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~~( o r 2 m f l I U n i C a t i O f l s  over a p p r o x i m at e l y  t h r e e  dec ades of p r e s e n t l y unused Spec  -

t rum .  f r o m  E J I F  t h r o u g h the  J R .  R e c e n t l y,  r.ew sou rces  have been developed
in t h i s  s p e c t r a l  region , and si mple , e f f i c i e n t  m ixe r s  will  pe r m it wideband ,
n iu l t i c h a n n e l  c ommunicat ion  sys tems  that  can take advantage of the shor t e r
wavelengths and unique transmission properties of the atmosphere . At the
s h o r t  - w a v e l e n g t h  end of the  spect rum , new r o o m - t e m p e r a t u r e  Schottk y diode
and hot c a r r i e r  mixers  are  inhe ren t l y sens i t ive  and offer  a bandwidth in
e X C e S S  of 10 0Hz .  At these shor t  wavelengths , hig h d i rec t i v i t y  can be
ach ieved  wi th  a small a p e r tu r o , a par t icular l y a t t r ac t ive  fea tu re  for  s a t e l l it e -
sate l l i t e  com m u n i c a t i o n s .  Lig h a t m o s p h e r i c  absorpt ion p e r m i t s  s h o r t - r a n ge
t e r r e s t r i a l  and a i r - t o - a i r communica t ions , re la t ive l y i n t e r f e r ence  f r ee , wit h
f r equ en t  r euse  of the  spe c t r u m .A,. The large available bandwidths provide extra
l ink  s e c u r i t y  b y means  of su ch ~~chniques as spr e ad spectrum or f r equency
h o p p i n g .  At  mi l l imeter  and long’~ r wavelengths  where  clear  atmospher ic
windows a re  available , newl y dis~ overed receiver  techniques  that employ
c ry o g e nic  Schottk y d iode mixe r s ~nd pa ramet r i c  ampl i f i e r s  will  provide
r e t . e iv er  n o i s e  f i g u r e s  well under  ~ dB.  This  can improve the p e r f o r m a n c e
of commun ica t ion  link s such as sat’~l 1i te- to-ground . air - to-ground , and
ai r - t o - a i r .  \
It is impor t an t  for sys tem planners  be aware of these emerging device
tec hnolog ies tha t  offer s igni f icant  opp~ r tun i t i es  to improve the p e r f o r m a n c e
of co rnn iun i ca t i on  l inks th roug h increa ’~ed receiver  s e n s i t i v i t y,  expanded
s p e c t r um  avai labi l i t y, and select ivi ty  f~~r privac y and an t i - j am pe r fo rmance .
l la r dw a r  develope d for  the E}IF to JR è1pectral  reg ion will  r equ i re  not onl y
new a t iv e  devices but an optimal integr ~~tion of both microwave and opt ica l
s ig n a l  t r a n s m i s s i o n  t echni ques , analogou to in tegra ted  opt ics .
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1. I n t r o d u c t i o n

E f f i c i e n t  m i l i t a r y  c o m m u n i c a t i o n  b y means of e lS ’( t ron ic
(in c lu d ing  opt i c a l )  si gna l t r a n sm i s s i o n  depends on the av a i l a b l e  band-
width , t r a n s m i t ter  power and t r a n s m i s s i o n  L o s s e s ,  de tec to r  sensiti-
v i ty  and dynamic  range , and the abi l ity  to d i sc r imina te  against
i n t e r f e r e n c e  or jam ming.  Theoret ica l  as w e l l  as p rac t i ca l  perfo r-
rnan ce  Limi t s  a r e  set by the rece ive r  sensi t iv i ty,  an e lement  of the
s y s t e m  for  which the s y s t e m  engineer covets a per fo rmance  near the
t h e o r e t i c a l  l imi t .

This paper descr ibes  the theore t ical  and envi ronmenta l  con-
straints  as well as significant new device developments which will
make possible communicaticns over approximatel y t h ree  decades  of
presen t l y unused spec t rum , f rom EHF throug h the JR.  New sources
have been developed in this spectral.  reg ion and simp le , ef f ic ient
mixers  wi l l  permit wideband , mult ichannel  communicat ion sys tems
which  can take advantage of the shorter wavelengths and uni que
t ransmiss ion  properties of the atmosphere .  At the short  wavelength
end of the spec t rum new room tempera tu re  Schottk y diode and hot
c a r r i e r  mixers  are  both inherent ly sensi tive  and o f fe r  a bandwidth
in exces s  of 10 GHz. At these short  waveleng ths ,  hi gh d i rec t iv ity
can be achieved wi th  a smal l  aper ture , a pa r t i cu lar ly  a t t rac t ive  fea-
tu re  for  sa te l l i t e - sa tel l i t e  communications.  High a tmospheric
absorption permits short range t e r r e s t r i al  and a i r - t o - a i r  cornmuni-
cations re la t ive ly in t e r fe rence  f r e e  with f r e q u e n t  r euse  of the spec-
t r u m .  The large available bandwidths provide extra link secur i ty
via such techniques as spread spectrum or fr equency  hopping. At
m i l l i m e t e r  and longer wavelengths where  c lear atmospher ic  windows
a re  avai lable , newl y discovered rece iver  techniques emp loy ing
superconducting Schottk y diode mixers and parametr ic  amp lifiers
w i l l  provide receiver  noise fi gures  w e l l  under 1 dB. This can im-
prove the per formance  of communication Links such as sa te ll i t e - to -
ground , a i r - t o - g r o u n d  and a i r- to - a i r .

R e c e i v e r  technology  is developing rap idl y. Rece ive r s  at fre-
quencies  extending throug h the microwave  region are  desi gned under
a v a r i e t y  of cons t ra in ts  and the state of the art  is such that the
rece ive r  noise fi gure can u sua l l y be s ta ted with precis ion.  The
intent  of th is  pape r is not to d iscuss  exhaus t ive ly  the stead y advan-
ces being made in state of the a r t  rece iver  desi gns,  but r a the r , to
i l l u s t r a t e  order  of magnitude advances  in bandwidth , noise fi gure ,
and f r equency  response made possible by new quantum electronic
devices and techni ques.

Some limitations imposed on receiver  desi gn a r e  fundamenta l
in n a t u r e  and some are  prac tica l .  For example , a fundamen ta l  low-
er l imit  on the noise fi gure  of a rece iver  can be der ived  fr o m  statis-
t i c a l  mechanics,  The f u l l  r ea l i za t ion  of that  noise limit is often
prevented by non- idea l  component.. In the ex tension  of receiver
technology beyond the microwave  and m i l l i m e t e r  wav e  reg ions ,
fundamenta l device Limitat ions a re  often obscured by our inability to

-3 -



so lv t’ t em inoop Ia c (‘ prol) h ’rn s . N ew r e c e i v e  r t e chn ic 1  ur  s ~vi I I  be di s —

( ‘US t d  f o r  th e  ~ ( il-I z to 30 . 000 GHz f r eq u en cy  r an g e  ( 0 c m  to 1 0k in

h iig t l i s  ).
2. R e c e i v e r  Concepts

.~. i Basic  R e ce i v e r  Confi gura tion

The class  of r e ce ive r s  under  d i scuss ion  in this paper a r e
p r o p e r l y ca l l ed  he te rod yne or coheren t  r e ce ive r s .  Incoherent or
v i d e o  r ec e i ver  confi g u r a t i o n s  can on l y be c o m pet i t i v e  wi th  the  w i d e-
band co h e r e n t  r ece ive r  for  communicat ions  app lications in the visi-
b le or opt ical  port ion of the s p e c t r u m .  Coherent  r ece ive r s , charac-
t e r i z e d  b y a local  o s c i l l a t o r - l o w  noise mixe r  f ron t  end as shown in
Fi g u r e  1 , a r e  by f a r  t he most sens i t ive  per unit bandwidth  and most
conven ien t  for  a c cu r a t e  reproduct ion of t r ansmi t t ed  informat ion  in
th is s p e c t ra l  reg ion. The s ignal  bandwidth is t rans lated f r o m  the
( a r r i e r  f r e q u en c y  f to some convenient  i n t e rmed ia t e  f r e q u e n c y  (iF)
w i t h the addi t ion  of noise  power

PN = k T R B ( 1)

w h e r e  T is the r ece ive r  noise t empe ra tu r e  and B is the bandwidth.
The sing~e-sideband receiver noise temperature can be expressed
as

T R = T M + L T JF 
(2)

w here  T M is t he mixer  noise t empera tu re , L is the tota l conver  -
sion loss f rom f to IF , and T IF is the noise ~t empera tu re  of the IF
amp lif ier  fol lowi’~ig the mixer .  The pract ical  parameters  T M, L
and TIF characterize the receiver.

ANT[NNA

OSCILLATOR ‘IS
~~~~~~

P
~~~~

S
~~~G1

MIXER

Figure 1
Schematic diagram of coherent , heterod yne receiver
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I

If .in i d e a l  r ec  c iv  r w e r e  con st m ete  d t h e  tunda ienta I detector

n o i se  l imit  w o u l d  be a c h i e v e d

= hfB{frxp (~~~) - 1] 
-l 

+ 1) (3)

w her e  hf is the Planck  cons tant  f r e qu e n c y pr o d u c t , I’ is the  r e c e i v e r

bandwidt h , and kT is the Bot t zman  constant  t e m pe r a t u re  produ t.
‘rhis express ion is p er f e c t l y  ge n e r a l  [1] and desc r ibes  the noise

Limi t  in any detector  r e f l ec t i ng  the f luc tua t ion  in the e q u i l i b r iu m
radia t ion  power .  Onl y a fac tor  of two reduct ion of 1

~N can be
obtained by prese rva t ion  of the phase of the si gna l , e. g. , in the

homodyn e mode. A p lot of P v e r s u s  f r equency  is shown in Fi gure

2 and the famil iar  limits at l~~v and hi gh f requenc ies  can be identi-

fie d.

Today receivers are being designed which approach this funda-

menta l  limit. With the emerg ing avai labil i ty  of local  o s c i l l a t o rs , it

is usefu l to inspect the f requency  dependence of communicat ions
sys tem per formance .

2. 2 System Trade-offs

Our concern in this paper is with communicat ion sys-
tems  which operate in the atmosphere or in space at su f f i c i en t ly
long ranges  that the appropriate antenna pattern is g iven b y the far
field or Fraunhofer expression. A receiver with an e f fec t ive  anten-
na diameter D wi l l  receive at range R a power P g iven b yr

D 2 Dt
2 1

= 
~ 2~ 2 

(4)

a s suming  no loss in the intervening medium and P and D the trans-
m i t t e r  power and ef fec t ive  d iameter , respect ivel y~ It wo1iild seem
advantageous to d e c r e a s e  X to the shor tes t  possible wavelength  in
order to decrease the so-called space loss. Practical values of D

rand D
~ 

alter the A dependence; diffraction limited large antenna s
are easier to construct at microwave  frequencies  than at laser fre-
quencies. Also , the available t ransmi t te r  power is wavelength
dependent.

Util izing Equations (3) and (4),  famil iar  asymtot ic  values  of
the signal-to -noise ratio (S/N) can be foun d in the low f requency  or
t h e r m a l  limit ,

P D 2 D 2

S/N ~~ { R 2 X 2 , kT>> hf (5)

-5-
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and in the high f requ en ’y or quantum noise l imit

P D~~D~~S/N ~~ ~~~~~~~~ 
~~~ 

, kT<< hI. (6)
H A

10 10

1111) 300 K 10

12 i l K
10

W c,’

in 13~
4K ilK 300 K

14 :10 no
~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~

3x 10~ 3x 102 3x 103 3x 104

1, 6Hz

Figure ~
Noise power PM in an ideal receiver calculated for  a 1 GHz

bandwidth and calcula”ted signal- to -noise ratio, S/N , for a synchro-
nous sa te l l i te- to-ground link with constant 0. 5 m diameter antenna s
under ideal conditions.

Fi gure  2 shows the dependence of and SIN as a funct ion of fre-
quency assuming constant values of D , and D , Although the
quantum noise increases with f r equency  in fhe hi gh f requency  limit ,
the reduction in space loss y ie lds a linear increase of S/N with f.

In a space-to-space communication link , the idea l receiver
expressions clear ily indicate that the highest  possible f is desireable
to maximize  the S/N and available bit rate.  For t e r r e s t r i a l  or
space- to-ear th  communications the influence of a tmospheric  absorp-
tion must  be introduced. Both attenuation of the t ransmi t ted  si gna l
and the introduction (emission ) of noise by the absorbing medium are )
important . (Less important at these wavelengths are  the ef fec ts  of

-6-
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0
s in t  i I la t ion  w i n c h  c~ ( will i gno re .  ) Fi g u r e  s h o w s  a c i  k u lated
S pe( ( r u i n  of the  zeni th  a t t e n ua t i o n  f r o m  1 1) t o  30( 1 ( a (z for a st ii da rd
m o d e l  of the atrnos  ph er e .  ( ;

~(~d a g r e e i i un t  h a s  been f ou n d  b e t w e e n
mea su red  and computed  attenuation which contains the effects of 0 ,,
O3~ and H2

0. Examples of o the r  a t m o s ph e r i c  abso rp t ion  c u r ve s
hi gh e r  f r e q u e nc i e s  can be f o u n d  in the  l i t  e r a t u re . Sev e r a l  w i nd o w s
a r e  f o u n d  at hi gher frequencies. For examp le , windows occur at
e~ 0 0Hz and 870 0Hz w h e r e  absorption w i l l  not a f f e c t  the perfor-
mance  of a h ypo thet i ca l  communica t ions  s y s t e m  (to a mountain  top)
as much as noise r ad ia ted  by the a tmosph e r e .  For a dense  medium
at 300 K this  noise dominates the noise fi gu re  of a r e c e i\ e r  sys tem
provided kT<< hf , or for  f r equenc i e s  ~ 6000 0Hz.

At m i l l i m e t e r  wavelengths , e. g . ,  in the a tmosph e r i c  window
at 100 GHz, the ultimate performance of a system can be calculated
using the expression

Ts T
R 

+ TaLa (7)

w h e r e  L and T are  the attenuation t empera tu re  of the  a t m o s ph e r e .
Ac tual l ya Ta an~ L va ry  with al t i tude and an i n t e g r a l  e x p r e s s i o n
co r rec t ly es tabl ishaes this contribution. Ignoring these comp lexit ies ,
one can deduce by taking the approximate va lues Ta ‘~~‘ 300 K and
L 0 .1  that
a

T
N ~ 

T
R + 30 K

and we f ind that  a rece iver  noise temn~~e ra tu re  less than 30 K is
des i rable  for  an ea r th - to - space  communication sys tem.

Figure 2 shows that the minimum detectable signal power 
~~Nincreases linearly with frequency, and therefore the corresponding

lowest  u se fu l noise t empe ra tu r e  increases  corresponding ly. Thu s
for ideal devices the need for cryogenic cooling exists onl y at the
longer wavelengths  (9’ 500 h im).

System concepts have been dealt with  he re  in a c u r s o r y  man-
ner , but in enoug h detail  to put new rece iver  ideas in perspect ive.

3 Loca l Osci l la tors

The desirable attributes of a local osci l la tor  source a re  ~ve l l
known. Spectral purity and freedom from residua l frequency mnodu-
latj on a re  needed to minimize  LO noise contr ibut ions .  Suf f ic ien t
power is needed to maximize the mixe r  conversion ra t io  and some
fr equency  tunability is des i red .  At f r equenc i e s  up to and slig h t l y
above 100 GHz , kl y strons work  w e l l  and are  readi l y avai lable.
Irnpatt diodes now emit enoug h power  to be use fu l in this same Ire-
quency  reg ion.

Above , say, 300 GHz the pic tu re  is not br i ght.  For Schottk y
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(I iOde S , a power l ev e l  on the o r de r  10 to 100 InW is n e e d e d .  We p lot
t he output  power  f r om  a v a r i e t y  of sour  es in F i g ur  -1 . Ab o v e  3 W )

Ou r., onl y ca rcino t ron  and l aser s  en~~t a d e q uat e  power .  ‘1 h i  i. a r u i  —
n o t r o n is comm e r c ia  I l y ava i l able  and can be tuned  o v e r  a l i m i t  (- (I
f r e q u e n c y  r eg ion .  The ind ica ted  c l a s s  of FIR l a s e r  s o u r c e s
emi t  a t  a sing le f r e q u e n c y  since the emiss ion  is p e c u l i a r  to a pa r-
t icula r l aser  m o l ec u l e .  However , h u n d r e d s  of la se r  m o l e c u l e s  have
been d i scove red  in the FIR or submif l imeter  wave  spec t ral  reg ion
of which  onl y a f ew have  bee n p lotted in Fig. 1 . A l thoug h o ther
t y pes of ato mi c and m o l e c u lar la s e r s  a r e  oc c a s i o n a l ly d i s c ov er e d  to
emit  FIR radiat ion,  the gener ic  class of FiR wavegu ide  l a s e r s  2 ]
is the  most  impor tan t  local osc i l la tor  source . The s pe c t r a l  p u r i t y
i s v e r y  good indeed and one compact model  is now c o m m e r c i a l l y
ava i l ab l e .  At s t i l l  hi gher  f r e q u e n c i e s  near  30 , 00 0 0Hz diode l a se r s
a r e  spec i f i ca l l y noted because they a re  tunable  and can be u t i l i z e d

~i, i t h  diode m i x e r s .
For the  near f u t u r e , e l ec t ron tube and solid s ta te  local oscil-

lato r  s o u r c e s  a re  the best choices below 300 GHz with  FIR w a v e -
guide  lasers  as the best choice above 300 GHz.

4. 0 l l et erod yne Rece ive r

The key to s uc c e s s f u l  development  of a h e t e r o d yne r e c e i v e r  is

-~~~~~ the  m i x e r  which is required to e f f i c i en t l y dow n c o n v e r t  the input si g-
nal  s p e c t r u m  (H F)  to some IF where  low noise amp li f ica t ion  and
ef f ic ien t  s ignal  process in g can be ca r r i ed  out.  Of pr inc i pal concern
are  the mixe r  conversion e f f i c i e n c y,  noise , bandwidth (both R F  and
IF),  a nd dynamic  range.  In t imatel y connected with  these  charac-
t e r i s t i c s  a r e  the mixer  impedances  and r equ i r ed  local  osc i l la tor
(LO) p ower .  We w i l l  see that new device developments  w i l l  make it
possible  to achieve  wideband response  over the ent i re  s p e c t r u m  of
i n t e r e s t .  At ce r ta in  f r e q u e n c i e s  the projected pe r fo rmance  of the
mixers  is s u f f i c i e n tl y good that the sys t em pe r fo rmanc e is l imited
b y the iF amp l i f ie rs .  T h e r e f or e  low noise amp lifiers also become
a topic of interest.

4. 1 Wideband Mixers

Candidates for wideband low noise mixers in the EHF to IR
reg ion are  Schottk y ba r r i e r  diodes,  photoconductiv e diodes, hot
electron diodes, Josephson junctions, superconducting-Schottk y
diodes , and m e t a l- i n s u l a t o r - m e t a l t unne l  diodes. A lthoug h o ther
devices can de tec t  at these  f r e q u e n c i e s  they  a re  genera l l y n a r r o w -
band and a re  not of inte res t  for communica t ion  app lications.

4. 1. 1. Schottk y B a r r i e r  Diode Mixers

• The Schottk y b a r r i e r  diode is the dominant  mix~~r at micro-
wave f r e q u e n c i e s  wh re it p rov ides  the best  bandwidths  and noise
fi gu re .  In the last severa l y e a r s  the  Schot tk y diode has been under

• 
- 

development  for  mniUimet er  and submi tt ime ter  w a ve l e n g t h s  [3 ] .

A Schottk y -b a r r i e r  diode cons i s t s  of a meta l contact  to a

-9-
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b
sem i  — c o n d u c t o r .  The diode u r  r e n t  v o l t a g e  ( I —  V)  c h a r a  t i r i s t i c  is
g ive n to i good a p p r o x i m a t i o n  b y

1=  i~~~ex p(_~~~ ) - i ~ (8)

w he r e  I is d e t e r m i n e d  b y the a r e a  and m a t e r i a l  p a r a met e r s  of th e
d iode , ~?nd n is the  idea l i ty  f ac to r  w h i c h  is a p p r o x i m a te l y un i ty  fo r
low-  to m o d e r a t e l y -doped  s e m i c o n d u c t o r s .  This  nonl inea r  func t i on
is r espo n s i b l e  for  i ts  success  as a de tec tor  and m i x e r .  When opera-
t e d  as a m ixer  a la rge  LO vol tage is impressed  on the diode to pro-
duce a conduc tance  which  is periodic at the LO f r e q u e n c y  I,. In the
p r e sen c e of a s igna l at f r e q u e n c y  I , the i n t e rmed ia t e  f r e q u e n c y  

~IFf is g e n e r a t e d .  For low L~~ power the e f f i c i ency  of this  con-
v er s i on S process  i s a s t r ong func t ion  of (q V / k T )  w h e r e  V is the
a m p l i tude  of the LO vol tage.  With l a rge  L~~ power the coAvers ion
e f f i c i e n c y  of the device s a t u r a t e s  at a va lue  de te rmined  b y the impe-
d a nc e  t e rmina t ions  on its input and output  por ts .

The  s e n sit i v i t y  of a mixer  ( r e c e i v e r )  is expressed in t e r m s
of i t s  m i x e r  noisi  t e m p e r a t u r e  T M given by

T M = L T d (9)

where L is the tota l conversion loss of the mixer , defined as the
ra t io  of ~va i lable  power  f rom the RF  source to the power absorbed
in the IF load , and T d is the noise t empera tu res  of the mixer  diode .
In fabricating a mixer, utmost attention must be paid to minimiz ing
L because  of Fqs .  (2) and (9).

The conversion loss L of a mixer  in a tunable  mount is
convenient ly expressed  as the pSoduct  of three  t e r m s

L L
0L1

L
2
. (10)

The intr insic  conversion loss L0 
a r i ses  f rom the conversion process

wi th in  the nonl inear  res i s tance  of the diode and includes the impe-
dance mi sma tch  Losses  at the RF  and IF ports.  Ana lysis of L0 is a
funct ion of (q Vj n  kT)  for a proper ly - t e rmina ted  sinusoida l l y-
pumped broadbhnd mixer yields the resu l t  shown in Fig. 5. 1~.e RF
and IF tosses ,  L 1 and L,, respectively, are associated with the
parasi t ic  e lements of th~~diode . These losses are  given b y

R
L 1 1 + —

~~~~~ + w 2C 2R H ( 1 1)

L2~~ 
i + ~~ .! (12)
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Figure 5
Int r ins ic  conversion loss in dB as a function of local osci l lator
vo ltage , V 1

.

where  R and C are  defined in Fig. 6 , and Ui is the si gna l a n g u l a r
f r e q u e n c y .  H is the equivalent impedance of the local osci l la tor
pumped nonlinear res is tance , and R is the IF load impedance.  The
w~ dependence of the th i rd  term in (~~1) is respons ib le  for the degra-
dation in the per formance  of Schottky -bar r ie r  mixers  at hi gh fre-
quencies.  However,  both L and L are  geometry and mate r ia l
dependent and by rnanipulatii~n of th~ se t e r m s  one can reduce L at
hi gh f requencies .  C

A straigh t fo rward  method for  minimizing the t h i rd  t e rm in
( 1 1 )  is to reduce the contact area  and hence C. Diameters  grea ter
than 1 ~m are  commonly obtained b y photo l i thographic techniques.
Submicron dimensions with diameters as smal l  as 0. 1 ~m have been
obtained by McCot l , et al .  [4] ,  us ing e lect ron l i thograph y.

The loss t e r m s  in ( 1 1 )  and (12 )  proportiona l to R a r e  in-
ve rse ly  proportiona l to the mobility of the semiconductor.5 N- type
GaAs has a hi gh mobil i ty ,  functions at room tempera ture , and is
commercia l ly available. For these reasons n e a r ly a l l  m i l l ime te r
and submil limeter  wave Schottk y -ba r r i e r  mixers u t i l ize  this materi-
al.

- 1 2-



Figure  6

i Equivalent  c i rcu i t  of a Schottk y
I diode. R is the nonl inear  r e s is-
I t a n c e ,  C is the shunt ing  capaci-

J_ tance , and R is the  ser ies
R . C spreading re~ is tance which
/ r e s u l t s  f r o m  the c rowding of the

cu r ren t  in the s e m i c o n d u c t o r
near the s m a l l  meta l contact .

U

The epi taxial  diode s t r u c t u r e  shown in Fig. 7 is the stan-
dard desi gn for hi gh f r equency  S~ hottk y -ba r r i e r  m i x e r s .  The ep i-
taxia l layer is as smal l  as 1000 A and the substrate is very heavily
doped in order to reduce the diode spreading res is tance.  Modera te
doping is chosen for the epitaxia l layer in order to minimize  the
diode noise temperature  T D.

E lec t r i ca l  contact to a Schottk y bar r ie r  diode is c u r r e n t l y
made b y a whisker  as shown in Fig. 7. The whisker  funct ions as an
antenna to couple RF radiation to the junction , IF power out , and
supp ly the required DC bias.

A contact a r r a y  diode is under  development [4]  as a favor-
~~ able a l t e rna t ive  to the epitaxial  diode for efficient  hi gh f r equency

mixing. Utilizing a s t ructure  consisting of a large number of sma l l
Schottk y -ba r r i e r  diodes connected in paralle l, L 1 is reduced .  The
number is chosen sufficient ly la rge  to maintain a low va lue of L0.

• Diodes with more than 100 contacts, each 0. 35 ~m in diameter ,
have been fabricated to date. Figur e 8 is a sketch of the cross  sec-
tion of the diode.

- - 
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Fi gure 7
St andard desi gn for  hig h f r equency  Schottk y b a r r i e r  diode mixers .
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Figure 8

Cross - sec t iona l  d rawing  of the mult i  contact array diode .
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I h e  f u n c t i o n  of the  n~ixc  r mount  is to both coup le the radia  —

t io n to the diode and provide  a method  to r e a c t i v e i y t u n e  out  the  ca-
pac i tance  C . The use  of sing le mode w a v e g u i d e  m i x e r  m o u n t s  is
the standard method at microwave and millimete r w a v e l e n g t h s , and
these  a r e  ava i l ab le  c o m m e r c i a l ly for  f r eq u e nc i e s  up to 325 GHz .

In Table I we s u m m a r i z e  a few of the important heterod yne
r e s u l t s  for  Schottk y - b a r r ier  diodes at room t e m p e r a t u r e.  R e s u l t s
a r e  co m m o n l y r epor t ed  in the l i t e r a tu re  in t e rms  of the m in imum
d e t e c t a b l e  power kT M. As the operat ing f r equ e n c y  inc reases

the min imum detectable  power increases  rap id l y r e f l e c t Y n g  p r imari -
ly the d i f f i cu l t y  in matching to these  v e ry  sma l l  diodes at short wave-
lengths .

TABLE I
f ( G H z )  kT M (WHz ’) Source

231 1.7  x 10~~~ Schneider & Wrixon ( 5 J
600 10 15 Gustincic [6]
890 5 x 10 Fe t t e rman  [7]

4.1.2 Superconducting - Schottky Mixer

A variation of the Schottky diode employs a superconduct ing
meta l contact to a heavi l y dope d semiconductor  and is called the
super-Schot tk y diode. This diode operates  at cryogenic tempera-
tu res  and obeys the same equations as the conventiona l Schottk y for
vol tages  up to the superconducting ene rgy  gap va ltage , typ ica l l y
i O ~~ V . However the diode has an ideal i ty  factor n = 1 and a diode
noise tempera ture  T D = T. In extensive exper iments  at 10 GHz and
1 Kelv in , Pb/p-GaA s mixers  produced T M = 6 K with 2 X 10-8 W of
LO power [8] .  (See Fi gure  9) The hi ghe r  f r e q u e n c y  p e r f o r m a n c e  is

V
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I
l i m i te d  b y t h e  p a r a s i t i c  loss L 1 , p r i n c i p a l l y f r o m  t h e  ser i e s  sprea-
ding r e s i s t  m~~. [h i s  is b eing  over  orn (  b y t he  u se  ot h ig h e r
m o b i l i t y  s en u cun d u c t or s  (ri -lnSb) and the c o n t a ( I  a r r a y  s l r u c t u r e .

A t  100 Gliz  and above  we ex p e c t  the s u per - S ch o t t k y d iode
mix e r  to be q u a n t u m  noise l imi ted .  In th is  case the  r e  e i v e r  per-
f o rm a n c e  w i l l  be domina ted  by the  IF amp li f ie r . This  is a good
place to point out that from a fundamenta l standpoint good receivers

at m i l l i m e t e r  wavelengths  and below should  be cooled to ach i eve
optimum T~~; above 600 GHz the requ irement  for  cool ing dimini-
shes rap idty. Prac t ica l  device limitations have r e q u i r ed  c ryogen ic
cooling of JR de tec tors  whi le  at mic rowave  f r equenc ie s  room tem-
p e r at u r e  mixers  are  commonly used despite noise t e m p e r a t u r e s

K .  To date a l l  r ece ive r s  with  T N~~ 
300 K at f ~ 15 GHz a re

c ryogen i ca l ly cooled. This si tuation is not likel y to change  e x c e p t
cryogenerat ion w i l l  become easier as r e f r i gerat ion capabi l i ty  is
developed.

The super-Schottky mixer  is limited to si gna l p ow e r s  of
the order  of the LO, — 10 8 W. However , sinc e the noise limit is

~ 10 K there is a d ynamic range of iOS for a 1 GHz bandwidth .

4 . 1 . 3 Josephson Junction Mixers

A Josephson junction is a comp lete ly superconduc t ing
tunnel  diode which has uni que e l ec t r i ca l  propert ies  beyond those of
a no rmal  tunne l  junct ion.  It can be operated as a low noise m i x e r
over a v e r y  wide f r e q u e nc y  spec t rum with v e r y  smal l  LO power .
The detai ls  of its operation wil l  not be d i scussed  here  but the follow-
ing cha rac te r i s t ic s  have been demonst rated .

Josephson junctions can be fabr icated b y several  methods
inc luding point contacts,  microbr idges , and oxide ba r r i er  evapora-
ted fi lms. The latter method promises to be the most r ep roduc ib l e
and re l iable , but most high f r equency  detection experiments  have
been pe r fo rmed  with point contacts and rn ic robr idges .  The elec-
t r i ca l  behavior is dominated b y the re lat ion

I~ 
~o 

sin (~~!fVd t) (1~~)

w h e r e  is the s u p e r c u r r e n t , I is a characteristic current deter-
mined b y mater ia l  properties,  ?emperature, and geomet ry ,  and V is
the instantaneous voltage across the junction.  Because of this rela-
tion the response to HF and DC is ext remel y non- l inear .

The Josephson junction has been used as a downconverter
at 891 GHz with a se ll-genera ted  h a im o n i c  of a 10 GHz local oscil-
lator [9] ,  a lthough mixer noise temperature  paramete rs  have onl y
been measured  at 36 [i o ]  and 300 GHz [i i ] .  The theore t ica l  pre-
diction is

T M ~ io B fT ( 14 )
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~~h e r r  I is t h e  i n p ut  ( s i~~n . t  I )  f r q u e n cy .  F l o wt ’~ er satur ation occurs
at abou t  10 1 1 W , m a k i n g  t h i s  dev ice  a poor chwce  for  c or n m un i c a  —

t iori s y s t e m s .

~ Not F~ le ctron Diode M i ’~er

T h e  hot e l i ct r o n  diode is a new cand ida te  fo r  t i  f i .  i i n t  mi  \ —

ing in t h e  IR and FIR spec t r u n i . E r l e r  and A u k e r m n a n  [ 12 ]  a t  The
Aerospace Corporation have recentl y demonstrated an biA s hot e lec-
t r o n  d e t e c t o r  and m i x e r  at wave leng ths  as shor t  as 10 .6  ~ m. This
dev i c e  u t i l i z e s  an ohmic ~ ontact  to n-lnA s fed b y a w h i s k e r  antenna .
D e & use  n- lnA s has an n s u r f a c e  the re  is no Schottk y ba r r i e r  and
t he IR c u r r e n t s  injected by the antenna are strong l y absorbed  b y the
eli .trons in the “spreadin g resistance ” region of the contact .  These
h e a t e d  t le t r o n s  gene ra t e  a t h e r m o e l e c t r i c  voltage proportional  to
t h e  in i ( l en t  power  I FR .  An anal y s i s  of the expected per f o rmance
s h o w s  t h a t  the  sensf t . iv i ty  can approach that  of an ef f ic ient  Sc hottk y
diode to w i t h in a f a c t o r  of two. Th e bandw idt h is d e t e r m ined by the
t let t r o n - l a t t ic e r e l axa t ion  t ime , expected to be 1 0- 1 1  - io 12 sec .
a t  room t em p e r a t u r e , s u g g e st ing  bandwidths  near  100 GHz. Experi-
ments mixing two CO2 

lasers showed an IF response at 55 GHz.

N- lnA s appears  w e l l  sui ted as a hot e lec t ron  mixer  s ince
t h e r e  is no compet ing  Schottk y b a r r i e r  at the s u r f a c e  of this  rn ateri-
al. Ihe respons e is expected to be flat from 10 ~m to microwaves
and f a b r i c a t i o n  by electro - lithographic methods should produce reli-
able , r ugged , radiat ion insensi t ive mixers with wide bandwidth and
good sensitivity.

4 . 1 . 5 Other Mixers

Fast detector  type s which have not been exp l ic i t l y d iscussed
abov i n c l u de  some photoconductors  which only o f fe r  advantages  near
the 10 ~m spectral region and meta l  oxide meta l (MOM) mixe r s .  The
state of the art of photoconductors cannot obviously be extended into
the — 300 GHz region and be competitive with the above approaches .
The MOM is less sensi t ive than the Schottk y diode and s u f f e r s  f rom
a f r a g ile and uns table  geometry  limiting its usefu lness.

4 . 2 Amp l i f i e r s

A m p l i f i e r s  are  important  techno logy element s in a hetero-
d yne re eiver when they are  used as a low noise RF  preamp lif ier
(preceding the mixe r )  or as a low noise IF amp lifier fol lowing an
e f f i c i en t  low noise mixer .  The onl y candidates are  mase r s  and
Josephson junct ions , both c ryogenica l ly cooled amp l i f i e r s .

Mase r s  have bandwidths limited b y c ry s t a l  resonance line-
width s and are  not projected to be usefu l above 90 GH- . However at
10 GHz and below they can serve as IF ampl i f iers  if the bandwidth is
adequate .

Josephson junctions can operate as paramet r ic  amp lif iers
up to 1000 GHz. Predicted noise temperatures  are  in the low tens of
degrees but the dynamic range in almost a l l  rep orted experiments  is

-18-



near  10 dB. A gain it  appears  that  R F p r e a m n p l i f i e r s  w i l l  not be of
p r ac t i c a l  importance  to communica t ion  system r e c e i v e r s .

4. i Coup ling to Mixers

One of the major problems to be solved is that of proper
input impedance matching to the class of mixers discussed above.
Tradi t iona l methods used at microwave  f r equenc i e s  become ineffi-
cient at EHF and FIR f requencies .  Never the less  essent ia l l y all
experiments to date have uti l ized fine wire  antenna s (wh i ske r s )
similar to the microwave mixer.  The group at The Aerospace Cor-
poration is developing a 600 GHz sing le mode waveguide mixer
mount integrated with a horn antenna to couple incident radiation
to the waveguide s t ruc ture .  At the Jet Propu ls ion Laboratory
Gustincic [6] is developing a 600 GHz quasi-optical mixer mount
consisting of a biconical horn antenna with the diode si tuated at the
gap of the antenna. Incident radiation is focused on the antenna
which converts the power to an RF voltage across the diode. Tuning
is provided by a curved wraparound back-short  s t ructure .

Better solutions to this problem are  provided by quas i -
optic , integrated optic , and stripline techniques.  This approach is
a fu r the r  extension of microwave  integrated c i rcui t  technology to
dimensions requir ing sub-micron tolerances. These tolerances are
wi thin the capabili ty of modern holographic and electro-lithographic
techno log ies. At Lincoln Laboratory the group is uti l izing these
techniques to develop a planar transmission line s t ruc tu re  for 600
GHz operation. One can reasonably expect this matching problem
to be solved in the next two years.

5. Receiver Performance
The receiver noise temperature  for  important  wideband

rece ivers  is shown in Fig. 10. The best resul t s are achieved by the
super-Schottk y. A combination of a super -Schottky and a low noise
J - J  IF amp lifier is expected to yield an excel lent  per formance  at
mi l l ime te r  wavelengths.  At f requencies  above 300 GHz Scj~ottk y
diodes havç produced the best r e su l t s , typ ica l l y 

~ N — 10- 1 W/ H z
or T N — 1O’~’K at 600 GHz. Mixing has been observed in Schottky
diodes at up to 3 x ~~~ GHz.

6. A pplications

The techno logy described here is most app licable to the
systems of tomorrow since the techniques are new and for the most
part untried in prototype systems.  In the f r equency  reg ion be low
100 GHz the super-Schottky mixer wi l l  fin d immediate app lication in
existing systems to upgrade and improve the system performance.
For example, radiometry for mil l imeter  wave radio-ast ronomy,  the
detection of atmospheric molecular species , and imaging are  irn por-
tant applications for which the super-Schottky mixer is ideally suited.

r Near l y an order of magnitude reduction in observation time can be
achieved with an overall  system noise tempera ture  near 50 K at 100
GHz. Similarly the accuracy  and sensi t ivi ty of measurement  of
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Figure 10

Comparison of low noise mic rowave /mi l l ime te r  wave rece ivers .

mo lecula r species can be improved. Of considerable  importance is
the measurement  of ozone . Figure  11 shows a recent  radiometer
measurement  of the 101. 737 GI-l z , 

~~ 4 -4 rotationa l emission
line of ozone 113] taken with the Aer ’ospa~’e3Corp. 4. 6 m antenna
and a conventiona l .Schottky mixer with a 1000 K sing le-sideband
system noise tempera ture .  This measu remen t  is per formed with
64 conti guous 250 kHz channe ls and demonstrates the mul t i chann e l
capability of mil l imeter  wave receivers.  The line profi le is well
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Fi gure  11
~~ Emission spectra of atmospher ic  ozone at 101. 737 GHz showing

day-ni ght var ia t ion of the spectral  shape [ 13]

resolved with the nar rowband 250 kHz channe ls and permi ts  the
extraction of the daytime and ni gh t t ime  ozone d i s t r i bu t ion  shown in
Fi g. 12. Hi gher  receiver  sens i t iv i ty  wi l l  improve these  and other
s imi la r  data.

Mi l i t a ry  rad iomet ry  app lications often provoke a compro-
niise between resolut ion and the fog,  ra in , smoke , and haze  pene -
tration capability as a func t ion  of the operat ing f r e q u e n c y .  Obvious-
ly, the h igher frequencies near 300 GHz offer increased resolution
and smaller antenna size at the expense of a tmosph e r i c  i n t e r f e r e n c e .
Imag ing at 90 GHz with a coherent radiometer has been demonstra-
through clouds [14]. Cultura l targets such as runways , a i r c r a f t ,
and ship wakes are easily identified. N a t u r a l  environmenta l fea-
tu res  such as r ivers  and lakes are  dis t inguished by a lower emis-
s iv i ty .

Potentia l mi l i t a ry  communication applications favor  hi gher
f r equenc ie s  and lower  noise r ece ive r s  for reasons which have been
cited. Securi ty  of the link is often an impor tant  factor  and both the
incri~ased angular  resolution of antennas as the f r equency  increases
and the intentiona l use of molecula r absorption lines o f f e r  this po s-
sibi lity. Also ,  the enormou s bandwidth (severa l  GHz) of the Schottk y
and super-Schottk y classes of diode mixers  permits  spread spec-
t rum operation.
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THE I V A N  A .  GETTING LABORA TORIE S

The Laboratory Operations of The Aerosp ace Corporation Is conductin g
experimental and theoretica l investigations f lece s saTy fo r the evaluation and
application of scientifi c adv a nces to new ml ’ it ary co ncept, and systems . Ver-
sati l i ty and flex ib il ity have been developed to a high deg lee by the laboratory
personnel in deal ing with the many prob lem. encountered in the nation ’ s rap idly
developing space and missile systems.  Expe rtise in the latest scien t i fi c devel-
opments is vita l to the accomplishment of tasks related to t he.e problems. The
laboratories that contri bute to this research are:

Aero p~y sic s Labor atory : Launch and reentry aerod ynamics, heat tr ans-
Icr . reentry physic., c hemical kinetics , structural mechanics , flight dynamics .
atmosp heric pollution , and hig h-power gas lasers.

Chemistry and Physics Laboratory : At mospheric reactions and atmos-
pheric opt ics , chemical reactions in polluted atmosphere. , chem ical reactions
of excite d species in rocket plumes , chemical t hermodynamics , plasma and
laser - induced reaction,, laser chemistry, propulsion chemistry, space vacuum
and radiation ef fect. on material. , lubrication and su rfac e phenomena , photo-
sensitive material , and sensors , hig h precision laser ranging, and the app li.
cation of physi cs and chemistry to problems of law enforcement and biomedicine .

Electronics Research Laboratory : Electromagnetic theory, devices , and
propagat ion phenomena . Inc luding pTasm a electromagnetic.; quantum electronic . ,
la.ers . and electro -opt lcs ; communication sc iences , applied electronics , semi -
conducting, superconducting, and crystal device physics , optical and acou s tical
Imaging ; atmosp heri c pollution : mil limeter w ave and far -infrared technology.

Materials Science. Laboratory : Develo pment of new materials; metal
matrix compos ites and new forms ~( carbon; test and evaluation of graphite
and ceramics In reentry; spacecraft materials and electronic components in
nuclear weapon, environment : application of fracture mechan ic . to st r ess cor-
rosion and fati gue.ind uced fractures in structural metals .

Space Sciences Laborato ry: Atm osp her ic and ionospheric physic., radia-
tion from the atmo s ph.re, dens ity and comp osition of the atm osphere , a ur o r a e
and airgiow ; magnetosp heric phys ic. , cosmic rays , generation and propagation
of plasma wave. In the magnetosphere; solar ph ysics , stu dies of solar magnetic
f ield. ; space astronomy, x. ray astronomy; the effects of nuclear ex plosions ,
magnetic storms , and so lar activit y on the eart h’ s atmos phere , tono spheru , and
magnetosp here; the effect,  of optical , electromagnetic , and particulat, radia-
tion, In spacs on space systems.
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