proposed that the 67 remaining Band 
5 feeds would be deployed primarily on the spiral arm dishes.  This would impact observations 
that require good brightness sensitivity (including Galactic centre pulsar searches) and VLBI 
observations (not HPSOs).  The full Band 5 deployment would be possible once more funds are 
available. 

MID 
High resolution Band 5 HPSOs preserved. 
Low resolution and tied array Band 5 
objectives severely impacted. 

2 

5.25.2	

Reduce PSS-LOW: B, 167 nodes to 125 nodes 
This cost control option involves necessitating that the CSP.PSS design processes 4 tied array 
search beams per PSS processing node on LOW. Currently the design processes 2 tied array 
search beams per PSS processing node on LOW. To achieve this would require improved 
processing algorithms (which may not be possible) or the reduction in search parameter space 
(i.e. not performing as complete a pulsar search). It is considered that the change from 2 
beams/node to 3 beams/node will likely be possible without needing to perform an incomplete 
search. It is not clear if 4 beams/node will be possible. If it is not possible, then this equates to a 
cut in either the number of pulsar beams or the volume of pulsar search parameter space by a 
factor of 167/125 = 1.3. 

LOW 
Likely reduction in processed PSS beam 
number (1.3x) or pulsar search parameter 
space  

2 

5.25.2	

Reduce PSS-MID: B, 500 nodes to 375 nodes 
This cost control option involves necessitating that the CSP.PSS design processes 4 tied array 
search beams per PSS processing node on MID. Currently the design processes 2 tied array 
search beams per PSS processing node on MID. To achieve this would require improved 
processing algorithms (which may not be possible) or the reduction in search parameter space 
(i.e. not performing as complete a pulsar search). It is considered that the change from 2 
beams/node to 3 beams/node will likely be possible without needing to perform an incomplete 
search. It is not clear if 4 beams/node will be possible. If it is not possible, then this equates to a 
cut in either the number of pulsar beams or the volume of pulsar search parameter space by a 
factor of 500/375 = 1.3. 

MID 
Likely reduction in processed PSS beam 
number (1.3x) or pulsar search parameter 
space  

2 

5.35 

Reduce MID CBF and DSH BW: 5 to 1.4 GHz   
This cost control option involves reducing the MID CBF and DSH digitisation bandwidth to 1.4 
GHz, i.e. so that 1.4 GHz, rather than 2 x 2.5 GHz, of Band 5 could be used. Simultaneous line 
measurements of lines separated by more than 1.4 GHz would then not be possible. Continuum 
imaging applications and targeted pulsar searches in Band 5 would have reduced sensitivity of x 
sqrt(~3.6), i.e. would require increased observing time of a factor of ~3.6 for the same sensitivity. 
Observations in SPF Bands 1 and 2 are unaffected. 

MID Longer observing times to achieve 
continuum sensitivity in Band 5 (3.6x) 2 

5.31	

Reduce CBF-LOW BW: A, 300 to 200 MHz 
This option entails reducing the maximum bandwidth processed by the correlator from 300 to 200 
MHz. Continuum applications may require longer integration times to achieve the same sensitivity. 
Multi-beamed imaging observations, that relied on 2x150 MHz beams, would instead be limited to 
2x100MHz beams. 

LOW Longer observing times for continuum 
applications (1.5x) 2 

8	

SDP- HPC:  Deploy 150 Pflops (from 200 Pflops) 
It is expected that the cost of SDP processors will decrease in time due to more efficient and 
cheaper technology becoming available (Moore's Law gain). Therefore, re-sizing the first major 
purchase and assembling the full 260 Pflops SDP system in stages, rather than in a single 
deployment, results in a saving. If a smaller SDP is initially deployed, computationally demanding 
observations need to be observed for smaller fractions of time, in order for the sustained load on 
SDP to be compatible with the reduced system size. Those observations will still be possible, but 
will be accumulated more slowly. 

COMMON 

 
 
 
Lower allowed duty cycle for HPC-
intensive observations. 3 

Reduced Bandwidth 
- Reduce maximum processed bandwidth from 300 MHz to 200 MHz. Allow 

multibeaming, e.g. two beams of 100 MHz 
 
The original EoR survey strategy (Koopmans+ 2015) envisaged a layer cake composed of:  
SHALLOW (10,000 sqdeg, 500 x 10 hour, 50-200 MHz), 5000 hrs/Nbeam 
MIDDLE (1000 sqdeg, 50 x 100hr, 50-200 MHz), 5000 hrs/Nbeam 
DEEP (100 sqdeg, 5 x 1000 hr, 50-200 MHz). 5000 hrs/Nbeam 
 
This strategy exploits multi-beaming to split 300 MHz into two beams of 150MHz bandwidth 
to reduce from a total observation time of 15,000 hours to a total on sky time of 7,500 hours. 
 
We note that the frequency range 200 - 100 MHz corresponds to redshifts z = 6.1 - 13.2, 
while 50 - 250 MHz corresponds to redshifts z = 4.7 - 27.4. Current reionization constraints 
strongly motivate observing down to z ~5.5 (220 MHz) to capture the end of reionization. 
There is considerable uncertainty in when reionization begins and the evolution of the signal 
during cosmic dawn, but in the majority of models there is considerable science to be 
obtained from capturing redshifts up to z~20 (68 MHz). This range, 70 - 200 MHz, would 
require the full 200 MHz of the new bandwidth specification to cover, reducing the 
opportunity for multi-beaming. 
 
Reducing the maximum processed bandwidth would significantly increase the time required 
for this survey. This requires a redesign possibly as follows 
 
SHALLOW (10,000 sqdeg, 500 x 10 hour, 100-200 MHz) = 5000 hours/Nbeam 
MIDDLE (500 sqdeg, 25 x 100hr, 50-250 MHz) = 2500 hours 
DEEP (100 sq deg, 5 x 1000 hrs, 50-250 MHz) = 5,000 hours 
 
This new survey strategy would require on sky time of 2500 hours (SHALLOW) + 2500 hours 
(MIDDLE) + 5000 hours (DEEP) = 10,000 hours. With the reduced bandwidth, only the 
SHALLOW component can usefully exploit multi-beaming, since the lower sensitivity restricts 
observations at high redshift anyway. In this scenario, we sacrifice area in MIDDLE to 
maintain sensitivity and keep the overall integration time the same. DEEP is the primary 
science goal of EoR and so it is important to preserve both frequency coverage, area, and 
depth. The result is an increase in total on sky observing time from 7500 hours to 10,000 
hours. 
 
Although focussed on the key 50-200 MHz frequency range believed to be relevant for the 
EoR signal, the SHALLOW field might be moved to slightly higher frequencies, e.g. 130-230 
MHz, to capture some of the post-reionization signal and for use as a null, i.e. observing 
where no signal is expected to be seen. This would be informed by updated constraints on 
the reionization history. 
 
An alternative might prioritise area for MIDDLE for  

Desired survey: 7500hrs using 2 x 150 MHz beams

Reduced bandwidth reduces scope for multi beaming  
essentially doubling total integration time to 15,000 hrs on sky

May be scope for redesigning surveys to compensate somewhat 
- maybe focus on 100-200 MHz for SHALLOW to use multibeaming 
- non-contiguous frequency bins e.g. 10MHz band w 5 MHz gap

Possible impact on ionospheric calibration (measuring TEC gradients for 1-10 
mJy calibrator sources)



Antennae design

5.19	

MID Frequency and Timing Standard: SaDT solution vs. MeerKAT-based solution 
This cost control option involves adopting either the SaDT design, or a MeerKAT-based design. 
The chosen option would need to satisfy the current System requirements for frequency stability 
and timing precision. 

MID 
 
None 1 

5.36	
MID SPF Digitisers: DSH solution vs. MeerKAT-based solution 
This cost control option involves adopting either the DSH design, or a MeerKAT-based design. 
The chosen option would need to satisfy the current System requirements. 

MID 
 
None 1 

5.26	/	
5.29	

LOW RPF: Early Digital Beam Formation vs. Analogue Beam Formation 
This cost control option involves a change to the beam forming architecture by placing either a 
digital or analogue beam-former immediately adjacent to the stations, thereby eliminating long 
distance analogue signal transport. The chosen option would need to satisfy the current System 
requirements. 

LOW 

 
 
None 1 

2	

LOW Antenna: Log Periodic Design vs. Dipole Design 
This option refers to undertaking a choice of antenna that best matches the scientific needs and 
cost constraints. Since none of the current antenna designs meet the System Requirements, 
further work is needed to optimise the antenna solution.  

LOW 
 
None of the current designs meet the L1 
requirements 3 

8	

SDP- HPC:  Deploy 200 Pflops (rather than 260 Pflops) 
It is expected that the cost of SDP processors will decrease in time due to more efficient and 
cheaper technology becoming available (Moore's Law gain). Therefore, re-sizing the first major 
purchase and assembling the full 260 Pflops SDP system in stages, rather than in a single 
deployment, results in a saving. If a smaller SDP is initially deployed, computationally demanding 
observations need to be observed for smaller fractions of time, in order for the sustained load on 
SDP to be compatible with the reduced system size. Those observations will still be possible, but 
will be accumulated more slowly. 

COMMON 

 
 
 
Lower allowed duty cycle for HPC-
intensive observations. 2 

5.24.3	

Reduce Bmax MID from 150 to 120 km: Case A, remove 3 dishes, but keep infra to 150km 
There are three variants (this one and the next two) on the SKA Members statement regarding the re-
baselining decision of 6 March 2015, which stated “a target of delivering baseline lengths of 150km, 
but with a fall-back of 120km if funding is constrained”.  This reduction impacts the 3 outer dishes on 
the spiral arms, resulting in a ~20% loss of angular resolution for the HPSO objective on proto-
planetary disks.  In the cases that the 3 dishes are removed completely (A and C), a small loss in 
overall sensitivity occurs.   In case A, the dishes can be easily restored if funds become available, as 
the Infrastructure (pads, fibre, roads) are in place. In case B the dishes are relocated to the core, 
improving sensitivity for other HPSOs, e.g., Pulsars, HI. In cases where the dishes are completely 
removed it will be very difficult to add them back at a later date. 

MID 
Reduction of maximum achievable 
resolution by 20%, although can be 
partially recovered with data weighting 
and longer integration times. 

2 

5.24.2	 Reduce Bmax MID from 150 to 120 km: Case B, remove infra, but add dishes to core 
See comments above. MID 

Reduction of maximum achievable 
resolution by 20%, although can be 
partially recovered with data weighting 
and longer integration times. 

2 

5.24.1	 Reduce Bmax MID from 150 to 120 km: Case C, remove infra, remove dishes 
See comments above. MID 

Reduction of maximum achievable 
resolution by 20%, although can be 
partially recovered with data weighting 
and longer integration times. 

2 

5.13.2	

Reduce Bandwidth output of band 5 to 2.5GHz 
This cost control option involves reducing the instantaneous bandwidth of Band 5 from 2 x 2.5 
GHz to 1 x 2.5 GHz. Simultaneous line measurements of lines separated by more than 2.5 GHz 
would then not be possible. However, if the CSP-MID Frequency Slice design (see above) is 
adopted one could place multiple 200-MHz Frequency Slices anywhere within Band 5, to have a 
cumulative but not necessarily contiguous bandwidth of 2.5 GHz across Band 5. Pulsar timing 
could not have 2x2.5 GHz bandwidth for the 8 pulsar timing beams but could trade beams for 

MID Longer Band 5 observing times for some 
applications (2x) 2 

EoR target 50 - 220 MHz

Maybe something like:
Cosmic Dawn 50-100 MHz
Reionization 100 - 200 MHz
Reionisation tail  
200-220 MHz (240 MHz?)

Recent observations lower 
redshift of reionisation

200 - 350 MHz lower priority  
for intensity mapping
of HI in galaxies for  
OmegaHI/Cosmology

Some desire to preserve sensitivity  
to ~ 220-240 MHz (& no cliff please!)



Updated sensitivity curves
Including rebaseline &
new antennae proposal
(+20% @100-200MHz, …)  
 
100-200 MHz:  
may gain some S/N.

50 - 100 MHz:  
Hard to reach z~25,  
but good S/N at z=21

200-350 MHz:  
- tail of reionisation  
z~5.5 (220MHz)  
harder to observe.

- IM at z<6 significantly 
 affectedKoopmans



Band smoothness
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Figure 4. Noise figure of LNA when connected to SKALA-2.
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Figure 5. SKALA-2 LNA passband (amplitude) when connected
to the antenna. The black ellipse shows the concerning fast ripple.
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Figure 6. SKALA-2 LNA passband (phase) when connected to
the antenna. The black ellipse shows the concerning fast ripple.

match with the LNA has caused, as expected, a smoother
transition between the bottom dipole and the second dipole.
This has produced a flatter directivity of the antenna across
frequency and therefore a flatter sensitivity pattern.

6 THE DELAY SPECTRUM METRIC

A particularly well-studied way to look at antenna spectral
requirements is from the perspective of foreground avoid-

ance in power spectrum space. In the avoidance scheme,
smooth–spectrum foregrounds should in the ideal case oc-
cupy a wedge–shaped region of the two–dimensional power

Figure 7. Circuit diagram representing the LNA connected to
the antenna. Z0 is a reference load of 50 ⌦.

Figure 8. Local low-order polynomial fitting example using 3
coarse channels to fit the middle one. The polynomial is formed
using the fine channels in which the coarse channels are sub-
divided in the correlator.

Table 2. Residuals for wider bandwidths.

Frequency (MHz) �(m = 5) �(m = 7) �(m = 9)
50 0.00073 0.00612 0.01327
100 0.00009 0.00017 0.00074
150 0.00090 0.00100 0.00110
200 0.00003 0.00003 0.00004

spectrum space whereas the remaining area – the so–called
EoR window – is dominated by the 21 cm emission (Datta
et al. 2010; Morales et al. 2012; Thyagarajan et al. 2013; Liu
et al. 2014a,b; Trott et al. 2012; Vedantham et al. 2012). In
the most optimistic scenario, the EoR power spectrum can
be directly measured in the EoR window, whose boundar-
ies are set by the so called horizon limit, i.e. the maximum
delay that an astrophysical signal can experience, given by
the separation of the two receiving elements. In practice, the
boundaries of the EoR window can be narrowed by a num-
ber of mechanisms that spread power from the foreground
dominated region into the EoR window, in particular calib-
ration errors (Barry et al. 2016; Patil et al. 2016), leakage
of foreground polarization (Bernardi et al. 2010; Jelić et al.
2010; Moore et al. 2013; Asad et al. 2015, 2016) and intrinsic
chromaticity of the instrumental response. Recent attention

MNRAS in press, 1–11 (2017)

General preference for smoother 
frequency response in antennae.
Stability an issue.

Typically will calibrate bandpass on
~ 2MHz chunks. Residuals are issue

Trott & Wayth

Critical to get this right!
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Figure 11. New lower antenna arm (green) versus old arm (blue).
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SKALA2

SKALA3

Figure 12. New LNA passband when connected to SKALA-3 vs
old passband (amplitude).
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SKALA2

SKALA3

Figure 13. New LNA passband when connected to SKALA-3 vs
old passband (phase).

ility for a fixed baseline V
b

(⌫) (equation 5), that includes the
sky brightness, I(bs, ⌫) and the antenna’s directional power
pattern, A(bs, ⌫). c is the speed of light, b is the baseline vec-
tor and bs is the direction on the sky (unit vector). The sky
power spectrum P (k) can then be approximated by equa-
tion 6, where B is the e↵ective bandwidth, ⌦

b

is the integ-
rated beam response, k

B

is the Boltzmann’s constant and
X and Y are cosmological parameters relating angular size
and spectral frequency to cosmic volumes respectively. k can
be decomposed into k? and kk that are the transverse and

line-of-sight wave numbers respectively. For more details, see
Parsons et al. (2012).
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(⌧) ⌘
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V
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P (k) ⇡ X2Y
4k2

B

"
eV 2
b

(⌧)
⌦

b

B/�4

#
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The delay transform has therefore been used as a metric to
characterize the response of the HERA dish (Ewall-Wice
et al. 2016; Neben et al. 2016; Thyagarajan et al. 2016;
Fagnoni & de Lera Acedo 2016).

Sources show most of their emission at low kk values
although, due to the inherent chromatic interferometric re-
sponse, this area increases with baseline length assuming
a characteristic wedge–like shape (Parsons et al. 2012; Liu
et al. 2014a,b; Thyagarajan et al. 2015; Trott et al. 2012;
Vedantham et al. 2012). Given its very compact configur-
ation, HERA achieves its highest sensitivity on a 14.6 m
baseline and, in order to suppress foregrounds to below the
EoR level at the corresponding k-mode, requires a high sup-
pression at high delays (DeBoer et al. 2016). Ewall-Wice
et al. (2016) and Thyagarajan et al. (2016) show that the
current dish+feed response suppresses foregrounds below
the EoR signal at ⇠ 300 ns; access to smaller k modes, how-
ever, can still be achieved using an optimal weighting scheme
(Liu & Tegmark 2011; Ali et al. 2015). Although the SKA
will adopt a fairly di↵erent array configuration, motivated
by imaging requirements that need a more random uv cov-
erage, the delay spectrum metric can be used to characterize
its antenna response too.

In Ewall-Wice et al. (2016) it is described how to per-
form a simulated analysis of the antenna system to measure
its capabilities for EoR detection using the Delay Spectrum
technique. We have followed a similar approach here but ex-
tending it to include the e↵ects of the matching to the LNA.
The design goal is to reduce the response of the antenna in
the delay spectrum for large values of delay (corresponding
to large values of kk) to avoid contamination of the EoR
window. The core EoR detection will be done in kk modes
greater than 0.1 h/Mpc and therefore we should make sure
that any power introduced by reflections in our instrument
is below the EoR HI signal. A plane wave incoming from
zenith is used to excite the HERA antenna. The same pro-
cess is used to excite the SKALA-3 antenna. Circuit models
of the LNAs for both HERA and SKA have been connec-
ted to the antennas in the simulation to represent the ef-
fects of the mismatch between the antenna and the LNA in
their response. Separate time domain full electromagnetic
simulations (using the aforementioned CST program) were
then performed to obtain the output signal of the pair an-
tenna+LNA for both systems. The transfer function of the
antenna is then calculated by dividing in Fourier space the
output voltage signal by the input signal (the plane wave)
used as excitation. Finally the calculated transfer function
is transformed to the delay domain by applying an inverse
Fourier transform. Figures 18 and 19 show this transfer

MNRAS in press, 1–11 (2017)

Wayth

de Lera Acedo+



Reduced maximum baselines

5.30.0	

Reduce Bmax LOW to 50km: A, remove infra, add 18 stations to core 
In this scenario, the outer three clusters of (6x3) stations are moved into the central region of 3km 
diameter.  The reduction in maximum baseline may have adverse consequences for foreground 
continuum source characterisation and removal.  

LOW Science Risk to EoR: Bmax.  3 

5.30.0	

Reduce Bmax LOW to 50km: B, remove 18 stations  
Similar to the previous scenario where the outer three clusters of (6x3) stations are removed, but 
these are not added to the central core region. The reduction in maximum baseline may have 
adverse consequences for foreground continuum source characterisation and removal. 

LOW Science Risk to EoR: Bmax 3 

5.25.2	/	
Deeper	
Savings	

Reduce PSS-LOW: C, 125 nodes to 83 nodes 
This cost control option involves necessitating that the CSP.PSS design processes up to 6 tied 
array search beams per PSS processing node on LOW. Currently the design processes 2 tied 
array search beams per PSS processing node on LOW. To achieve this would require improved 
processing algorithms (which may not be possible) or the reduction in search parameter space 
(i.e. not performing as complete a pulsar search). It is considered that the change from 2 
beams/node to 3 beams/node will likely be possible without needing to perform an incomplete 
search. It is unlikely that 6 beams/node will be possible. If it is not possible, then this equates to a 
cut in either the number of pulsar beams or the volume of pulsar search parameter space by a 
factor of 167/83 = 2. 

LOW 
Likely reduction in processed PSS beam 
number (2x) or pulsar search parameter 
space 

3 

5.25.2	/	
Deeper	
Savings	

Reduce PSS-MID: B, 375 nodes to 250 nodes 
This cost control option involves necessitating that the CSP.PSS design processes up to 6 tied 
array search beams per PSS processing node on MID. Currently the design processes 2 tied 
array search beams per PSS processing node on MID. To achieve this would require improved 
processing algorithms (which may not be possible) or the reduction in search parameter space 
(i.e. not performing as complete a pulsar search). It is considered that the change from 2 
beams/node to 3 beams/node will likely be possible without needing to perform an incomplete 
search. It is unlikely that 6 beams/node will be possible. If it is not possible, then this equates to a 
cut in either the number of pulsar beams or the volume of pulsar search parameter space by a 
factor of 500/250 = 2. 

MID 
Likely reduction in processed PSS beam 
number (2x) or pulsar search parameter 
space  

3 

5.30a	

Reduce Bmax LOW to 40km: C, remove next 18 stations  
This scenario involves removing the second outermost clusters of (3x6) stations as well as the 
supporting infrastructure. These are not added to the core region. The reduction in maximum 
baseline may have adverse consequences for foreground continuum source characterisation and 
removal. 

LOW Science Risk to EoR: Bmax 3 

8	

SDP- HPC:  Deploy 100 Pflops (from 150 Pflops) 
It is expected that the cost of SDP processors will decrease in time due to more efficient and 
cheaper technology becoming available (Moore's Law gain). Therefore, re-sizing the first major 
purchase and assembling the full 260 Pflops SDP system in stages, rather than in a single 
deployment, results in a saving. If a smaller SDP is initially deployed, computationally demanding 
observations need to be observed for smaller fractions of time, in order for the sustained load on 
SDP to be compatible with the reduced system size. Those observations will still be possible, but 
will be accumulated more slowly. 

COMMON 

 
 
 
Lower allowed duty cycle for 
HPC-intensive observations. 4 

8	

SDP- HPC:  Deploy 50 Pflops (from 100 Pflops) 
It is expected that the cost of SDP processors will decrease in time due to more efficient and 
cheaper technology becoming available (Moore's Law gain). Therefore, re-sizing the first major 
purchase and assembling the full 260 Pflops SDP system in stages, rather than in a single 
deployment, results in a saving. If a smaller SDP is initially deployed, computationally demanding 
observations need to be observed for smaller fractions of time, in order for the sustained load on 
SDP to be compatible with the reduced system size. Those observations will still be possible, but 
will be accumulated more slowly. 

COMMON 

 
 
 
Lower allowed duty cycle for HPC-
intensive observations. 4 

5.30.0	

Reduce Bmax LOW to 50km: A, remove infra, add 18 stations to core 
In this scenario, the outer three clusters of (6x3) stations are moved into the central region of 3km 
diameter.  The reduction in maximum baseline may have adverse consequences for foreground 
continuum source characterisation and removal.  

LOW Science Risk to EoR: Bmax.  3 

5.30.0	

Reduce Bmax LOW to 50km: B, remove 18 stations  
Similar to the previous scenario where the outer three clusters of (6x3) stations are removed, but 
these are not added to the central core region. The reduction in maximum baseline may have 
adverse consequences for foreground continuum source characterisation and removal. 

LOW Science Risk to EoR: Bmax 3 

5.25.2	/	
Deeper	
Savings	

Reduce PSS-LOW: C, 125 nodes to 83 nodes 
This cost control option involves necessitating that the CSP.PSS design processes up to 6 tied 
array search beams per PSS processing node on LOW. Currently the design processes 2 tied 
array search beams per PSS processing node on LOW. To achieve this would require improved 
processing algorithms (which may not be possible) or the reduction in search parameter space 
(i.e. not performing as complete a pulsar search). It is considered that the change from 2 
beams/node to 3 beams/node will likely be possible without needing to perform an incomplete 
search. It is unlikely that 6 beams/node will be possible. If it is not possible, then this equates to a 
cut in either the number of pulsar beams or the volume of pulsar search parameter space by a 
factor of 167/83 = 2. 

LOW 
Likely reduction in processed PSS beam 
number (2x) or pulsar search parameter 
space 

3 

5.25.2	/	
Deeper	
Savings	

Reduce PSS-MID: B, 375 nodes to 250 nodes 
This cost control option involves necessitating that the CSP.PSS design processes up to 6 tied 
array search beams per PSS processing node on MID. Currently the design processes 2 tied 
array search beams per PSS processing node on MID. To achieve this would require improved 
processing algorithms (which may not be possible) or the reduction in search parameter space 
(i.e. not performing as complete a pulsar search). It is considered that the change from 2 
beams/node to 3 beams/node will likely be possible without needing to perform an incomplete 
search. It is unlikely that 6 beams/node will be possible. If it is not possible, then this equates to a 
cut in either the number of pulsar beams or the volume of pulsar search parameter space by a 
factor of 500/250 = 2. 

MID 
Likely reduction in processed PSS beam 
number (2x) or pulsar search parameter 
space  

3 

5.30a	

Reduce Bmax LOW to 40km: C, remove next 18 stations  
This scenario involves removing the second outermost clusters of (3x6) stations as well as the 
supporting infrastructure. These are not added to the core region. The reduction in maximum 
baseline may have adverse consequences for foreground continuum source characterisation and 
removal. 

LOW Science Risk to EoR: Bmax 3 

8	

SDP- HPC:  Deploy 100 Pflops (from 150 Pflops) 
It is expected that the cost of SDP processors will decrease in time due to more efficient and 
cheaper technology becoming available (Moore's Law gain). Therefore, re-sizing the first major 
purchase and assembling the full 260 Pflops SDP system in stages, rather than in a single 
deployment, results in a saving. If a smaller SDP is initially deployed, computationally demanding 
observations need to be observed for smaller fractions of time, in order for the sustained load on 
SDP to be compatible with the reduced system size. Those observations will still be possible, but 
will be accumulated more slowly. 

COMMON 

 
 
 
Lower allowed duty cycle for 
HPC-intensive observations. 4 
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A labelling system provides unique identifiers for the stations (see Appendix I): 

• Individual stations within the core are given a number. 
• Stations in clusters are given a 2-part number.  The first part identifies the cluster location; the second 

part identifies the station within the cluster. 
• Clusters labels contain a single letter designating the ‘spiral arm’ on which they are located, followed 

by a number from 1-16. 
• Station numbering within a cluster location (1-6) in order of South to North (e.g. Figure 6). 
• The spiral arm designation is based on the general direction of the outermost part of the spiral, namely 

‘N’ (north), ‘E’ (east), ‘S’ (south). 

Several of the figures in this document contain these labels. 

 
Figure 1: The configuration of the 36 cluster locations outside the central area, 12 on each spiral arm. 

 
Notes: 

i. The circle at the centre is the SKA1-low Central Area. 
ii. Top is north, right is east. 

iii. The scale is metres. 
iv. Only the 36 Outer Station locations are shown.  
v. The numbering system is discussed in the text. 
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Resolution team studying 
this has significant EoR input

- Ionosphere 
- Calibration 
- Foregrounds

Requires full simulation of 
calibration process to study
Ongoing work in Science Team 



Sky model for SKA

1) Use SKA-LOW to build sky model 
2) Exploit high frequency surveys to build sky model

Chapman

Working towards a full test 
with OSKAR simulation of SKA, 
SAGECAL calibration 
& model of sky based 
on FIRST, VLSSr+model faint pts 

e.g. PUMA Line+

Should be cautious if interim 
calculations are capturing all 
the key points

EoR imaging set by core, so here talking calibration/sky model



Calibration

0 1000 2000 3000 4000 5000 6000 7000 8000
Tiles
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1.14

1.16

1.18

Ratio Noise before and after the cut

Direction dependent calibration

Calibrate on 4x4 tiles  
with 256 dipole stations

20,000+ pt source  
sky model 

Bmax = 49 km

On EoR scales, increase 
in noise of ~4%. Larger 
on longest baselines

Mouri & Koopmans 
(ionosphere not included)



Impact of source structure on EoR
1) Model sources with structure 
2) Build sky model with SKA 
3) Propagate errors into EoR PS

Trott & Wayth

Estimated impact for 1 Jy source 
modelled as multi-scale Gaussian 
with ~300 parameters  
+ other simple sources

Increased errors generally acceptable 
for Bmax≳ 39 km



Reduced SDP HPC

5.30.0	

Reduce Bmax LOW to 50km: A, remove infra, add 18 stations to core 
In this scenario, the outer three clusters of (6x3) stations are moved into the central region of 3km 
diameter.  The reduction in maximum baseline may have adverse consequences for foreground 
continuum source characterisation and removal.  

LOW Science Risk to EoR: Bmax.  3 

5.30.0	

Reduce Bmax LOW to 50km: B, remove 18 stations  
Similar to the previous scenario where the outer three clusters of (6x3) stations are removed, but 
these are not added to the central core region. The reduction in maximum baseline may have 
adverse consequences for foreground continuum source characterisation and removal. 

LOW Science Risk to EoR: Bmax 3 

5.25.2	/	
Deeper	
Savings	

Reduce PSS-LOW: C, 125 nodes to 83 nodes 
This cost control option involves necessitating that the CSP.PSS design processes up to 6 tied 
array search beams per PSS processing node on LOW. Currently the design processes 2 tied 
array search beams per PSS processing node on LOW. To achieve this would require improved 
processing algorithms (which may not be possible) or the reduction in search parameter space 
(i.e. not performing as complete a pulsar search). It is considered that the change from 2 
beams/node to 3 beams/node will likely be possible without needing to perform an incomplete 
search. It is unlikely that 6 beams/node will be possible. If it is not possible, then this equates to a 
cut in either the number of pulsar beams or the volume of pulsar search parameter space by a 
factor of 167/83 = 2. 

LOW 
Likely reduction in processed PSS beam 
number (2x) or pulsar search parameter 
space 

3 

5.25.2	/	
Deeper	
Savings	

Reduce PSS-MID: B, 375 nodes to 250 nodes 
This cost control option involves necessitating that the CSP.PSS design processes up to 6 tied 
array search beams per PSS processing node on MID. Currently the design processes 2 tied 
array search beams per PSS processing node on MID. To achieve this would require improved 
processing algorithms (which may not be possible) or the reduction in search parameter space 
(i.e. not performing as complete a pulsar search). It is considered that the change from 2 
beams/node to 3 beams/node will likely be possible without needing to perform an incomplete 
search. It is unlikely that 6 beams/node will be possible. If it is not possible, then this equates to a 
cut in either the number of pulsar beams or the volume of pulsar search parameter space by a 
factor of 500/250 = 2. 

MID 
Likely reduction in processed PSS beam 
number (2x) or pulsar search parameter 
space  

3 

5.30a	

Reduce Bmax LOW to 40km: C, remove next 18 stations  
This scenario involves removing the second outermost clusters of (3x6) stations as well as the 
supporting infrastructure. These are not added to the core region. The reduction in maximum 
baseline may have adverse consequences for foreground continuum source characterisation and 
removal. 

LOW Science Risk to EoR: Bmax 3 

8	

SDP- HPC:  Deploy 100 Pflops (from 150 Pflops) 
It is expected that the cost of SDP processors will decrease in time due to more efficient and 
cheaper technology becoming available (Moore's Law gain). Therefore, re-sizing the first major 
purchase and assembling the full 260 Pflops SDP system in stages, rather than in a single 
deployment, results in a saving. If a smaller SDP is initially deployed, computationally demanding 
observations need to be observed for smaller fractions of time, in order for the sustained load on 
SDP to be compatible with the reduced system size. Those observations will still be possible, but 
will be accumulated more slowly. 

COMMON 

 
 
 
Lower allowed duty cycle for 
HPC-intensive observations. 4 
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COMMON 

 
 
 
Lower allowed duty cycle for HPC-
intensive observations. 4 

bandwidth so as to have (for example) 4 pulsar timing beams each with 2x2.5 GHz bandwidth. 
Planned targeted pulsar searches in Band 5 would have reduced sensitivity of x sqrt(2), i.e. would 
require increased observing time of a factor of 2 for the same sensitivity. 

5.5.2	

Reduce MID Band 5 feeds: A, from 130 to 67 
In order to preserve the HPSO on protoplanetary disks, it is proposed that the 67 remaining Band 
5 feeds would be deployed primarily on the spiral arm dishes.  This would impact observations 
that require good brightness sensitivity (including Galactic centre pulsar searches) and VLBI 
observations (not HPSOs).  The full Band 5 deployment would be possible once more funds are 
available. 

MID 
High resolution Band 5 HPSOs preserved. 
Low resolution and tied array Band 5 
objectives severely impacted. 

2 

5.25.2	

Reduce PSS-LOW: B, 167 nodes to 125 nodes 
This cost control option involves necessitating that the CSP.PSS design processes 4 tied array 
search beams per PSS processing node on LOW. Currently the design processes 2 tied array 
search beams per PSS processing node on LOW. To achieve this would require improved 
processing algorithms (which may not be possible) or the reduction in search parameter space 
(i.e. not performing as complete a pulsar search). It is considered that the change from 2 
beams/node to 3 beams/node will likely be possible without needing to perform an incomplete 
search. It is not clear if 4 beams/node will be possible. If it is not possible, then this equates to a 
cut in either the number of pulsar beams or the volume of pulsar search parameter space by a 
factor of 167/125 = 1.3. 

LOW 
Likely reduction in processed PSS beam 
number (1.3x) or pulsar search parameter 
space  

2 

5.25.2	

Reduce PSS-MID: B, 500 nodes to 375 nodes 
This cost control option involves necessitating that the CSP.PSS design processes 4 tied array 
search beams per PSS processing node on MID. Currently the design processes 2 tied array 
search beams per PSS processing node on MID. To achieve this would require improved 
processing algorithms (which may not be possible) or the reduction in search parameter space 
(i.e. not performing as complete a pulsar search). It is considered that the change from 2 
beams/node to 3 beams/node will likely be possible without needing to perform an incomplete 
search. It is not clear if 4 beams/node will be possible. If it is not possible, then this equates to a 
cut in either the number of pulsar beams or the volume of pulsar search parameter space by a 
factor of 500/375 = 1.3. 

MID 
Likely reduction in processed PSS beam 
number (1.3x) or pulsar search parameter 
space  

2 

5.35 

Reduce MID CBF and DSH BW: 5 to 1.4 GHz   
This cost control option involves reducing the MID CBF and DSH digitisation bandwidth to 1.4 
GHz, i.e. so that 1.4 GHz, rather than 2 x 2.5 GHz, of Band 5 could be used. Simultaneous line 
measurements of lines separated by more than 1.4 GHz would then not be possible. Continuum 
imaging applications and targeted pulsar searches in Band 5 would have reduced sensitivity of x 
sqrt(~3.6), i.e. would require increased observing time of a factor of ~3.6 for the same sensitivity. 
Observations in SPF Bands 1 and 2 are unaffected. 

MID Longer observing times to achieve 
continuum sensitivity in Band 5 (3.6x) 2 

5.31	

Reduce CBF-LOW BW: A, 300 to 200 MHz 
This option entails reducing the maximum bandwidth processed by the correlator from 300 to 200 
MHz. Continuum applications may require longer integration times to achieve the same sensitivity. 
Multi-beamed imaging observations, that relied on 2x150 MHz beams, would instead be limited to 
2x100MHz beams. 

LOW Longer observing times for continuum 
applications (1.5x) 2 

8	

SDP- HPC:  Deploy 150 Pflops (from 200 Pflops) 
It is expected that the cost of SDP processors will decrease in time due to more efficient and 
cheaper technology becoming available (Moore's Law gain). Therefore, re-sizing the first major 
purchase and assembling the full 260 Pflops SDP system in stages, rather than in a single 
deployment, results in a saving. If a smaller SDP is initially deployed, computationally demanding 
observations need to be observed for smaller fractions of time, in order for the sustained load on 
SDP to be compatible with the reduced system size. Those observations will still be possible, but 
will be accumulated more slowly. 

COMMON 

 
 
 
Lower allowed duty cycle for HPC-
intensive observations. 3 

5.19	

MID Frequency and Timing Standard: SaDT solution vs. MeerKAT-based solution 
This cost control option involves adopting either the SaDT design, or a MeerKAT-based design. 
The chosen option would need to satisfy the current System requirements for frequency stability 
and timing precision. 

MID 
 
None 1 

5.36	
MID SPF Digitisers: DSH solution vs. MeerKAT-based solution 
This cost control option involves adopting either the DSH design, or a MeerKAT-based design. 
The chosen option would need to satisfy the current System requirements. 

MID 
 
None 1 

5.26	/	
5.29	

LOW RPF: Early Digital Beam Formation vs. Analogue Beam Formation 
This cost control option involves a change to the beam forming architecture by placing either a 
digital or analogue beam-former immediately adjacent to the stations, thereby eliminating long 
distance analogue signal transport. The chosen option would need to satisfy the current System 
requirements. 

LOW 

 
 
None 1 

2	

LOW Antenna: Log Periodic Design vs. Dipole Design 
This option refers to undertaking a choice of antenna that best matches the scientific needs and 
cost constraints. Since none of the current antenna designs meet the System Requirements, 
further work is needed to optimise the antenna solution.  

LOW 
 
None of the current designs meet the L1 
requirements 3 

8	

SDP- HPC:  Deploy 200 Pflops (rather than 260 Pflops) 
It is expected that the cost of SDP processors will decrease in time due to more efficient and 
cheaper technology becoming available (Moore's Law gain). Therefore, re-sizing the first major 
purchase and assembling the full 260 Pflops SDP system in stages, rather than in a single 
deployment, results in a saving. If a smaller SDP is initially deployed, computationally demanding 
observations need to be observed for smaller fractions of time, in order for the sustained load on 
SDP to be compatible with the reduced system size. Those observations will still be possible, but 
will be accumulated more slowly. 

COMMON 

 
 
 
Lower allowed duty cycle for HPC-
intensive observations. 2 

5.24.3	

Reduce Bmax MID from 150 to 120 km: Case A, remove 3 dishes, but keep infra to 150km 
There are three variants (this one and the next two) on the SKA Members statement regarding the re-
baselining decision of 6 March 2015, which stated “a target of delivering baseline lengths of 150km, 
but with a fall-back of 120km if funding is constrained”.  This reduction impacts the 3 outer dishes on 
the spiral arms, resulting in a ~20% loss of angular resolution for the HPSO objective on proto-
planetary disks.  In the cases that the 3 dishes are removed completely (A and C), a small loss in 
overall sensitivity occurs.   In case A, the dishes can be easily restored if funds become available, as 
the Infrastructure (pads, fibre, roads) are in place. In case B the dishes are relocated to the core, 
improving sensitivity for other HPSOs, e.g., Pulsars, HI. In cases where the dishes are completely 
removed it will be very difficult to add them back at a later date. 

MID 
Reduction of maximum achievable 
resolution by 20%, although can be 
partially recovered with data weighting 
and longer integration times. 

2 

5.24.2	 Reduce Bmax MID from 150 to 120 km: Case B, remove infra, but add dishes to core 
See comments above. MID 

Reduction of maximum achievable 
resolution by 20%, although can be 
partially recovered with data weighting 
and longer integration times. 

2 

5.24.1	 Reduce Bmax MID from 150 to 120 km: Case C, remove infra, remove dishes 
See comments above. MID 

Reduction of maximum achievable 
resolution by 20%, although can be 
partially recovered with data weighting 
and longer integration times. 

2 

5.13.2	

Reduce Bandwidth output of band 5 to 2.5GHz 
This cost control option involves reducing the instantaneous bandwidth of Band 5 from 2 x 2.5 
GHz to 1 x 2.5 GHz. Simultaneous line measurements of lines separated by more than 2.5 GHz 
would then not be possible. However, if the CSP-MID Frequency Slice design (see above) is 
adopted one could place multiple 200-MHz Frequency Slices anywhere within Band 5, to have a 
cumulative but not necessarily contiguous bandwidth of 2.5 GHz across Band 5. Pulsar timing 
could not have 2x2.5 GHz bandwidth for the 8 pulsar timing beams but could trade beams for 

MID Longer Band 5 observing times for some 
applications (2x) 2 

- Suggestion in CC report that 80% (60%) cuts to HPC translate into  
40%(30%) EoR observing efficiency. Assumptions unclear. 

- Naively increases time needed to complete survey by 1.25 (1.7)? 
- Critical path for EoR is likely DEEP survey - needs full 5 yrs to  

accumulate integration time on sky, so can’t lose nights. 
- Need more information to properly assess, but a concern

~80%

~60%

~40%

~20%



Reduced core sensitivity
5.24	/	
Deeper	
Savings	

Remove 11 MID Dishes from core 
This cost control option involves removing 11 SKA1 dishes from within the inner 1.2 km radius. In 
the current design there are 70 SKA1 (15-m) and 49 MeerKAT (13.5-m) dishes within this radius. 
In the case of high surface brightness imaging and pulsar searches this reduces the core 
collecting area by 10%. Pulsar acceleration searches require instantaneous sensitivity (or extra 
computing proportional to (Tobs_new/Tobs_now)^3) so they are disproportionately impacted, i.e. 
can not be recouped with extra Tobs. Non-binary (i.e. non-HPSO-related) pulsars and low 
resolution imaging are affected such that ~20% extra observing time would recoup the loss.  

MID 10% Sensitivity loss in core 4 

5.30	/	
Deeper	
Savings	

Remove 54 LOW stations from core 
In this measure, 54 stations are randomly removed from the inner 1.5 km radius region (where 
there are currently 282 stations).  There is a 20% loss in core sensitivity, which would require 
about 40% increased integration time to compensate. 

LOW 20% Sensitivity loss in core 4 

5.24	/	
Deeper	
Savings	

Remove additional 11 MID Dishes from core 
This cost control option involves removing 22 SKA1 dishes from within the inner 1.2 km radius. In 
the current design there are 70 SKA1 (15-m) and 49 MeerKAT (13.5-m) dishes within this radius. 
In the case of high surface brightness imaging and pulsar searches this reduces the core 
collecting area by 20%. Pulsar acceleration searches require instantaneous sensitivity (or extra 
computing proportional to (Tobs_new/Tobs_now)^3) so they are disproportionately impacted, i.e. 
can not be recouped with extra Tobs. Non-binary (i.e. non-HPSO-related) pulsars and low 
resolution imaging are affected such that ~40% extra observing time would recoup the loss.  

MID 20% Sensitivity loss in core 4 

5.30	/	
Deeper	
Savings	

Remove additional 54 LOW stations from core 
In this measure, an additional 54 stations are randomly removed from the inner 1.5 km radius 
region (where there are currently 282 stations) for a total loss of 108 stations in the core, and 36 
stations beyond 40km.  There is a 40% loss in core sensitivity, which would require a doubling of 
integration time to compensate. 

LOW 40% Sensitivity loss in core 4 

5.24.2	
Reduce Bmax MID from 120 to 100 km: D, remove infra, remove next 3 dishes 
The total number of SKA1 dishes removed is now 6, resulting in 127/133 SKA1 dishes. Sensitivity 
loss is small (about 3%), but the maximum angular resolution is decreased by 33%. 

MID 
 
Lose Science (Planetary disks, High 
resolution Star Formation) 

4 

5.5.1	

Remove MID Band 1 feeds: 105 to 0 
This measure considers delaying the deployment of band1 feeds on MID antennas. These could 
be deployed once further funding were available. Science objectives exploiting Band 1 will not be 
possible until this functionality is reinstated.  

MID 
 
Lose Science (Cosmology, Galaxy 
Evolution) 
 

4 

5.5.2	 Reduce MID Band 5 feeds: B, from 67 to 0 
Band 5 is not initially deployed, but can be deployed once funds become available.   MID Lose Science (Planetary disks, Star 

Formation) 4 
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integration time to compensate. 
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Core is key for power spectrum sensitivity, which scales as 1/Nstation2

Cutting 54 (108) from 225 core stations increase integration by x2 (x4)
Extremely damaging for EoR => Less sensitive than HERA

Pritchard



Summary

• Station level beam forming - Needs more thought. 
• Reduced bandwidth - ~double integration time.  
• Antennae redesign - Mostly ok for EoR. Impacts IM at z<6. 
Smoother bandpass preferred. Critical. 
• 49km max baselines - Seems mostly ok. Sky model issues. 
• Reduced SDP-HPC - Possible issues with data collection rate 
• Reduced core sensitivity - Don’t! x2 (x4) increases to 
integration time for EoR PS & possible calibration issues.

Proposed changes seem manageable without compromising 
EoR science. Loss of science due to increased integration time.  

Caution with cumulative impacts (x2-x3.5).

Lots of work still needed to have total confidence
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Path to a KSP Proposal
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Figure 1: Flow-diagram for End-to-End data simulations. 
 
The proposed set of specifications that we aim for in the first set of simulations are                
summarized below, although details should be further worked out in the coming            
months by the MT and FG coordinators: 
 

1) Frequency band and resolution: Two 10-MHz bandwidth simulation boxes         
centered at 70 MHz (CD) and 150 MHz (EoR), respectively, with 100 kHz             
spectral resolution (i.e. 100 channels). We assume at this point that the 21-cm             
signal can be simulated separate from the foregrounds, and without applying           
any residual instrumental errors (assumed small after calibration) to the 21-cm           
signal. These will only be applied to the foregrounds, which dominate the            
signal power, and hence residual error although small for the foregrounds can            
be large for the 21-cm signal. This approach could (initially) decouple the            
production of 21-cm signal cubes from that of the foregrounds and           
instrumental effects. In reality the 21-cm signal will be affected by processing            
errors as well, but only at a second-order level. In case simulations can be              
produced fast (although OSKAR needs GPU’s to run and simulations will be            
large [35TB]), we can reconsider this and include the 21-cm signal in the             
simulations directly in future simulations. 

2) Integration time/long-track: Time-steps in visibility will initially be 10         
seconds, in order to reduce computations and storage requirements. One can           
add short-term ionospheric effects after averaging (i.e. scintillation noise and          
down-averaging of the visibilities). The ionospheric coherence function as         
function of time, frequency, baseline, direction and baseline offset will be used            
to generate ionospheric phase and amplitude errors that will be added to the             

Demonstrate we have expertise and tools for analysis 
 of SKA data based on precursor experience
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Focus Groups & Coordinators
A) Theory/Numerical Simulations: 
 1. Theory/Physics for understanding model space/subgrid physics - Rennan Barkana, Benoit Semelin 
 2. Full numerical simulations for calibration - Ilian Iliev, Garrelt Mellema 
  3. Fast simulations for analysis - Andrei Mesinger, Tirth Roy Choudhury  
  4. Foreground Simulations - Mario Santos, Vibor Jelic 
B) Observational Strategies

1. Interferometric: Cath Trott, Vibor Jelic 

 2. Global Signal: Uday Shankar, Abhi Datta 

  3. 21cm Forest - Bene Ciardi, Yidong Xu
C) Data Processing

1. RFI Excision - Andre Offringa, Ben McKinley 

 2. Calibration/Ionosphere - Daniel Mitchell, Sarod Yatawatta  

  3. Imaging/Sky-model building - Bart Pindor, Andre Offringa 
 4. Foreground Fitting/Removal - Emma Chapman, Anna Bonaldi 
  5. New Algorithmic Development - Kris Zarb-Adami, Leon Koopmans 
  6. Computational and Other Resources - Mike Jones, Pandey V. 
D) Signal Extraction and Error Analysis - Cath Trott, Saleem Zaroubi 

F) Synergy (SKA + Other instruments) - Erik Zackrisson, Pratika Dayal, Andrea Ferrara
G) End-to-End (Data) Simulations - Leon Koopmans, Gianni Bernardi

E) Signal Analysis and Interpretation - Jonathan Pritchard, Andrei Mesinger



Management Team
Leon Koopmans (NL, Chair ST), Gianni Bernardi (SA),  
Garrelt Mellema (SE), Andrei Mesinger (IT) 
Jonathan Pritchard (UK, Chair SWG), Cath Trott (AU) 
Abhi Datta (IN)

Dear FGC/ST members, 
 
Based on the feedback from the ST/FGC since the ST meeting last year in Groningen and                

the last FGC telecon, as well as on several ongoing discussions, we feel that the               

effectiveness and inclusiveness of the Science Team can be enhanced by expanding the             

Management Team (MT) to a larger group of members, called the “Board” hereafter.  

 

Whereas the Focus Group Coordinators (FGCs) are well-placed to coordinate projects, such            

a large group (~25) is less effective in setting the direction of a growing Science Team or                 

communicate effectively via telecons or emails. In addition, the SKAO is moving forward with              

re-formulating the structure of the SWGs more in line with what is suggested below.  

 

We hope the changes below reflects these discussions and also recognises the input of all               

member states in setting the direction of the Science Team. We therefore propose the              

following changes to the statutes to replace the current “MT” (4 members) with a new               

“Board” currently consisting of one representative per SKA member-states, but flexible to            

grow/shrink based on need.  

 

The Board members of SKA member-states represent the ST members of their country, and              

can act also as contact point where necessary. 

 

 
 
Changes to the Statutes: 
 

● The Board contains one representative from each SKA member-state which is           

substantially represented in the EoR/CD Science Team. This number can increase,           

per decision by the Board, in the future depending on scientific needs and             

commitments. 

● Board members can also be added by (a) new SKA member-states joining, (b) ST              

members bringing in substantial resources to the benefit of the ST, (c) balancing             

expertise. 

● The founding-Board term finishes after the outcome of the KSP bid is made public.              

Thereafter, terms are 1-3 years , renewable and Board members per member-state           
1

are  decided by their respective ST members. 

● The chair/vice-chair positions are elected by the Board members. Terms are 1-3            

years with successors selected from the existing Board members (process TBD by            
2

the Board; e.g. election per member-state, rotation, etc.) 

● Board members should be those with senior/faculty positions to ensure long-term           

stability.  

 

 

 

1
 TBD during the Goa SKA meeting November 2016 

2
 TBD during the Goa SKA meeting November 2016 

Mix of SKA member representation and expertise



Progress towards forming a Science Team

Stockholm Aug 2015 - SKA KSP Meeting 
Groningen Oct 2015 - ST Kick off meeting 

Goa Nov 2016 - SKA Science Meeting 
Pisa Mar 2017 - ST Science Meeting 

Zagreb Sept 2017 - next ST Science Meeting

- mock pipeline data challenges  
- deciding key priorities for different FGs 
- SKA design

Current discussions focussed on:

https://sites.google.com/site/skacdeorscienceteam/home

https://sites.google.com/site/skacdeorscienceteam/home


Summary

• Station level beam forming - Needs more thought. 
• Reduced bandwidth - ~double integration time.  
• Antennae redesign - Mostly ok for EoR. Impacts IM at z<6. 
Smoother bandpass preferred. Critical. 
• 49km max baselines - Seems mostly ok. Sky model issues. 
• Reduced SDP-HPC - Possible issues with data collection rate 
• Reduced core sensitivity - Don’t! x2 (x4) increases to 
integration time for EoR PS & possible calibration issues.

Proposed changes seem manageable without compromising 
EoR science. Loss of science due to increased integration time.  

Caution with cumulative impacts (x2-x3.5).

Lots of work still needed to have total confidence



SKA-LOW

http://astronomers.skatelescope.org/documents/

http://astronomers.skatelescope.org/documents/

