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W
h
a
t is noise

?

W
ikipe

d
ia:

In com
m
on use

, th
e
 w

ord
 noise

 
m
e
ans any unw

ante
d
 sound

. 

In signal proce
ssing or com

puting it 
can b

e
 consid

e
re

d
 rand

om
 unw

ante
d
 

d
ata w

ith
out m

e
aning.

"S
ignal-to-noise

 ratio" is som
e
tim

e
s 

use
d
 to re

fe
r to th

e
 ratio of use

ful 
to irre

le
vant inform

ation in an 
e
x
ch

ange
.
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O
ne

 E
x
a
m
ple

: D
igitiza

tion N
oise

D
igitization = conve

rting an analog signal into a d
igital signal 

using an A
nalog-to-D

igital C
onve

rte
r (A

D
C
).

T
h
e
 num

b
e
r of b

its d
e
te

rm
ine

s th
e
 d
ynam

ic range
 of th

e
 

A
D
C
.  T

h
e
 re

solution is 2
n, w

h
e
re

 n is th
e
 num

b
e
r of b

its.

T
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D
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 b
it:  2

12
=   4

0
9
6
 quantization le

ve
ls

16
 b
it:  2

16
= 6

5
6
3
6
 quantization le

ve
ls

T
oo fe

w
 b
its �

d
iscre

te
, “artificial”  ste

ps in signal le
ve

ls 
�

noise

S
om

e
 “A

stronom
ica

l” S
ource

s of N
oise

N
o

is
e

 ty
p

e
S

ig
n

a
l

B
a

c
k

g
ro

u
n

d

P
h
o

to
n
 s

h
o

t n
o

is
e

X
X

S
c
in

tilla
tio

n
X

C
o

s
m

ic
 ra

y
s

X

T
h
e

rm
a

l e
m

is
s
io

n
X

S
tre

h
l ra

tio
 (s

ta
b
ility

)
X

S
tre

h
l ra

tio
 (s

ta
b
ility

)
X

R
e

a
d
 n

o
is

e
X

X

D
a

rk c
u
rre

n
t n

o
is

e
X

X

C
T

E
 (C

C
D

s
)

X
X

F
la

t fie
ld

in
g
 (n

o
n
-lin

e
a

rity
)

X
X

D
ig

itiza
tio

n
 n

o
is

e
X

X

O
th

e
r c

a
lib

ra
tio

n
 e

rro
rs

X
X

Im
a

g
e

 s
u
b
tra

c
tio

n
X



N
oise

 D
istrib

ution:  1
.G

a
ussia

n N
oise

G
aussian noise is th

e noise follow
ing a G

aussian (norm
al) d

istrib
ution.

It is often (incorrectly) called
 w

h
ite noise, w

h
ich

 refers to th
e 

(un-)correlation of th
e noise.

(
)
 

 
−

−
=

2

2

2
ex

p
2 1

σ

µ

σ
π

x
S

x
is th

e
 actual value

x
is th

e
 actual value

µ
is th

e
 m

e
an of th

e
 d
istrib

ution

σ
is th

e
 stand

ard
 d
e
viation of th

e
 d
istrib

ution

1-σ
~
 6

8
%

2
-σ

~
 9

5
%

3
-σ

~
 9

9
.7
%



N
oise

 D
istrib

ution:  2
. Poisson N

oise

Poisson noise is th
e noise follow

ing a Poissonian d
istrib

ution.

It ex
presses th

e prob
ab

ility of a num
b
er of events occurring in a fix

ed
 

period
 of tim

e if
th

ese events occur w
ith

 a know
n average rate and

 
ind

epend
ently

of th
e tim

e since th
e last event.

(
)

!
,

k e
k

P
k

λ
λ

λ
−

=

E
x
am

ple: fluctuations in th
e d

etected
 ph

oton flux
 b
etw

een finite tim
e intervals 

Δ
t.  D

etected
 are k ph

otons, w
h
ile ex

pected
 are on average λ

ph
otons.

k
is th

e
 num

b
e
r of occurre

nce
s of an e

ve
nt (prob

ab
ility)

λ
is th

e
 ex

pected
num

b
e
r of occurre

nce
s 

•
th

e m
ean

(average) of P(k,λ)
is λ.

•
th

e stand
ard

 d
eviation of P(k,λ)

is √
λ.

L
e
t’s assum

e
 th

e
 noise

 d
istrib

ution is pure
ly G

aussian or 
Poissonian

and
 no oth

e
r syste

m
atic noise

 is pre
se

nt.

T
h
en th

e spatial d
istrib

ution (neigh
b
ouring pix

els) of th
e 

noise is equivalent to th
e tem

poral d
istrib

ution (successive 
m
easurem

ents w
ith

 one pix
el)

T
his is analogous  to throw

ing 5
 d
ices once versus throw

ing one d
ice 5

 
tim

es.  S
id
e
 note

 on N
oise

 M
e
a
sure

m
e
nt 

tim
es.  

C
ase 1: S

patial noise 
(d

etector pix
els)

C
ase 2

: R
epeated

 m
easurem

ents 
in tim

e (tim
e series)

C
ase 3

: S
pectrum

 
(d

ispersed
 inform

ation)



S
ignal = S

;   B
ackground

 = B
;   N

oise = N
;   

S
/N

 B
a
sics

W
ikipe

d
ia:

S
ignal-to-noise ratio (often ab

b
reviated

 S
N
R
 or S

/N
) is a 

m
easure used

 in science and
 engineering th

at com
pares th

e 
level of a d

esired
 signal to th

e level of b
ackground

 noise. 

σ
= --------

B
oth

 S
 and

 N
 sh

ould
 b
e
 in units of e

ve
nts (ph

otons, 
e
le
ctrons, d

ata num
b
e
rs) pe

r unit are
a (pix

e
l, PS

F
 size

, 
arcse

c
2).

A
stronom

e
rs usually consid

e
r a S

/N
 < 3

σ
as insignificant.

S
ignal 


m
easured

 as 
(S

+B
) -

m
ean{B

}

N
oise


total noise =              

(if statistically ind
epend

ent)
(

)
∑

2

i
N
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A
ssum

ing th
e
 signal suffe

rs from
 Poisson sh

ot noise
.  L

e
t’s 

calculate
 th

e
 d
e
pe

nd
e
nce

 on inte
gration tim

e
 t

int :

Inte
grating t

int :

Inte
grating n

×
t
int :

S
/N
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nd
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×
t
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Y
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 to integrate four tim
es as long to get tw

ice th
e 

S
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S
e
ve

ra
l C

a
se

s to C
onsid

e
r...

B
ackground

 (=noise)

T
arget

S
eeing-lim

ited
 case

•
pix

el size ~
 seeing

•
PS

F
 ≠≠≠ ≠

f{D
}

D
iffraction-lim

ited
, 

ex
tend

ed
 source

•
pix

el size ~
 d
iff.lim

•
PS

F
 =

f{D
}

•
target >> PS

F

D
iffraction-lim

ited
, 

point source

•
pix

el size ~
 d
iff.lim

•
PS

F
 =

f{D
}

S
ignal = S

;   B
ackground

 = B
;   N

oise = N
;   T

elescope d
iam

eter = D

θ
se

e
ing ~

 const  

If d
e
te

ctor is N
yquist-sam

ple
d
 to θ

se
e
ing :  

S
 ~
 D

2
(are

a)

C
a
se

 1
:  S

e
e
ing-

lim
ite

d
 “Point S

ource
”

S
 ~
 D

2
(are

a)

B
 ~
 D

2
�

N
 ~

 D
  (Poisson std

.d
e
v)

�
S
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 D

  

�
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~
 D
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S
ignal = S

;   B
ackground

 = B
;   N

oise = N
;   T

elescope d
iam

eter = D

“PS
F
Ø
” ~

  const  

If d
e
te

ctor N
yquist sam

ple
d
 to θ

d
iff :

pix
e
l ~

 D
-2

b
ut S

 ~
 D

2

D
2
(te

le
scope

 size
) and

 D
-2

 (pix
e
l F

O
V
) cance

l e
ach

 oth
e
r     

�
no ch

ange
 in signal

C
a
se

 2
: D

iffra
ction-

lim
ite

d
 e
x
te

nd
e
d
 S

ource

�
no ch

ange
 in signal

sam
e
 for th

e
 b
ackground

 flux

�
S
/N

 ~
 const  �

t
int

~
 const  �

no gain for larger telescopes!

C
ase

 2
B
:
offline

 re
-sam

pling b
y a factor x

 (m
ake

s θ
d
iff x

-
tim

e
s large

r)

since
 S

/N
 ~

 √
n
pix

�
S
/N

 ~
 √
x
2
= x

   �
t
int

~
 x

-2.

S
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ackground

 = B
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;   T

elescope d
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)
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)
pix

e
l scale ”

(i) E
ffe
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scope

 ape
rture

:

S
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2

C
a
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ite

d
 “Point S
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”

�
S
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B
 ~
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2
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N
 ~
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(ii) E
ffe

ct of pix
e
l F

O
V
 (if N

yquist
sam

ple
d
 to θ

d
iff ):

S
 ~
 const (pix

e
l sam

ple
s PS

F
 = all source

 flux
)

B
 ~
 D

-2
�

N
 ~
 D

-1

(i)
and

 (ii) com
b
ine

d
  S

/N
 ~
 D

2
�

t
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~
 D
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�
h
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r E
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S
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Pre
fa

ce

to
t

e
l

N S
=

σ

(i)
in th

is d
iscussion w

e neglect quantum
 (sh

ot) noise from
 th

e source.

(ii)
w
e consid

er only point sources.

d
etected

 signal

total noise
to

t

total noise

b
ackground

 noise

b
ackground

 flux
read

 noise
d
ark current

num
b
er of pix

els

intensity
pix

el F
O
V

...



T
h
e d

etected
 signal S

e
l d

epend
s on:

•
th

e source flux
 d
ensity S

src
[ph

otons s
-1
cm

-2
µm

-1]

•
th

e integration tim
e t

int
[s]

•
th

e telescope aperture A
te

l [m
2]

•
th

e transm
ission of th

e atm
osph

ere η
atm

•
th

e total th
rough

put of th
e system

 η
tot , w

h
ich

 includ
es:

D
e
te

cte
d
 S

igna
l

•
th

e reflectivity of all telescope m
irrors 

•
th

e reflectivity (or transm
ission) of all instrum

ent com
ponents, such

 as 
m
irrors, lenses, filters, b

eam
 splitters, grating efficiencies, slit losses, etc.    

•
th

e S
treh

l ratio S
R

•
th

e d
etector responsivity η

D G

•
th

e spectral b
and

w
id
th

 Δ
λ
[µm

]

in
t

 
t

G
A

S
R

S
S

to
t

a
tm

D
te

l
src

e
l

⋅
⋅

⋅
⋅

⋅
∆⋅

⋅
=

η
η

η
λ

T
h
e total noise N

tot
d
epend

s on:

•
th

e num
b
er of pix

els n
pix

of one resolution elem
ent

•
th

e b
ackground

 noise per pix
el N

b
ack

p
ix

b
a

ck
to

t
n

N
N

=

w
h
ere th

e total b
ackground

 noise N
b
ack  d

epend
s on:

T
ota

l N
oise

  (1
)

n
N

t
I

t
S

N
rea

d
d

b
a

ck
b

a
ck

⋅
+

⋅
+

⋅
=

2

in
t

in
t

w
h
ere th

e total b
ackground

 noise N
b
ack  d

epend
s on:

•
th

e b
ackground

 flux
 d
ensity S

b
ack

•
th

e integration tim
e t

int

•
th

e d
etector d

ark current I
d

•
th

e pix
el read

 noise (N
)
and

 d
etector fram

es (n)



T
h
e b

ackground
 flux

 d
ensity S

b
ack

d
epend

s on:

•
th

e total b
ackground

 intensity
w
h
ere B

T
and

 B
A
are th

e th
erm

al em
issions from

 
telescope and

 
atm

osph
ere, approx

im
ated

 b
y 

b
lack b

od
y em

ission  

•
th

e spectral b
and

w
id
th

 Δ
λ

•
th

e pix
el field

 of view
2

1
 

 
 

 
 

 
−

=
Ω

×
π

(
)

to
t

A
T

to
t

B
B

B
η⋅

+
=

    

    

−
 

 
=

1
ex

p

2
5

2

,

λ

ε

λ

k
T h
c

h
c

B
A

T

T
ota

l N
oise

  (2
)

•
th

e pix
el field

 of view

•
th

e d
etector responsivity η

D G
, and

•
th

e ph
oton energy h

c/λ

λ
λ

η
∆⋅

⋅
Ω

×
⋅

=
h

c G
A

B
S

D
to

t
b

a
ck

p
ix

D
F

A
2

#
2

1
arctan

co
s

1
2

  
  

  
  

 
 

−
=

Ω
×

π

Putting it all togeth
er, th

e m
inim

um
 d
etectab

le source signal
is:

N
ow

 w
e can calculate th

e unresolved
 line sensitivity S

line
[W

/m
2] from

 

R
e
sulting I

nstrum
e
nt S

e
nsitivity

in
t

2

in
t

in
t

in
t

 
  

 

t
G

A
S
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n
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N
t

I
t

S
S

n
N

t
G

A
S
R

S

N S

to
t

a
tm

D
tel

p
ix
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d

d
b

a
ck

src

p
ix

b
a

ck

to
t

a
tm

D
tel

src

to
t

el

⋅
⋅

⋅
⋅

⋅
∆⋅

⋅
⋅

+
⋅

+
⋅

⋅
=

⇒

⋅
⋅

⋅
⋅

⋅
∆⋅

⋅
=

=

η
η

η
λ

σ

η
η

η
λ

σ

N
ow

 w
e can calculate th

e unresolved
 line sensitivity S

line
[W

/m
2] from

 
th

e source flux
 S

src
[ph

otons/s/cm
2/µm

]:

and
 w

ith
 th

e relation

w
e can calculate th

e continuum
 sensitivity S

cont :

4
1

0
⋅

∆
=

λ
λ

src
lin

e
S

h
c

S

src
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c
o

n
t

S
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c
S

h
c

S
λ

λ

λ
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0
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4
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=
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