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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
ypical A

D
C
s h
ave

:

12
 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

16
 b
it:  2

= 6
5
6
3
6
 quantization le

ve
ls

C
om
pare this to the d

etector pix
el capacity (num

b
er of 

electrons)!

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.

I
t is ofte

n (incorre
ctly) calle

d
 w
h
ite
 noise

, w
h
ich
 re
fe
rs to th

e
 

(un-)corre
lation of th

e
 noise

.

(
)



−

2
1

µ
x (

)
 

 
−

−
=

2

2

2
ex

p
2 1

σ

µ

σ
π

x
S

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.

I
t e
x
pre

sse
s th

e
 prob

ab
ility of a num

b
e
r of e

ve
nts occurring in a fix

e
d
 

pe
riod

 of tim
e
 if
th
e
se
 e
ve
nts occur w

ith
 a know

n average rate and
 

ind
epend

ently
of th

e
 tim

e
 since

 th
e
 last e

ve
nt.

(
)

!
,

k e
k

P
k

λ
λ

λ
−

=

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 

E
x
am
ple: fluctuations in the d

etected
 photon flux

 b
etw

een finite tim
e intervals 

Δ
t.  D

etected
 are k photons, w

hile ex
pected

 are on average λ
photons.

•
th
e
 m
e
an
(ave

rage
) of P(k,λ)

is λ.

•
th
e
 stand

ard
 d
e
viation of P(k,λ)

is √
λ.
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ackground

 = B
;   N

oise
 = N
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e
le
scope
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�
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e
pe
nd
e
nt)

(
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∑
2

i
N

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).

S
tand

ard
 case

:  N
 = Poisson sh

ot noise
 �

√
B

S
id
e note: noise b

etw
een pix

els is equivalent to successive m
easurem

ents w
ith 

one pix
el –

analogous  to throw
ing 5

 d
ices versus one d

ice 5
 tim

es.  

N
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�
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nd
e
pe
nd
e
nt)

(
)

∑
i

N

one pix
el –
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 d
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ice 5
 tim
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T
h
e
 signal d

e
te
ction d

e
pe
nd
s on th

e
 tw

o m
ain com

pone
nts:

1.
th
e
 stre

ngth
 of th

e
 d
e
te
cte

d
 signal S

e
l

2
.
th
e
 total noise

 N
tot of th

e
 syste

m
,

Pre
fa

ce

2
.
th
e
 total noise

 N
tot of th

e
 syste

m
,

It can b
e
 ch
aracte

rize
d
 b
y th

e
 statistical significance

 of 
th
e
 d
e
te
ction σ

(= signal-to-noise
 S
/N
)

N
ote

:

to
t

e
l

N S
=

σ

N
ote

:

(i)
in th

is d
iscussion w

e
 ne
gle
ct quantum

 (sh
ot) noise

 from
 th
e
 source

.

(ii)
w
e
 consid

e
r only point source

s.

(iii)
typically, th

e
 th
re
sh
old
 for a “re

al” d
e
te
ction is take

n as 3
σ. 



T
h
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e
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cte

d
 signal S

e
l d
e
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nd
s on:

•
th
e
 source

 flux
 d
e
nsity S

src
[ph

otons s
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cm

-2
µm

-1]

•
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e
 inte

gration tim
e
 t
int
[s]
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th
e
 te
le
scope
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[m

2]

D
e
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cte
d
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l
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e
 te
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scope
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 A
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l [m
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•
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e
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ission of th
e
 atm
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e
re
 η
atm

•
th
e
 total th

rough
put of th

e
 syste

m
 η
tot , w

h
ich
 includ

e
s:

•
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
tre

h
l ratio S

R
•
th
e
 S
tre

h
l ratio S

R

•
th
e
 d
e
te
ctor re

sponsivity η
D G

•
th
e
 spe

ctral b
and

w
id
th
 Δ
λ
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]
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⋅
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λ
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h
e
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tot
d
e
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th
e
 num

b
e
r of pix

e
ls n

pix
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 re
solution e

le
m
e
nt

•
th
e
 total b

ackground
 noise

 pe
r pix

e
l N

b
ack
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ota

l N
oise

  (1
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a
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N
N

=

w
h
e
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e
 total b
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ack
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e
 b
ackground
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 d
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b
ack
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e
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 d
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e
 d
e
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ctor d

ark curre
nt I

d
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th
e
 pix

e
l re

ad
 noise

 (N
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and

 d
e
te
ctor fram

e
s (n)



T
h
e
 b
ackground

 flux
 d
e
nsity S

b
ack
d
e
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nd
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•
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e
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w
h
e
re
 B
T
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 B
A
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e
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 b
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b
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 d
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N
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 unre
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 re
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w
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θ
se
e
ing ~

 const  

C
a
se

 1
:  S

e
e
ing-
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ite

d
 “Point S

ource
”

θ
se
e
ing ~

 const  

If d
e
te
ctor N

yquist-sam
ple
d
 to θ

se
e
ing :  

S
 ~
 D

2
(are

a)

B
 ~
 D

2
�

N
 ~
 D
  (Poisson std

.d
e
v)

�
S
/N
 ~
 D
  

�
t
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~
 D
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ackground

 = B
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oise
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e
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scope

 d
iam

e
te
r = D

“PS
F
Ø
” ~
  const  

If d
e
te
ctor N

yquist sam
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d
 to θ

:
pix

e
l ~
 D

-2
b
ut S

 ~
 D

2

C
a
se

 2
: D

iffra
ction-

lim
ite

d
 e

x
te

nd
e
d
 S

ource

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

sam
e
 for th

e
 b
ackground

 flux

�
S
/N
 ~
 const  �

t
int
~
 const  �

no gain for larger telescopes!
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.
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ffe
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e
l F
O
V
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d
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d
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S
 ~
 const (pix

e
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s PS

F
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 flux
)

�
S
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S
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F
 = all source
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)
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b
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�

t
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