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S
te
p 1

:  D
ow
n-
conve

rt th
e
 F
re
que

ncy

d
ip

le
x
e
r

lo
c
a
l o

s
c
illa

to
r

m
ix

e
r

d
ip

le
x
e
r

S
ignal S

1
is m

ix
ed
 w
ith

 L
O
 field

 S
2
 �

interm
ed
iate, or “b

eat” frequency at ω
S
1
–
ω
S
2

S
te
p 2

:  U
se
 a
 non-

line
a
r M

ix
e
r

d
ip

le
x
e
r

lo
c
a
l o

s
c
illa

to
r

m
ix

e
r

N
eed

 a non-linear d
evice to 

convert pow
er from

 th
e 

original frequencies to th
e 

d
ip

le
x
e
r

(
)

K
+
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+
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−
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/
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e
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k
T

q
V

k
T

q
V

B
B

zero 
D
C
    response

U
se d

iod
e as m

ix
er: 

original frequencies to th
e 

b
eat frequency.



S
te
p 3

:  U
se
 a
 fa

st I
F
 A
m
plifie

r

lo
c
a
l o

s
c
illa

to
r

m
ix

e
r

d
ip

le
x
e
r

N
eed

 fast am
plifiers: B

est perform
ance w

ith
 h
igh

 electron m
ob
ility transistors 

(H
E
M
T
s) on G

aA
s
or InP

up to ~
 10

11
H
z.  

d
ip

le
x
e
r

S
te
p 4

:  T
h
e
 D
e
te
ctor d

e
live

rs th
e
 S
igna

l

lo
c
a
l o

s
c
illa

to
r

m
ix

e
r

d
ip

le
x
e
r

T
h
e d

etector rectifies th
e signal and

 send
s it th

rough
 a low

-pass 
filter.  H

ence it converts th
e signal to a slow

ly
varying output 

d
ip

le
x
e
r



N
ote

 1
:  W

e
 ge

t tw
o S

id
e
b
a
nd
s !

U
nfortunately, from

 th
e m

easured
 IF

 signal one cannot tell w
h
eth

er th
e 

signal frequency ω
S
 is sligh

tly low
er or h

igh
er th

an ω
L
O .   

H
ence, one assum

es th
at th

e signal contains tw
o com

ponents of equal 
strength

, one at ω
L
O
+ ω

I
F
 , and

 one at ω
L
O
–
ω
I
F

N
ote

 2
:  T

h
e
 B
a
nd
w
id
th

λ
λ

λ
ν

d
c

d
f

c
2

    
=

→
=

N
ote th

at:

T
h
e b

and
w
id
th
 is th

e range of frequencies [H
z] 

th
at can b

e processed
 or d

etected
 b
y a 

given system
.

Δ
f = f

uppe
r
–
f
low

e
r 

f
u/l refers to th

e -3
d
B
 point (1/√

2
)

λ
λ

T
h
e b

and
w
id
th
 Δ
f
I
F
(even of th

e b
est ph

otod
iod

e m
ix
ers)

is usually 
sm

all com
pared

 to th
e signal frequency –

a fraction of a percent to a 
few

 percents.

H
eterod

yne receivers operating at sh
ort w

avelength
s h

ave poor S
/N

  on 
continuum

 sources b
ut are good

 for line d
etections at h

igh
 spectral 

resolution. 



N
ote

 3
:  T

h
rough

put

1.
T
h
e signal b

eam
 strikes th

e m
ix
er in a range 

of angles relative to th
e L

O
 / laser b

eam
, and

 

th
e cond

itions for interference lim
it th

e 

m
ax
im
um

 angular d
isplacem

ent.

2
.

S
ince th

e L
O
 / laser field

 is polarized
 only one polarization 

2
.

S
ince th

e L
O
 / laser field

 is polarized
 only one polarization 

com
ponent of th

e source can interfere and
 prod

uce a signal. 

H
eterod

yne receivers are single-m
od
e d

etectors.

3
.

T
h
e ‘E

tend
ue’ A

Ω
lim

its th
e b

eam
 th

at can b
e accepted

 b
y a 

telescope of d
iam

eter D
. A

 coh
erent receiver sh

ould
 operate at th

e 

d
iffraction lim

it of th
e telescope.  



S
/N
 a
nd
 F
und

a
m
e
nta

l L
im
its  (1

)

T
w
o types of noise:

1.
N
oise ind

epend
ent of th

e L
O
-generated

 current I
L
O
.

2
.
N
oise th

at d
epend

s on I
L
O
.

C
om

ponent 1. can b
e elim

inated
 using sufficient L

O
 pow

er, b
ut 2

. 
contains th

e fund
am

ental noise lim
its for h

eterod
yne receivers.

A
ssum

ptions:  I
L
O
  »
 I

S
and

 I
L
O
»
 I

B , w
h
ere I

B
is th

e signal from
 th

e 
b
ackground

.

T
h
e fund

am
ental noise can b

e sub
d
ivid

ed
 into:

A
.
N
oise in th

e m
ix
er from

 th
e generation of ch

arge carriers b
y th

e 

L
O
 pow

er.

B
.
N
oise from

 th
e th

erm
al b

ackground
 d
etected

 b
y th

e system
.

S
/N
 a
nd
 F
und

a
m
e
nta

l L
im
its  (2

)

F
rom

 th
e d

iscussion of ph
oto-cond

uctors w
e know

 th
at th

e generation-

R
em

em
b
er, th

e ph
otocurrent in a ph

otocond
uctor is:

H
ence, th

e current generated
 b
y th

e L
O
 in a ph

otocond
uctive m

ix
er 

is:

(
)

(
)

ν

η

h

t
q

G
P

t
I

=

ν

η

h

q
G

P
I

L
O

L
O

=

F
rom

 th
e d

iscussion of ph
oto-cond

uctors w
e know

 th
at th

e generation-
recom

b
ination noise is:

T
o account for th

e fact th
at ph

otod
iod

es h
ave no recom

b
ination noise, 

w
e param

etrize:

w
ith

  a = 2
 for a ph

otocond
uctor,  a = 1 for a ph

otod
iod

e m
ix
er.

IF
L

O

f
t

p
h

R
G

f
G

q
I

G
I

t q
G

t

q
N

G

t q
I

∆
=
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∆
=
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∆
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∆
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∆
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2
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2
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f
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G
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q
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G
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q
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I
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L
O

IF
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O
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∆
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∆
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−
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S
/N
 a
nd
 F
und

a
m
e
nta

l L
im
its  (3

)

B
L

O
B

I
I

I
2

2
=

η
η

q
G

P
q
G

P

S
L

O
t

IF
I

I
I

2
2

=

L
ast w

eek w
e h

ave seen th
at th

e IF
 current h

as a m
ean-square 

am
plitud

e of: 

A
nalogously w

e d
efine th

e noise in th
e th

erm
al b

ackground
 as:

F
rom

 rad
iom

etry w
e know

 th
at 

th
e b

ackground
 pow

er is:

ν

η

ν

η

h q
G

P
I

h

q
G

P
I

B
B

L
O

L
O

=
=

     
;

(
)

(
)

IF
B

B
f

A
T

L
P

∆
Ω

=
2

,
2 1

ε
ν

w
ith

 :  

spectral rad
iance

em
issivity

tem
peratured

oub
le 

sid
eb
and

 
receiver

one polarization only

S
/N
 a
nd
 F
und

a
m
e
nta

l L
im
its  (4

)

H
ence th

e noise current from
 th

e th
erm

al b
ackground

 can b
e 

calculated
 as:

(
)

2
2 1

2
       

2
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2
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2
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S
/N
 a
nd
 F
und

a
m
e
nta

l L
im
its  (5

)

(
)

=

− ∆
+

∆
=

+
=

 
 

−

1

4
2

2

/

2
2

2
2

2
2

2

2

B
kT

h

IF
L

O
IF

L
O

S
L

O

B
R

G

IF

IF

e
h

f
P

G
q

h

f
P

G
a

q

I
I

I
I

I

N S

ν
ν

ε
η

ν

η

N
ow

 w
e w

ant to see h
ow

 <I
2
G
-R > and

 <I
2
B > affect th

e (S
/N

) ratio of th
e 

receiver. S
ince th

e output pow
er goes as as I

2
th
e S

/N
 at th

e IF
 

output is:

(
)

(
)

 
 

−
+

∆

=

=

− ∆
+

∆

=

− ∆
+

∆
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=
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4
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/
/
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S
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L
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L
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kT
h

IF

S

kT
h

IF
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S

h

q
G

P
I

kT
h

IF
L

O
IF

L
O

S
L

O
q
G h

I
P

e
G a

f
h

P

e

f
G

q
f

a
q

h

q
G

P

e

f
I

G
q

f
a

q
I

I
I

ν

ν

ν η

ν

η

ν

η
ε

ν

η

ε
η

ν η

ε
η

H
e
re
 is a prob

le
m
: th

e
 factor G

2
sh
ould

 cance
l out 

com
ple

te
ly b

ut it d
oe
s not (se

e
 R
ie
ke

b
ook p.2

9
2
).  

T
h
e
re
 you’ll only find

 a line
ar factor G

 in th
e
 first 

te
rm

, b
ut it sh

ould
 b
e
 quad

ratic in <I
2
G
-R >. 

S
/N
 a
nd
 F
und

a
m
e
nta

l L
im
its  (6

)

T
h
e S

/N
 at th

e IF
 output h

as tw
o lim

iting cases:

1.
T
h
e “quantum

 lim
it” w

h
en G

-R
 noise from

 th
e L

O
 pow

er d
om

inates

2
.
T
h
e “ th

erm
al lim

it” w
h
en noise from

 th
e b

ackground
 em

ission 

d
om

inates

T
h
e d

ivid
ing point b

etw
een th

ese cases is w
h
ere b

oth
 term

s in 

are equally large:



2

S

a

P

η
ε

η
are equally large:

 
 

+
=

⇒
+

=
⇒

−
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a G

k
T h

a

G
e

e
G a
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ε
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ν
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ε
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ε
ν

ν

2
1

ln
   

   
2

1
   

    
1

2
/

/

S
ince 

H
ence one sim

plifies:
If  h ν

»
kT

B
�

quantum
 lim

it
If  hν

«
kT

B
�

th
erm

al lim
it

 
 

−
+

∆
1

2/
B

k
T

h
IF

e
G a

f
h

ν

η
ε
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1
2

1
ln

   
   

1
≈
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 

+
⇒

≈
≈

≈
≈

a G
a

G
ε

η
ε

η



S
/N
 a
nd
 F
und

a
m
e
nta

l L
im
its  (7

)

N
ow

 w
e need

 to includ
e th

e d
etector stage (w

h
ich

 rectifies and
 

sm
ooth

es th
e IF

 signal) in our (S
/N

) estim
ates.

G
enerally:

(S
/N

) ~
 √
t
int .

S
m
ooth

ing:(S
/N

) ~
 √
{e
ffe

ctive
 t
int
of th

e
 I
F
 / t

int
of th

e
 sm

ooth
ing circuit}

O
r:

2/
1

  
  

 
 

=
 

 
R

C
S

S

τ τ
O
r:

W
e convert th

e integration tim
es to frequency b

and
w
id
th
s.  N

ote th
at:

for th
e uniform

ly sam
pled

 IF
 stage, and

for a system
 w
ith

 ex
ponential response, like a  

single-stage R
C
 circuit

 
 




=



IF

IF
o
u
t

N
N

τ

R
C

R
C

IF

IF

f f∆
=

∆
=

4

1

    
,

2

1

τ τ

S
/N
 a
nd
 F
und

a
m
e
nta

l L
im
its  (8

)

R
em

em
b
er, th

e noise equivalent pow
er (N

E
P) is th

e signal th
at can b

e 
d
etected

 at (S
/N

)~
1 in unity frequency b

and
w
id
th
 Δ
f.

T
h
e N

E
P in th

e quantum
 lim

it is:

(
)

(
)

2/
1

2/
1

2/
1

IF

R
C

o
u
t

q
l

f
a

f
h
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P

f
N S

P
N

E
P

=

∆
  
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∆
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∆
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τ τ

ν

η

(
)
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1
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1
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2
          

          

2
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H
z

f
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C
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R
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f
G a

h

f f
f

G a
h

f
G a
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G
f

h

R
C

∆
=

=
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∆ ∆
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
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S
/N
 a
nd
 F
und

a
m
e
nta

l L
im
its  (9

)

S
im
ilarly, th

e N
E
P in th

e th
erm

al lim
it is:

(
)

(
)

2/
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2/
1

/

2/
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1

2
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R
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kT
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o
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e
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N
oise

 T
e
m
pe
ra
ture

  (1
)

O
ur goal:  to com

pare th
e th

eoretical perform
ance of h

eterod
yne 

d
etectors w

ith
 th

at of incoh
erent receivers  (e.g. b

olom
eters).

S
o far:                            im

plies th
at th

e N
E
P d

ecreases (i.e., th
e S

/N
 

increases) w
h
en narrow

ing d
ow

n th
e b

and
w
id
th
! 

H
ow

ever, th
is is only correct if all pow

er falls w
ith

in an interval, 

IF
H

f
N

E
P

∆
∝

2

H
ow

ever, th
is is only correct if all pow

er falls w
ith

in an interval, 
w
h
ich

 is sm
aller th

an Δ
f
I
F

T
h
is is given for narrow

 em
ission lines b

ut not
for continuum

 sources.

S
olution:  w

e introd
uce th

e noise tem
perature T

N
d
efined

 such that a 
m
atched

 b
lackb

od
y at the receiver input at a tem

perature T
N

prod
uces a S

/N
 = 1.   

O
b
viously, th

e low
er T

N
th
e b

etter th
e S

/N
.

N
oise

 T
e
m
pe
ra
ture

  (2
)

N
ow

 w
e w

ant to estim
ate th

e noise tem
perature in th

e th
erm

al lim
it.

If th
e B

B
 em

issivity ε
= 1 th

en  T
N
= T

B . 

If th
e B

B
 em

issivity ε
< 1 th

en (...) :

(
)

ε
ε

ν
ln

1
ln

1
/

−
+

−
=

B
kT

h
N

e
k h
v

T

k h

a G
k

h
v

T
ca

se
id

ea
l

a
G

N

ν

η
η

  
  

2
1

ln

 

1
=

=
= ≈

 
 

+

=

S
im
ilarly, th

e noise tem
perature in th

e quantum
 lim

it (d
oub

le sid
eb
and

) 
is: 



A
nte

nna
 T
e
m
pe
ra
ture

In th
e R

ayleigh
-J
eans approx

im
ation  (hν

«
kT

) w
e can w

rite:

(
)

S
IF

c
A

IF
S

Jea
n

sB
B

R
a

yleig
h

IF
S

S
kT

f
f

A
kT

f
A

T
L

P
∆

=
Ω

∆
=

Ω
∆

=

=
=

Ω

2
2

2 2
2

2

2
ν

λ

ν

ν

J
ust like th

e noise tem
perature d

escrib
es th

e strength
 of th

e noise 
b
ackground

(S
/N

=1) w
e can assign th

e source flux
 an antenna 

tem
perature T

S .

w
h
ere 2

Δ
f
I
F
is th

e frequency b
and

pass
for a d

oub
le sid

eb
and

 
receiver.

S
S

T
P

~

(
)

S
IF

IF
IF

S
S

kT
f

f
A

c
f

A
T

L
P

∆
=

Ω
∆

=
Ω

∆
=

2
2

ν

H
ence, in th

e R
-J
 case, th

e antenna tem
perature is linearly related

 

to th
e input flux

 d
ensity :

N
oise

 T
e
m
pe
ra
ture

  (3
)

T
h
e concept of noise tem

peratures offers a convenient m
eans to 

quantify th
e L

O
-ind

epend
ent com

ponents, such
 as am

plifier noise.

T
h
e am

plifier noise is usually J
oh
nson noise (see earlier lectures) 

and
 is:

w
h
ere R

and
 T

are th
e am

plifier input resistance and
 noise 

A

IF
A

A
R

f
kT

I
∆

=
4

2

w
h
ere R

A
and

 T
A
are th

e am
plifier input resistance and

 noise 
tem

perature. 

T
h
e low

er lim
it for th

e noise tem
perature is given b

y

F
or an am

plifier operating at 3
2
 G
H
z T

N
 ~
 1.5

K
.  F

or a good
 H
E
M
T
 

am
plifier T

A
~
 10

K
.

k h
T

N

ν
≈



N
oise

 T
e
m
pe
ra
ture

  (4
)

L
et’s assum

e th
at:

•
th
e am

plifier noise is d
om

inating th
e L

O
-ind

epend
ent noise types

•
w
e operate in th

e quantum
 lim

it:

W
h
at is th

e (m
inim

um
) L

O
 pow

er, correspond
ing to th

e quantum
 lim

it? 
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L
osse

s a
nd
 G
a
ins  (1

)

T
h
e system

 noise tem
perature T

contains contrib
utions from

 th
e 

2
2

2

a
G

R
q

h
k
T

P
A A

L
O

η

ν
ζ

>

H
ow

ever, th
e ab

ove equation is not quite correct as w
e need

 to 
account for losses ζ

in transferring th
e output of th

e m
ix
er to th

e 
am

plifier: 

K
+

+
+

=
3

2
1

1
T

T
T

T
A

M

sys

N
ζ

ζ
ζ

T
h
e system

 noise tem
perature T

N
contains contrib

utions from
 th

e 
m
ix
er T

M
, th

e am
plifier T

A , th
e th

erm
al b

ackground
 T

B , and
 oth

er 
sources.  

H
ow

ever, not all com
ponents d

o fully contrib
ute to th

e total system
 

tem
perature T

N
as noise can also suffer losses.  T

h
e total is: 

L
osse

s a
nd
 G
a
ins  (2

)

S
P

=
=

1
ζ

E
x
am

ple:
C
onsid

er th
e loss b

etw
een m

ix
er and

 first am
plifier stage 

ζ
1 .  

R
em

em
b
er: th

e conversion gain is:

T
h
e loss ζ

is th
e inverse of th

e conversion gain Γ
C
S :

b
G

V
h

q
 

 
=

≡
Γ

ν

η

p
o

w
er

 
sig

n
al

in
p

u
t 

p
o

w
er

 
sig

n
al

 
IF
 e

d
eliv

erab
l

(
)

(
)

  
  

=
=

IF S
S

S
P P

d
B

lo
g

1
0

lo
g

1
0

ζ
ζ

IF S

C
S

S
P P

=
Γ

=
1

ζ

w
h
ere P

S
is th

e (single sid
eb
and

) signal pow
er and

 P
I
F
th
e IF

 pow
er 

from
 th

e m
ix
er. 

T
h
e conversion loss is usually ex

pressed
 in d

ecib
els (d

b
)*:

*
  

  
≡

0

1
0

lo
g

1
0

X X
X

d
b


