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Outline

• Description of science goal

- Measurement of the Baryon Acoustic Oscillations in the distribution of  

neutral hydrogen between redshifts 0.8 and 2.5. 

• Virtual tour of CHIME


• Current status and first look at data


• Challenges

- Foreground removal 

- Instrument characterization 
‣ Complex gain calibration 
‣ Beam calibration 

- RFI Excision / Mitigation 

• Forecast on cosmological constraints
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Baryon Acoustic Oscillations

Movies by Adam Hincks:  http://adh-sj.info/bao_cmb.php

Evolution of a primordial density perturbation

Initial density perturbations result in sound waves that propagate in the photon-baryon 
fluid of the early universe.  These are “frozen in” at recombination, leaving acoustic peaks 
in the CMB and matter power spectrum.

rs

http://adh-sj.info/bao_cmb.php
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Baryon Acoustic Oscillations

Movies by Adam Hincks:  http://adh-sj.info/bao_cmb.php

http://adh-sj.info/bao_cmb.php
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BAO as Cosmological Ruler

Image by Gen Chiaki and Atsushih Taruya

Planck Collaboration 2013
rs = 150 Mpc (± 0.3%)
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Spectroscopic Galaxy Surveys

Blanton et al. 2003

BAO  
Scale

SDSS

Baryon Acoustic Oscillations 5

Fig. 2.— The large-scale redshift-space correlation function of the
SDSS LRG sample. The error bars are from the diagonal elements
of the mock-catalog covariance matrix; however, the points are cor-
related. Note that the vertical axis mixes logarithmic and linear
scalings. The inset shows an expanded view with a linear vertical
axis. The models are Ωmh2 = 0.12 (top, green), 0.13 (red), and
0.14 (bottom with peak, blue), all with Ωbh2 = 0.024 and n = 0.98
and with a mild non-linear prescription folded in. The magenta
line shows a pure CDM model (Ωmh2 = 0.105), which lacks the
acoustic peak. It is interesting to note that although the data ap-
pears higher than the models, the covariance between the points is
soft as regards overall shifts in ξ(s). Subtracting 0.002 from ξ(s)
at all scales makes the plot look cosmetically perfect, but changes
the best-fit χ2 by only 1.3. The bump at 100h−1 Mpc scale, on the
other hand, is statistically significant.

two samples on large scales is modest, only 15%. We make
a simple parameterization of the bias as a function of red-
shift and then compute b2 averaged as a function of scale
over the pair counts in the random catalog. The bias varies
by less than 0.5% as a function of scale, and so we conclude
that there is no effect of a possible correlation of scale with
redshift. This test also shows that the mean redshift as a
function of scale changes so little that variations in the
clustering amplitude at fixed luminosity as a function of
redshift are negligible.

3.2. Tests for systematic errors

We have performed a number of tests searching for po-
tential systematic errors in our correlation function. First,
we have tested that the radial selection function is not in-
troducing features into the correlation function. Our selec-
tion function involves smoothing the observed histogram
with a box-car smoothing of width ∆z = 0.07. This cor-
responds to reducing power in the purely radial mode at
k = 0.03h Mpc−1 by 50%. Purely radial power at k = 0.04
(0.02)h Mpc−1 is reduced by 13% (86%). The effect of this
suppression is negligible, only 5× 10−4 (10−4) on the cor-
relation function at the 30 (100) h−1 Mpc scale. Simply
put, purely radial modes are a small fraction of the total
at these wavelengths. We find that an alternative radial
selection function, in which the redshifts of the random

Fig. 3.— As Figure 2, but plotting the correlation function times
s2. This shows the variation of the peak at 20h−1 Mpc scales that is
controlled by the redshift of equality (and hence by Ωmh2). Vary-
ing Ωmh2 alters the amount of large-to-small scale correlation, but
boosting the large-scale correlations too much causes an inconsis-
tency at 30h−1 Mpc. The pure CDM model (magenta) is actually
close to the best-fit due to the data points on intermediate scales.

catalog are simply picked randomly from the observed red-
shifts, produces a negligible change in the correlation func-
tion. This of course corresponds to complete suppression
of purely radial modes.

The selection of LRGs is highly sensitive to errors in the
photometric calibration of the g, r, and i bands (Eisenstein
et al. 2001). We assess these by making a detailed model
of the distribution in color and luminosity of the sample,
including photometric errors, and then computing the vari-
ation of the number of galaxies accepted at each redshift
with small variations in the LRG sample cuts. A 1% shift
in the r − i color makes a 8-10% change in number den-
sity; a 1% shift in the g − r color makes a 5% changes in
number density out to z = 0.41, dropping thereafter; and
a 1% change in all magnitudes together changes the num-
ber density by 2% out to z = 0.36, increasing to 3.6% at
z = 0.47. These variations are consistent with the changes
in the observed redshift distribution when we move the
selection boundaries to restrict the sample. Such photo-
metric calibration errors would cause anomalies in the cor-
relation function as the square of the number density vari-
ations, as this noise source is uncorrelated with the true
sky distribution of LRGs.

Assessments of calibration errors based on the color of
the stellar locus find only 1% scatter in g, r, and i (Ivezić
et al. 2004), which would translate to about 0.02 in the
correlation function. However, the situation is more favor-
able, because the coherence scale of the calibration errors
is limited by the fact that the SDSS is calibrated in regions
about 0.6◦ wide and up to 15◦ long. This means that there
are 20 independent calibrations being applied to a given
6◦ (100h−1 Mpc) radius circular region. Moreover, some
of the calibration errors are even more localized, being
caused by small mischaracterizations of the point spread
function and errors in the flat field vectors early in the
survey (Stoughton et al. 2002). Such errors will average
down on larger scales even more quickly.

The photometric calibration of the SDSS has evolved

Eisenstein et al. 2005
SDSS
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BAO in the Galaxy Correlation Function4 Florian Beutler et al.

 Mpc]-1s [h
20 40 60 80 100 120 140 160 180 200

(s
)

ξ

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05
6dFGS data
best fit

 = 0.122hmΩ
 = 0.152hmΩ

no-baryon fit

Figure 2. The large scale correlation function of 6dFGS. The
best fit model is shown by the black line with the best fit value of
Ωmh2 = 0.138±0.020. Models with different Ωmh2 are shown by
the green line (Ωmh2 = 0.12) and the blue line (Ωmh2 = 0.15).
The red dashed line is a linear CDM model with Ωbh2 = 0 (and
Ωmh2 = 0.1), while all other models use the WMAP-7 best fit
value of Ωbh2 = 0.02227 (Komatsu et al. 2010). The significance
of the BAO detection in the black line relative to the red dashed
line is 2.4σ (see Section 7). The error-bars at the data points
are the diagonal elements of the covariance matrix derived using
log-normal mock catalogues.

3.2 The correlation function

We turn the measured redshift into co-moving distance via

DC(z) =
c
H0

∫ z

0

dz′

E(z′)
(2)

with

E(z) =
[

Ωfid
m (1 + z)3 +Ωfid

k (1 + z)2

+ Ωfid
Λ (1 + z)3(1+wfid))

]1/2
, (3)

where the curvature Ωfid
k is set to zero, the dark energy den-

sity is given by Ωfid
Λ = 1−Ωfid

m and the equation of state for
dark energy is wfid = −1. Because of the very low redshift
of 6dFGS, our data are not very sensitive to Ωk, w or any
other higher dimensional parameter which influences the ex-
pansion history of the universe. We will discuss this further
in Section 5.3.

Now we measure the separation between all galaxy pairs
in our survey and count the number of such pairs in each sep-
aration bin. We do this for the 6dFGS data catalogue, a ran-
dom catalogue with the same selection function and a com-
bination of data-random pairs. We call the pair-separation
distributions obtained from this analysis DD(s), RR(s) and
DR(s), respectively. The binning is chosen to be from
10h−1 Mpc up to 190h−1 Mpc, in 10h−1 Mpc steps. In the
analysis we used 30 random catalogues with the same size as
the data catalogue. The redshift correlation function itself
is given by Landy & Szalay (1993):

ξ′data(s) = 1 +
DD(s)

RR(s)

(

nr

nd

)2

− 2
DR(s)

RR(s)

(

nr

nd

)

, (4)

where the ratio nr/nd is given by

nr

nd
=

∑Nr

i wi(x⃗)
∑Nd

j wj(x⃗)
(5)

and the sums go over all random (Nr) and data
(Nd) galaxies. We use the inverse density weighting
of Feldman, Kaiser & Peacock (1994):

wi(x⃗) =
Ci

1 + n(x⃗)P0
, (6)

with P0 = 40 000h3 Mpc−3 and Ci being the inverse com-
pleteness weighting for 6dFGS (see Section 2.1 and Jones et
al., in preparation). This weighting is designed to minimise
the error on the BAO measurement, and since our sample
is strongly limited by sample variance on large scales this
weighting results in a significant improvement to the analy-
sis. The effect of the weighting on the redshift distribution
is illustrated in Figure 1.

Other authors have used the so called J3-weighting
which optimises the error over all scales by weighting each
scale differently (e.g. Efstathiou 1988; Loveday et al. 1995).
In a magnitude limited sample there is a correlation be-
tween luminosity and redshift, which establishes a correla-
tion between bias and redshift (Zehavi et al. 2005). A scale-
dependent weighting would imply a different effective red-
shift for each scale, causing a scale dependent bias.

Finally we considered a luminosity dependent weighting
as suggested by Percival, Verde & Peacock (2004). However
the same authors found that explicitly accounting for the
luminosity-redshift relation has a negligible effect for 2dF-
GRS. We found that the effect to the 6dFGS correlation
function is ≪ 1σ for all bins. Hence the static weighting of
eq. 6 is sufficient for our dataset.

We also include an integral constraint correction in the
form of

ξdata(s) = ξ′data(s) + ic, (7)

where ic is defined as

ic =

∑

s RR(s)ξmodel(s)
∑

s RR(s)
. (8)

The function RR(s) is calculated from our mock catalogue
and ξmodel(s) is a correlation function model. Since ic de-
pends on the model of the correlation function we have to
re-calculate it at each step during the fitting procedure.
However we note that ic has no significant impact to the
final result.

Figure 2 shows the correlation function of 6dFGS at
large scales. The BAO peak at ≈ 105h−1 Mpc is clearly
visible. The plot includes model predictions of different cos-
mological parameter sets. We will discuss these models in
Section 5.2.

3.3 Log-normal error estimate

To obtain reliable error-bars for the correlation function we
use log-normal realisations (Coles & Jones 1991; Cole et al.
2005; Kitaura et al. 2009). In what follows we summarise
the main steps, but refer the interested reader to Ap-
pendix A in which we give a detailed explanation of how we
generate the log-normal mock catalogues. In Appendix B
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Figure 3. BAO signals in the measured post-reconstruction power spectrum (left panels) and correlation function (right panels) and predictions of the best-fit
BAO models (curves). To isolate the BAO in the monopole (top panels), predictions of a smooth model with the best-fit cosmological parameters but no BAO
feature have been subtracted, and the same smooth model has been divided out in the power spectrum panel. For clarity, vertical offsets of ±0.15 (power
spectrum) and ±0.004 (correlation function) have been added to the points and curves for the high- and low-redshift bins, while the intermediate redshift
bin is unshifted. For the quadrupole (middle panels), we subtract the quadrupole of the smooth model power spectrum, and for the correlation function we
subtract the quadrupole of a model that has the same parameters as the best-fit but with ✏ = 0. If reconstruction were perfect and the fiducial model were
exactly correct, the curves and points in these panels would be flat; oscillations in the model curves indicate best-fit ✏ 6= 0. The bottom panels show the
measurements for the 0.4 < z < 0.6 redshift bin decomposed into the component of the separations transverse to and along the line of sight, based on
x(p, µ) = x0(p) + L2(µ)x2(p), where x represents either s2 multiplied by the correlation function or the BAO component power spectrum displayed in the
upper panels, p represents either the separation or the Fourier mode, L2 is the 2nd order Legendre polynomial, p|| = µp, and p? =

p
p2 � µ2p2.
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BAO models (curves). To isolate the BAO in the monopole (top panels), predictions of a smooth model with the best-fit cosmological parameters but no BAO
feature have been subtracted, and the same smooth model has been divided out in the power spectrum panel. For clarity, vertical offsets of ±0.15 (power
spectrum) and ±0.004 (correlation function) have been added to the points and curves for the high- and low-redshift bins, while the intermediate redshift
bin is unshifted. For the quadrupole (middle panels), we subtract the quadrupole of the smooth model power spectrum, and for the correlation function we
subtract the quadrupole of a model that has the same parameters as the best-fit but with ✏ = 0. If reconstruction were perfect and the fiducial model were
exactly correct, the curves and points in these panels would be flat; oscillations in the model curves indicate best-fit ✏ 6= 0. The bottom panels show the
measurements for the 0.4 < z < 0.6 redshift bin decomposed into the component of the separations transverse to and along the line of sight, based on
x(p, µ) = x0(p) + L2(µ)x2(p), where x represents either s2 multiplied by the correlation function or the BAO component power spectrum displayed in the
upper panels, p represents either the separation or the Fourier mode, L2 is the 2nd order Legendre polynomial, p|| = µp, and p? =

p
p2 � µ2p2.
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Fig. 2.— The large-scale redshift-space correlation function of the
SDSS LRG sample. The error bars are from the diagonal elements
of the mock-catalog covariance matrix; however, the points are cor-
related. Note that the vertical axis mixes logarithmic and linear
scalings. The inset shows an expanded view with a linear vertical
axis. The models are Ωmh2 = 0.12 (top, green), 0.13 (red), and
0.14 (bottom with peak, blue), all with Ωbh2 = 0.024 and n = 0.98
and with a mild non-linear prescription folded in. The magenta
line shows a pure CDM model (Ωmh2 = 0.105), which lacks the
acoustic peak. It is interesting to note that although the data ap-
pears higher than the models, the covariance between the points is
soft as regards overall shifts in ξ(s). Subtracting 0.002 from ξ(s)
at all scales makes the plot look cosmetically perfect, but changes
the best-fit χ2 by only 1.3. The bump at 100h−1 Mpc scale, on the
other hand, is statistically significant.

two samples on large scales is modest, only 15%. We make
a simple parameterization of the bias as a function of red-
shift and then compute b2 averaged as a function of scale
over the pair counts in the random catalog. The bias varies
by less than 0.5% as a function of scale, and so we conclude
that there is no effect of a possible correlation of scale with
redshift. This test also shows that the mean redshift as a
function of scale changes so little that variations in the
clustering amplitude at fixed luminosity as a function of
redshift are negligible.

3.2. Tests for systematic errors

We have performed a number of tests searching for po-
tential systematic errors in our correlation function. First,
we have tested that the radial selection function is not in-
troducing features into the correlation function. Our selec-
tion function involves smoothing the observed histogram
with a box-car smoothing of width ∆z = 0.07. This cor-
responds to reducing power in the purely radial mode at
k = 0.03h Mpc−1 by 50%. Purely radial power at k = 0.04
(0.02)h Mpc−1 is reduced by 13% (86%). The effect of this
suppression is negligible, only 5× 10−4 (10−4) on the cor-
relation function at the 30 (100) h−1 Mpc scale. Simply
put, purely radial modes are a small fraction of the total
at these wavelengths. We find that an alternative radial
selection function, in which the redshifts of the random

Fig. 3.— As Figure 2, but plotting the correlation function times
s2. This shows the variation of the peak at 20h−1 Mpc scales that is
controlled by the redshift of equality (and hence by Ωmh2). Vary-
ing Ωmh2 alters the amount of large-to-small scale correlation, but
boosting the large-scale correlations too much causes an inconsis-
tency at 30h−1 Mpc. The pure CDM model (magenta) is actually
close to the best-fit due to the data points on intermediate scales.

catalog are simply picked randomly from the observed red-
shifts, produces a negligible change in the correlation func-
tion. This of course corresponds to complete suppression
of purely radial modes.

The selection of LRGs is highly sensitive to errors in the
photometric calibration of the g, r, and i bands (Eisenstein
et al. 2001). We assess these by making a detailed model
of the distribution in color and luminosity of the sample,
including photometric errors, and then computing the vari-
ation of the number of galaxies accepted at each redshift
with small variations in the LRG sample cuts. A 1% shift
in the r − i color makes a 8-10% change in number den-
sity; a 1% shift in the g − r color makes a 5% changes in
number density out to z = 0.41, dropping thereafter; and
a 1% change in all magnitudes together changes the num-
ber density by 2% out to z = 0.36, increasing to 3.6% at
z = 0.47. These variations are consistent with the changes
in the observed redshift distribution when we move the
selection boundaries to restrict the sample. Such photo-
metric calibration errors would cause anomalies in the cor-
relation function as the square of the number density vari-
ations, as this noise source is uncorrelated with the true
sky distribution of LRGs.

Assessments of calibration errors based on the color of
the stellar locus find only 1% scatter in g, r, and i (Ivezić
et al. 2004), which would translate to about 0.02 in the
correlation function. However, the situation is more favor-
able, because the coherence scale of the calibration errors
is limited by the fact that the SDSS is calibrated in regions
about 0.6◦ wide and up to 15◦ long. This means that there
are 20 independent calibrations being applied to a given
6◦ (100h−1 Mpc) radius circular region. Moreover, some
of the calibration errors are even more localized, being
caused by small mischaracterizations of the point spread
function and errors in the flat field vectors early in the
survey (Stoughton et al. 2002). Such errors will average
down on larger scales even more quickly.

The photometric calibration of the SDSS has evolved

z = 0.35

4 Blake et al.

a very large number of these random realizations we deduced
the 3D window function grid used for power spectrum esti-
mation.

3 CORRELATION FUNCTION

3.1 Measurements

The 2-point correlation function is a common method for
quantifying the clustering of a population of galaxies, in
which the distribution of pair separations in the dataset
is compared to that within random, unclustered catalogues
possessing the same selection function (Peebles 1980). In
the context of measuring baryon acoustic oscillations, the
correlation function has the advantage that the expected
signal of a preferred clustering scale is confined to a single,
narrow range of separations around 105 h−1 Mpc. Further-
more, small-scale non-linear effects, such as the distribution
of galaxies within dark matter haloes, do not influence the
correlation function on these large scales. One disadvantage
of this statistic is that measurements of the large-scale cor-
relation function are prone to systematic error because they
are very sensitive to the unknown mean density of the galaxy
population. However, such “integral constraint” effects re-
sult in a roughly constant offset in the large-scale correla-
tion function, which does not introduce a preferred scale
that could mimic the BAO signature.

In order to estimate the correlation function of each
WiggleZ survey region we first placed the angle/redshift cat-
alogues for the data and random sets on a grid of co-moving
co-ordinates, assuming a flat ΛCDMmodel with matter den-
sity Ωm = 0.27. We then measured the redshift-space 2-point
correlation function ξ(s) for each region using the Landy-
Szalay (1993) estimator:

ξ(s) =
DD(s)−DR(s) +RR(s)

RR(s)
, (2)

where DD(s), DR(s) and RR(s) are the data-data, data-
random and random-random weighted pair counts in sep-
aration bin s, each random catalogue containing the same
number of galaxies as the real dataset. In the construction
of the pair counts each data or random galaxy i is assigned
a weight wi = 1/(1 + niP0), where ni is the survey num-
ber density [in h3 Mpc−3] at the location of the ith galaxy,
and P0 = 5000 h−3 Mpc3 is a characteristic power spectrum
amplitude at the scales of interest. The survey number den-
sity distribution is established by averaging over a large en-
semble of random catalogues. The DR and RR pair counts
are determined by averaging over 10 random catalogues. We
measured the correlation function in 20 separation bins of
width 10h−1 Mpc between 10 and 180 h−1 Mpc, and de-
termined the covariance matrix of this measurement using
lognormal survey realizations as described below. We com-
bined the correlation function measurements in each bin for
the different survey regions using inverse-variance weighting
of each measurement (we note that this procedure produces
an almost identical result to combining the individual pair
counts).

The combined correlation function is plotted in Figure
2 and shows clear evidence for the baryon acoustic peak at
separation ∼ 105 h−1 Mpc. The effective redshift zeff of the

Figure 2. The combined redshift-space correlation function ξ(s)
for WiggleZ survey regions, plotted in the combination s2 ξ(s)
where s is the co-moving redshift-space separation. The best-
fitting clustering model (varying Ωmh2, α and b2) is overplot-
ted as the solid line. We also show as the dashed line the corre-
sponding “no-wiggles” reference model, constructed from a power
spectrum with the same clustering amplitude but lacking baryon
acoustic oscillations.

correlation function measurement is the weighted mean red-
shift of the galaxy pairs entering the calculation, where the
redshift of a pair is simply the average (z1 + z2)/2, and the
weighting is w1w2 where wi is defined above. We determined
zeff for the bin 100 < s < 110 h−1 Mpc, although it does not
vary significantly with separation. For the combined Wig-
gleZ survey measurement, we found zeff = 0.60.

We note that the correlation function measurements are
corrected for the effect of redshift blunders in the WiggleZ
data catalogue. These are fully quantified in Section 3.2 of
Blake et al. (2010), and can be well-approximated by a scale-
independent boost to the correlation function amplitude of
(1− fb)

−2, where fb ∼ 0.05 is the redshift blunder fraction
(which is separately measured for each WiggleZ region).

3.2 Uncertainties : lognormal realizations and

covariance matrix

We determined the covariance matrix of the correlation func-
tion measurement in each survey region using a large set of
lognormal realizations. Jack-knife errors, implemented by di-
viding the survey volume into many sub-regions, are a poor
approximation for the error in the large-scale correlation
function because the pair separations of interest are usually
comparable to the size of the sub-regions, which are then
not strictly independent. Furthermore, because the WiggleZ
dataset is not volume-limited and the galaxy number den-
sity varies with position, it is impossible to define a set of
sub-regions which are strictly equivalent.

Lognormal realizations are relatively cheap to generate
and provide a reasonably accurate galaxy clustering model
for the linear and quasi-linear scales which are important for
the modelling of baryon oscillations (Coles & Jones 1991).
We generated a set of realizations for each survey region
using the method described in Blake & Glazebrook (2003)
and Glazebrook & Blake (2005). In brief, we started with

z = 0.11

z = 0.60
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Hydrogen Intensity Mapping
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These additional elements must
be set in the typeface Univers
bold.  ICC will prepare the
appropriate texts upon request.

The Wordmark
The wordmark is “McGill”
printed in a custom- designed
font which takes its origin from
Garamond. Samples of the
wordmark are readily available
from the Instructional
Communications Centre (ICC)
and other typefaces may not be 

substituted.  It is not possible to
reproduce the wordmark with
standard printing fonts.

If the word “McGill” appears
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a text, it must be printed as the
wordmark.
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• the wordmark. 
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the shield may  be preferred to
the signature.
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clear space
The shield and wordmark shall
be reproduced in the relative
dimensions shown here.  The
signature shall be surrounded
by the recommended minimum
clear space to separate it from
other text and graphic ele-
ments. The minimum shield
width is .25".

A minimum margin of clear
space must be left around the
shield and/or the wordmark that
is equal to one-half the width of
the shield or equal to the width
of the gap in the top of the 
letter M.
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Drone Flight Over CHIME
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Cylindrical Transit Interferometer

Movie by Peter KlaggeWE
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Cylindrical Transit Interferometer

Matt.Dobbs@McGill.ca, SKA-Toronto 2015-12  17 
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Cylindrical Transit Interferometer

Haslam 408 MHz Map
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CHIME Parameters
• 4 cylinders (each 20 m x 100 m)


- 8,000 m2 collecting area

• 1024 dual polarization feeds 

Bandpass 400 MHz 800 MHz

21cm redshift 2.5 0.8

Beam Size 0.52° (45 Mpc) 0.26° (10 Mpc)

E-W FoV 2.5° 1.3°

N-S FoV ~100°

• 390 kHz frequency resolution


• Maps 1/2 the sky each day


• Treceiver = 50 K


• 80 μJy / pixel daily sensitivity


• Collecting data since March.
4 x 20 m

100 m

N

S

• Cosmology 
- Cosmic variance limited  

measurement of BAO between 
z = 0.8 - 2.5


• Pulsars 
- Precise timing of known msec pulsars


• Fast Radio Bursts 
- Detect on order 10 FRBs per day
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UBC graduate student Meiling Deng  
who led design of CHIME cloverleaf antennas
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Reflector

UBC graduate student Meiling Deng  
who led design of CHIME cloverleaf antennas
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Analog Receiver Chain

(a) (b)

Figure 8. (a) Image of the CHIME amplifier and band-defining filter. Input on the left. (b) Gain and passband of the
filter-amplifier block labeled filter amp plotted along with the full analog chain labeled cascade. The passband of the filter
amplifier block is designed to be very flat with frequency. The entire analog chain has a slope from low to high frequency
primarily due to the LNA gain and analog cabling.

• Commodity gigabit ethernet switches are used to collect the data onto a server which stores the integrated
data. A server on this same network is used to configure and monitor the hardware in the array.

Table 2 summarizes the key design parameters of the CHIME Pathfinder’s digital backend. In addition to
those, the system had to be designed with enough flexibility to allow testing of real-time gain corrections, RFI
removal, high-speed and triggered data tapping for ancillary science such as pulsar and radio transient signal
analysis, and beamforming along each cylinder. The design is also required to be scalable to 2560 inputs for the
full CHIME instrument.

The hardware, firmware and software components of the digital backend are described in more detail in the
sections below.

5.1 Analog-to-digital converter daughterboards

The analog-to-digital conversion of the feed signals is performed using custom double-wide FPGA mezzanine
card (FMC) compliant daughter boards equipped with two E2V EV8AQ160 analog-to-digital (ADC) chips (see
Figure 10). Each ADC chip has four inputs that can sample at up to 1.25GSps at 8 bits.

The sky signal in the absence of man-made signals is well encoded with only a few bits, with 4 bits having the
e↵ect of increasing any properly amplified white noise system temperature by ⇠2 percent. However, man-made
RF power consists of both broadband bursts and strong narrowband signals which require additional dynamic
range. Initial testing found that 8 bit sampling will provide the dynamic range to sample the sky adequately
given the RF conditions at the site.

For CHIME, the sampling rate is set to 800 MSps, and the 400-800 MHz sky signal is directly sampled using
the second Nyquist zone. The analog inputs achieve more than 15 dB return-loss from 300MHz to 1.1GHz. The
input passband is broader, from 150 MHz to 1.1 GHz. These analog components are constrained to one section
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CHIME Pathfinder

(a)
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(b)
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(c)
Figure 5. (a) Photo of CHIME feed; (b) Geometry of petals with W = 138.5 mm, L = 131.9 mm, R = 20 mm. This
geometry is small enough that a feed element is compatible with any azimuth orientation within the array. (c) The
current pattern from a CST simulation of the feed at 600 MHz for the horizontal polarization as indicated by the arrow
labeled E.

(a) (b) (c)
Figure 6. (a) Measured return loss compared with simulation. Note the similarity between two polarizations. (b) Measured
E plane of polarization P2. (c) Measured H plane of polarization P2.
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FPGA Digitizer and Channelizer (F-Engine)

Motherboard 
16 analog inputs

Backplane 
256 analog inputs

CHIME quadrant 
512 analog inputs

Bandura et al. 2016, JAI
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GPU Correlator (X-Engine)

– 18 –

Fig. 8.— Rendered image of a node, containing all components in the baseline proposal.

Power cables are omitted for clarity, but this is otherwise representative of what we expect

in the final build.

Denman et al. 2015
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Backends

Graphic by D. Champion

Graphic by C. Blake and S. Moorfield

Credit:Gemini Observatory/AURA/NSF/NRC

• Cosmology 
- Full N2 visibility matrix

- 10 sec cadence

- 135 TB/day

- Real time flagging  

and gain calibration

- Data compression  

through redundant  
baselines (0.5 TB/day)  

• Pulsar timing 
- 10 steerable beams

- 2.56 μs cadence  

• Fast Radio Burst 
- 1024 stationary beams

- 1 msec cadence

- 16k frequency bins
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Status
• First light ceremony on September 7, 2017


• Commissioning throughout Winter 2018


• Began collecting science data on March 27, 2018  

- Compression through truncation:  

‣ Saving 25% of all frequency bins

๏ Frequencies with minimal RFI contamination  

covering 630 - 790 MHz


‣ Saving 25% of all baselines

๏ |uew| ≤ 22m  and  |uns| ≤ 20 m


- Also writing N2 data to disk for 4 frequency bins  
to aid in development of real-time flagging,  
calibration, and compression algorithms.


• Expect to be at full capacity by October 2018

Efficiency During First Science Run
Number Total Fraction

Analog Inputs 1900 2048 93%
Frequency Bins 868 1024 85%
Uptime 49 days 64 days 77%
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Radio Sky as seen by CHIME

“Dirty ring map” generated from a single sidereal day of CHIME N2 data for  
a single frequency bin and single polarization (0.025% of total data).
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Radio Sky as seen by CHIME

“Dirty ring map” generated from a single sidereal day of CHIME N2 data for  
a single frequency bin and single polarization (0.025% of total data).    
 
Color scale compressed by a factor of 2.5.
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Radio Sky as seen by CHIME

“Dirty ring map” generated from a single sidereal day of CHIME N2 data for  
a single frequency bin and single polarization (0.025% of total data).   
 
Color scale compressed by a factor of 10.
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Foregrounds
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FIG. 8. This plot illustrates the process of foreground removal on simulations of the radio sky. The top row of plots show
skymaps of the individual components: unpolarised foregrounds, polarised foregrounds (showing Stokes Q only), and the 21 cm
signal. On the bottom row we show the maps we would make after foreground cleaning visibilities from our example telescope.
Both the polarised and unpolarised foregrounds become substantially supressed, whereas the 21 cm signal is largely una↵ected.
In this example we have discarded modes with S/F < 10. This leaves a clear correspondence between the original signal
simulation and the foreground subtracted signal, whilst leaving the foreground residuals over 10 times smaller in amplitude.

for further analysis it will be particularly useful if the set
of modes we use in our calculation are uncorrelated. By
making a further KL-transformation on the foreground
removed signal Ss = ⇤s, and total noise Nall

t covariance
matrices, we find a new transformation matrix Q which
maps into a basis where this is true. We will apply a
further cuto↵ to this, including only modes with a signal
to total noise ratio greater than s to give a transform Qt.

For notational convenience we will write the total
transformation in terms of a single matrix R = QtPs,
having chosen suitable values for the two cuto↵s s and
t. Quantities in this final basis we denote with tildes, for
example a visibility mapped into this basis is ṽ = Rv̄,
and a covariance is C̃ = RC̄R†. We will denote the
signal covariance S̃ = ⇤̃, and the total noise covariance
(including foregrounds) as Ñ = I.

21 cmUnpolarized Foreground Polarized Foreground

Shaw et al. 2015

• Foregrounds are 105 times  
brighter than the 21 cm signal.


• Foregrounds have a smooth spectrum,  
whereas the 21 cm signal varies rapidly  
with frequency because it originates  
from distinct structure along the  
line-of-sight direction.
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Foregrounds

• Foregrounds are 105 times  
brighter than the 21 cm signal.


• Foregrounds have a smooth spectrum,  
whereas the 21 cm signal varies rapidly  
with frequency because it originates  
from distinct structure along the  
line-of-sight direction.

• Unfortunately, frequency dependent  
instrumental effects convert the bright foreground 
signal into small-scale spectral structure.
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Foregrounds

• Foregrounds are 105 times  
brighter than the 21 cm signal.


• Foregrounds have a smooth spectrum,  
whereas the 21 cm signal varies rapidly  
with frequency because it originates  
from distinct structure along the  
line-of-sight direction.

• Unfortunately, frequency dependent  
instrumental effects convert the bright foreground 
signal into small-scale spectral structure.


• CHIME plans to characterize the transfer function 
of the instrument and construct optimal 
Karhunen-Loève filter that rotates measured data 
into signal/foreground modes.
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FIG. 8. This plot illustrates the process of foreground removal on simulations of the radio sky. The top row of plots show
skymaps of the individual components: unpolarised foregrounds, polarised foregrounds (showing Stokes Q only), and the 21 cm
signal. On the bottom row we show the maps we would make after foreground cleaning visibilities from our example telescope.
Both the polarised and unpolarised foregrounds become substantially supressed, whereas the 21 cm signal is largely una↵ected.
In this example we have discarded modes with S/F < 10. This leaves a clear correspondence between the original signal
simulation and the foreground subtracted signal, whilst leaving the foreground residuals over 10 times smaller in amplitude.

for further analysis it will be particularly useful if the set
of modes we use in our calculation are uncorrelated. By
making a further KL-transformation on the foreground
removed signal Ss = ⇤s, and total noise Nall

t covariance
matrices, we find a new transformation matrix Q which
maps into a basis where this is true. We will apply a
further cuto↵ to this, including only modes with a signal
to total noise ratio greater than s to give a transform Qt.

For notational convenience we will write the total
transformation in terms of a single matrix R = QtPs,
having chosen suitable values for the two cuto↵s s and
t. Quantities in this final basis we denote with tildes, for
example a visibility mapped into this basis is ṽ = Rv̄,
and a covariance is C̃ = RC̄R†. We will denote the
signal covariance S̃ = ⇤̃, and the total noise covariance
(including foregrounds) as Ñ = I.

Shaw et al. 2015

21 cmUnpolarized Foreground Polarized Foreground
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Calibration Requirements

• Beam calibration:  Need to know primary beam  
to better than 0.1%

• Complex gain calibration:  Need to know complex gain  
to better than 0.3% on timescales > 1 minute
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Complex Gain Calibration

• Currently calibrate complex receiver gain once per sidereal day by using the  
full visibility matrix to solve for the response of each feed to a stable,  
radio-bright point source (Cygnus A, Cassiopeia A, or Taurus A).
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• Currently calibrate complex receiver gain once per sidereal day by using the  
full visibility matrix to solve for the response of each feed to a stable,  
radio-bright point source (Cygnus A, Cassiopeia A, or Taurus A).

- Results in amplitude stability at the 1% level  

and phase stability at the 0.01 radian level.
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• Currently calibrate complex receiver gain once per sidereal day by using the  
full visibility matrix to solve for the response of each feed to a stable,  
radio-bright point source (Cygnus A, Cassiopeia A, or Taurus A).

- Results in amplitude stability at the 1% level  

and phase stability at the 0.01 radian level.

- Most of the residual variation observed in amplitude  

is common mode (across feeds and frequency)  
and highly correlated with outside temperature.

‣ Using a thermal model to interpolate between daily calibrator  

transits results in amplitude stability at the 0.5% level.
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• Currently calibrate complex receiver gain once per sidereal day by using the  
full visibility matrix to solve for the response of each feed to a stable,  
radio-bright point source (Cygnus A, Cassiopeia A, or Taurus A).

- Results in amplitude stability at the 1% level  

and phase stability at the 0.01 radian level.

- Most of the residual variation observed in amplitude  

is common mode (across feeds and frequency)  
and highly correlated with outside temperature.

‣ Using a thermal model to interpolate between daily calibrator  

transits results in amplitude stability at the 0.5% level.

• To ensure systematic errors due to gain fluctuations are negligible  
compared to statistical errors, we require stability at < 0.3% (amplitude)  
and < 0.003 radians (phase).

- Investigating receiver dependent thermal models and  

broadband signal injection techniques to further improve calibration.
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Beam Calibration
• Point Source Holography


- Track radio-bright point source with John Galt 26m telescope  
as it drifts through the beam of the CHIME feeds


- Correlate signal from 26m with signal from every CHIME feed

‣ Extracts point source signal modulated by CHIME beam  

(plus any common background sky)


• Pulsar Holography

- Subtract pulsar ON - pulsar OFF to remove common background sky

- ~100 msec cadence; implement in GPU

- Characterize polarization response


Beam&Calibration
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– Track&with&DRAO&26m&and&

correlate
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Beam Calibration

0 1

Simulated Beam 
EW Pol at 703 MHz

~ 3dB ripple  
in response 
along N-S  
direction

10 deg

CygA

Courtesy of 
Meiling Deng

Figure 3: The amplitudes of the gridded and averaged visibilities for all sources at 681 MHz for both polarisations
of a single antenna near the centre of the West cylinder, and its corresponding antenna on the East cylinder.
Regions of one standard deviation are shaded. The o↵set of the peak of the main beam is due to a 1.9 degree
rotation of the Pathfinder cylinder axis from astronomical North.

3.2 Gridding and averaging

We first regrid the visibilities in hour angle, using an inverse Lanczos resampling.⇤ At this point the only input
to the noise covariance other than the assumption of constant instrumental noise across frequencies and baselines
is RFI flagging, which assigns infinite noise to flagged time samples. We note that the telescope is not sensitive
to spatial Fourier modes larger than its width w

EW

in wavelengths

m
max

= 2⇡
w

EW

�
, (3)

⇤
https://en.wikipedia.org/wiki/Lanczos resampling

6

Pathfinder holography data 
for a single EW Pol Feed

Berger et al. 2016
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RFI Excision
• Spectral-Kurtosis based implementation of  

pre-correlation RFI excision using CHIME’s  
GPU backend. 

• Increase the sensitivity of the RFI removal  
by combining samples from CHIME’s 
2048 independent feeds. 

• This extra sensitivity allows for  
sub-millisecond RFI discrimination to  
detect quick broadband RFI pulses.  

• Comparison with CHIME’s pathfinder  
concludes the discrimination power  
scales with the size of the array.

Taylor et al. 2018 (in prep)

Slide courtesy of Jacob Taylor
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Survey Volume

WiggleZ

BOSS

CHIME (2018 - 2023)

DESI (2019 - 2024)

6dFGS

SDSS-II

Scaled such that

Area = Survey Volume

‣ 2.2 Gpc3

‣ 0.4 Gpc3

‣ 3.8 Gpc3

‣ LRG:   20  Gpc3

‣ Ly-α:   150  Gpc3

‣ LRG/ELG:   140  Gpc3

‣ Ly-α:            230  Gpc3

‣ 470  Gpc3

Reionization

Big Bang

RecombinationCosmic Dark Ages
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Forecasted Sensitivity
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Cosmology Forecast
Figure courtesy of Kevin Bandura

5 year survey

5 year survey

zt
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Cosmology Forecast CHIME : A 21cm Dark Energy Experiment

Current (Planck +WL+ BAO)!
Current + CHIME (simulations)!

Current + StageIV

2σ contours
w(z) = w0 + wa (z/z+1)

wa

 

Adam Hincks • IASF Bologna • 30 Nov. 2016

CHIME: Forecasts

● Lines – Range 
allowed by Planck + 
current BAO. 

● Errorbars – Predicted 
2-year sensitivity of 
CHIME.

Competitive with 
DOE Stage IV 
experiments (e.g., 
Euclid).

Figure: R. Shaw

Constraints on dark energy  
equation of state 

competitive with DOE  
Stage IV experiments


(e.g., DESI, Euclid)

Figures courtesy of Richard Shaw

• Lines:         Indicate range of (w0, wa) allowed  
                   by Planck 2013 and  
                   Union2.1 SNe data  

• Error bars:  Predicted 2-year CHIME sensitivity

Dark energy equation of state:  w = p / !
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Fast Radio Bursts
• Bright bursts of radio emission


• Millisecond timescales


• Very high dispersion measure

- Located at cosmological distances


• Only 24 have been detected so far

- Implies there are ~3000 FRBs  

per sky per day


• One found to repeat, localized to a  
dwarf galaxy 2.5 billion light-years away  
(Spitler et al. 2016, Chatterjee et al. 2017,  
Tendulkar et al. 2017)


• What are they?  Lots of theories.


• CHIME expects to detect  
order 10 per day

Figure 2: Frequency evolution and integrated pulse shape of the radio burst. The survey data,
collected on 2001 August 24, are shown here as a two-dimensional ‘waterfall plot’ of intensity
as a function of radio frequency versus time. The dispersion is clearly seen as a quadratic sweep
across the frequency band, with broadening towards lower frequencies. From a measurement of
the pulse delay across the receiver band using standard pulsar timing techniques, we determine
the DM to be 375±1 cm−3 pc. The two white lines separated by 15ms that bound the pulse show
the expected behavior for the cold-plasma dispersion law assuming a DM of 375 cm−3 pc. The
horizontal line at ∼ 1.34 GHz is an artifact in the data caused by a malfunctioning frequency
channel. This plot is for one of the offset beams in which the digitizers were not saturated.
By splitting the data into four frequency sub-bands we have measured both the half-power
pulse width and flux density spectrum over the observing bandwidth. Accounting for pulse
broadening due to known instrumental effects, we determine a frequency scaling relationship
for the observed width W = 4.6 ms (f/1.4 GHz)−4.8±0.4, where f is the observing frequency.
A power-law fit to the mean flux densities obtained in each sub-band yields a spectral index of
−4 ± 1. Inset: the total-power signal after a dispersive delay correction assuming a DM of 375
cm−3 pc and a reference frequency of 1.5165 GHz. The time axis on the inner figure also spans
the range 0–500 ms.

12

Lorimer et al. 2007

Movie by NRAO Outreach:  T. Jarrett (IPAC/Caltech) and B. Saxton (NRAO/AUI/NSF)
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First Detection of FRBs between 400-800 MHz by CHIME/FRB

First detection of fast radio bursts between 400 and

800 MHz by CHIME/FRB

CHIME/FRB Collaboration

Figure 1: Dynamic spectrum plot after de-dispersion to DM = 716.6 pc cm�3. The time is
relative to the topocentric (at 400 MHz) burst peak on 2018 July 25 at 17:59:43.115 UTC.
Intensity data for the two beams in which FRB 180725A was detected are shown. These
approximately 0.5� wide and circular beams were at RA, Dec = (06:13:54.7, +67:04:00.1;
J2000) and RA, Dec = (06:12:53.1, +67:03:59.1; J2000). Some frequency channels with
terrestrial radio frequency interference have been zero-weighted.

See Astronomer’s Telegram

ATEL #11902
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Summary
• CHIME is a dedicated cosmology experiment designed to measure BAO  

in the large scale distribution of neutral hydrogen between redshifts 0.8 and 2.5.


• Challenges and uncertainties:

- Foregrounds 105 brighter than 21 cm signal.

‣ Foreground avoidance and removal are active areas of research:


๏ Foreground wedge (Parsons et al. 2012)

๏ Karhunen-Loève filter (Shaw et al. 2014, 2015)


‣ Will require characterization of the instrument at an unprecedented level.  

- Constraints will depend on HI density and bias of 21 cm sources.

‣ Cosmological 21 cm signal detected in cross-correlation at z = 0.8  

(Chang et al. 2010, Masui et al. 2013).


• CHIME is currently collecting science data.


• Experiment will reach full capacity by Fall.  Survey will last 5 years.

- Potential to yield Stage IV constraints on dark energy equation of state.



 
Caption: People  at work: (top  left) Postdoc Emmanuel  Fonseca  and summer intern Tristan 
Simmons raising  feeds onto  the  focal  line; (top  right) Postdoc Cherry Ng  connecting  some  of 
the  2048  50m-long  coaxial  cables; (bottom left) Graduate  student Juan  Mena  Parra installing 
FPGA motherboards; (bottom right) Graduate  student Nolan  Denman  assembling  GPUs in 
the  X-engine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Check out our website at: www.chime-experiment.ca 
Thank you!

http://www.chime-experiment.ca

