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C-BASS: The C-band all-sky survey
• C-BASS	is	a	collaborative	project	between:	
• Oxford	University	(UK)		supported	by	Oxford	University,	STFC,	and	the	Royal	Society	

• Angela	Taylor,	Mike	Jones,	Christian	Holler,	Jamie	Leech,	Luke	Jew	

• Manchester	University	(UK)	
• Clive	Dickinson,	Paddy	Leahy,	Mel	Irfan,	Rod	Davies,	Richard	Davis,	Mike	Peel,	Joe	Zuntz	

• California	Institute	of	Technology	(USA)	+	OVRO	+	JPL		supported	by	the	National	
Science	Foundation	AST	1212217	
• Tim	Pearson,	Stephen	Muchovej,	Tony	Readhead,	Oliver	King,	Erik	Leitch,	Matthew	Stevenson	

• Hartebeesthoek	Radio	Astronomy	Observatory	(South	Africa),	Rhodes	
University,	U.	KwaZulu	Natal			supported	by	the	Square	Kilometre	Array	project	
• Justin	Jonas,	Charles	Copley,	Cynthia	Chiang,	Jon	Sievers,	Moumita	Aitch,	Heiko	Heiligendorff,	

Johannes	Allotey	

• KACST:	King	Abdulaziz	City	for	Science	and	Technology	(Saudi	Arabia)	
• Yaser	Hafez
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C-BASS: The C-band all-sky survey

• The	C-Band	All-Sky	Survey	(C-BASS)	is	a	project	to	produce	high	signal-to-noise	
all-sky	maps	at	a	central	frequency	of	5	GHz	in	intensity	and	linear	polarization	
(Stokes	I,	Q,	and	U).	

• Primary	goal:	a	synchrotron	template	for	use	in	CMB	foreground	subtraction.	
• a	“low	frequency	channel”		for	Planck	

• Secondary	goals:	
• understand	emission	mechanisms	in	the	diffuse	interstellar	medium	and	
the	magnetic	fields	

• constrain	models	of	Galactic	structure
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C-BASS: The C-band all-sky survey

• High	signal-to-noise	all-sky	maps	at	a	central	frequency	of	5	GHz	in	intensity	
and	linear	polarization	(Stokes	I,	Q,	and	U).	

• C-BASS	uses	two	telescopes,	one	in	the	northern	hemisphere	at	the	Owens	
Valley	Radio	Observatory	in	California,	and	one	close	to	the	South	African	SKA	
site.	Angular	resolution	0.73°.		

• Novel	optical	design	to	minimize	sidelobes.	
• Nominal	bandwidth	1	GHz.	
• Thermal	noise	sensitivity	is	~3	mK√s	in	I	and	~2	mK√s	in	Q/U,	with	a	target	
survey	thermal	noise	level	of	0.1	mK.		

• Maps	at	this	frequency	are	dominated	by	synchrotron	radiation	and	largely	
uncorrupted	by	Faraday	rotation.	
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Two Telescopes
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Why 5 GHz?

• Halfway	(in	log	ν)	between	surveys	at	1.4	GHz	(Stockert:	Reich	&	Reich)	and	23	

GHz	(WMAP).	

• Expected	high-latitude	Faraday	rotation	a	few	degrees,	c.f.	~30°	at	2.3	GHz.	

• residual	correction	at	high	latitude	via	1.4	GHz	polarization	survey	from	Penticton	

(Wolleben)	/	Villa	Elisa	(Testori,	Reich	&	Reich)	

• Below	main	emission	from	anomalous	dust,	so	predominantly	synchrotron.	

• helps	to	constrain	AME	models	

• Signal	still	strong	enough	(few	mK)	to	measure	in	a	reasonable	time	(<	1	year)	

with	a	single	receiver.
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sky and ground temperatures is several hundred Kelvins, lim-
iting scan-synchronous sidelobe pickup to below the thermal
noise level requires that the antennas provide at least 60 dB
of rejection in the horizon direction. In addition, given that
the polarization fraction of the sky signal may be less than
one percent, obtaining accurate polarization angles requires
the cross polarization level (after calibration) to be better than
30 dB.

II. ANTENNA OVERVIEW AND OPTICS DESIGN

Due to the availability of suitable antennas at each site,
C-BASS uses different antenna designs for the northern and
southern surveys. The northern antenna, which was originally
designed as a prototype for the NASA Deep Space Network
[4], has a 6.1-m primary reflector and was donated to the
project by the Jet Propulsion Laboratory. The southern antenna
was designed by Mitsubishi for a low-earth-orbit telecommu-
nications satellite ground station. It has a 7.6-m diameter
primary mirror, and was donated by Telkom SA Ltd. Both
antennas are circularly symmetric and have shaped profiles.
The 6.1-m antenna was originally optimized for maximum for-
ward gain using uniform aperture illumination of the primary
mirror. The original shaping criteria for the other antenna are
unknown. Photogrammetry was used to measure the primary
surface shape for both antennas. Since both antennas were
originally designed for satellite communication purposes at
different frequencies and were not suitable as imaging instru-
ments, the feed and secondary optics were redesigned for this
project.
We used Galindo’s theory of shaped dual reflectors [5] for the

redesign of the secondary mirrors. This provides a set of three
differential equations which are solved for the desired boundary
conditions. As no closed-form solution is possible, a simple
program was written to solve these equations iteratively. The
optical design requirements for this astronomical survey were
common main beam patterns (up to the first null) from both an-
tennas, low sidelobe and cross polar levels, low blockage and
scattering due to the secondary mirror, constant phase in the
aperture of the primary mirrors, and, if possible, a common feed
horn design for both antennas.
The design procedure started with a ray optics analysis

in order to obtain approximate secondary and feed aperture
sizes. The first criterion was to limit direct spillover from the
feed to the sky and the shadowing of the optics by the feed
horn itself, which is to be less than the blockage shadow due
to the secondary mirror. The different shapes of the primary
surfaces, taken together with these requirements, necessitated
different optical configurations—Gregorian (concave ellip-
soidal secondary) for the northern antenna and Cassegrain
(convex hyperboloidal secondary) for the southern antenna.
It was possible, however, to use a common feed horn design.
Fig. 1 shows a schematic ray diagram of each design. In both
cases our requirements together with the wavelength of the
survey caused the diameter of the secondary to be significantly
increased compared to the original optics—the new mirrors
each subtends a semi-angle of 46.5 from the feed phase centre,

Fig. 1. Schematic ray diagrams (not to scale) of (top) the northern 6.1-m an-
tenna and (bottom) the southern 7.6-m antenna. In the northern antenna both di-
rect spillover from the feed and diffraction spillover around the primary mirror
edge are blocked by absorbing baffles. In the southern antenna, primary spillover
is limited by the under-illumination of the larger antenna; direct spillover past
the secondary cannot be further limited due to the Cassegrain geometry. Dotted
lines in the foam cones indicate glue joints which are traversed by free-space
rays.

at which angle the feed illumination taper is 40 dB at the
band centre of 5 GHz.
In the second step the design was optimized using Galindo’s

design equations. A manual iterative process was used to
produce very similar main beam patterns for the two telescopes
together with very low sidelobes across the full beam. The cross
polar level was relatively independent on the exact design and
was mainly set by the cross polar signal level of the feed horn
and the fact that our design has unbroken circular symmetry.
Fig. 2 shows the simulated near-in co-polar and cross-polar

beams of the two antennas. The beams of the two systems are
well matched, allowing for the northern and southern surveys to
be combined together with no change of resolution. The main
beam efficiency (i.e., the fraction of the total radiated power
within the first null) is calculated to be 80%, while the power
within 5 (which encompasses most of the diffraction due to the
secondary blockage) is 91%. This compares favorably with an-
tennas used for previous total-power surveys, e.g. the Stockert
25-m antenna [6] which has a main-beam efficiency of 55% and
a ‘full-beam’ (within 7 ) efficiency of 69%. The high beam ef-
ficiency of the C-BASS antennas is due to the lack of scattering
structures within the beam, and will result in a much simpler and
more accurate conversion from measured power data to true sky
temperatures.

118 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 61, NO. 1, JANUARY 2013

sky and ground temperatures is several hundred Kelvins, lim-
iting scan-synchronous sidelobe pickup to below the thermal
noise level requires that the antennas provide at least 60 dB
of rejection in the horizon direction. In addition, given that
the polarization fraction of the sky signal may be less than
one percent, obtaining accurate polarization angles requires
the cross polarization level (after calibration) to be better than
30 dB.

II. ANTENNA OVERVIEW AND OPTICS DESIGN

Due to the availability of suitable antennas at each site,
C-BASS uses different antenna designs for the northern and
southern surveys. The northern antenna, which was originally
designed as a prototype for the NASA Deep Space Network
[4], has a 6.1-m primary reflector and was donated to the
project by the Jet Propulsion Laboratory. The southern antenna
was designed by Mitsubishi for a low-earth-orbit telecommu-
nications satellite ground station. It has a 7.6-m diameter
primary mirror, and was donated by Telkom SA Ltd. Both
antennas are circularly symmetric and have shaped profiles.
The 6.1-m antenna was originally optimized for maximum for-
ward gain using uniform aperture illumination of the primary
mirror. The original shaping criteria for the other antenna are
unknown. Photogrammetry was used to measure the primary
surface shape for both antennas. Since both antennas were
originally designed for satellite communication purposes at
different frequencies and were not suitable as imaging instru-
ments, the feed and secondary optics were redesigned for this
project.
We used Galindo’s theory of shaped dual reflectors [5] for the

redesign of the secondary mirrors. This provides a set of three
differential equations which are solved for the desired boundary
conditions. As no closed-form solution is possible, a simple
program was written to solve these equations iteratively. The
optical design requirements for this astronomical survey were
common main beam patterns (up to the first null) from both an-
tennas, low sidelobe and cross polar levels, low blockage and
scattering due to the secondary mirror, constant phase in the
aperture of the primary mirrors, and, if possible, a common feed
horn design for both antennas.
The design procedure started with a ray optics analysis

in order to obtain approximate secondary and feed aperture
sizes. The first criterion was to limit direct spillover from the
feed to the sky and the shadowing of the optics by the feed
horn itself, which is to be less than the blockage shadow due
to the secondary mirror. The different shapes of the primary
surfaces, taken together with these requirements, necessitated
different optical configurations—Gregorian (concave ellip-
soidal secondary) for the northern antenna and Cassegrain
(convex hyperboloidal secondary) for the southern antenna.
It was possible, however, to use a common feed horn design.
Fig. 1 shows a schematic ray diagram of each design. In both
cases our requirements together with the wavelength of the
survey caused the diameter of the secondary to be significantly
increased compared to the original optics—the new mirrors
each subtends a semi-angle of 46.5 from the feed phase centre,

Fig. 1. Schematic ray diagrams (not to scale) of (top) the northern 6.1-m an-
tenna and (bottom) the southern 7.6-m antenna. In the northern antenna both di-
rect spillover from the feed and diffraction spillover around the primary mirror
edge are blocked by absorbing baffles. In the southern antenna, primary spillover
is limited by the under-illumination of the larger antenna; direct spillover past
the secondary cannot be further limited due to the Cassegrain geometry. Dotted
lines in the foam cones indicate glue joints which are traversed by free-space
rays.
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beams of the two antennas. The beams of the two systems are
well matched, allowing for the northern and southern surveys to
be combined together with no change of resolution. The main
beam efficiency (i.e., the fraction of the total radiated power
within the first null) is calculated to be 80%, while the power
within 5 (which encompasses most of the diffraction due to the
secondary blockage) is 91%. This compares favorably with an-
tennas used for previous total-power surveys, e.g. the Stockert
25-m antenna [6] which has a main-beam efficiency of 55% and
a ‘full-beam’ (within 7 ) efficiency of 69%. The high beam ef-
ficiency of the C-BASS antennas is due to the lack of scattering
structures within the beam, and will result in a much simpler and
more accurate conversion from measured power data to true sky
temperatures.

Not-to-scale	 schematic	 ray	 diagrams	 of	 the	 northern	 6.1-m	 antenna	 (left)	 and	 the	
southern	7.6-m	antenna	(right).

C. M. Holler et al. IEEE Antennas and Propagation, 61, 117, 2013 
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Optics
• Antenna	designs	for	the	northern	and	southern	systems	have	been	optimized	
to	produce	similar	main	beam	patterns	for	the	two	telescopes	and	minimize	far	
out	sidelobes.	

• The	 northern	 telescope	 is	 a	 6.1	m	 Gregorian.	 Absorbing	 baffles	 are	 used	 to	
block	both	direct	 spillover	 from	the	 feed	and	diffraction	spillover	around	 the	
edge	of	the	primary	mirror.		

• The	 southern	 telescope	 is	 a	 7.6	m	 Cassegrain.	 The	 primary	mirror	 is	 heavily	
under-illuminated	 to	 minimize	 spillover.	 Direct	 spillover	 past	 the	 secondary	
cannot	be	limited	further	due	to	the	Cassegrain	geometry.	

Figure	4:	Simulated	beam	pattern	of	the	6.1-m	antenna	at	4.5	GHz,	without	baffles	(red),	with	secondary	baffle	only	(green)	
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Receivers

• A	continuous-comparison	radiometer	(comparison	with	a	regulated	cold	load)	
to	measure	I,	and	a	correlation	polarimeter	to	measure	Q	and	U.		

• The	northern	system	is	fully	analog,	and	uses	notch	filters	to	remove	in-band	
interference.		

• The	 southern	 system	 digitizes	 the	 signals	 after	 downconversion	 and	
implements	the	correlation	and	differencing	in	an	FPGA.	This	also	channelizes	
the	data	in	to	128	frequency	channels,	allowing	efficient	excision	of	RFI.		

• Phase	switching	 in	 the	northern	system	 is	used	to	cancel	out	gain	and	phase	
imbalances,	resulting	in	extremely	low	instrumental	cross-polarization	(I	to	Q,	
U	leakage	of	less	than	0.5%).		

• In	the	southern	system	complex	gain	corrections	can	be	applied	to	the	signals	
before	correlation	to	achieve	the	same	effect.
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Receiver (north)
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Receiver (south)
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Effect of Notch Filters
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