
D
etection of Ligh

t

H
e
te
rod

y
ne

 R
e
ce

ive
rs

S
ee h

ttp://w
w
w
.strw

.leid
enuniv.nl/~

b
rand

l/D
O
L
/D

etection_
of_

L
igh

t.h
tm

l

for m
ore info

H
e
te
rod

y
ne

 R
e
ce

ive
rs

(pa
rt III)

1
0
 D

e
c 2

0
0
9



N
oise

 T
e
m
pe

ra
ture

T
o d

escrib
e th

e perform
ance of h

eterod
yne d

etectors w
e introd

uce 
th

e noise tem
perature T

N .

Previously, w
e h

ave sseen
th

at                          , w
h
ich

 im
plies th

at th
e 

th
e
S
/N

 increases w
h
en narrow

ing d
ow

n th
e b

and
w
id
th

.  T
h
is is only 

correct if all pow
er falls w

ith
in a narrow

 interval, w
h
ich

 is sm
aller 

th
an Δ

f
IF

(o.k. for em
ission lines b

ut not
for continuum

 sources).

IF
H

f
N

E
P

∆
∝

2

th
e noise tem

perature T
N .

T
h
e noise tem

perature T
N
is 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

.

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
IF

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 :



H
ow

 to m
e
a
sure

 th
e
 N

oise
 T

e
m
pe

ra
ture

C
onsid

er tw
o b

lackb
od

y em
itters, one at T

h
ot
and

 one at T
cold .

If V
is th

e output voltage of th
e receiver w

e can d
efine a “Y

-factor”:

w
h
ich

 can b
e m

easured
 b
y alternately placing th

e b
lackb

od
ies over th

e 
receiver input.

co
ld

h
o

t

V V
Y

=

and
 solve it for th

e receiver noise tem
perature:

rec
co

ld

rec
h

o
t

T
T

T
T

Y
+ +

=1
−

−
=

Y

Y
T

T
T

co
ld

h
o

t
rec

S
ince 

V
~
 T

load
s
+ T

receiver
w
e get:



Pe
rform

a
nce

 R
a
tio of I

n/C
oh

e
re

nt R
e
ce

ive
rs

T
h
e ach

ievab
le S

/N
 for a coherent receiver in term

s of antenna and
 system

 
noise tem

peratures is given b
y th

e D
icke

rad
iom

eter equation:

F
rom

 th
e d

efinition of th
e N

E
P

and
 

(
)

2/
1

t
f

T T

N S
IF

sy
s

N

S

c
o

h

∆
∆

≈
 

 

S
S

kT
P

2
=

∆
ν

(
)

N
E

P

t
P

N
S

S
in

t
2

/
∆

=

w
e get for th

e S
/N

 of an incoh
erent receiver

(operating at th
e d

iffraction 
lim

it):  
(

)

in
c

in
c

S

in
c

N
E

P

t
k
T

N S
2/

1
2

∆
∆

=
 

 
ν

(
)

(
)

(
)in
c

sy
s

N

IF
in

c

in
c
o

h

c
o

h

k
T

f
N

E
P

N
S

N
S

ν
∆ ∆

=
2

/ /
2/

1

∆
ν

N
E

P

H
ence, th

e perform
ance ratio b

etw
een th

ese tw
o types of receivers

is:

, w
h
ere Δ

ν
and

 N
E
P refer to 

th
e incoh

erent d
etector, and

 
Δ
f
IF

and
 T

N
sysrefer to th

e 
coh

erent receiver.

E
x
a
m
ple

 1
:  B

L
I
P a

nd
 th

e
rm

a
l L

im
it

C
onsid

er a b
olom

eter operating at th
e b

ackground
 lim

it (B
L
IP) and

 a 
h
eterod

yne receiver operating in th
e th

erm
al lim

it
(h
ν«

kT
).

B
oth

 receivers view
 th

e source th
rough

 an etend
ue

A
Ω

= λ
2
and

 a b
ackground

 
of unity em

issivity at T
B .   T

h
en:

(
)

(
)

(
)

2/
1

2/
1

1

2
/ /

 
 

  
    

  

∆ ∆
  

  
=

=
∆ ∆

=
B

in
c

IF

in
c

sy
s

N

IF
in

c

in
c
o

h

c
o

h

k
T h

f

k
T

f
N

E
P

N
S

N
S

ν

ν
η

ν
K

In oth
er w

ord
s, in th

is case th
e b

olom
eter w

ill perform
 b
etter  –

unless Δ
f
IF

»
 ηΔ

ν !

T
h
e latter case w

ill b
e given for m

easurem
ents at h

igh
 spectral 

resolution, m
uch

 h
igh

er th
an th

e IF
 b
and

w
id
th

.







 


B
in

c
in

c
N

in
c
o

h



E
x
a
m
ple

 2
: Q

ua
ntum

 L
im

it

C
onsid

er a d
etector noise-lim

ited
 b
olom

eter and
 a h

eterod
yne receiver 

operating at th
e quantum

 lim
it

(h
ν»

kT
).  T

h
en:

(
)

(
)

(
)

(
)

in
c

IF
in

c

in
c

sy
s

N

IF
in

c

in
c
o

h

c
o

h

h

f
N

E
P

k
T

f
N

E
P

N
S

N
S

ν
ν

ν
∆ ∆

=
=

∆ ∆
=

2
2

/ /
2/

1
2/

1

K

In th
e case of narrow

 b
and

w
id
th

 and
 h
igh

 spectral resolution, th
e h

eterod
yne 

In th
e case of narrow

 b
and

w
id
th

 and
 h
igh

 spectral resolution, th
e h

eterod
yne 

receiver w
ill outperform

 th
e b

olom
eter.  

If th
e spectral resolution ν/Δ

ν
is kept constant over th

e ob
served

 range th
e 

figure of m
erit goes as 1/ν

2.  

A
n ad

d
itional gain m

ay com
e from

 th
e spectral m

ultiplex
ing (filter b

anks etc.)



H
e
te
rod

y
ne

 R
e
ce

ive
rs:  I

R
 
��� �

(sub
-
)m

m
C
om

m
onalities:

•
approach

:  m
ix
ing signal w

ith
 reference w

ave �
d
ow

n-converting frequency

•
conceptual path

:  �
m
ix
er �

IF
 am

plifier �
d
etector �

output

•
lim

ited
 b
and

pass
�

h
igh

 resolution spectroscopy

•
d
iffraction-lim

ited
 th

rough
put

D
ifferences:

1.
m
ix
er tech

nology

2
.
local oscillator tech

nology

T
h
e L

O
 pow

er can b
e fed

 to th
e m

ix
er via a second

 w
aveguid

e or reflecting 

from
 a d

iplex
er.

A
t h

igh
 frequencies th

e L
O
 m

ay b
e a continuous w

ave (C
W

) laser

+ h
igh

 pow
er

-
d
iscrete set of frequencies

D
iffe

re
nce

s in L
O
 T

e
ch

nology

A
t low

er frequencies one m
ay use an electronic L

O
 �

w
ire antenna or 

w
aveguid

e.

+ easily tuneab
le in frequency

-
low

 pow
er at h

igh
 frequencies (sub

-m
m
)

M
ost of th

e previously d
iscussed

 perform
ance lim

its apply equally 
to optical/IR

 and
 sub

-m
m
/m

illim
eter

h
eterod

yne receivers.



T
h
e
 S

e
cond

a
ry
 A

nte
nna

T
h
e second

ary antenna is a w
ire or lith

ograph
ic structure.

C
h
allenge: efficient transfer of pow

er from

free space �
second

ary antenna �
m
ix
er




often a lens is used
 to 

concentrate th
e pow

er onto 
a planar antenna.


corner reflector   (m

ix
er 

A
t frequencies b

elow
 10

0
0
 G
H
z (3

0
0
µm

):  
�

feed
 h
orn �

w
aveguid

e

(Q
uite efficient, b

ut not suitab
le for 

sh
orter w

avelength
s d

ue to 
m
anufacturing tolerances.)


corner reflector   (m

ix
er 

at th
e b

ottom
 h
ole)

D
iffe

re
nce

s in M
ix
e
r T

e
ch

nology

1.
G
ood

 &
 fast ph

oton d
etectors for th

e 
sub

-m
m
 d
o not ex

ist for λ
> 4

0
µm

.

2
.
“pix

el” size ~
 λ

(for efficient 
ab

sorption).  B
ut frequency response   

∝
1/size

�
optim

ized
 electrical com

ponents

M
a
te
ria

l
R
e
com

b
ina

tion 
tim

e

S
i

10
0
µs

G
e

10
0
0
0
µs

Pb
S

2
0
µs

InS
b

0
.1
µs

G
aA

s
1
µs

InP
~
1
µs

InP
~
1
µs

G
enerally,

ph
oto-d

iod
e m

ix
ers h

ave 
a frequency response lim

ited
 to < 

1G
H
z b

y th
e recom

b
ination tim

e 
required

 for ch
arge carriers th

at 
h
ave crossed

 th
e junction 

�
S
ch

ottky
d
iod

e, S
IS

 or H
E
B
 

m
ix
ers. 



I.  G
u

n
n

 O
s
c
illa

to
rs

  [L
O

]

B
ased

 on G
aA

s
or InP

d
evices  

(h
ere: n-type G

aA
s)

G
unn O

scilla
tors

1.
full valence b

and
 and

 electric field
 is 

sm
all (< 3

0
0
0
 V
/cm

): cond
uction  

electrons w
ill b

e ex
cited

 at k
= 0

 
(just like for oth

er sem
icond

uctors).

2
.
If electric field

 is h
igh

 (> 3
0
0
0
 

V
/cm

):  electrons gain sufficient 
energy to b

e scattered
 into th

e 
satellite valley.

In th
e satellite b

and
 th

e ... 

•
effective d

e
nsity of states is ~

7
0

×

h
igh

er �
long lifetim

es.

•
electron m

ob
ility µ

is m
uch

 low
er

�

current d
ecreases  (I

x
= qnµ

e E
x )

energy to b
e scattered

 into th
e 

satellite valley.

�
If electric field

 ex
ceed

s a critical value th
en d

J
/d

E
< 0



S
id
e
 N

ote
:  N

e
ga

tive
 R

e
sista

nce

(from
 W

ikiped
ia:)

N
egative resistance is a property of som

e electric circuits w
h
ere 

an increase in th
e current entering a port results in a d

ecreased
 

voltage across th
e sam

e port. 

T
h
is is in contrast to a sim

ple oh
m
ic

resistor, w
h
ich

 ex
h
ib
its an 

increase in voltage und
er th

e sam
e cond

itions. 

N
egative resistors are th

eoretical d
evices; h

ow
ever, som

e types of 
d
iod

es can b
e b

uilt th
at ex

h
ib
it negative resistance in som

e part of 
d
iod

es can b
e b

uilt th
at ex

h
ib
it negative resistance in som

e part of 
th

eir operating range.

C
onsid

er a  sim
ple oscillator circuit:

If R
 < 0

 an oscillatory voltage 
b
uild

s up in th
e circuit until its 

G
unn O

scilla
tors  (2

)

G
unn oscillators can b

e operated
 in lim

ited
 ch

arge accum
ulation m

od
e: 

th
e voltage across th

e d
evice is varied

 rapid
ly and

 it m
aintains a 

negative resistance.

0
2

2

=
+

+
+

V
C q

d
t

d
q

R
d

t q
d

L

b
uild

s up in th
e circuit until its 

am
plitud

e is lim
ited

 b
y d

issipation 
in elem

ents w
ith

 positive 
resistance.  T

h
e voltage w

ill 
oscillate w

ith
 frequency: 

G
unn oscillators are good

 L
O
s  from

 3
0
 –

15
0
 G
H
z up to ~

10
0
 m

W
.

F
or ν

< 10
0
 G
H
z m

aterial is G
aA

s; for ν
> 10

0
 G
H
z one prefers InP.

2
/

1
2

2

1

  

  
 

 
−

=
L R

L
C

ω

C
d

t
d

t



II.  S
IS

 J
u

n
c
tio

n
s
  [M

ix
e

r]

S
I
S
 J

unctions
R
em

ind
er:

tw
o supercond

uctors separated
 b
y an insulator th

inner th
an 

th
e b

ind
ing d

istance of a C
ooper pair  

�
supercond

uctor –
insulator –

supercond
uctor (S

IS
)
(N

b
–
A
l2 O

3
–
N
b
)

1.
N
o voltage:  C

ooper pairs can flow
 from

 one supercond
uctor to th

e oth
er 

and
 carry sm

all currents (J
oseph

son effect)
2
.
S
m
all voltage applied

:  sh
ifts energy states, b

ut insulator b
locks “norm

al” 
currents.

3
.
L
arger voltage applied

:  if th
e voltage just ex

ceed
s th

e energy gap �
significant current via “quasiparticle

tunneling
th

rough
 th

e insulator”.

I
tunnel

~
  n

filled
states (left)

×
n
em

pty
states (righ

t)
×

P
tunneling

significant current via “quasiparticle
tunneling

th
rough

 th
e insulator”.

Provid
es th

e non-
linearity need

ed
 

for a h
igh

 
perform

ance m
ix
er.



T
a

k
e

n
 fro

m
 S

O
R

A
L
 w

e
b

s
ite

 (U
 o

f A
riz

o
n

a
): h

ttp
://s

o
ra

l.a
s
.a

riz
o

n
a
.e

d
u

/o
v
e

rv
ie

w
.h

tm
l

S
I
S
 J

unctions  (2
)

G
eneral prob

lem
:   h

igh
 capacitance of th

e S
I
S
 junction  (typically 10

×
h
igh

er th
an for S

ch
ottky

d
iod

es)

S
olution:  m

ount S
IS

 junction in an arrangem
ent th

at uses ind
uctances 

to cancel out m
ost of its capacitance.  T

h
e tuning ind

uctance is 
provid

ed
 b
y a supercond

ucting stripline. 

M
ax

im
um

 pow
er w

h
en im

ped
ances of capacitor and

 ind
uctor cancel.

M
ax

im
um

 pow
er w

h
en im

ped
ances of capacitor and

 ind
uctor cancel.

S
ch

em
atics:

R
n
= norm

al m
ix
er resistance

C
j
= junction capacitance

L
t
= stripline

tuning ind
uctance



S
I
S
 J

unctions  (3
)

Prob
lem

: ad
d
itional elem

ents are required
: term

ination w
ith

 an R
C
 

sh
ort-circuit.

S
olution: use tw

o id
entical (d

ual) junctions (for im
ped

ance m
atch

ing), 
separated

 b
y th

e m
icrostrip

tuning ind
uctance.

III.  H
o

t E
le

c
tro

n
 

B
o

lo
m

e
te

r  [M
ix

e
r]



H
ot E

le
ctron B

olom
e
te
rs

(1
)

B
olom

eters
for sub

-m
m
/m

m
 w
avelength

s can m
ake use of n-type InS

b
:

•
Im

purity levels ~
 cond

uction b
and

 �
0
.0
0
1 eV

sufficient to create 
free electrons  �

see of free electrons.

•
Incid

ent ph
otons are ab

sorb
ed

 b
y th

e free electrons �
ab

sorption 
raises th

eir energie
s ab

ove th
erm

al equilib
rium

:  h
ot electrons

•
D
e-ex

citation (lattice interaction is w
eak)  �

long lifetim
es, h

igh
 

•
D
e-ex

citation (lattice interaction is w
eak)  �

long lifetim
es, h

igh
 

d
ensities

•
H
ot electrons significantly affect th

e m
ob

ility (and
 th

us th
e 

cond
uctivity)  �

m
easuring th

e resistance m
eans m

onitoring th
e 

ph
oton signal.

E
x
am

ple:
th

erm
al cond

uctance G
 = 5

×
10

-5
W

/K
typical  n ~

 5
×
10

13
cm

-3

typical τ
~
 2

×
10

-7
s

fast!
typical N

E
P ~

 2
×
10

-13
W

 (H
z) -1/2

low
!

H
ot E

le
ctron B

olom
e
te
rs

(2
)

G
enerally:

•
b
olom

eter elem
ents m

ust b
e sm

all
•
feed

 arrangem
ents sim

ilar to S
IS

 and
 S
ch

ottky
�

sam
e single m

od
e 

restrictions

S
IS

 junctions, S
ch

ottky
d
iod

es and
 H

E
B
s all b

ecom
e less effective as 

m
ix
ers at frequencies ab

ove 10
12
H
z.

Q
E
 d
epend

s on ab
sorption efficiency of th

e free electrons.  
A
t long λ

th
e ab

sorption is λ-ind
epend

ent and
 h
igh

, b
ut at sh

ort λ th
e 

ab
sorption goes as λ

2; 
�
H
E
B
s are inefficient at w

avelength
s sh

orter th
an ~

3
0
0
 µm

  

T
h
e speed

 of th
e classical H

E
B
 is lim

ited
 b
y relax

ation tim
e τ ~

 10
-7
s  

�
Δ
f
IF

< few
 M

H
z



S
upe

rcond
ucting H

ot E
le
ctron B

olom
e
te
rs

E
lectrons in a supercond

uctor d
o not lose energy easily to th

e m
etal 

lattice.

M
ake very sm

all d
evices (size << w

avelength
).  E

nergy is coupled
 into 

th
e b

olom
eter electrons w

ith
 an antenna structure.

�
m
icrob

olom
eter

�
very sh

ort response tim
es.

S
upercond

ucting th
in film

 H
E
B
s ex

tend
 th

e range to h
igh

er 
frequencies th

an th
e oth

er m
ix
er types.   T

h
ey are th

e ch
oice of 

frequencies th
an th

e oth
er m

ix
er types.   T

h
ey are th

e ch
oice of 

h
eterod

yne d
etector for th

e frequencies b
etw

een 1.5
 and

 6
 T
H
z. 

H
E
B
 m

ix
er:  energy is coupled

 from
 th

e 
antenna into a sub

-m
icron strip of 

supercond
ucting N

b
or N

b
T
iN

ex
tend

ing 
b
etw

een tw
o pad

s of norm
al m

etal.

H
ot E

le
ctron N

a
no-

B
olom

e
te
r

M
aterial:  T

itanium
 and

 N
iob

ium
 m

etals

S
ize:  ab

out 5
0
0
 nanom

eters long and
 10

0
 nanom

eters w
id
e

C
onstruction via th

in-film
 and

 nanolith
ograph

y tech
niques

O
perating tem

perature: 0
.1 K

S
ensitivity: ~

10
0
 x
 b
ette

th
an ex

isitng
b
olom

etersr

Photons heat electrons in the titanium
 section, w

hich is therm
ally 

isolated
 from

 the environm
ent b

y supercond
ucting niob

ium
 lead

s.  
T
he d

evice can d
etect as little as a single photon of far infrared

 
T
he d

evice can d
etect as little as a single photon of far infrared

 
light.

h
ttp://w

w
w
.jpl.nasa.gov/new

s/ph
oenix

/release.ph
p?A

rticleID
=17

8
3



N
oise

 T
e
m
pe

ra
ture

s for d
iffe

re
nt M

ix
e
r T

y
pe

s

A
ch

ieved
 perform

ances of h
igh

 frequency h
eterod

yne receivers.
T
h
e quantum

 lim
it is sh

ow
n as solid

 line.



M
K
I
D
S

A
 new

 kind
 of d

etector

M
K
ID

 = M
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