
A	  selected	  tutorial	  on	  Single	  Dish	  
Radio	  Astronomy	  (specific	  to	  Bingo)	  

•  1D	  blackbody	  radia>on	  
•  Radiometer	  Equa>on	  
•  Blackbody	  calibra>on	  
•  Radiometery	  (remotely	  mapping	  brightness	  temp)	  
•  Flux	  measurements	  and	  antenna	  ‘gain’	  
•  Telescope	  op>cs	  

–  On-‐Axis	  Prime	  focus	  
–  Cassegrain	  
–  Gregorian	  
–  Off-‐axis	  designs	  
–  Crossed	  Dragone	  

•  You	  can	  try	  21	  cm	  astronomy	  yourself	  with	  SoPware	  Defined	  Radio	  



References	  

•  Essen>al	  Radio	  Astronomy	  (Condon	  and	  Ransom)	  
•  Radio	  Astronomy	  (Krauss)	  
•  Single	  Dish	  Basics	  (Casper)	  [concise	  but	  buggy]	  
–  hTps://casper.berkeley.edu/astrobaki/index.php/
Single_Dish_Basics	  

•  Radio	  Astronomy	  Fundamentals	  (John	  Reynolds)	  
[accurate	  but	  wordy]	  
– www.atnf.csiro.au/.../radio.../
Radio_Astronomy_Fundamentals_-‐
_John_Reynolds.pdf	  
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Appendances: Optimum 15 dBi pyramidal standard gain horn using smaller rectangular 
(2.6 x 5.6) waveguide, which cutoff is around 1.1 GHz (TE10). 6061 Al all wielded 
construction. This waveguide size (6 inches long) as shown above provided one of the 
better broad band return loss of the transitions tested. This illustrates that a variety of 
waveguide sizes from 5.6 to 8 inches wide can be tuned to work all measured better than 
-18 dB return loss. 
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On-‐axis	  prime-‐focus	  dish	  
HIRAX,	  Tianlai-‐dish	  



On-‐Axis	  cassegrein	  (sat	  uplink)	  



On-‐Axis	  Gregorian	  (satellite	  uplink)	  



Off-‐Axis	  prime	  focus	  dish	  (sat	  TV)	  



Off-‐axis	  
Gregorian	  
(Meerkat)	  
•  	  	  

Also	  Green	  
Bank	  



Gregorian	  vs	  crossed	  Dragone	  the
center

feed
and

low
astigm

atism
,

leading
to

a
larger

D
L

F
O

V
.

T
he

m
ost

com
m

on
type

of
M

izuguchi–D
ragone

used
in

astronom
y

is
the

G
regorian,show

n
in

F
ig.

1(b),
w

hich
generally

has
a

sm
all

secondary
and

a
chief

ray
that

traces
a

zigzag
pattern.

A
n

alterna-
tive

M
izuguchi–D

ragone
configuration,the

crossed
or

side-fed,has
received

som
e

recentattention
[6,7],

particularly
for

apertures
of

!
1.5

m
.

T
he

crossed
configuration

uses
a

large
secondary

in
a

folded
design,

show
n

in
F

ig.
1(a),

w
ith

a
chief

ray
that

crosses
itself.

B
oth

crossed
and

G
regorian

configurations
ap-

pear
in

experim
ents

designed
to

search
for

the
po-

larized
gravitationalw

ave
signalin

the
C

M
B

.T
he

E
and

B
E

xperim
ent

[8]and
P

O
L

A
R

B
E

A
R

[9]use
the

G
regorian

configuration,w
hile

C
L

O
V

E
R

[7]and
the

Q
"U

Im
aging

E
xperim

ent
[10]

use
the

crossed
con-

figuration.
H

ere
w

e
com

pare
the

relative
m

erits
of

the
G

regorian
and

crossed
M

izuguchi–D
ragone.

C
rossed

configurations
tend

to
have

secondary
re-

flectors
sim

ilar
in

size
to

the
prim

aries.T
he

study
is

therefore
lim

ited
to

a
1.65

m
aperture,

as
a

larger
crossed

configuration
is

m
echanically

com
plicated

due
to

the
large

secondary.T
he

study
is

divided
into

a
geom

etric
and

physical-optics
analysis.

T
he

geo-
m

etric
analysis

show
s

thatthe
crossed

configuration
has

a
larger

D
L

F
O

V
than

the
G

regorian,
although

the
G

regorian
has

a
large

enough
D

L
F

O
V

for
m

ost
practical

applications.
T

he
physical-optics

analysis
w

ill
show

that
both

configurations
have

adequate
cross

and
instrum

entalpolarization.
A

com
plete

opticalsystem
could

also
include

relay
optics,

depending
on

the
exact

requirem
ents

of
the

focalplane
technology.R

elay
system

s
have

m
any

pos-
sible

designs,and
hence

w
ill

not
be

included
in

this
analysis.

2.
G

eom
etric

O
ptics

T
he

tw
o

configurations
chosen

for
com

parison
have

the
sam

e
aperture

size
and

E
F

L
.Since

both
obey

the
M

izuguchi–D
ragone

condition,
they

are
also

repre-
sented

by
the

sam
e

equivalent
paraboloid.It

is
thus

expected
that

the
geom

etric
and

electrical
perfor-

m
ance

of
both

configurations
should

be
sim

ilar
to

a
centered

parabola
near

the
central

feed.It
has

been
show

n,
how

ever,
that

the
perform

ance
quickly

di-
verges

from
the

equivalent
parabola

as
the

feed
is

scanned
to

the
edge

ofthe
field

[3].Serabyn
[11]has

furtherm
ore

suggested
that

conics
arranged

in
the

cross
configuration

can
have

sm
aller

abberations
due

to
cancellation

betw
een

the
m

irrors.
T

o
com

pare
the

G
regorian

and
the

crossed
config-

urations
at

field
positions

far
from

the
center,

it
is

necessary
to

use
a

m
ore

robust
toolthan

the
equiva-

lent
parabola.H

ere
w

e
use

the
ray

tracing
softw

are,
ZE

M
A

X
[12],to

com
pare

the
geom

etric
perform

ance
of

the
system

s.W
hile

ray
tracers

have
the

advantage
of

low
com

putational
dem

ands,
they

are
unable

to
ad-

dress
diffraction

and
subbeam

scale
issues.T

hese
are

better
com

puted
from

physicaloptics,as
described

in
Section

3.
T

he
E

F
L

of
the

tw
o

configurations
w

as
set

to
240

cm
,

short
enough

such
that

!
700

pixels
of

2
·F

num
ber

·
!

separation
at

150
G

H
z

pixels
fit

in-
side

a
12

in.(30
cm

)diam
eter

at
the

telescope
focus,

the
current

lim
it

ofcryostat
w

indow
technology.It

is
w

ell
know

n
that

M
izuguchi–D

ragones
can

be
com

-
pletely

specified
by

five
param

eters
[13].

W
ith

the
aperture

and
the

E
F

L
chosen,the

rest
ofthe

param
-

eters
w

ere
chosen

based
on

beam
clearance

consider-
ations.It

is
im

portant
to

note
that

it
is

m
ore

difficult
to

design
for

shorter
E

F
L

s
w

ith
the

crossed
configu-

ration.T
he

F
num

ber
ofthe

design
presented

here
is

close
to

the
practicallow

er
lim

it.T
he

m
ostconstrain-

ing
aspect

of
the

crossed
design

is
clearance

of
the

beam
from

both
the

focal
plane

and
the

edges
of

the
m

irrors.T
he

design
show

n
in

F
ig.1(a)

balances
the

clearance
betw

een
the

m
ain

beam
and

the
sec-

F
ig.1.

D
iagram

s
of

tw
o

M
izuguchi–D

ragone
configurations.F

or
each,the

chiefray
is

show
n

as
the

thick
black

line.T
he

"
2°off-axis

beam
s

are
show

n
in

gray.B
oth

have
the

sam
e

aperture
diam

eter
and

E
F

L
,and

thus,the
sam

e
F

num
ber.
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ondary
w

ith
the

clearance
betw

een
the

m
ain

beam
and

the
receiver.In

the
G

regorian
design,the

item
s

in
com

petition
are

the
separation

ofthe
receiver

and
prim

ary,the
size

of
the

secondary,and
the

oblique-
ness

ofthe
prim

ary.T
he

differences
betw

een
the

tw
o

configurations
are

further
explained

in
Section

5.
T

he
aberrations

for
both

configurations
w

ere
eval-

uated
by

calculating
the

Strehl
ratios

w
ith

the
ray

tracing
softw

are.F
igure

2
is

a
plotofthe

Strehlratios
as

a
function

offield
position.T

he
crossed

configura-
tion

has
nearly

a
factor

of
2

larger
focalplane

diam
-

eter.
T

he
crossed

configuration
also

has
a

nearly
telecentric

focalplane,m
eaning

that
chiefrays

from
all

field
positions

arrive
nearly

parallel
at

the
focal

plane.
T

his
m

akes
the

use
of

bare
planar

arrays
of

scalar
feedhorns

atthe
telescope

focus
possible,elim

-
inating

the
need

for
relay

optics.N
early

allthe
G

re-
gorian

system
s,on

the
other

hand,require
a

curved
focalplane

or
relay

optics.

3.
P

hysicalO
ptics

T
he

G
R

A
SP9

[14]physicaloptics
softw

are
package

w
as

used
to

evaluate
three

quantities:copolar
beam

pro-
files,cross-polar

profiles,and
instrum

entalpolariza-
tion.

T
o

study
the

effects
of

the
telescope

m
irrors

only,an
idealized

feedhorn
w

as
used,w

ith
zero

cross
polarization

and
a

G
aussian

taper
of

!
12

dB
at

the
edge

of
the

prim
ary.

A
.

C
opolarized

and
C

ross-P
olarized

B
eam

s

C
opolarized

beam
s

for
both

focalplanes
are

plotted
in

F
ig.3.T

he
shapes

ofthe
copolarized

beam
s

verify
the

ray
tracing

conclusion
that

the
crossed

configuration
has

a
significantly

larger
D

L
F

O
V

.C
ross

polarization
is

a
m

easure
ofhow

m
uch

the
opticalsystem

rotates
linear

polarization.
T

he
cross-polarized

beam
s

for
both

focalplanes
are

show
n

in
F

ig.4.
It

is
im

portant
to

note
that

the
coordinates

ofeach
horn

w
as

chosen
to

null
the

easily
calibrated

m
ean

cross
polarization

across
the

beam
profile.F

or
sm

all,
flat

regions
of

the
far

field,it
is

natural
to

align
the

unit
vector

defining
the

y
polarization

of
the

beam
s

along
the

sym
m

etry
plane

of
the

telescope.
A

t
the

focal
plane,

how
ever,

the
horns

are
pointed

inw
ard

such
that

the
chiefrays

intersect
at

the
m

iddle
ofthe

prim
ary

aperture.
T

his
leaves

no
preferred

orienta-
tion

of
the

horn
x–y

coordinates
about

the
chief

ray,
thus

allow
ing

our
particular

choice
of

coordinates.
N

ulling
the

cross-polarization
response

in
the

m
iddle

of
the

beam
produces

a
cross-polarized

beam
w

ith
a

characteristic
double-lobe

pattern,
w

hich
cannot

be
rem

oved
by

a
sim

ple
calibration

or
rotation.

A
fter

this
coordinate

operation,the
crossed

config-
uration

has
!

10
dB

low
er

cross
polarization

than
the

G
regorian.T

he
cross

polarization
for

the
G

regorian,
how

ever,is
less

than
!

30
dB

over
the

D
L

F
O

V
.T

he
cross

polarization
of

either
telescope

is
sim

ilar
to

or

F
ig.2.

Strehlratios
across

the
focalplane,calculated

at150
G

H
z.

C
rossed

show
s

a
clear

advantage
in

term
s

of
D

L
F

O
V

.A
design

is
considered

diffraction-lim
ited

if
the

Strehlratio
is

above
0.8.

F
ig.3.

C
opolarized

beam
s

for
both

the
(a)crossed

and
(b)G

rego-
rian.Strehlratio

contours
calculated

independently
by

ray
tracing

for
different

points
in

the
focal

plane
are

superim
posed

for
com

-
parison.

T
he

beam
s

w
ere

calculated
for

150
G

H
z.

T
he

crossed
show

s
a

clear
advantage

in
term

s
ofconsistency

ofbeam
shape

over
a

larger
D

L
F

O
V

.
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Try	  it	  yourself	  

SLN1420A	  from	  www.ssb.de	  





Summary	  

•  One	  D	  Black	  body	  power	  spectrum	  	  
P_nu=kT	  

•  Radiometer	  equa>on	  
Sigma_T=	  T_rad/sqrt	  (BW	  x	  Time)	  

•  Antenna	  gain	  
Gain	  in	  (K/Jansky)	  =	  A_eff/(2k	  *10^26)	  	  =	  A_eff/2760	  
GBT:	  2	  K/Jy…Arecibo:	  6	  K/Jy….Bingo:	  0.5	  (?)	  

•  Single	  Mode	  Throughput	  
A	  Omega	  =	  Lambda^2	  

•  Galac>c	  Minimum	  Sky	  brightness	  (Frank	  Briggs)	  
180K	  at	  180	  MHz	  (T	  ~	  nu^-‐2.5)	  


