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R. Boomsma et al.: HI holes and high-velocity clouds in the spiral galaxy NGC6946 3

Fig. 1. The left panel is a colour composite of the Digitized Sky Survey plates. The right panel is the deep (192 hours integration)
H I map on the same scale as the optical. Column densities range from 6 × 1019 cm−2 to 3.7 × 1021 cm−2. The H I in the centre is
seen in absorption against the bright core, producing a black spot on the H I map.

least three spiral arms can be traced well. The northern arm is the
most gas rich. It is more open and there is a high arm-interarm
contrast. The inner H I disk shows a sharp edge on the side of
the northern spiral arm. All outer spiral arms bifurcate half way,
giving the outer edge a frayed appearance with many short spiral
fragments (Fig. 2, left panel), except for the south-western edge.
The outer arms also contain stars as shown by Ferguson et al.
(1998) (see also Fig. 10 in Sancisi et al. 2008).

Also visible in Fig. 1 and in Fig. 2 is a prominent H I absorp-
tion in the centre (the black and the white dot respectively). This
absorption is due to H I seen against the bright radio continuum
nuclear source. In Fig. 2 (left panel) a minor bar (position angle
∼ −10◦) and the inner spiral arms appear symmetric with respect
to the optical and radio nucleus.

In the outer parts the H I disk is asymmetric, i.e. more ex-
tended toward the south-eastern direction with respect to the
bright optical disk (R25, which is indicated by the ellipse in
Fig. 2, see also Fig. 17). Despite this lopsidedness, the outer
spiral pattern of NGC6946 is quite symmetric. If we rotate the
galaxy image by 180◦ and shift it by about 1′ to the south-south-
east, then the northern and southern spiral arm fall perfectly on
top of each other.

Figure 3 shows the global H I profile for NGC6946 and for
two companion galaxies (see Section 4.4). The positions of the
latter with respect to NGC6946 can be seen in Fig. 17. The in-
tegrated H I flux of NGC6946 is 788 Jy km s−1. If we use the
distance of 6 Mpc as determined by Karachentsev et al. (2000),
we obtain a total H I mass of 6.7×109 M⊙. This is the same as
the H I mass found by Carignan et al. (1990) (after converting
their mass to our adopted distance) with the WSRT, using ad-
ditional short-spacing measurements. Our results are consistent
with those of single dish measurements (8 × 109 ± 20%M⊙ ac-
cording to Gordon et al. 1968) indicating that we are not miss-
ing any flux in our measurements. Rogstad et al. (1973) report a
similar value of 7.4 × 109 M⊙.

3.2. Large-scale kinematics

Some of the velocity channels (at negative velocities) are af-
fected by foreground emission from H I in our galaxy. This
foreground emission could, however, be removed almost com-
pletely, because of the difference in angular scale compared
with the H I structures in NGC 6946. A striking feature of the
H I line profiles of this galaxy is the presence, already noticed
by Boulanger & Viallefond (1992) and by Kamphuis & Sancisi
(1993), of extended velocity wings at low emission levels, due to
gas at anomalous velocity with respect to the disk’s rotation. To
determine the velocity of the peaks and obtain the velocity field
of NGC6946, we fitted a Gaussian to the upper part (above 25%)
of each profile, discarding the low intensity, broadened part. We
included a 3rd-order Hermite polynomial in the fit to account for
asymmetries in the profiles. For many profiles a fit to the whole
profile with a single Gaussian without Hermite polynomials gave
the same result; in regions with broad, asymmetric profiles the
difference between the two fits was around 5 kms−1. The uncer-
tainty in the velocity field increases in the outer regions because
of the lower signal-to-noise ratio. The resulting velocity field at
22′′ resolution is shown superposed on the H I density distribu-
tion in Fig. 2.

Although NGC6946 has a fairly low inclination (inclination
angle 38◦), differential rotation clearly shows up and dominates
the overall kinematics of the galaxy. NGC6946 appears to be a
regularly rotating galaxy. There are no apparent large distortions
within the optical radius (marked by the ellipse in Fig. 2), except
some small-scale wiggles. Some of the wiggles in the inner re-
gions follow the structure of the H I spiral arms and can probably
be attributed to streaming motions along the arms. Their ampli-
tude is of the order of 15 km s−1 (corrected for inclination) if the
motions are in the plane of the disk.

In the outer parts the velocity field becomes more disturbed.
On the northern side the iso-velocity contours are bent toward
the approaching side (NE) over a large area. The sharpest gradi-
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Images: Richard Shaw, Boomsma+2008, NRAO, David Champion, ESA
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CHORD concept

Image: Juan Mena-Parra

512-dish core + 2 x 64-dish/1-cylinder outriggers
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Key properties
vs. CHIME

Collecting 
area 14,500 m2 larger x 2

Trecv 30 K lower x 2

Band 300–1500 MHz wider x 3

21cm redshift 3.7 > z > 0 2.5 > z > 0.8

Channel width 183 kHz narrower x 2

Image: Tracy Zhuo
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Fig. 4. Assembled LNA with shield lid removed.
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Fig. 5. Simulated and measured S-parameters.

III. MEASUREMENT RESULTS

As CHORD requires 1500 LNAs, part costs constrained
some the design choices. The LNA was assembled on a
Rogers 4003C PCB as shown in Fig. 4 using Diramic’s
6-finger 400-µm wide pHEMT InP transistor for M1 and
MiniCircuits SAV-541+ pHEMT transistor for M2. Onboard
voltage regulation provides required biasing, and the whole
assembly (with the regulators and biasing circuitry) draws
90 mA from a 5-V supply. High Q capacitors along with
low-loss air-core inductors are used in the matching network to
minimize the noise-figure penalty. The LNA core itself draws
255 mW.

A. S-parameter and Linearity
In our design, the antenna is soldered directly to the

LNA PCB. Therefore, the input connector was deemebedded
during S-parameters and noise-parameter measurements using
a custom-designed TRL kit. The measured S-parameters are
plotted in Fig. 5. The LNA shows S21 = 33 ± 1.2 dB within
the band. When measured in a 50-⌦ system, the return loss is
>8 dB from 320 to 1500 MHz, with most of the band >10 dB.
Output return loss is >12 dB across the whole band. Linearity
metrics reported in Fig. 6 show the LNA has an IP1dB of at
least -37 dBm and an IIP3 greater than -20 dBm. As expected,
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Fig. 7. Simulated and measured noise parameters.

linearity is worse at lower frequencies due to higher gain of
the input stage at low frequencies.

B. Noise Parameters
The LNA noise parameters (Tmin, equivalent noise

resistance Rn, and ZLNA
opt ) were measured using the source-pull

Y-factor method. The 50⌦-signal-source noise temperature,
T50⌦, was computed using measured noise parameters. As
seen in Fig. 7(a), the LNA shows sub-20K noise temperatures
between 500 and 1400 MHz. Fig. 7(c) shows ZLNA

opt of the
whole LNA, which illustrates the end result of the matching
network transforming RS to approximate the optimum source
impedance of the LNA core. It also shows ZS realized by the
telescope antenna. Based on these results, the telescope noise
budget is calculated and shown in Fig. 8(a) [12]. This budget
includes losses in the antenna, antenna radiation efficiency,

Image: Lai+2023

CHORD LNA
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Key properties
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6 V. MacKay et al.

Table 2: Design parameters for the feed, illustrated in Fig. 1, optimized for
the CHORD reflector and science goals.

Parameter Symbol Value
Petal backshort diameter bd 65 mm
Petal untapered slot width sw 7.5 mm
Petal untapered slot length sl 37 mm
Petal taper length tl 93 mm
Petal taper opening width tw 238 mm
Petal taper scale parameter (fixed) ↵p 3.772
Petal taper rate parameter �p 0.037
Petal total width pw 378 mm
Petal behind backshort (fixed) pb 20 mm
Petal corner radius rp 27.5 mm
Balun microstrip taper length bl 48.3 mm
Balun microstrip width (port side) mw,p 0.6 mm
Balun microstrip width (short-to-petal side) mw,s 4.3 mm
Balun microstrip taper scale parameter (fixed) ↵b 5.116 ⇥ 10�9

Balun microstrip taper rate parameter �b 0.428

Fig. 3: Completed feed, including the microstrip baluns terminated by SMA connectors. There are cuts in
the petals that are added to accommodate screws, cables, connectors, and first stage amplification. There
is also a stabilizer piece, inserted in the exponential taper, made of polycarbonate. This version of the feed
design is the one optimized for CHORD, as presented in section 5.

parameter ↵b is not free, since it is determined by the taper width and length. The balun thickness is
also fixed, at 0.8 mm, because anything thinner would lack the structural integrity needed for the floating

Image: MacKay+2022

Ultra-wideband feed
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Key properties
vs. CHIME

Collecting 
area 14,500 m2 larger x 2

Trecv 30 K lower x 2

Band 300–1500 MHz wider x 3

21cm redshift 3.7 > z > 0 2.5 > z > 0.8

Channel width 183 kHz narrower x 2

NRSM 2024

14-bit, 3 GSPS ADC

RF-System-on-Chip (RFSoC)-Based F-Engine

8

RFSoC
ADC ARM FPGA

Simplified analog chain: 
channelize full CHORD 

band with 1  analog input

Improved flexibility 
& dynamic range

Candidate Platform: t0.CRS Module

Bonus: CHORD Proto-Pathfinder!

RFSoC digitizer/channelizer

GPU-based correlator/ 
beamformer

Images: Ian Hendrickson
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vs. CHIME
Collecting 

area 14,500 m2 larger x 2

Trecv 30 K lower x 2

Band 300–1500 MHz wider x 3

21cm redshift 3.7 > z > 0 2.5 > z > 0.8

Survey area 20° < dec < 80° dec ≳ -20°

Key properties
vs. CHIME

Collecting 
area 14,500 m2 larger x 2

Trecv 30 K lower x 2

Band 300–1500 MHz wider x 3

21cm redshift 3.7 > z > 0 2.5 > z > 0.8

Channel width 183 kHz narrower x 2

CHORD Observing Strategy

● CHORD will be a drift scan 
instrument with azimuthal pointing 
fixed to the local meridian

● CHORD will have manually 
adjustable elevation between the 
declinations of +20° and +80° (±30° 
from zenith)

● The primary beam width will range 
from 2.5°–12.5° across the band, 
corresponding to a beam-crossing 
time of ≳20 minutes at zenith. Image: Mohammad Islam (DRAO)

8

Image: Mohammad Islam



CHORD Overview / Simon Foreman

vs. CHIME
Collecting 

area 14,500 m2 larger x 2

Trecv 30 K lower x 2

Band 300–1500 MHz wider x 3

21cm redshift 3.7 > z > 0 2.5 > z > 0.8

Survey area 20° < dec < 80° dec ≳ -20°

Key properties
vs. CHIME

Collecting 
area 14,500 m2 larger x 2

Trecv 30 K lower x 2

Band 300–1500 MHz wider x 3

21cm redshift 3.7 > z > 0 2.5 > z > 0.8

Channel width 183 kHz narrower x 2

• “Deep-dish” (f/0.21) design
Reduced mutual 
coupling

Image: Brian Hoff
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Key properties
vs. CHIME

Collecting 
area 14,500 m2 larger x 2

Trecv 30 K lower x 2

Band 300–1500 MHz wider x 3

21cm redshift 3.7 > z > 0 2.5 > z > 0.8

Channel width 183 kHz narrower x 2

• “Deep-dish” (f/0.21) design

• Composite dishes 
manufactured on-site with 
sub-mm precision

Reduced mutual 
coupling

Ease of calibration/
beam modelling

Image: Brian Hoff
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HI power spectrum vs. thermal noise
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bmin ⇡ 6m
<latexit sha1_base64="QMfLCvMhgPqmTLnlGbGuqCu09Ew="></latexit>

bmax ⇡ 245m BAO

Foreman+2023

(5 yr)



CHORD Overview / Simon Foreman

21cm galaxy search

2 E029: The Canadian Hydrogen Observatory and Radio-transient Detector (CHORD)

Figure 2: Present and upcoming FRB surveys.
Horizontal extent for each survey shows the range
of rates possible given uncertainties in FRB spec-
tral properties, following Chawla et al. (2017).
CHORD shows exceptional detection rates (right-
ward) and frequency coverage (vertical extent),
and localization ability (circle size, milli-arcsec,
compared to arcsec on other localizing experi-
ments). Note that the x-axis is logarithmic be-
low one burst per day, to allow distinction among
lower-rate surveys.

Driving Science

CHORD will be a breakthrough facility across a wide range of
topics. Its design is driven by three primary goals:

Fast Radio Bursts: FRBs are mysterious, millisecond bursts of
radio light of unknown origin coming from far outside our Milky
Way galaxy. Though puzzling, they offer new windows on the
cosmos and the structure of the Universe (Cordes & Chatterjee,
2019). Canada leads the world in FRB discoveries, through the
success of CHIME/FRB (e.g. CHIME/FRB Collaboration et al.,
2019b,a).

One major challenge in understanding FRBs is that most radio
telescopes capable of detecting them are poor at determining their
location on the sky. Yet FRB localization is key for understand-
ing their nature and for harnessing their potential as cosmic probes
(Eftekhari & Berger, 2017). For an individual FRB, identifying
the type and redshift of its host galaxy – as well as the FRB’s lo-
cation within that galaxy – can tell us about the source energetics
and environment. When studied as a population, such data heavily
constrain FRB progenitors. A localization in the disk of a spiral
galaxy suggests youth while an FRB in the outskirts of an ellip-
tical galaxy implies an old progenitor. A location near a galaxy’s
supermassive black hole could imply an interaction with it or its
accretion disk (Katz, 2017).

Figure 3: Predicted dN/dz for CHORD for de-
tections of galaxies in neutral hydrogen, com-
pared to the current state-of-the-art ALFALFA
survey. CHORD represents a factor of 4 in-
crease in peak redshift detection efficiency and
an orders-of-magnitude increase in object counts.
Red shaded areas show frequencies where GNSS
satellite systems broadcast and RFI removal will
be more challenging.

Moreover, knowing their distances enables large scale structure
studies and unique determinations of the content of the intergalac-
tic medium, such as constraints on the location of the “missing
baryons” in the Universe. Rotation measures of polarized FRBs
could constrain the origin and evolution of cosmic magnetism.
FRBs present in the early Universe could constrain the reioniza-
tion history (Fialkov & Loeb, 2016).

CHORD will provide localizations for the many thousands of
FRBs needed for these studies. While repeating FRBs can even-
tually be localized by following up with other instruments, the
large majority of FRBs thus far exhibit only a single burst, offering
no such opportunity. CHORD’s outrigger stations overcome this
problem, measuring precise coordinates in real time for events de-
tected by CHIME and by the enhanced core. With an unparalleled
localization rate (Figure 2), CHORD will revolutionize the field.

Distribution of Matter in the Universe: CHORD will create the largest 3D image of the cosmos to date, ex-
tending CHIME’s all-sky map to finer angular resolution and to cover a huge volume from our cosmic backyard to
beyond redshift 3.

CHORD will be exceptionally powerful in carrying out surveys in and around individual galaxies out to cos-
mological distances via the 21cm emission line. Large single dishes have long been used to measure the atomic
gas properties of the local galaxy population, but their small fields of view are a major limitation: ALFALFA at
Arecibo, the largest 21cm survey carried out to date, covered less than a quarter of the northern hemisphere sky
and detected 30,000 galaxies. We forecast that CHORD will detect as many as 107 unresolved galaxies across
the northern sky, a factor of 300 improvement (Fig 3). This will enable the first truly cosmological studies using

• Forecasted to 
detect O(106) 
galaxies in local 
universe
(100x ALFALFA)

HI mass 
function 
cross-matching 
with DESI BGS 
…

Forecast:
Jon Sievers

Potential 
RFI Band
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Figure 2: Present and upcoming FRB surveys.
Horizontal extent for each survey shows the range
of rates possible given uncertainties in FRB spec-
tral properties, following Chawla et al. (2017).
CHORD shows exceptional detection rates (right-
ward) and frequency coverage (vertical extent),
and localization ability (circle size, milli-arcsec,
compared to arcsec on other localizing experi-
ments). Note that the x-axis is logarithmic be-
low one burst per day, to allow distinction among
lower-rate surveys.

Driving Science

CHORD will be a breakthrough facility across a wide range of
topics. Its design is driven by three primary goals:

Fast Radio Bursts: FRBs are mysterious, millisecond bursts of
radio light of unknown origin coming from far outside our Milky
Way galaxy. Though puzzling, they offer new windows on the
cosmos and the structure of the Universe (Cordes & Chatterjee,
2019). Canada leads the world in FRB discoveries, through the
success of CHIME/FRB (e.g. CHIME/FRB Collaboration et al.,
2019b,a).

One major challenge in understanding FRBs is that most radio
telescopes capable of detecting them are poor at determining their
location on the sky. Yet FRB localization is key for understand-
ing their nature and for harnessing their potential as cosmic probes
(Eftekhari & Berger, 2017). For an individual FRB, identifying
the type and redshift of its host galaxy – as well as the FRB’s lo-
cation within that galaxy – can tell us about the source energetics
and environment. When studied as a population, such data heavily
constrain FRB progenitors. A localization in the disk of a spiral
galaxy suggests youth while an FRB in the outskirts of an ellip-
tical galaxy implies an old progenitor. A location near a galaxy’s
supermassive black hole could imply an interaction with it or its
accretion disk (Katz, 2017).

Figure 3: Predicted dN/dz for CHORD for de-
tections of galaxies in neutral hydrogen, com-
pared to the current state-of-the-art ALFALFA
survey. CHORD represents a factor of 4 in-
crease in peak redshift detection efficiency and
an orders-of-magnitude increase in object counts.
Red shaded areas show frequencies where GNSS
satellite systems broadcast and RFI removal will
be more challenging.

Moreover, knowing their distances enables large scale structure
studies and unique determinations of the content of the intergalac-
tic medium, such as constraints on the location of the “missing
baryons” in the Universe. Rotation measures of polarized FRBs
could constrain the origin and evolution of cosmic magnetism.
FRBs present in the early Universe could constrain the reioniza-
tion history (Fialkov & Loeb, 2016).

CHORD will provide localizations for the many thousands of
FRBs needed for these studies. While repeating FRBs can even-
tually be localized by following up with other instruments, the
large majority of FRBs thus far exhibit only a single burst, offering
no such opportunity. CHORD’s outrigger stations overcome this
problem, measuring precise coordinates in real time for events de-
tected by CHIME and by the enhanced core. With an unparalleled
localization rate (Figure 2), CHORD will revolutionize the field.

Distribution of Matter in the Universe: CHORD will create the largest 3D image of the cosmos to date, ex-
tending CHIME’s all-sky map to finer angular resolution and to cover a huge volume from our cosmic backyard to
beyond redshift 3.

CHORD will be exceptionally powerful in carrying out surveys in and around individual galaxies out to cos-
mological distances via the 21cm emission line. Large single dishes have long been used to measure the atomic
gas properties of the local galaxy population, but their small fields of view are a major limitation: ALFALFA at
Arecibo, the largest 21cm survey carried out to date, covered less than a quarter of the northern hemisphere sky
and detected 30,000 galaxies. We forecast that CHORD will detect as many as 107 unresolved galaxies across
the northern sky, a factor of 300 improvement (Fig 3). This will enable the first truly cosmological studies using

• Opportunity: connecting direct measurements of 21cm 
                       galaxies with LIM modelling (e.g. linear bias)
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Timeline

Image: Brian Hoff

First dish deployed (03/2025)
2025:

end-to-end testing of 
first dishes+signal chain

2026:
commissioning of 64-dish 
pathfinder

>2026:
completion of 512-dish 
array and commencement 
of science operations
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Conclusions

CHORD
• CHORD: close-packed core of 

512 6m dishes + outrigger stations

• Designed to minimize systematic 
errors (mutual coupling, element 
non-redundancy)

• Goals:
• 21cm IM over 0 ≲ z ≲ 3.7 
• 21cm galaxies at z ≲ 0.1 
• FRB search/localization 
• Pulsar search/monitoring 
• Galactic magnetic fields

• 64-dish pathfinder online next 
year


