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SEC TION 1

INTRODUCTIO N

This is the final  report  for  Phase I of the Josephson Junction

Technology Program.  This phase is called the Systematic Survey of

Naval Surveil lance and Communications Systems . Its purpose has been

to identif y operational Naval systems which could benefit  f rom a hard-

ware  retrof i t  utilizing Josep hson-e f fec t  devices (J EDs ) .  This re t rof i t ,

t o be usefu l , should result  in improved system performance which

would extend the us eful life of the system , thereb y red ucin g th e ove rall

system l i fe-cycle  cost. Because of the difficult ies that can be encoun-

tered in using a totall y new technology in an existing system , NRL ex-

tended the study to includ e experimental systems as well as operational

systems. This extension was useful because it has allowed us to make

a more complete evaluation of the prospective utility of the Josephson

junction technology. The survey was divided into three interactive

parts:

• Survey of JED performance

• Selection and evaluation of naval systems

• Analysis of potential app lications for Josephson-e f fec t
devices.

Strong interaction between the three parts of the survey was

needed to complete the program on schedule. These interactions made

it possible to reduce the enormous potential data base for the Naval

systems to a manageable size. They also defined areas where data was

lacking about specific devic e performance parameters , thus makin g a

more thorough investigation of those areas possible. In spite of these

efforts in the device performance survey,  we were sometimes unable to

find meaningful data on parameters of superconducting devices that

could have a str ong influence on the ultimate utility of these devices ,

e. g. , dynamic range and damage thresholds. Therefore , these areas

should receive increased emphasis in fu ture programs to develop JED s

Further , it would be useful to fund some eng ineerin g research projects

7

~~~~~~~~~~~~~ Sroos r 
~~~~~~~ ‘~~- --~i’-s. . -~~ .. ,,..~~.5 !~~‘ 

- ~~~~~~ ~~~~~~~~~~~~~~~~~~~~ w ~ - -,‘ . . ‘—- .- .~ .-~~
._ - .

-— -----
~-—--- ~~ -

. -~~~- - — “- -  -~~—~~~-—~~~~~~~~~~~ .-.-—-



-~~ ____________________________

which would focus on the utilization of reliable , manufacturable devices •

in a specific application where the underlying device theory has been

established.

The applic ation area which fits these requirements best is that

usin g low-noise frequency converters or mixers . Our study has also

indicated that a low-noise, mill imeter-wave receiver that would use

such a mixer is potentially useful in a variety of systems currently

under development in the areas of high-resolution radars, missile and

RPV guidance, and secure communications. Therefore , this applica-

tion appears to be very suitable for development at this time.

During this f i rs t  phase of the program we have conducted a thor-
ough survey of the propert ies  of JEDs and JED a r r ays.  We have
collected information about the observed and pptential performance of
these devices in the following areas:

• High-frequency radiation mixers and detectors

• High-frequency parametric amplifiers

• Superconducting quantum interference device (SQUID ) ampli-
fiers and magnetic field detectors

• Oscillators

• Digita l signal processing including analog-to-digital (A/D)
converters , di gital log ic circuits , and digital memories.

Irs addition to JEDs , the survey included a relatively new superconduc-.

tive device , the super-Schottky,  which is a competitor to the JED in

mixer and detector applications.

This device survey revealed many device properties that could

be useful in military applications . Two of these were ( 1)  the potential

low-noise reception of hi gh -f requency  radiation and (2)  the rap id junc-

tion response time (which is useful in dig ital switching app lications). In

addition , the survey uncovered some problem areas which could reduce

the utility of these devices. The most serious of these is the inherently

low operating power of these devices , which places an upper limit on

the size of the signal that can be processed in a linear fashion. This

level is often below the power levels encountered in hostile military

8
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environments, and it will be necessary  to obtain more quanti tat ive
information on device performance at higher power levels and to inves-

tigate approaches to improving that p erformance (e . g.,  by t he use of

ar rays ) .

The systems survey was performed in two stages. The first

identified a very large number of systems so that all of the Navy ’ s

needs could be identified. In the second stage , a smaller list of systems

was compiled , and the basic properties of these systems were cataloged

for use in comparing JED capabilities with the system needs.

In the last portion of this program , we compared the needs of the
systems studied with device performance capabilities revealed by the
survey. For applications to existing systems the greatest potential lies
in improvements to receiver performance. FQr atmosphe~Ac....applica-
tions , environmental noise is so high and existing component perform-
ance so good that there is not much need for improvements below
-8  GHz . Above .-20 GHz or for very wideband application s, there is
potential for superconducting device receivers to improve system per-
formance. Presently, the most promising area is at millimeter-wave

frequencies where current performance is significantly behind system

needs. Another very promising area is in high-speed signal processing.
Here we feel that the high-speed , low-power capabilities of JEDs will
make practical a new generation of compact , hi gh-speed , reliable
signal-processing subsystems. These capabilities are so far  beyond

those of existing systems that their  e f fec t  will be felt onl y on new
system desi gns , where they will allow the desi gner to expand his
horizon s and realize significantly improved system capabilities .

Our recommendations for the succeeding phases  of the Josephson

Junction Technology Program are to give

• First consideration to the development of a low-
noise , millimeter -wave reciever as sembly which

‘5- includes the mixer and i . f .  amplifier.  (A possible
target  f requency for the application is 94 GHz) .

9
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• Second consideration to the development of the
hig h-speed signal-processing equipment. Thi s task
is much larger than the f i r s t  one , and would there-
fore require more time and effor t  to result  in a use-
ful piece of equipment. Interim goal s could be
development of a 10 Gbit/s A/D converte7 or a
small high-speed memory in — 3 years .

Finally, although it is not possible to individually acknoled ge all

those who contributed ideas or information to this  report , we wish to

thank the technical program monitor , Dr .  Martin N i senoff , for his

active cooperation in hel ping us to obtain much of the information we

used in the survey.
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SECTIO N 2

JOSEPHSON-EFFECT DEVICE SURVEY

A. ULTRA -FAST SIGNAL PROC ESSORS AND HIGH-PERFORMANCE
COMPUTERS

Josep h s o n - e f f e c t  devices have shown the potential to pe r fo rm

significantl y bette r t han ex i st ing devices in signal processors  and

hig h-performance computers . The extremely fast  switching speed and

low power dissipation of JEDs lead to a power delay product which

undercuts that achieved for high-frequency semiconductor devices by

greater than four orders of magnitude (Figure 1).

1. Logic Functions and Switching.

The low power dissipation of Josephson log ic gates , e. g . ,  < 40 nW

for dc-powered non-latching quantum in t e r f er en Le  devices ,’ removes

the limit on packing density encountered in advanced semiconductor cir-

cuits due to heat removal problems. Specifically,  h eat d iss ipation

sets the following limi t on their spacing:

a2 > P/Qm

where a is the distanc e between circuits arranged in a square lattice ,

P is the power dissipation per circuit , and is the maximum heat

transfer from circuit to liquid coolant. Fast semiconductor devices

such as the GaAs FET and transferred electron devices (TEDs )  consum e

power in the 10 mW range. 3 Usin g common coolants , e .g . ,  Freon-1l3

wIth Q
m = 20 W/ c m 2 , these devices must be spaced greater than l00~~m

apart to avoid destructive thermal interactions ; on the other hand , JED s

(P 40 nW),  which are  cooled by liquid helium 
~~~~ 

0.8 W/ cm 2 ) ,  can

be packed as close as 2 ~m without thermal degradation . The smaller

spacing between JEDs reduces the signal propagation delay, thus

increas ing  the potential data processing rate in applications where a

large s ignal-process ing capability is needed in minimal volum e .

Basically, thc J . sep h sun tunnel junction operates as a fas t  switch

in which the cur ren t  can be carr ied in either of two voltage states,

i. e., zero or finite vt ltage corresponding to the superconductin g energy

11
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gap, 2~~. The strong 
dependence of the ztro -vo ltag i. current on rnas~iietic

field provides the mechanism for transitions between states. 5~i-asurc-

ment of the switching transient (from zero to the gap voltage) of a small ,

high-current-density junction has determined an upper bound of 38 ps

for the risetime.4 A still smaller value , viz. , nea r 6 Ps , is expec ted

if test-chip reactances are eliminated.  * The power dissipation , de te r-

mined by the product of the theore t ica l  Josephson current  for the junc-

tion and its on-state voltage 2~ ./e , is 100 nW. Thus the power-risetime

product is extremely small, i.e., < 3.8 x io~~8 j
In a recent paper ,’ H.H. Zappe discussed the logic delay for

two Josephson devices , i. e., in-line gates and quantum interference

devices , and has compared the effect of their miniaturization on ulti-

mate speed and power level in Josephson circuits. He defines the log ic

delay, D , as the time interval between the moment at which the circuit

begins to switch into the voltage state and the time at which the last

gate driven by the circuit beg ins to switch. The total tim e delay has

three principal components: (1) the risetime of the output current ,

which is determined by the voltage transition of the junction; (2) a fan-

out delay which occurs due to the presence of inductive discontinuities ;

and ( 3) the delay in the t ransmission line. For any given inductive dis-

continui ty, t ransmiss ion  line length , and j uncti on size , the log ic dela y

can be minimized by adjust ing the line impedance Z 0 ; the risetime

dominates for large Z and the fan-out delay control s the small Z
0 0

case.
To achieve hi gher circuit densities icr future miniaturized cir-

cuits, the width of transmission lines (and junctions) must decrease.

To maintain the threshold curves for the in-line Josephson gate, the

junction length must remain constant as the width decreases . Briefly,

:- the risetime of the output current remains nearly constant as the cir-

cult shrinks and ultimately limits the log ic delay. Present  log ic devices ,

using in-line gates, have exhibited logic delays of — 170 p5 at power

levels of 28 1iW (Ref. 16). According to the previous discu,ssion , these

devices cannot be miniaturized enough to bring dramatic improvements

in speed or reduct ions  in power. However , a recent  Josephson c i rcui t ,

Recent l y ,  swi tching speeds below 10 ps have been m easured.5

13
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the quantum interference device , has been deve loped that l i f ts  the -

res t r ic tions on the geometry of the in-line devic e required to shape the
threshold curve.  Hence the quantum inter ference  device can be shrunk
in both length and width , resulting in increased speed and lower current
(and power )  levels . A more detailed analysis of the factors limiting the
size and speed of these devices remains a signif icant  open question in

the literature.
Simple logic functions have been performed with three- junct ion

inter f ero met e r s . 1, 6 Five OR ci r cu it s con n ec ted in se r ies , fou r non-
latch in g s ta ges fol lowed by one la tching stage , were tes t ed . The log ic
delay was found to be 235 ps/ s tage and the power dissipation was
— 40 nW in continuous operation: the cor responding  power-delay pro-
duct for these  c i rcui ts  is 7 x J These  devices  had comparatively
gross  dimensions: a 51 u r n  x 269 ~im gate area containing 9 ~m x 11 . 5

~im ju nct ions and 76 lu -n wide t ransmiss ion  line in terconnect ions . Both
s p eed and power levels will improve with hig her resolution and circui t
dens i t y . The reduced capacitance and Josepnson threshold  cu r r en t  of

these  devices allow them to be operated as non-latching log ic circui ts.

2. Memory Elements and Storage

In this section we will discuss two approaches to achieving mem-

ory and storage with Josephson gates. Both approaches rely on the
quantization of cur ren t  circulating in a superconducting ioop. This cur-

rent , quantized in units of ~0 /L  where L is the inductance of the super-
conductin g ring and 

~ 
= 2. 07 x l0~~~ Vs (a small value), makes stable ,

- 

- 

low-current devices possible.

The first concept for a memory cell, proposed by Anacker,8 con-
sists of two in-line junctions in a superconducting loop to perform the

writing function and a third Josephson gate to sense or readout non-

destructively. Information is stored as clockwise or c ounterclockwise

circulating currents in the loop. Writin g is accomplished by the coin-

c ider-i t app lication of cu r r en t  ( 1)  in the word line , which is fed th roug h
the memory loop , and (2)  in the overlaid bit l ine , which pr oduces a
magnetic field at the gate . The polarity of the bit current  selects the

14
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gate to be switched , hence the direction of the circulating current after

the write cycle. The operation of this c ell lends itself to use in a bit-

organized memory ar ray .

A sense gate , placed near one branc h of th e memo ry ce ll , swi tches

into the voltage state only if the cell c ontains circulating cur ren t  of the

proper polarity. This process accomplis hes readou t nondes tr uc tive ly.

The cell to be interrogated is selected with coincident word and sense

currents. In a bit-organized array, these sense gates are connected

serially in the bit direction.

The feasibility of this basic memory cell concept has been demon-

strated experimentally by Zappe. He achieved a switching time of
600 ps for a minimum line width of 2 mu (50 urn) and a cell area of

500 mu 2 us ing a miniaturized vers ion of the loop-memory cell. Broom

et al. 10 made smaller vers ions  of this  memory cell ( 1 . 4  mil 2 ) which

they operated with a 2 p.s cycle time. They also measured cu r r en t

t r ans f e r  t imes in the cell less than 80 Ps. The energy  dissi pated dur ing

switching is estimated to be about io~~
6 j . These small-area cells ,

. 2 2 -e. g . ,  A 1. 4 mu (875 p.m ), were fabricated with 2 p.m minimum

linewidth . They contained Josep hson junct ions with dimensions 5 p.m x

5 p.rn, which carried the high Josep hson cur ren t  dens i t i e s  (e. g . ,

30 kA/crn2 ) required for small-area cells.

The second concept involves the storage of information in the

form of sing le flux quanta , 
~~~~~~~ 

This stored energy  is given by

typ icall y on the order of 10-18 J. One device w~~ ch per forms  this

junction is a two-junct ion ir it e r fe rometer :  in the simplest form it con-

sists of two point junct ions  and an inductance  L in a superconduct ing
* loop. The control character is t ic  of th is  device has overlapp ing lo1 es ,

corresponding to vor tex  modes which are  either empty or contain , clock-

wise or counterclockwise, circulating c u r r e n t s .  The in ter fe rometer
* has memory by v i r tue  of the vortex mode overlap.

Two method s of readout , both des t ruc t ive , have bee n ex plored .

Gu~ ret 11 has shown that  the energy  released by expelling a sing le flux

quantum from a memory cell can be detected with a sens i t ive  Josep hson

L 15
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c i rcu i t .  The second method involves  swi tch ing  the device out of the
superconduc t ing  s ta te  into a vol tage  s ta te. ’2 Appl y ing appropr ia te  coin-
cident word (ga te )  and bit (cont ro l ) c u r r e n t s , t he memory cell swi tches
to the gap voltage if a sing le flux quantum was stored and remains  in
this  state until the word cu r r en t  is removed. Thi s provides a consider-
ably larger  amount of energy  to externa l sense c u r r e n t s  than tha t
ori ginally stored in the device .

The switching speed for the vor t ex - to -vor t ex  t r ans i t ion  has been
measured for a small , two-junction , quan tum- in te r f e rence  device .
The measured r iset i rne of 100 Ps is l a rger  than the computer value of
about 50 ps , probabl y because of chi p-and- holder pa ras t ics . 13 The

area of thi s in te r fe romete r  is 1 50 p.m2 ; the dimens ions  of the j unc t i ons
and inductance are (4 x 7) p.m2 and (6 x 7) p.m2 , respec tivel y ; and the
contr ol line width is approximately —2 p.m.

The basic building block of a memory ar ray  using these devices
is an array of these single-flux quantum (SFQ ) cells , conn ec ted se r ially
to form a string, driven by the word current .  A number of such
strings in parallel would make up the array.  Computer simulations
have indicated that strings of SFQ cells can operate safe ly. 13

3. Large Memory Circuits

Usin g the non-destructive readout (NDRO) memory cell , wh ich
contain s in-line Josephson gate s , Anack er

8 designed two random-access
memory modules: a tree-type decoder with cross-control  gates and a
decode , bit , and sense circuit  for a bit-organized memory. Subse-

— quently Zappe 9 demonstrated experimentally that these memory cells

H may be used to build high-speed memories , requiring zero standby
power. In thi s work , large cells (20 mil x 25 m u )  produced , as

expected , rather slow current  t ransfer  times (600 ps) and dissipated
2 x io ’

~ 3/write cycle. (Compare these values with the parameters
.2 .for the 1.4 mil cell discus sed in 2.A)~

• 1
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As expected for a quan t i zed  s y s t e m , t he mem o r y  demons t ra t ed

remarkable stability. Even dur ing  sensing in a wo rd-selec ted memory

cell , th e s to r ed fl ux was not altered by a sing le flux quantum af ter

5 x iø 8 NDRO cycles. The operatin g marg ins measured w ithout wo rd ,

bit , and sense dis tur bs , allowed independent variations in word , bit ,

and sense currents of± 11.5%, ± 2 6% ,  and ± 1 5%, res p ec t ive ly.

Recently, Henkels and Zappe have announced an experimental 64-bit

decoded , Josephson NDRO, random-access memory . 
14

4. Complex Logic Circuits

Complex experimental logic circuits have been built using

Josephson junction circuits. For in stance , I-lerrcll ha s desi gned , fabri-

ca t ed , and eva luated a 4-bit multiplier c i rcui t  based on in-l ine Joseph son

tunne l ing  logic (JTL)  ga tes ’~ (se e 2. A . 1) .  These  dev ices  cons i s t  of a

mul t i - con t ro l  Josep hson tunne l ing  gate d r i v i n g  a pair  of t r a n s m i s s i o n

l ines  of c h a r a c te r i s t i c  impedance Z0 te rmina ted  in a r e s i s t ance  R.  In

t h is case , the t r a n s m i s s i on  line was not t e rmina ted  in its c h a r a c t e ri s t i c

impedance , i . e . , R / ZZ , but w a s  de liberately mismatched  by choosing

Z 0 = 3 R , the value y ielding an optimum desi gn t rade-off  between log ic

delay (a minimum in the matched condition) and gate string d isturbances.
In earl ier  work , Herre l l  had shown that , throug h a suitable choice of

Josep h son junct i on cha racter istics , biases , cu r ren t  levels , and polari-

ties , the basic Josephson tunnel ing gate can pe r form the  log ic func t ions ,

AND , OR , and CARRY. 16 A simple logic circuit involving three OR

gates and an AND gate was fabricated using a com paratively gross ,
- : minimum-l inewidth  technology of 1 mil (25 p .m).  The c i rcui t  operated

with an average  delay of 170 ps per log ic gate , which , with  an average

power dissi pation of 28 p.W , correspond s to a power-delay  product  of

approximately 5 femtojoules  (50% duty  cycle) .  Min ia tu r i za t ion  may

reduce the value s for gate delay and power d iss i pation substantial ly for

c i rcu i t s  using in - l ine  JTL and even more dramat ica l l y in those based

on quantum i n t e r f e r e n c e  devices  (Section 2 . A .  1).

17
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Herrel l  demonstrated that  these  superconduc t ing  log ic ci rcu i t s

can success fu ll y be ex tended in complexit y ,  e . g . ,  to operate as a
15 - . . . - -fou r -b i t  mult ipl ier .  His mult iplier c i rcu i t  combined the e lements

of an adde r , a shi f t re gi ster , and a control c i rcu i t .  The al gorithm

adopted for the circui t  was that of a simple serial 4-bit  multiplier con-

s is t ing  of a 4-bit adder with ripple ca r ry ,  toget her with a 4-phase , 8-bit

accumulator shif t reg ister . The c i rcui t , fabricated us ing the p roven

25 p.m linewidth technology,  operated with a minimum cycle time of

6 . 6 7  ns (150 MHz) ,  a l imi t  imposed b y the externa l test  equi pment , and

gave a 4-bit  multiplication time of 27 ns (4 cyc les ) .  With better external

pulse genera tors  or with internal  Josephson junc t i on  genera to r s , com-

puter simulations indicate a 3 ns cycle time g ivin g a 4-bit  multi plication

time of 12 ns. The average loaded logic delays  were  measured to be

236 ps/gate and 27 5 ps/ gate for fan-outs  of 1 and 4 , respect iv ely. The

ove rall power dissi pation level of the comp lete multi plier was es timated

to be 1. 57 mW , cor r es ponding to 3 5 p.W/gat e  including power - s t r i ng

res i s tor  dissi pation .

5. A/D Conver te rs

An experimental A/D conver te r  using inte grated Josep hson junc-

tion c i rcui ts  has been reported . 17 Thi s fas t  data acquisition circuit

was desi gnated to operate compatibl y with hig h-pe r formance  Josep h son

junc t ion  computers .  The conver te r  consis ts  of a sample-and-hold cir-

cu it and a 4-bit successive approximation A/D unit in tegrated on a

6. 25 mm square chi p. The sample-and-hold funct ion is performed by

a Josephson-junction switch across a superconducting ioop, and the

convers ion circuit  uses mult i -control , in - l ine  Josep hson gates.

The A / D  circuit , fabricated with 25 p .m minimum linewidths ,

yielded an analog signal bandwidth capability of 25 MHz , limited by the

risetime of the sample control pulse from an external generator.  Cir-
- 

~- , cuit simulations had predicted a bandwidth of 35 MHz. The key param-

eter in any AID scheme is the switching speed of the circuit which

~-J determines the data processing rate. Microscop ic analyses of JEDs

have shown that picosecond voltage pulses can be developed by these

18
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devices . 
18 Assuming  10 sequential operations must be performed

during each cycle , these swi tching speeds projec t  a convers ion  rate

approaching 20 GHz.

B. HIGH-FREQUENCY SUPERCONDUCTING DEVICES

In this section , we will discuss the per formance  of superconduct ing

devices as mixe r s , detectors , and param etric ampl i f i e r s  at microwave ,

millimeter, and submillimeter wavelengths. Emphasis will be p laced

on th e devic e characterist ics most important in the se appli cations ,

i. e. ,  sensitivity, bandwidth, and dynamic range.  Additional ly, we wi ll

describe the use of series ar rays  of JEDs to obtain improved device

performance.  Finally, JED arr ay s ar e examined as candidates for

hi gh-frequency sources , e. g . ,  wide-band , voltage-controlled micro-

wave oscillators.

1. The Super-Schottky Diode and the Josep h s o n - E f f e c t  Mixer

The need for sensitive receivers  in the millimeter and submilli-.

meter wavelength range has stimulated extensive work on Josephson-

effect  mixers .  Table 1 compares the performance of these mixers  in

various mode s as well as that of the super-Schottky and conventional

Schottky mixers.  Figure 2 presents  the input noise t empera tures  for

competitive high-frequency receivers. The performance numbers

listed in this section must be considered as approximate guideline s

for real applications since they are often derived f rom very  d ifferent

types of measurement s .  Some are calculations of the mixer contribu-

tion to an overall receiver , where it is often impossible to establish

the performance of individua l components  accurately ; others are labora-

tory measurements of mixer noise in configurations which are unlike

those encountered in real applications.

For higher frequencies , the device sensitivity , which is limited
by internally genera ted  r~oise , has been related to an equivalent noise
tempera tu re  which can be used to compare the utili ty of d i f f e r e n t

devices in a particular app lication . The noise temperatur e is defined in
the following manner .  When a receiver is connected to an antenna

19
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but is not receiving a signal , the output signal consists of noise power .
Some of this power , 

~~A’ ori ginates  in the antenna;  the rest , 
~~R ’ is

generated internally to the receive r . Given a cer ta in  operating band-

width , B, and gain , 0, the noise power can be associated with an

equivalent temperature, e. g.

TA 
- 

kBG

Similarly, the receiver is said to have an equivalent noise temperatur e

R kBG

This noise temperature  is generally character is t ic  of the input stages

of th e receiver , and it defines the basic sensitivity of the system.

Depending on the design of the receiver , i t i s  possibl e to associ-

ate portions of TR with different  components in the receiver , e. g . ,

mixe r , preamplif ier , 1. 1. amplifier .  For a part icular set of compo-

nents , the noise temperatures and gains interact to determine the

receiver noise temperature.  In general , however , a somewhat hi gher

noise temperature  can be tolerated if a component has larger gain .
Therefore , mixers with loss must have a lower noise temperature than

do amplifiers or mixiers with gain.
The best results  have been obtained with Josephson-effect  mixers

in the heterodyne mode using an external local oscillator , ’9 ’20 and
- s with super-Schottky diode mixers. 2 1 The performance of these two

devices as h igh- f requency  mixers will be discussed in this section .

The Josephson devic e also pe rforms impressivel y as a harmonic

mixer , e. g . ,  down-conversion f rom 891 GHz with a 1 0Hz external

local oscillator has been observed . 22 The Josephson mixer , which
genera tes  its own local oscillator power , may be useful  at submillimeter

and infrared f requencies , where sources are difficult  to implement.

However , the Josephson oscillator linewdiths , e. g . ,  1 0Hz , limit the

22
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in te rna l  loca l oscillator mode to application s with relatively hig h fre-
q u e n c y ,  wide ban d i. f.  ampl i f i e r s , and a  tole rance  for h igh local oscilla-
tor noise .

a. The Supe r -Schottky Diode

The super-Schot tky ba r r i e r diode , a supe rconductor-

semiconductor tunneling junction , has achieved the lowest input-noise
temperature, i. e. , 6 K at 9 GHz , of any mixer reported in the litera-

21 . . . . -ture. Add itionally, it possesses a bandwidth far  wider than the best

available parametric and maser amplifiers with comparable noise

temperatures .  However, since this mixer has loss rather than gain ,

the overal l receiver performance  depend s critically on the i. f. ampli-

fier .  Low-noise masers  or par amp s may be used , although they may
limi t t h e bandwidth . An externally pumped , Josephson up-conver ter

paramp mig ht also prove successful .

The super-Schottky mixer , similar to conventional Schottky d iodes ,

achieve s high p e r f o r m a n c e  as a resul t of the  nonl ineari ty  in its (I , V)

ch aract er i stic . Although the physical mechanisms underl ying their

non linear i ties a r c  di ff ere nt , the (I, V) beh avior of either diode can be

expressed  approximately by I I
~ 

exp(SV), where  I is determined by

th e area an d mater ial pa r ame ter s  of the diode and the parameter  S is

a measure  of its nonl inear i ty .  The parameter  S is given approximately

as S q/k(T + T0),  where q is the electronic charge , k is the Boltzmari
constant , T is th e te mpe r a tu re , and T is an empirical constant.  For
super-Schottky d iodes , T0 is less than 1 K: for conventional Schottky
barriers on GaA s and Si, T is greater than 40 K. Thus, super-

Schottky diode mixers operating at 1 K may show grea ter  than 40 times
improvement in noise temperature .

Th e cent r al parameter  S controls the receiver performance
through the input noise tem’,eratur e, T , and th e dynamic range . The
rece iver  noise t empera tu re  can be expressed as Tr = Lc(TD + T

~ ~where Lc is the sing le-sideband conversion loss of the mixer , TD is
the noise t empera tu re  of the mixer at the i. f. terminal s , and T. is thei. f.

23
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noise temperature  of the i. f .  amplifier.  The conversion loss is often

taken as the product  of two t e rms  L = L , where  L is the in t r ins icc 1 0

conversion loss associated with f requency  convers ion in the nonlinear

resis tance and L 1 is the loss arising from parasi t ics .  It can be shown

that L0 dec r ea ses as SV 1 in creases, where V 1 is the amplitude of

local oscillator voltage. For super-Schottky diodes , the swing of LO

voltage is limited to the range 0 to A , where A is the superconducting
gap parameter . Thi s limits the in t r ins ic  convers ion loss of the supe r-

Schottky diode . Fur thermore, ca r e must be taken to minimize lea kage

currents , which reduce the range over which S is constant.  Lower
temperatures  and l a rger -gap  superconductors  can also resul t  in

reduced conversion loss. -
‘

An intrinsic conversion loss of 4. 9 dB was deduced from the

0. 9 K I-V characteristic of a Pb on p-GaAs super-Schottky. Parasitic

loss due to the junction capacitance and spreading res is tance contributes

an additional conversion loss L 1. Presumably, several technique s can

be employed to minimize this loss , e. g . ,  thinning the semiconductor. 23

The magnitude of the S value and its constant range determines

the saturation level and dynamic range of this device.  For example,

cons ide r a mixer diode with S = 4000 V 1, ~ V = /.~ /2 (2A 2. 73 meV
for Pb): and R

d 
= 400 c’z, where Rd is the resistance at the signal fre-

quency. This mixer should saturate severely at

= 

~ LO (.
~

) /R d 10 W.

• Assuming the minimum detectable powe r for  the mixer is = kT MB

where B is the bandwidth , we find P .  10~ W for  T M = 6 K and

B = 1 GHz. Thus, the dynamic range is only about 10 or 40 dB.

14
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b. The l ict e  rod ync Joseph s o n - E f f e c t  Mixe r

Josephson j unct ion s as heterod yne detectors  have been exten-
sivel y in v ~’sti gated , exper i menta ll y and t heo re t i ca l l y .  19 , 20 , 24 , 25 The
pr inc i ple of de tec t ion  wit h Josep hson jun c t ion s re l ies  on the fact  that
the  relat ion between cu r r ent  and voltage for an ideal Josephson ele ment
i s  h i g hl y no nl inear . In cont ras t  to the sup er- Schot tky, whic h can be
thoug ht of as a non- l inear  r e s i s t ance , the Josephson junction behaves as
a loss less  non l inear  inductor , genera ll y useful  for hi gh - f requency
device  app l icat ions.

In the heterod yne mode with an externally applied local oscilla-
tor , 26 a small sign al is mixed with  a relatively large LO si gnal in the
junc t ion  to produce an output at the d i f f e r e n c e  f requency much lower
than the si gnal f r equency .  Calculations based on the res i s t iv i ty  shunted
j unction (RSJ)  model predicted that  small-signal conversion gain
(n = L~~

1 
> 1) can be achieved in a Josephson-e f fec t  mixer at values of

the  normalized f requency ~l = ht /2 eI  R << 1, where v is the signal fre-
quency,  ‘c i s t he Joseph son cr it ica l c u r r e n t, and R is the shunt resis-
tance . (If ~.2 > 1, the convers ion loss increases  as cz .) Furthermore,
the RSJ model shows the noise temperatur e of the Josephson mixer to
be TM = 30 £TZ T for 0. 1 s 5 1, where T is the ambient temperature  in
Kelvin.  Since the theoret ical  limit for the l B  product i si rA/2e , ideal
Nb junct ions  should have £~ 1 at a si gnal f requency  v = 1 THz , thu s

TM/T 30v (y in THz) for  0. ls c~ 1. 26

The mixer per formance  at 36 GHz of poin t -contac t  JEDs made
with several d i f f e r e n t  superconductors have demonstrated good agree-
ment  with the theory .  For example , operat ing vanadium-point  contacts

U at 1. 4 K , Taur , Claa ssen , and R icha rds  have achieved a single-
sideband mixer  noise t empera tu re  of 54 K with  a conversion gain of

-
~~ 1. 35 and a signal bandwidth on the order of 1 0Hz. 24 

Althoug h the
noise of this mixer is greate r than that of the super-Schottky d iode , the
Josephson mixer has t h e  advantage of conversion gain , which reduces

the cont r ib -~t i on  to the rece iver  noise temperatur e fr om the i . f . ampli - —

f ier  noise. Figure 3 demons t ra tes  the importance of minimizing th e

25
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co nver s ion  loss in the mixer diode. For the super-Schottky diode a

convers ion  loss of 4 dB correspond s to the theoret ica l  lowe r l imit  for

int r insic loss for  lead contacts at 1K .

The d ynamic range of the Josephson mixer shares  the proble m of

low satu ration power level with the super-Schottky. Experiments have
shown that  t he i.  f . output  sa tura tes  for a si gna l power comparable to

- 2 2  . . 2 -10 I R  with local osci l la tor  power P 1R . This number is on
1 LO c

the o rder  of 10~ W. A lthoug h the low saturation level places a

ra t h e r  severe  rc~~tr ict ion on the dynamic rang e , the use of a r r ays

may improv-~ thi s pa rame te r  (see 2 . B. 4 . a).

~~~
. D etec to r s

The search for sensit ive , hig h-speed detectors  for  submillimeter

and infrared f requenc ies has provided impetus for  the effor t  to develop

Josephson video de tec to rs .  In Table 2 we present  a summary of their

pe r formance  along with the parameters  of competing dev ices , i. e.

bo lome t e r s  and Sc h ot tky d iodes. Both broadband and tunable

narrow -band 29 Josephson detectors  have been developed. A wide -

band de tec tor  based on h igh-performance  (100 ~1 to 1000 ~2) point

con tac t s  has sensed rad ia t ion f rom a ~0 K source with an est imated

N E P  = 3 x l0 ’~ W/ Hz~~”2 ( R ef . 30). The response  of niobium point

contacts  has been found to extend to f requencies  greater  than 1.2 THz

( X < 250 Fim) . The f eedback -na r rowed  ( regenera t ive )  detector has been

used to make rad io-as t ronomica l  observation s at 1 mm wavelength .  31

Comparing the per formance  of Josephson video detectors with

bolometers , we note that the princ ipal advantage of the forme r class

is its hi gh response speed. Actual l y,  f or wa velength s shorte r than

1 mm (f >300  GHz) ,  the bolometers  should have better  sensitivities

than those of Josephson video detectors , because the noise equivalent

power (NEP) of a Josephson detector is proportional to the square of

the signal fr equency.  The supe r -Schottky diode may compete with

e i the r  bolon-ietcrs or Josephson de tec tors  if the performance reported

at 9 GHz can be achieved at hi gher frequenc ies.

27
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3. Amplif i e rs

Table 3 compa res  the pe r fo rmance  of the following Josep hson-
e f fec t  ampl i f ie rs :  a f o u r - p hot on externally-pumped amplifie r and three-

photon , se lf-pumped paramet r ic amplifi ers in the single-idler , double-
idler , and upconverter  modes. The Josep h son parametric amplifier

uses th e nonlinear inductance of a Josephson junction as the active

element ; in co mparison, th e con vent ional parametr ic  amplifi er rel ies

on the nonlinear capacitance of a varac tor  diode. The unbiased

Josephson junction , the active element in the fou r -p hoton amplif ier

mode , is symmetr ic  with a phy sica l inversion. As a resul t , the n on-

linear inductance depend s only upon even powers of cu r ren t , thu s eve n

harmonics a re  absent  in the voltage output , i. e . ,  no d c - r e c tified or
se cond-harmonic voltages and no voltages at the sum or d i f fe rence
frequencies.  This mode simp lifies the required circuitry:  (1 )  the
signal (

~~~~~
) and idlers (w i ) are simply sidebands of the pump (w ) allow-

ing all three f requencies  to be handled by the same circui t , viz. ,
= + 

~~~~

. and 
~ 

w ~~.; (2) the elimination of parasi t ic s is s im-

plif ied , since parasi t ics  at even harmonics are absent:  and (3) electri-

cal leads arc not required for the unbiased function.  These amplif iers

have been fabricated using a serie s a r r ay  of Dayem brid ges , 32 a se r ies

a r r a y  of tunnel junc t ions , and a sing le point contact .  The perform-

ance of the microbridge a r r a y is discussed in 2. B. 4. b. Briefl y ,  t h is

device possesses the desirable characterist ics of hig h gain , wide ban d-

width , low noi se , and low pump power; a drawback is its low saturat ion

level.
Self -pumped parametr ic  ampl i f ie rs  have been operated in the

• following modes: s ing le - idler ,  ne gative - res i s tance ampli f ica t ion:  two-

idler , negat ive-res is tance amplification; and parametr ic  up-conversion.

-. The second mode appears promising for frequencies above 100 GHz ,
I because the relat ively large noise temperature  reaches  a minimum

(42T) at ~2 = 1 ( R e f .  35). In the up-conver te r , gain is achieved by the
fact that reactively stored power in the Josephson device is proportional

to the f requency.  This parametr ic  up-conver te r  can be coup led with a

low-noise  down-conver te r  to provide low-noise single - f requency
36

:‘ amplification.
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4. Series Arrays  of JEDs in Mil l imeter-Wave Applications

In an excellent  review art icle , P. L. R icha rds  has discusssed

many advantages of series a r rays  of JED s in millimeter-wave appli-

cations. He has described successful use of a r rays  in an externally

pumped , Josephson-ef fec t  parametric amplifi er (a l so discussed in our

f i r s t  bi-monthly report)  and has speculated on the potential performance

of a r r a y s  as video detectors , h eterodyne mixers , and internally pumped

parametric amplif iers . In addition to these application s, other group s

have shown that a r rays  are good candidates for  wide-band , voltage-

controlled microwave sources .

a . Mixers and Detectors

For heterodyne mixers with an external local oscillator and

for video detectors , ar rays  of JED s with critical cur ren t s  which d i f fe r

by only a few percent should be useful. ~
‘
~‘ The requirement of junct ion

uniformity for these applications, determined by dc bia s conditions , is

less stringent than it is in applications where the value of the Josephson

frequency is crucial , i .e .  , internall y purnped mixers and amplifiers as

well as microwave source-s.

A serie s a r r a y  should solve many problems in mixer and detector

design and should improve their performance. First, these devices

share the common problem of matching to the high impedanc e of a

space wave at microwave frequenc ies. The predicted value of mixer

noise temperatures can only be approached under ideal matching con-
ditions.  With nonideal matching, R icha rd ’ s analysis  predicts a mixer
noise temperature of TM 30T throug hout most of the millimeter-wave
spectrum rather than TM/T — v, where v is the frequency in 0Hz ,
which is the case for optimum coup ling.

Preliminary measurements on radiation sensors have demon-
strated tha t the hi gher resistance of a proximity brid ge a rr ay  in compari-

son with that of a single junction is helpful in matching to hi gher-
impedance radiation sources . For example , placing a 10 ~1 a r ray  in an
X-band waveguide circuit  resul ts  in the absorption of 30% of the m ci-
dent power by the array.  Also series ar rays  improve the performance

31
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of mixers  by eliminating the hy s t e r e s i s  in their  (I , V )  char acte r i s t i c s

a r i s ing  f rom the matching c i rcu i t .  Accord ing  to the  RSJ t h e o r y ,  if

the c i rcui t  impedanc e is high at a ll f requenc ie s , the n the (I , V) cha r ac t e r-

istic is hyperbolic ra ther  than hys te r i s t i c . This cr i te r ia is sat isf ied

for  series a r r ays , because eac h junction look s int o the hi gh impedance

of other junctions.  F inally, the c ruc ial p roblem of low saturation leve l

of Josephson mixers may be al leviated by the use of a h igh-impedance

ser ies  a r r a y ,  because the powe r in each junction would be reduced.

b. Amp l i f ie r s

Serie s a r r ays  have performed well in exte rnall y pumped

Josephson-effect  parametr ic  amplif iers .  These amplif iers  operate in

the doubly degenerate negative-resistance mode in which the ju n c t ion

has ze ro  dc , cur ren t  and voltage , bias. This bias mode circumvents

the requirement  for uniform junction properties which are needed to

achieve a uniform bias condition which is necessa ry  in other app lica-

t ions.  Ampl i f ie rs  have been operated at 10 0Hz and 33 GHz using

microbridge a r r a y s 32 and a t9  GHz using tunnel junction a r r ays .

The use of .Arrays solves two important problems in the design

of this type of ampl i f i er .  Fir st ,the coupling between the active element

and the external load can be optimized by inc r easing the imp edance of

the linear ser ies  of devices to a value greater than the t ransmiss ion

line (load impedance),  e. g . ,  an ar ray  of 100 microbridges each with a

shunt resis tance of 1 ~ exceeds a typical t ransmiss ion line impedance

of 50 ci. Second ,where  the maximum allowable noise power background
2

before amplifier saturat ion should occur depends on N , where N is

the number of junction s in the array. Thus the gain-bandwidth product

for the amplifier  increases  for  ampli f iers  using a r rays , beca u se th e

saturation level is raised and bandwidth s, re s t r ic ted to avoid satur a-

tion , may be widened. Using arrays  of 100 microbridges, val u es of

12 dB to 15 dB gain with 1 GHz and 3. 4 0Hz bandwidths at 10 0Hz and

33 0Hz , respectively, have been observed. The dynamic range  of

these amplif iers  is relatively small , limited at the small signal end by

amplification of junction noise. Upper l imi ts  to the noise of the ampli-

f ie r  operated with a cooled circulator have been set around 20 K.

32
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c. Sources and Osc i l l a to r s

Theoret ical l y, Ti l le y has  predicted that m identical  junct ions

connected in ser ies  can intcr ~ict with a cavit y mode so that the number

of coherently emitted photons is proportional to m 2 . There fore , much

int er es t has developed in us ing ser ies  ar r ays of Josephson junctions

as microwave and mi l l imeter -wave  sources.  The f i r s t  dir ect observa-

tion of coherent radiation f rom cou pled Joseph son junct ions was made

by Finnegan and Wahls ten.  38 They repor ted that the microwave

power of two waveguide-coupled , se l f - resonant  Joseph son junctions,
connected in ser ies , was fou r t imes that f rom a single junction. Thi s

resul t  directl y demonst rated the super-radiant  state for a pair of

junctions.  Fur thermore, the li n ewidth of the detect ed rad iat ion was

less than 5 kHz , the minimum line width their measur ement could

reso lve. The maximum microwave power detected f rom a pair of
- . -10

c oupled junctions was 2 x 10 W at 9. 1 0Hz .
Further studies with stripline-coupled junct ions have demon-

strated frequency-pulling and coherent locking for  two-39 and th ree-4°

junction ar rays .  Microwave power (_ 10 _ 12 
W) was det ected at 4 , 8, and

12 GHz . Problems in matching str ipline impedance par tl y account for

the lower power: for  single junctions , maximum power s at X band of

~~~~~ W have been observed for  stri pline coupling,  while l0~~ W at

9 0Hz has been achieved for  waveguide coupling. Injection-locking

experiment s , with an external microwave source at or near the reso-

nant f requency of the unperturbed Josephson oscillator (e. g . ,  4 0Hz),
have shown coherent  locking for  frequency d i f fe rences  between two

individual radiating junctions as large as 10 MHz and signif icant  line -
width reductions.

Current ly, a major goal in superconducting devic e app lications

-; is to develop a voltage-controlled microwave source such that the out-
put frequency is linearly proportional to the applied voltage over multi-
octaves of f requency ,  viz. , a voltage-controlled oscil lator (VCO). One

approach employs a series array of microbrid ges rather than tunnel

junctions , as the lat ter  general ly have internal resonances due to their

hi gher  capacitance. When the spacing between the elements of the

33
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a r ray  is made suffic iently small , i . e . ,  less than a few microns , the
junctions lock in a synchronous state without e i ther  a resonant  cav i ty
or external  radiation . 

41 , 42 As part  of an ongoing e f fo r t  to achieve a
VCO with a useful power output , a sin gle , ba r e microbrid ge ( out side a

resonant cavity)  has been used to produce microwave power (_1O
_ 12 W)

which is voltage-tunable f rom 2 to 12 0Hz. Linewidths for these
devices are larger  than 100 MHz. In addition , vr ~1tage-locking (identi-
cal nonzero dc voltage ac ross  each junction) between two se r ies -
connected microbridges in close proximity has been observed over
>40 ~V; this is an indication tha tsynchronous  radiation may be
achie ved f rom microbrid ge a r rays .

t

I t
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C. SQUIDs FOR LOW-FRE QUENCY APP LICATIONS

For the measu remen t  of small changes  in magnetic  field and
small vol tages , superconduct ing  quantum in te r fe rence  devices (SQ UIDs)
c lear ly ou tpe r fo rm the i r  competi t ion.  These measurements  are  accom-
pl is h ed by two basic SQUID types :  (1)  the dc SQUID , which consis ts  of
two Josep hson junc t ions placed in a supercond uct in g r in g of ind u ctance

L; and (2) the rf  SQUID , whichcons i s t s  of a superconducting ring con-
tam ing a sing le junc tion which is weakly coupled to the coil of a tank cir-

cuit. The double-j unction device exhibits a dc Josephson effect , i. e . ,
the cr i t ical  cu r ren t  of the two junct ions  is periodic with respect  to the
magnetic flux applied to the r ing,  while the rf SQUID requires ac
modulation to achieve its sens i t iv i ty  to changes in magnetic flux.

Figure 4 compares the noise powe r spectra  measured for a dc
SQUID and several  rf SQ UIDs pumped at variou s frequencies .  These
SQUIDs opera te  in a feedback mode , i. e . ,  in a f lux-locked loop . The
figure  of merit  shown is the energy resolution appropr ia te  for low-

frequency app lications which require coupling to a superconducting

t rans fo rmer .  The energy resolution per her tz  re fer red  to the input

coil of inductance L. coupled to the SQUIL) is

S~ 
- _____

2M 2 /L .  
— 

2a 2 L

where S~ is the powe r spectrum of the flux noise and M. is the mutual
inductance between the SQUID and input coil. Figure 4 shows the cor-

responding flux noise powe r spect ra  for these SQUIDs .

Clark, Goubau, and Ketchen
4 have developed the mos t s ensi tive

dc SQUID . The pe r fo rmance  for this SQUID , used in the feedback
mode and t r a n s f o r m e r - m a t c h e d  to the output preamplif ier , is charac-
terized by the following pa ramete r s :  ( 1)  in the whi te-noise  region ,

4 . — 30 — 1energy resolut ion of 7 x 10 J Hz or rms flux noise of

t I
~ 35
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• Figure 4.
Noise power spectra for SQUIDs operated in a flux-locked loop. The

figure of merit shown is the energy resolution appropriate for  low -
frequency applications requiring t ransformer  coup ling .

I

$4 
36

.4-

- -
~~~~

-
~~~~~~

- --~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
-
~~~~~

- - 
~~~ - -

~ 
- - - 

~~~~~~~~~~~~ ~~ 
- -- 

~~~~~~~~~ 
- -



~~~~~~~~ - -5-- —-~~~=— 
-~~ -— --—- -- —— - -5—  - -

3. 5 x 10~~ ~o Hz 1/2 ; (2)  f r equency  response  of 0 to 50 kHz; (3) dynamic
range  ±3 x io 6 or 135 dB in a bandwidth of 1 Hz; and (4) a slewing rate
of 2. 5 x 10~ ~o 

~~ ‘ The slewing rate  is defined as the rate L)4~f at

whic h feedback flux changes.  For a given slewing rate , an increase  in
fr equenc y of the modulation flux , hence an increase in the SQUID fre-
quency res ponse , re quired a decrea se in th e amplitude of the feedback
flux to avoid removing the f lux-locked condition . Finally, by regulating
the temperature of the helium bath to 50 .i.K, a long-term drift rate of

2 x l0~~ 4~~ , 
hr~~ was achieved over a 20 hr period .

The sensitivity of the rf SQUID generally improves as th e rf

device frequency increases. Energy resolutions of 5 x lO
_29 

J Hz-1

and 2 x 1o
30 

~ Hz~~ have been reported for SQUIDs operated with,

respectively, 30 MHz and 10 GHz rf drive. Flux noise of

7 x io~~ ~~ 
Hz

_ 1
~
’2 has been achieved using a 440 MHz point contact

SQUID. Values for other pe r fo rmance  parameters  are similar to

those found for the dc SQUID: a dynamic range of ±10 ° in a 1 Hz

bandwidth , a frequency response of 0 to a few kHz , and a slewing rate

of 1O~ to 1o 6~~ s~~~.
The in t r ins ic  noise limit of these SQUIDs can be calculated

from a detai led theory.  Cruder  physical a rguments  give resolution

lim its which agree  with the theory  (within a f ac to r  of 2 or 3) . For

example , assuming the intrinsic noise of the dc SQUID can be approxi-

mated by the Johnson noise in the resis t ive shunts , the energy resolu-

tion is

2kT
ZL R/ 2 L

where T is the SQUID t empera tu re  and R is the shunt res is tance of a

single junction. Taking R = 1 ci, L 10~~ H , and T 4K as typical
-
: — 3 1  — 1

:~ 
values , S~ /2 L  2 ~ 10 J Hz
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Jackel  and Burmari 47 have eva lua ted  th ree  sources  of no i se  in
the rf SQUID: ifltrinsic noise , tank c i r cu i t  noise , and p reampl i f ie r

noise.  A s s u m i n g  the p reamp l i f i e r  has a low enough no i se  t e m p e r a t u r e  —

a requ i rement  d i f f i cu l t  to sat isf y at h igher  f r equenc i e s  — the the rmal
n oise g e n e r a t e d  by the tank c i r cu i t  usual l y dom inates  the  rf SQ UID

(tc) .noise. The tank c i r cu i t  noise S~ is found to he p r o p o r t i o n a l  to
kT e/ ~~, wh ere  ~, is the r e sonan t  f r equency  and T~ is the e f f ec t i ve  tem-
p e r a t u r e  of the tank; for T e 2 00 K and ~ = 30 MHz , S~~

t
~~ / 2 L

-30 14 x 10 J H z - I  (Ref . 45).

The ene rgy  resolut ion of the  dc SQ UID may he improved by
ei ther  i nc reas ing  the junct ion r e s i s t a n c e  R or d e c r e a s i n g  L , whic h 

- 

-

most likel y would decrease  the coup l ing e f f i c i ency  to the s ignal  coil.
Inc reas ing  R f rom 1 ci to 100 ci and le t t ing  L = 1 n I-I , the ener gy resolu-
ti on per he r tz approa ches io 32 3 Hz ’. An rf SQUID pumped at 10 GHz
s hould obtain the same p e r f o r m a n c e  ( a s s u m i n g  Te = 4 K , R = 1000 ~2,

and L = 1 nH).
Table 4 p resen t s  a summary  of the p e r f o r m a n c e  of the SQUID

sensor as a magnetometer , a mag net ic - f ie ld  g rad iorn e te r , and a vol t-

mete r .  These  SQUID devices  have found use in d ive r se  app lica-

t ions , inc luding  submari ne commun ica t ions , 48 g eophys ics , and medi-
cal phys ics .  As seen f rom Table 4 , t he SQ UID is an ex t r emely sensi-
t ive magne tomete r . In many app li cations , ma g net ic  si g na l s a re

coupled into the  SQUID us ing a sup erconduc t ing  flux t r a n s f o r m e r  loop.
The flux t r a n s f o r m e r  con ta ins  two coils: (1 )  a ioop of area A and induc-
tance L2 cou pl ed by mutua l ind u c tance  M 2 = cr (L L 2 ) to a SQUID

- 
- operated in the feedback mode and (2)  a p ick -up  coil of area A 1 and

inductance L1.
The optimum sensitivity of the system , fou nd by equating the

flux app lied to the SQ UID to t h e  flux noise of the SQ UID , ou~~ B , and

taking L = L , is1 2

5H 
2a~~ (BL 1 /L ) h / 2
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~1he re ac~j is the flux resolution  in a 1 Hz bandwidth and B is the

ope r a t ing  bandw idth. To maximize this quant i ty ,  the e f f ec t ive  volume

of the pick-up coil is mad e as large  as possible (i . e . ,  A 1) ,  and the loop

length is increased.
Using  this flux t r ans fe r  a r rangement, a ma gne tomete r  sy stem

achieved sens i t iv i t ies  of 2 x lO~~~ G Hz l/2 , limited by environ-rms 49
mental noise ra ther  than by in t r ins ic  SQUID noise .  The measured

magnetic  field amplification fac tor  between the p ick_up coil and the

SQUID was —500.
Superconducting g rad iomete r s  measure  the time -vary ing

spatial der iva t ives  of magnetic  f ields.  The g rad iomete r  cons is t s  of a

SQUID coupled to a superconducting flux t r a n s f o r m e r  which has two

p ick_up loops. These loops are  ba lanced so that  a change in a un i fo rm

field induces minimum supe rcu r r en t  in the flux t r a n s f o r m e r .  A

gradient  change does produce a supe rcu rr en t , which is detected by a

flux-locked SQUID. The highest  sensi t iv ity  repor ted  for  a g rad iomete r

is 3 x l0 12 G cm~~ Hz _ 1/ 2  ( R e f .  50).  Thi s ins t rument  has achieved

balance against uniform field fluctuation s and angular  var ia t ions  in

position of one part  in 1O 7 . A prototype th in - f i lm , dc SQUID gradiom-

ete r , fabricated on a sing le planar subst r ate , has demons t r a t ed  sens i -

t ivit ies of 2 x 10 G cm Hz and a balance of 1 par t  in 10

(Ref .  51). Increas ing the loop size , improving the matching between

loop and SQUID, and reducing the flux noise in the SQUID may im prove

the gradiometer sensitivity by one to two o rde r s  of magnitude .

- For the measurement  of small voltages , the SQUID is coupled

by a mutual inductance  M = a ( L  L
2

)
l 1 ’ 2 to a superconduc t ing  coil of

induc tance  L2 which is in 
series with a standard r es i s to r  R and th e

unknown voltage V 0. The voltage source res is tance is R0. Again

us ing the SQUID in a flux-locked loop , it serves  as a null sensor  with

cur ren t  feedback to the s tandard res is tor  R 5 . Among other advan-

tages , the feedback enhances the input  impedance of the vol tmeter  and

- i decreases its response time.
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Est imates of the noise t empera tu re , TN, f ind TN 10 -6 K.

Under  condition s such that  Johnson noise in R domi nates  SQUID

noise , measurement  of the noise in a 3 ii~2 r e s i s to r  down to a few

millikelvin has been made. 52 The Johnson noise power in a res i s tor

is 4 kTB , about 6 x l 0 23 W at 1 K in a 1 Hz bandwidth.  Measure-

ments  at this sensit ivity level are  made routinel y, e. g . ,  the rm s no ise

volta ge in a l 0 8
~~ res is tor  at 1 K , 8 x io~~ 6 v/Hz h/2 , is observable .

The upper limit on the source res is tance  R 0 is se t by the l a rges t  coil

inductance which can be coupled to the SQUID . In the system used by
52Gif fard  et al. , thi s upper limit was R 0 I ~l .

D. REVIEW OF CRYOGENIC REFRIGERA TORS

Because the phenomenon - f superconduct iv i ty  is th e bas is for

the Joseph son e ff ect , the devices and ci rcui ts  built with JED s mus t

operate at tempera tures  below - -20 K. T h e r e f o r e , some type of cryo-

genic support equipment must ~e included as pa r t  of any operating

component.  The intended use of the componI- -~1 t will have a grea t  deal

of influence on the design of the cryogenic s u b s y s t e m  because  there

are many di f fe ren t  ways to achieve the needed t empe ra tu r e s  and cool-

ing rates , and the various design choices can produce ve ry  di f f e r e n t

results in terms of size , weight , powe r consumption , re l iabi l i ty ,  and

cost .
Most  of the re f r ige ra t ion  schemes fal l  into two broad ca tegor ies :

passive and active. The passive systems are  like the classical  dewar

in wh ich a reservoi r  of cryogen (solid or liquid ) s tabi l izes  the t empera -
-
• 

ture and provides the cooling power by going throug h a change of phase .

In the active systems, there  is genera l ly some type of mechanica l

refrigerator which must be supplied with powe r con stantly to maintain

the desired low temperature of the circui t .  Generally the passive sys-

tems can be very reliable , but they tend to be too large for  applications

which r~ quire long periods of unattended operation. The act ive types

can be much more compact but are  re la t ivel y ineffic ient (typ icall y
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0. 1 to 1 °;’~) and have l imi ted opera t ing l i fe times . Airborne refrigerators

have  been d e m o n s t r a t e d  with  l i fe t imes  of 4000 hr produc ing tempera-

t u r e s  of 77 K. C u r r e n t l y ,  t he re  a re  prot~rams underwa y at Hug hes  to

subs tan t ia l ly improve  the re l iab i l i ty  of the low-temperature  ( 15 to 40 K)
ref r ige ra to r s .  The goa l is to obtain 20 , 000 hr  ope r a t ing life t ime.

We believe that  t h t -  penal t ies  involved in supp lying c ryogen ic
support  to a r e c e i v e r  a re  not as g r ea l  as wou ld be encountered  in
increas ing sys tem pe r fo rmance  in other  ways .  For example , in a
typical system with an 8-dB-noise  -fi gure  rece iver  and a Z0~ W , 10%-
ef fic ient t r ansmi t t e r , the s ystem marg ins cou ld be improved by 5 dB
by reduc ing the r ece ive r  noise fi gure  to 3 d B or by increasin g the
t ransmi t te r powe r to 63 W. We have est imated that a c losed-cycle
re f r i ge ra to r  for  such a rece iver  might consume — 100 W , weigh 5 lb ,
and occ upy — -120 in. In contrast , the inc r ease in weight for  jus t  the
power supp ly of the new t ransmit ter  would be —65 lb , and the inc reased
volta ges and cur ren t s  needed might cause reliability problems that are
worse  than those associated with the cooler.

That the reliability of cryogenic systems can be made consis tent
with the needs of military systems has been amply de mons t r a t ed .  A
wide va r iet y of op e ra t i ng  77 K sy st ems , both active and pass ive , are

part  of such systems as missi le  seekers  and weapons guidance con-
t rol  sys t ems .  They have a l so be en made pa r t of IR senso r  sy stems

in sa te l lit es as well as in t e r res t ria l app l icat ions.  Because lowe r
t empera tu re  cryogenic  sys tems  are  still new to mili tary app lications ,
there  is not a comp lete select ion of r e f r ige ra t ion  hardware  available.
However , development  of improved r e f r ige ra t ion  equi pment  is con-
t inuing ,  and the p rog re s s  of those programs should be moni tored to
ensure  that the p roper  hardware  is available when it is needed by a
JED subsystem.

To give a concise summary of current refrigeration capabilitie s,
we include here a summary of the status of r e f r i gera t ion  equi pment

tha t was prepared by Bruno Leo of the Cryogenic s and Thermal Con-
trols Department  in the Elect ro-Optical Division of Hug hes.

:~~.
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1. Joule -Thom son Sy stem

The c losed Joule-Thomson ( J -T )  sys tem is well  developed , but it

has not been widel y used because of its hig h powe r consumption and the

po ss ibili ty that  the r e s t r i c t ing  orific e or J-T valve may beco me clogged.

For cool ing e lectronic  devices , this system general ly produces about

0. 5 to 2 W of r e f r i gerat ion at a tempe rature  of 88 K or 77 K, de pend-

ing on whethe r a rgon or n i t rogen  is used as the re f r ige ran t .

Basical l y, a J -T system contains only two cr itical components :

the compressor  and the heat exchanger .  Lubricated , d r y ,  and

diaphragm-type compressors have been built and used with this type
of system. Lubricated compressors usually have the longest operating

life; however , spec ial provisions must be made to remove all t races

of lubricant f r o m  the wor king f lu id to prevent suc h conta m inant s f r o m

f reez ing  out and plugging the system. Dry compressors  employ sol id
lubr icants , such as teflon. Because of the hi gh p ressur e diff e rences

normally encountered between the stages of typical J-T compressors ,
the wear rate s of dry lubricants are quite high and therefore  the effec-
t ive operat i ng life t ime of the compressor  is grea t ly reduced. In

ad d ition , these  wear products must be removed f rom the gas s t ream

to prevent  p lu gging;  however , much less f i l te r ing is needed th an tha t
re quired in oi l- lubricated systems . As  the name implie s , d iaph r a g m -
t ype compressors  depend on the flexing action of a diap hragm to corn-

p re s s  the gas .  The operating l ife of such a compressor  has been quite

limited because of the unavailabil i ty of a diaphragm mater ia l  that is

not subject  to fa t i gue f a ilu r e du r in g cont inual c ycl in g at modera te ly
hi gh p ressure  d i f fe ren t ia l s .  Ideally, n o conta minants are  int roduced

into the working fluid; however , in pract ice , it has been found that
f ore ign ma t e r ia l s , which we believe are introduced by the combinat ion

of diaph r a g m  flexing and syste m outgassing,  must still be eliminated

f r o m  the gas s t ream. Much less f i l ter ing is required than that needed

w ith e i ther  lubr icated or dry  compressors .
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The use of e f f i c ien t  1ie~i t  e x c h a n g e r s  is e s s e n t i a l  to the c o n s t r ue  —

t ion of p ract ic :a l  J- T sy s l ( l n b  as we l l  as of a l l  o ther  c l o s e d - c y c l e  cryo-

gen i e  r e f r ig er a t o r s . To obtain a r e a s o n a b l e  p r o c e s s  e f f i c iency with

such a sys tem, the hea t  t r a n s f e r  su r f ace  a r e a s  must  be l a r g e  to keep

t e m p e r a t u r e  d i f f e r e n c e s  to a minimum. The p r e s s u r e  d r o p  along the

h ea t  ex c h a n g e r  must  a l so  be kept to a min imum to maximize  the J -T

cool ing  possible  when  a minimum amount  of power is app lied to the

sy s t e m .  The i nco rpo ra t i on  of a hi ghl y eff ic ient hea t  exchange r  in the

d e s i gn of a J -T  r e f r i g e r a t o r  is ex t remely impor tant  in o rde r  that  the

cool ing capac i ty  and cooldown c h a r a c t e r i s t i cs of the syste m may be

opt imized.

In addit ion to these  ge n e r a l  r e m a r k s  c o n c e r n i n g  d i f f e r e n t  types

of c o m p r e s s o r s, the hi gh gas p r e s s u r e s  r equ ir ed  for  J - T  cool ing

n ec e s s i t a t e  the use of hi g h - speed  m a c h i n e r y  in o r d e r  t ha t  i l i c  o v e r a l l

r e f r i g e r a t o r  volume may be kept  to a minimum. R e g a r d l e s s  of wh ich

t ype of compres so r  is used , it is apparen t  that  the ope ra t ional  l ife wi l l

be quite limited unless  a major  advanc e is made in the  p r e s e n t  s t a t e  of

the a r t  of c o m p r e s s i o n - t y p e  m a c h i n e r y .

2. Claude Syst em

This system is well  deve loped; it can provide  about 2 W of

r e f r i g e r a t i o n  at 2 . 5 K. By app ly ing both the Claude liquid and gas

cy c les , te m p e r a t u r e s  rang ing f rom 300 to 2. 5 K can t heo re t i c a l ly be
- 

achieved .  Re c i proca t ing  engines  or turbines  a r e  gene ra l ly u sed to

expand the gas ;  however , the use  of turbine s to cool loads of less than

20 W has  not yet been  demons t r a t ed  s u c c e s s f u l l y .  Hel ium is usual l y

the r e f r i ge ran t  used in the Claude cycle .

To a c h i e v e  p r a c t i c a l  machines, the mechan ica l  e x p a n de r s  mus t

op erate  re l iably at low t empera tu re, and only a minimum amount of

gas should be allowed to leak past  the piston. Rec iproca t ing  expanders

have  been buil t  in which piston r ings  provide  the seal  between the p iston

and the cy l inder  and tha t  emp loy v e r y  p r e c i s e ly machined p is tons and

cy l i n d e r s  to m in imize  gas  l e a k a g e .  Expanders  us ing r ing s on the

p is ton h a v e  a r a t h e r  l imited ope ra t i ona l  l i fe  because  of w e a r  on the
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seal caused  by s l i d in g  f r i c t i o n .  E xp a n de r s  t h a t  depend on a close fit

between piston and cy l i n d e r  g en e r a l l y h a v e  l o n ger  o p e r a t i n g  l i ve s  s ince

they use the  gas ‘b low-b y as a means of l ub r i c a t i o n  and al- c t h e  r e fo r e

subject  to l i t t le  or no wea r.  H o w e v e r , impur i t i e s in the gas  s t r e a m

sometimes cause the expander  pis ton to seize in i t s  cy l inder , there-

by re ndering the  r e f r i ge ra to r  inopera t ive .

The use of reci procating expanders also requires the  incorpora-
tion of inlet and exhaus t  v a l v e s  with their assoc iated linkage  and t iming

m e c h a n i s m s .  Here  aga in , the problem of v - a r  is enc ountered  not

only with the l inkage mechan i sm but also with the va lves  and va lve

sea ts , whic h n-ius t  be e s s e n t i a l ly l eak - t ight  at low t e m p e r a t u r e s .

F r o m  the p rev ious  d i s c u s s i o n , it is appa ren t  t ha t  the use  of

recip roca t ing - type  e x p a n d e r s  enta i ls  a f a i r ly complex mechan ica l

a r r a ng e me n t .  Machines  of this type have been operated i-eliabl y fo r

per iods  of more  than 250 hr . Al thoug h we expec t  that  th is  value

can be increased , it is doubt fu l  whe the r  re l iable  operat ion for  more

than 1000 hr can be ach ieved  wi thin  the foreseeable  f u t u r e .
The use of t u r b o m a c h i n e r y  a f fo rds  a means of achie v ing rel iable

operation for longer periods. If the reci procat ing expander were  to

F be replaced with a turbine expander , the identical  operat ion would be

performed in a somewhat different manner .  Cooling could r e s u l t  since

some of the energy  within the gas would be c o n v e r t e d  into work  by the

turbo-expander .  Howeve r , since it is a con t inuous- f low mach ine , the

turbine would not r e q u i r e  va lves .  Turbine- type d e v i c e s  lend themse lves

to the use of gas bear ings ;  if these  are  prop er l y de s i gned , such dev ices

can ope rate  many thousands of hours  with l i t t le or no w e a r  or c ontamina-

tion. Also , for an equivalent  size , a turbine can handle much la rger

volu mes of gas per unit time and thereby  allow the ge n e r a t i o n  of a

g rea t e r  amount of r e f r ige ra t ion .

3. Stirling System

The St i r l ing sys tem reached  its g r ea t e s t  development  af te r 1947;

the performance of a system based on this cycle agrees  f a i r l y well with
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t ha t  predic ted  by theory .  Sys tems  of th is  kind can produc e r e f r i ge r a t i o n

r a n g ing f rom m i l l i w a t t s  to kilowatts , usual ly over  a tempe ra ture  range

of f r o m  300 K to 30 K. 1-leliurn is ge n e r a l ly the working fluid used , and

a dec rease in tempe rature f rom 300Kto 70 K has been obtained and

maintained by us ing a S t i r l ing-cyc le  r e f r i g e r a to r  having a one-stage

expa nsion cycl inder .  Units  wei ghin g approximate ly 15 to 20 lb have

been operated for long periods of time and have provided about 10 to

15W of r e f r ige ra t ion  at 77 K.

Prac t ica l  machines based on this cycle have a compression

volume at the h igher- tempera ture  end (room t e m pe r a t u r e )  and an

expansion volume at the lower-temperature end , which is in d i rec t  con-

tact with the cold end. A regenera tor  between these two volume s se rves

alte rna tely as a heat s ink and a heat source. A Stir l ing machine

req uire s no valves because the gas charge is cycled th r ough the syste m

by the out-of-phase motion of two pistons that are either in one cy
linder

or in two separate cylinders. These piston s are  dr iven  by a crank that

provides this out-of-phase motion. Piston rings made of teflon-fi l led

material  are generally used to keep gas “blow-by” to a minimum. The

s u r f a c e s  of the bear ings  in the drive mechanism are typically dry lubri-

cated or lubricated with grease having a low vapor pressure.

The r egenera tor  is the hear t  of a S t i r l ing-cyc le r e f r i gera tor .  Its

design largely influences the ultimate temperature at the cold end as

well as the refrigeration capacity that can be achieved. Typically, it

consists of an assembly of metal plates , wire gauze , or fine metal

shot arranged in such a way that large surface areas are exposed to

the flow of gas to ensure maximum heat transfer.

Special care must  be taken to prevent  the “ channel ing ” of the gas

flow (unequal dis t r ibut ion of the flow throug h the regenerator  packing)

and to keep resistance to the flow of gas to a minimum. Since the

regenerator is a single-fluid heat exchanger that alternately ab sorb s

and releases heat, its performance depends to a large extent on the

t he rma l  capacity of the p acking ma te r i a l .  Below 100 K , the spec i f i c

heat of all solid s decreases rap idly with decreas ing  temperature , and

it eve n tua l ly  reaches  a point at which the therml capacity of the work-

f ing fluid becomes considerably greater than that of the metals used in 
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t he r e g e n e r a t o r .  There are  some mater ia l s  ( for  example , lead) that

retain a u s et u l  t h e r m a l  capac i ty  down to t e m p e r a t u r e s  of 10 to 20 K.

Helium gas is typically the working fluid used since it causes no

phase-change  problems in the system. This is an important consider-
ation since the Stir l ing cycle depends on the continuous compression
and expansion of the working fluid to provide the refrigeration .

In general, the wear associated with bearing surfaces and seals

in Stirling-cycle machines is much less than that  typ ical of J -T  r e f r i ge r-
ator s since in Stirling systems the p r e s s u r e  ratios as well as the

operating speeds are  re lat iv l y low ( typ icall y 1200 rpm).  In pract ice ,
Stir l ing-cycle r e f r i ge ra to r s  a re  also quite tolerant  of contaminants .

Thi s behavior can best be explained b y examining the pat tern in which

the gas flows through the regenerator. The regenerator , because of its

narrow passages , is the system component that is most likely to become

plugged . If contaminants do become “ f rozen  out” within the regenera-

tor ma tr ix , the continual reversa l  of the gas flow has the tendency to

flush them away and thereby provide a se l f -c leaning act ion.  Thi s is in

direct  contras t  to a unidirect ional  system , such as a J -T  cooler , where

the contaminants continue to build up until  complete pluggin g r e sults .
A maintenance-free life of 500 hr has been achieved at Hughes

with Stirling-cycle coolers: this can be increased with further

deve lopment.

4. Gif ford-McMahon or Ericsson System

This system is fairly well developed . Systems with three stages

have been built in which the f i r s t , second , and th i rd  s tages have a

re f r i gerat ion power of 1000 , 225 , and 200 mW , respect ively. The

corresponding temperature  limits are 100 , 45 , and 4 K. In these

-~ systems, helium is also the working fluid used .
Thi s type of machine has several important advantages . As with

the St i r l ing-cycle  machine , its mechanical construct ion is relat ively

simple. For instance , it requires  no c lose- tolerance rubbing parts  in

the low-temperature zone. It uses only one seal per displacer and

onl y two valves , regard less  of the number of disp lacers . Since both

I
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t h e d is placer seals and the va lves  a rc  in a r o o m - t e m p e r a t u r e  location ,

they  can be made of elas tomer ic  mater ia l s .  A n o t h e r  d e s i r a b l e  f e a t u r e

is the ease with which addi t ional  s tages  can be added to reach lower

t empera tu res . For example , a second sta ge can be incorporated by

providing an additional regenerator in series with the first , and another

d i s placer  with the  cold volume at the bottom of the second regenera tor

and with a common wa rm volum e for the two d isp lacers . The heat  f rom

the second displacer is pumped throug h t he f i r s t  r egenera to r  and dissi-

pated at room t e m pe r a t u r e . Another  impor tant  fea ture  is that  the

hi g hes t  e f f i c i ency  is realized when the  disp lacers  a re  operated at a low

speed , e. g . ,  f rom 50 to 100 rpm . Since at such speeds t here  is less

vibrat ion and fat igue as well as less  wear on the  working pa r t s , there

is the potential  for  longer  opera t ing  l ife.
In contrast to the conventional Stirling-cycle machine , one of

t he penalt ies associated with the Gif ford-McMahon machine is an in-

herently small decrease in cycle efficiency. Also, in addition to

requi r ing  two valves (whereas  the St i r l ing-cycle  r e f r i gerator  uses  no

valves), thi s type of refrigeration also requi res  a separa te  motor and

crosshead mechanism to dr ive  the displacers . Althoug h not much

power is needed to move these displacers , the additional dr ive  mech-

an i sm in cr eases  th e mec han ical complexity of the r e f r i g e r a t o r  and

could inf luence its overall reliability .

5. Solvay System

The Solvay system has reached a fair stage of development. One
model based on this cycle is a cascaded , two-stage machine that can

provide 1 W of r e f r i geration at 16 K. Another model is a t h r ee - s t age

system in which a J -T  cycle is used for the last expansion . The

-: r e f r i geration available at the f i r s t , second , and third stages is 15 , 9 ,
and 1 . 5 W, respectively. The corresponding temperature  l imits  are

150 , 50 , and 15 K. The Solvay re f r ige ra to r  is located some dis tance

f rom the compressor . Unlike the Gifford-McMahon system , the Solvay

system operate s on a work-producing cycle. In this respect , it is
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similar to a reciprocating Claude-cycle system: however, the way in

which it is used dur ing the r e f r i gerat ion cycle more nearl y approxi-
mate s the operation of a St i r l ing-cycle  machine.  As in the other  modi-
f ied Stirling-cycle machines , the remotely loca ted com prssor can be

either dry or lubricated by oil . One of the advantages of this machine
is that it can be pac kaged in a r ela t ively small volume . The length of
i ts  maintenance-f ree  life depend s to a large extent  on the performance
of the seal s and of the compressor package.

6. Vuilleumier System

The development of this system , w hich is related to the Stirl ing
sy stem, has pr ogressed  steadily since Hug hes built its f i r s t  Vuilleumier

(VM) unit in 1967: since then , several uni ts  have been used in Army,

Navy,  and Air Force projects .  Unlike the other sys tems previously
d iscussed , the VM system operate s with very low p res su re  di f feren-
tials across its pistons. The only purpose of the pistons is to secure
the regenerators  and to move the helium re f r i gerant  alternately from
the hot to the cold ends. Thus , the p ressure  d i f f e r e n t i a l s  ac ross  the

seals are due only to dynamic drag of the ref r i gerant  and not to com-

press ion.  In addition , a VM re f r i gera tor  runs  at low speeds ( less than
1000 rpm) and its operation is very quiet. This type of r e f r i ge ra to r  is
therefore potentially capable of a maintenance-free operating life that

is appreciably longer than any that has yet been achieved.  It can be
driven by any type of thermal power , such as electrical , solar ) corn-
bustible fuel (liquid or solid), or radioisotopes.

The electrically powered VM system used in the CMP space pro-

gram operated 500 hr in space , and an identical model of thi s system

logged 2200 hr of operation without the need for maintenance during

tests at the Hughes Ground Systems Group facility in Fullerton ,
-
~~~ California. In 1973, the VM refrigerator that Hug hes tested for the

Honeywell Radiation Center accumulated a maintenance-free operating

time of 3586 hr .  VM systems are  generally capable of providing up to

U 5 W of r e f r i gerat ion.
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7 . Reversed  Braytori Sys te ms

Both the ro ta ry  reci procat ing and the tu rb ine  type of r e f r i ge ra to r s
suitable for use with i n f r a r ed  systems are still in their earl y stages of
deve lopment . A rotary reciprocating expander that can provide 2 W
of refrigeration at 77 K has been built and operated as part of a com-

plete closed-loop re f r i geration system. The most critical mechanical
elements a r e the expansion eng ines and the system used to drive them.

The fac tors  having the greates t  bearing on operational life are the life

of the power conditioning equi pment and the sensi t ivi ty  of the bearings
and seals to contamination.

8. Solid -Cryogen System

Several prototype or laboratory solid-cryogen systems have been

built ; the cryogens used include nitrogen , argon , C02, neon, methane ,
oxygen , and hydro g en . The Aerojet -General  Corporation has built a
refr i gerator that employs solid ni trogen and is designed to provide

0. 75 W of re f r igera t ion  for about 1000 hr.  Lockheed constructed a

50 K argon-125 K CO2 refr i gerator capa bl e of providing 25 mW of

ref r i geration for one year in space. The Ball Brothers  R e s e a r c h

Corporation built a simila r re f r ige ra to r  with a desi gn goal of 14 mW
of refrigeration at 77 K for one year.

All of these units were subject to thermal losses and their desi gn
goals were not reached . It is difficult  to achieve good thermal coupling

- 
between the therma l rod and cryogen because of the sublimation tha t

- occur s at this interface . When the system is in the standby mode,
power must be applied to the va cuum pump almost continuously to
remove gas because of thermal losses. Because they are explosive ,
methane and hydrogen require special handling.

I
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SECTION 3

NAVAL SYSTEM S U R V E Y

The survey of Naval systems for thi s program was performed in

two parts .  In the f i r s t  p ar t , the broadest possible view was taken , and

a very  large list of sys tems used in surveil lance and communications

was compiled . A classif icat ion scheme was developed to give order

to the information accumulated . By us ing both technical data and data

concerning the potential importance of the system to the Navy, a

smaller list of systems was compiled which was representative of the
wide variety of Navy needs and which was representative of the more

advanced technologies being used in military hardware. In the second

part of the survey,  we collected more detailed information about the sys-

tems ’ c onfiguration and performance.  This information provided the
basis for the recommendations made in Section 4.

A. SURVEY OF NAVAL SYSTEMS

The information for this part  of the survey was gathered from a

wide variety of sources. These included a selection of system and

component designers who work in the Ground Systems Group , the

Electro-Optical and Data Systems Group, and the Radar Systems Group

of Hughes Aircraft Company. The Hughes personnel who served as

consultants on this program have experienc e in many aspects of radar,

communications, and electromagnetic surveillance and c ountermea s -

ures systems. Tible 5 contain s a list of these consultants and their

areas of expertise. In addition to these sources , data was coll ec ted f rom

trade publications and from various Navy sources.

Under a subcontract from Hughes , Decisions and Designs , Inc.

collected preliminary data on many of the systems and provided a list
of contact points in the Navy from which more detailed information
could be obtained. Table 6 contains a partial list of Navy personnel

who contributed data to this study. in addition , information was

-~~ 51
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Table 5. Hug hes Consultants for  Naval Sys tem Survey

Consu ltant  A r ea  of E x p e r t i s e

W. H. B rackmann, J r .  Sonar and ASW Systems

L. F. Brajicovich Communication and Radar  Sy stems

D. J. Braverman -- Communication Satellites

W. P. Clark  - Shipboard Rada r  Sy stems

R. D. Dood y Cr y ogenic R e f r i g e r a t i o n  Sy s t e m s

V. H. Es t r i ck  Mic rowave Rece ivers

D. G. Fawcett  Microwave Rece ivers

P. R. Hart  Di gital Processing

S. C. Iglehart  Ai rborne  Radar Sy stems

G. Kemanis Communication Satelli tes

W. K. Masenten Radio Receivers

R. L. McGhie ECM Systems

A. Mellas Shipboard Radar Sys tems

G. C. Rosholt ECM Systems

W. H. Walters  Communication Systems

F. C. Williams Radar Sys tems
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Table . U. S. Navy Informat ion Sources

R. 0. Eastman NELC

3. Grant Strategic Systems Project  Offic e

H. C. Kung NAVELEX
M. Nisenoff NRL

3. 3. Schwartz NAVELEX

D. H. Townsend NRL

C. J. Way lan NAVELEX

H. Whitehouse NUC

D. 0. Wilson NAVELEX

collected from people in the following organizations : ONR , NELC ,
NAVELEX , NRL , NADC , NAVAIR , PM-i  (Strateg ic Systems Project

Office), PM-2 (Trident Systems Project  Office),  and DDR&E.
To organize this information in a useful way,  a c lass i f i ca t ion  s y s -  -

tem with three dimensions was developed . This classification system

is shown schematically in Figure 5. The identified systems were eval-

uated according to this class i f ica t ion scheme, and they  are  l i s ted  in

Table 7. From thi s list , systems were chosen to r ep re sen t  the com-

plete spectrum of Naval needs.  In choosing the sys tems , f i r s t  consider-

ation was g iven to those that  u t i l i z e  the mos t  c u r r e n t  technology and to

those  that are more  widely deployed , so tha t  po ten t ia l  cos ts  and bene f i t s

would be si gn i f ican t .

The list of systems that were chosen for the more detailed anal y-

sis is shown in Table 8 together with a display of the way that they fit

• in the classification scheme. Clearly, not all combinations are  covered ,

but those which are not covered are not generally of grc~~t in terest  to

-. the Navy. One exception to this is the low-frequency (ELF) communi-

cation appU cation. A specific piece of equipment was not identified for

this appli ation , but the applicability of Josephson-effect  devices to this
and to the VLF communication areas  is discussed  in Section 4 .
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NAVAL APPLICATION AREA FUNCTIONAL APPLICATION AREA

SUBSURFACE RADAR

SURF ACE COMMUNICAT IONS AND NAVIG AT ION

A IRBORN E (1
3 

SURVEILLANCE

SATELLIT E ® ELECTRONIC COUN TER MEASUR ES

FREQU ENCY OF OPERATION

I l l  I I ( I _ ~~~~~I (
1 Hz 10 Hz 1 kHz 100 kHz 10MHz 1 GHz 100 GHz
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Figure 5. Descript ion of sy stem class if ica t ion sc heme.
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B. S U M M A R Y  OF S Y S TE M  Cl - l AR A C 1 ’ i-J~ L ST l ( S

To keo’p t h i s  r e p o r t  u n c l a s s i f i e d  and to m a i n t a i n  t h e  o r g d r i l z a t i o n

of thi s sec t ion , the  deta i led  s y s t e m  c h a r a c te r i s t i c s  ~~~~~~ been pub l i shed
as a c lass i f i ed  Addendum e n t i t l ed  “Addendum to Sy s te m a t i c  S u r v e y  of

Naval  Surve i l lance  and C o m m u n i c a t i o n s  S y s t e ms :  S u m m a r y  of O p e r a t i n g

Sys t em C h a r ac t e r i s t i c s  ( U ) ”  ( C o n t r a c t  N 0 0 1 7  3 - 7 l , - C - 0 3 8 9 , SDN

P- 58593) .

Table 9. Final Lis t  of Sy s t e m s  Surveyed for  the Stud y

AN/ARC- 18 1  .T TIDS Compatible Te rmina l

AN/ASQ-81 Magnetic Anomaly Detection Set

AN/AWG-9  F - l 4  Fire  Control Radar

A N/ B L R - l 0  Coun termeasu re s  R e c e i v i n g  Set

AN/BPS-15 Submarine Surface Search Radar - -

AN/BQQ-5 Sonar System

AN/ SLQ- 17A A i r c r a f t  Car r ie r  ~~CM Sys tem

AN/ SLQ-31 Desi g n - t o -P r i c e  EW Set

AN/ SPS-5ZB 3-D Air  Search Radar

AN/SSR-l SATCOM Fleet Broadcast Receiver

A N/ W L R - 6  ELIN T R e c e i v e r

AN / W LR - 8  ESM Receive r

A N/ W R R - 7  Submarine  V L F  Broadcas t  Rece i”e r

A N/ W S C - Z  SHF Satel l i te  Communicat ion T r a n s c e i v e r

AN /WSC- 3 SATCOM Shi p board T r a n s c e i v e r

MARISA ‘1 Communicat ion  Satel l i te
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SECTION 4

ANALYSIS OF F U T UR E APPLICATIONS FOR JEDs

A. RECEIV ER APPLICATIONS

I,. Effect of Receiver Sensitivity on Sys tem P e r f o r m a n c e

Communication and survei l lance  sy s t ems  mus t  p e r f o r m  a func t ion

in which they  de tec t  r ad ia t ion  in the  s u r r o un d i n g  e n v i r o n m e n t . In c~~rr?i -

municat ion sys tems , there  is a d is tant  t r a n s m i t t e r  which genera tes  th e

s ignal .  In radar , the signal r e s u l t s  f r o m  the  s c a t t e r i n g  of the s y s t e m ’ s

own tr ansmiss ion .  In ECM and survei l lance  sys tems , a hos t i le  source

is genera l ly  the  ori g ina tor  of the  si gna l .  In each sys tem t h e r e  is

gene ra l l y a t r a d e - o f f  be tween var ious  a spec t s  of sys tem p e r f o r m a n c e

and the r ece ive r ’ s s e n s i t i v i t y .  For example , the size and wei ght of

the system, the  opera t ing  r ange , and the e r r o r  ra te  a re  all p a r a m e t e r s

which  could be a f f e c t e d  by the r ece ive r  s e n s i t i v i t y ,  i . e. , the level of

noise generated in the r eceiver .

A very general way to assess the effect of receiver sensitivity on

a system is to compare the noise generated by the receiver with the

noise that is collected , along with the desired signal , by the system ’ s

antenna. Thus , one can find the ratio between the receiver noise power ,

and the noise power collected by the antenna , 
~
A• It is more usual

to express the power in terms of an effective temperature throug h the

expression

P = k T B ,

where k is the Boltzmann constant , B is the noise bandwidth of the sys-

tern, and T is the effective noise temperature. Thus , we can discus s

the system in terms of its antenna temperature, TA~ 
and the receiver

temperature, TR . In cases where the receiver sensitivity is given in
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Figure 6. Basic r eceive r  c onf igura t ion .
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terms of noise figure , F, we can f ind the equivalent  noise  t e m p e r a t u r e

using T (F - 1) ~90 K.
In addition to a n t e n n a  noise  and r e c e i v e r  noise , sys tem f r o n t -

end noise is also generated by the losses between the antenna and the

receiver. These losses  can be caused b y cable or waveguide run s ,

mul t i p lexers , dup lexers , ro ta ry  jo in t s , f i l t e r s , swi tches, or other t ypes

of circuitry. These losses can be associated with a noise temperature

at t he output of the  element

TL (1 - -
~

- ) T

where L is the reci procal of the gain associated with the lossy element
and T0 is the physical temperature of the lossy element.

A typical system front-end can be represented by the diagram in
Figure 6. If we calculate the total system noise at the antenna , we f ind

Ts TA + (L - 1) T + L T R
.

The system can have a favorable tradeoff with improved receiver sen.-
sitivity (i. e., reduced T

R
) so long as

TR
> a[_~~~+ (l 

_ 4~) T 0] .

where a is an arbitrary factor close to 1. Thus, there are  two factors

which define a minimum practical receiver noise temperature, Tmm
for  a system: the antenna noise and the added noise due to front-end

losses.

In Figure 7 we show how these two noise contributions interact to

define Tmin (a is taken to be 0. 5) . One curve is plotted for the system
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— L IMIT IMPOSED BY —

SYSTEM LOSSES

.E 100 —E —
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0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

L. dB

Figure 7 . Receiver  noise l imits  resul t ing from environ-
mental noise and f ron t -end  losses .
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l osses  with T0 assumed to be 300 K. A famil
y of curves is plotted for

t h e  an t enna  noise  c on t r i b u t i o n . N a t u r a l l y ,  t h i s  c o n t r i b u t i o n  depend s on

the value of the an t enna  noise , TA . In Fi gure  8 , we show ty pical

be havior for the antenna t empera tu re  as a func t ion  of the f r equency .

Thi s noi se has t h r ee  sour ces . One source is the electrical act ivi ty

in the sun and other s ta rs .  Another  is the a t tenuat ion  in the atmos-

phere.  The last is the man-made machinery  and other electrical  sys-

te ms. The level of antenna noise experienced b y any par ticular system

will depend on the an tenna  beamwidth , the d i rec t ion it points , and t h e

location of the system. The nois e leve l is gener ally lowest when the

antenna points up in to  the sky. For example , an t enna no ise  f or typica l

satellite communication links is 300 K in X band and 1000 K in UHF.

At frequencies  lower tha n UHF , atmospheric  systems have quite hig h

an tenna temperatures.

2. App lications for Improved Rece iver  Sensitivity

Using the curves  in Figures  7 and 8 together  with the receiver

performance information in Figure 9 1, we can del ineate  a subset of

application s which operate in the atmosphere  and which are good caridi-

date s for a potential  receiver  upgrade .  From these char ts  we can see

that , for systems operating below — 8 GHz , antenna noise  is so hi g h or

current performance is so good that cur r ent  receiver  tec hn ology is ade —

quate. However , systems above —8 0Hz can have antenna temperatures

of 300 K or less .  If we assume a minimum room tempera ture  loss of

1 .5  dB for a practical  system, then the smallest practical  Tmin would

be 80 to 200 K depending on the antenna noise .

In the 8 to 15 GHz region , state-of-the-art parametric amplifiers
can achieve 120 to 150 K noise temperatures  over moderate bandwidths

of 20% or less.  These bandwidths are typ ical of those used in most

communication and radar applications.  Thus , conventional technology

4 , 
would seem to be capable of satisf ying the needs of most  of these

applications at f requencie s below 15 0Hz .
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For v:ider microwave bandwi d ths , i . e , ,  octave or mul t i -octave,
t h r e e  type s of conven t iona l  f r o n t - e n d s  a r c  used . Schot tk y diode m i x e r s

and wide-band TWTA s a re  the  two most  common types . Typ ically,  the
mixer r ece ive r s  have noise f i g u r e s  that  are 8 to 15 dB (1540 to 8900 K

noise t empera tu re ) .  The TW TA s have typ ical noise f i g u r e s  of 12 to
20 dB and are onl y used in app licat ions not r e q u i r i n g  the best  s e n s i t iv i t y

(t y pically,  the EC M sys tems) .  For wide-band app l i ca t ions  r equ i r ing  the

ut most in s ens i t i v i t y ,  a t rart s is tor  preampli f ier  can be used before  the
mixer  in the f r o n t - e n d . Such octave bandwidth ampl i f i e r s  are  cu r r en t l y
av ailable up to Ku band (12 to 18 GHz).  The typical noise fi gure  for
the hi gh - f r e q u e n c y ,  wide-band ampl i f ie rs  is 7 dB  (1160  K noise  tempera-

t u r e ) .  The re fo re , even the best  convent ional  t echno logy  c u r r e n t ly

available cannot  provide r e c e i v e r s  wi th  the lowest  pract ical  noise

t e m p e r a t u r e  for thi s f r e q u e n c y  range . As Figure  9 shows , both fE D

mixe r s  and super -Schot tky diode mixers  can provide r e c e i v e r s  with

noise  t e m p e r a t u r e s  less  than 300 K f rom low microwave f r eq ue n c i e s  up -

to mi l l imete r -wave  f requenc ies. Thus , low-noise , wide-band micro-

wave r e c e i v e r s  in surve i l lance  equi pment a re  a potential ly p r o m i s i n g

a p p l i ca t ion  for  superconduc t ive  dev ices .

Of the  sys t ems  surveyed , those  which f i t  thi s ca tegory  are  the

A N/ W L R- 8  and the A N/ W L R - 6 , both countermeasure  rece ive r s .  To

obtain a more def in i te  conclusion about these  potential  appl ica t ions , it

wo uld be n e c e s s a r y  to examine in g rea te r  detail the intended miss ion

of each sys tem to d e t e r m i n e  what the real benef i t  of improved r ece ive r

noise would he in each case . Also , it would be n e c e s s a r y  to obtain
data on more app l icat ions-or iented pe r fo rmance  data for  the suDercon-
duc tive mixers .  Paramete rs  such as gain compression , in t e rm odula-

t ion d is tor t ion , and damage threshold would be ve ry  des i rable. To pre-
dic t  the proper t ies  of a we l l - i n t eg ra t ed  subsystem , more data should

be genera ted  on the cha rac te r i s t i c s  of tunable f E D  oscil lators .
As f requencies  r ise  into the mi l l imeter-wave reg ion (30 to 300 0Hz) ,

the noise tempera ture  of available r ece ive r s  r i ses  si gn i f i can t l y. Be-
cause of the d i f f icu l t i es  involved in genera t ing  s u f f i c i e n t  hig h - f r e q u e n c y
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pump power for parametr ic  amplif iers , most r e c e i ver s  use Schottk y
d iode mixers  in the f r o n t - e n d . Thus , fo r communicat ion and radar

applications as well as fo r  surve i l lance, t y p ical r ece ive r  noise temper-

a t u r e s  are  1000 to 10 , 000 K. Since antenna noise is general l y be low
300 K in the mil l imeter-wave port ion of the spect rum and the genera l

ac t iv i t y level is low ( r e su l t i ng  in lower  i n t e r f e r e n c e  f rom other

sou r c e s ) ,  t he potential for  improved sys tem per fo rmance  in this  par t

of the spectrum is grea t .  Section 3 showed that ve ry  few systems are
current ly  operat ing at these  f requenc ies .  N e v e r t h e l e s s , it is g enera l l y

fel t  tha t there is a t rend toward increased ut i l izat ion of the mil l imeter-
wave ba nds , and there  are many exper imental  sys tems exp loring the
use of that part  of the spectrum for secure communications, hig h-
r esoluti on rada r s , and missile and RPV guidance .

As an exampl e of the potential for  superconduct ing device

receivers  in the mill imeter-wave reg ion , we co nsider  a t-i exper imental

94 GHz radar that is being developed for DARPA and the Air Force by

Hug hes . ~ The mission for this radar is to obtain image data of strate-

gic ta rge ts  from a ground base . To operate at useful  ranges , the sys-
tem requires  both t r ansmi t t e r  and receiver  pe r fo rmances  that are
beyond the present state of the art. Development work is current ly

being conducted on the component with the highest technical risk , the

high-power transmitter.  The receiver in thi s system performs a com-

plex pulse compression function. Currently, its noise fi gure is 11. 5 dB.

If the transmitter development achieves its present goals , thi s system

will require the development of a r ece ive r  with 3 to 5 dB noise fi gure.
Both the super-Schottky mixer and the Josephson-junction mixer have

excellent potential for this application. If sufficiently small devices
can be made to achieve the kind of performance seen by Richards and

his co-workers  at 35 GHz , t h en a Josephson- junc t ion  mixer could yield

a receiver noise temperature less than 200 K (2. 3 dB noise fi gure) even
4 

using the curr ent system i. f .  amp l i f ie r , which has  a 120 K noise tempera-

ture. If we similarly scale the super-Schottky per formance  seen at
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9 GHz by Silver and his c o -w o r k e r s , we f ind  t h a t  a 50 K i. f . ampl i f i e r

is needed to provide a 300 K r e c e iv er .

The optimal approach to such a receiver  is to provide an inte-

grated unit that contains at least the mixer and the f i rs t  stages of i. f.

amplification. In some cases  it may also be des i r ab le  and feas ib le

to include the local oscil lator source along with the  mixer  and ampli-

f ier; however , in coherent  radar sys tems like thi s one , the local oscil-
lator and other  signals used in the radar must be phase locked to a
single , stable re fe rence  f requency .  Thus , for this  app l icat ion th e

mixer/amplifier unit is probably optimal.

The remaining application s for which superconductive device

receivers  of fe r  potential improvements arc at the lOw end of the fre-

quency spectrum . As shown in Figure 7 , low- noise rec eivers do not

offer  significant advantages in low-frequency atmospheric applications

becaus e the environmental noise level is very high. However , with

submarine systems that receiv e radio signals below the surface of the

ocean , the ambient atmospheric noise is attenuated by the lossy salt

water medium . Both signal and noise are attenuated as a function of

the distanc e from the surface so that the signal-to-noise ratio remains

constant until the signal level approaches the thermal noise level. The

characteristic attenuation depth is given by

6
,rf a- p.

wher e £ is the frequency,  a- is the conduct ivi ty  of the water (typically

4 rnohs /m),  and p. is 4r x ~~~~ in mks units. It is more useful to

express 5 in terms of an attenuation rate

a d B / m .

68

I

‘
I 

___

• i-~~~ ~~~ ~~~ .~



- - - - - --- -5- -
~~~~~~~~~~~~~~~~~

- --- - --’ --—

For frequencies of 44 Hz and 10 kHz (typ ical ELF and V L F  f r e q u e n c i e s ) ,

the  at t enuat ion rates  are  0. 23 di3/m and ~~. 5 d B /r n , r e s p e c t i v e ly. The

pract ical  l imit on the depth wi l l  depend on the r a d i a t e d  power level

availab le at the su r face .  The si tuation f o r  two hypothetical  cases  is

shown in Figure 10. For VLF the available S/N bec omes less than

one between 20 and 30 m. For the ELF example , receptio n is still

possible down to 200 m.

Reception of these si gnal s depe nds on both the receiver  and the

antenn a. For an antenna that is matched to the propagat ing signal , a

receiver  with 1.8 to 3. 0 dB n oise fi gure  wi ll y ield n e a r - optimal system

performance.  This noise level is si gnificantly be low the p e r f o r m a n c e

level of the more  advanced VLF rece ive r s, e . g . .  the A N / W R R - 7 .

Thus , if the cur ren t  system is not dominated by the antenna-generated
noise , improved receiver sensitivity would certainly be useful.  If

conventional devices are unable to provide the improved pe r fo rmance

(possibly beca use the antenna impedances are  very  low),  then  the

dev ice stud y has shown that  fEDs  can make ve ry  sens i t ive  ampli f ie rs

at these low f requenc ies , es p ecial ly at low impedance levels.  For

example , the SQUID ‘v oltmeter has shown a noise t empera ture  of - 100 K.

Because of their low impedance level s and exc eptionall y low

noise levels , the SQ UID amplifiers surveyed in Section 2 make it pos-

sible to look at novel solutions to underwater  reception.  The extremely

low noise levels generated in superconducting circuitry and in SQUID

amplif iers  make it possible to use a much smaller antenna than the

100 m trailing wire used with conventional r ece ive r s .  This smal ler

antenna is poorly matched to the radiation f ield and collects  onl y a

fract ion of the availabl e energy. This approach is useful so long as

the fraction of noise energy in the environment (T ~ 300 K) collected by

4 
the antenna is larger than the noise temperature of the SQ UID . For a

dc SQUID amplifier with 20 kHz bandwidth , the equivalent noise tempera-

ture is — 0.  01 K. For narrower bandwidths it is even smaller. There-

fore , the SQUID could be coupled to an antenna that is at least four

orders of magnitud e smaller than conventional low-frequency antennas.
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This basic approach has been followed by N R L  in desi gning a

new r ece ive r  fo r  submerged  ELF  communica t ions .  The t echniqu-

should also be app licable to VL F  comrnunica t ien is , a1thu ~~g h the pote n-

tial communication depth is more limited at the hi gher  f r equ e n c i e s .

Anothe r low-f requency  application c u r r e n t ly being pu rsued  at

NCSL is the  use of SQUID m a g n e t o m e t e r s  and g r a d i o m et e r s  fo r  t he

local i za t ion  of magne t i c  anomal i e s.  These  f i e l d s  have  a s t r on g

di po le- l ike c h a r a c t e r i s t i c  which allows them to be de tec ted  independ-
en t  of t he  l a rge  back ground magne t i c  f ield of the  e a r t h . It-i addi t ion

to p rov id ing  improved s e n s i t i v i t y  and d e t e c t i o n  r a ng e s , i t  is poss ib le

fo r  an a r r a y  of such s e n s o r s  to provide  g rea t l y improved  loca l iza t ion

i n f o r m a t i o n  without  the  need for e x t e n s i ve  motional  s cann ing .  Thus ,

t h e s e  devices  o f fe r  substant ia l  improvements  for MAD compared to

the existin g AN/ASW-8 1.

B. SIGNAL-PROCESSING APPLICATIONS ‘

Although th i s  stud y has been v e ry  heavi ly  biased toward the

application of JEDs in l o w - n o i s e  r e c e i v e r s , it would ce r t a in ly not  be

complete wi thout  some d i s c u s s i o n  of the po ten t i a l  impact of t h e s e

d e v i c e s  upon f u t u r e  si g n a l - p r o c e s s i n g  app l i ca t i on s .

Sys tem a r c h i t e c t u r e  is v e ry  s trong ly i n f l u e n c e d  b y the  type  of
s igna l  p r o c e s s i ng  r equ i r ed  to accompl i sh  a given m i s s i o n.  Similarl y ,
t h e  choice of the  miss ion , i . e . ,  the s p e c i f i c  r e q u i r e m e n t s  for  infor -

mat ion and data tha t  a sys t em m u s t  p r o d u c e , is l imi ted  at t imes  by t h e
s i g n a l - p r o c e s s i ng  capab i l i t i e s  avai lable  for  the  job.  It would be fool -
hard y for  the  sy s t em desi gne r  to s t r u c t u r e  his  m i s s i o n  so that  it
r equ i red  a si gn a l -p r o c e s s i n g  capabi l i ty  b e y o n d  the s t a t e  of the  a r t .

T h e r e f o r e , i n c r e a s i ng  t h a t  level of p r o c e s s i n g  capabil i t~’ should s timu-
late the desi g n e r  to s t r u c t u r e  a sy s te m  w i t h  g r e a t e r  f u n c t i o n a l  capabi l -

i t i e s  and g rea te r  u t i l i t y .  Because of the i r  special  p r o p e r t i e s , JEDs

A mor e quanti tat ive discuss ion of th i s  app lication can be found in th e -
‘Report  of the U.S .  Navy Nonacoust ic  ASW Panel , ” Nov . 1973 ,

pr ep a r e d  by R. N. Keeler , et al. , Lawrence  L i v e r m o r e  Labor a t o ry ,
Doc. No. MI SC-00973.

$

71
‘4’

-‘I,,—-, —‘ —-- - ‘ -~~~~~~~~ -—----_--_-_ - 
~~~~~~~~~~~~~~~~~~ rv~rw,- -~~~~.- - ~ 5. . -~~~ ~~ - - - •, - — - - -  ‘--5,

~~~~~~~ ~~~~~~~~~~ 
- - —~~~ ~~~~~~~~~~~~~~~~ - 

-~~~~ - —~~~~~~— - -



_ _  _ _ _ _

o f f e r  t h e  p o s s i b i l i t y  of i m p r o v i n g  the  d a ta  p r o .  e - s s i n e  r a t e s  and

c u r r e n t  d e n s i t i e s  of LSI b y an o rde r  of m a g n i t u d e or more . There-

f o r e , t he i r  d e v e l o p m e n t  can  have  a ~‘er v  si g n i f i c a n t  e f f e c t  on the

d e s i gn of f u t u r e  s y s t e m s.

The two most  impor tan t  p roper t i e s  of fE D s , which  give them a

f u n d a m e n t a l  advantage  over  all e x i s t i n g  s emiconduc to r  log ic f a m i l i e s ,
a r e  ( 1 )  f a s t  i n h e r e n t  s w i t c h i ng  speed and (2 )  low-power ope ra t i on  and

small size . E i ther  one of these  p r oper t i e s  alone would not be enoug h
to give them a subs tant ia l  advan tage  over semiconductor  c i r c u i t s . The

low-power opera t ion  is not use fu l  in power-l imi ted  (e. ~~ . , b a t t e r y - r u n)

s y s t e m s  because the power consumed for  the c ryogen ic  suppor t  sys-

tem n eg a t e s  any advan tage  over  the l ow-power  s emiconduc to r  f ami l i e s .
Fast operat ion alone is not suf f ic ien t  because GaAs FET and TED

log ics are capable of comparable speed s for  isolated ga tes  and s w i t c h e s .
However , w h e n  both ( 1)  and (2)  above are  c ombined t h e y  p rov ide  the

capabilit y to ma k e h igh-speed , complex p roces s ing  c i rcui ts  wi th  pe r-
for mance that will surpoass the fundamenta l  l imits of semiconductor
circui ts  by orders  of magnitud e .

The low power and small size of the  hi g h - s p e e d  fE D s  means  t h at

the  c i r c u i t  e lements  may be closely packed us ing  cells that  may be onl y
seve ral micrometer s on a side . By compar ison, the hig h - speed  GaAs

FET gates  must  be separa ted  by hundreds  of m ic rons  in v e ry - l a r g e -

scale ci rcui ts  to ensure  that  heat is removed from the c i rcui t  in a
simple manner  ( i . e . ,  a s suming  parallel  heat  flow to a plane b o u n d a r y ) .

Thi s d i f f e r e n c e  could mean that  the c i rcui t  needed to p e r f o r m  a given
complex func t ion  would be lOOx l a rge r  for GaA s FET logic than for JED
logic . This s ize  d i f f e r e n c e  would also in t roduce  si gna l -propaga t ion
de lays  in in te r c o n n e c t i ng  l ines that  were  lOx longer  for the GaA s FET
ci r ci i t s .

The similar switching and gate delay times for JEDs and GaAs
FETs mean that for relatively simple tasks such as an A/D conver te r
or a frequency divider the two technolog ies should be able to achieve
similar pe r fo rmance  (i .e. , ser ial  data r a t e s ) .  However , fo r  an inte-
grated signal processor  that contains tens of thousands of ga tes , the
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high packing density of the fED technology should yield a si gni ficantl y

fas te r  product.  Also , for a hi gh-speed m em o r y ,  t h e  c i r c u i t  d e n s i t y  is

one of the most important parameters.  Thus , the JED technology holds

great  promise for the realization of an integrated , hi gh-speed , compac t

signal processor that contains A/D circui t ry,  dig ital computing capabil-

ity, and hig h-dens i ty  memor y, all operating at data rates of 10 Gbit/ s

or higher.

In addition to the integration of conventional process ing architec-

t u r e s  in a sin gle , hi gh-speed package , the fED technology will make

new system arc hi tec tures  possible . As an examp le , consider  a

typical radar where signals ar e converted f rom rf to successively lower

i. f. frequencies and are amplified until the output frequency and power

levels are compatible with the processing circuitry, both analog and

digital. With the availability of hi gh-data-rate JED processor s , it would
probably be possible to eliminate one or two stages of f requency con-
ve r sion and many stages of amplifica tion becaus e of the low power and

noise levels associated with the fEDs.  Thi s could result in a much
simpler radar with improved performance and reliability.

C. SUMMARY OF MOST IMPORTANT FUTURE APPLICATIONS
FOR fED s

In this section we assi gn priori t ies  to the potential  app lications

for  f E D s .  The areas  ranked hi ghest are  those which we feel need si g-

nif icant  development work and those where  the re  is the clearest  bene-

f i t  in terms of improved system p er formance . Those areas , suc h as

ELF communications and magnet ic  anomaly detect ion , wh ere there is

grea t  potential benefi t  but where there  is alread y si gn i f i can t  develop-

ment  work unde rway  are  not recommended for f u t u r e  phases  of th i s

program.
1 .~ We feel that thi s stud y has shown that  the grea tes t  impact of

f E D s  on systems in the near  term will come from improvement s  in

r ece ive r  sens i t iv i ty .  This  is because the use of an improved r e c e i v e r

does not require  any new system des ign  to ut i l ize  the new component

e f f e c t i v e l y .  For the selected sys tems discussed in Section 4 .A , a
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r ece ive r  wi th  the capabi l i ties  of e x i s t i n g  c o m p o n e n t s , but  w i t h  b e t t e r

se ns i t i v i t y ,  can he used to improve th e  overal l  sys t em pe r fo rmance .

Cu r r ent l y t he re  is i n s u f f i c ie n t  i n f o r m a t i o n  available about the perform-

ance of JEDs and super -Schot tk y diodes to e n s u r e  tha t thi s goal can be

met . Whichever  app lication is chosen for f u r the r  explora t ion , one of

the  earl y t asks  of the deve lopment  p rogram should be to ident i f y the

spec ific pe r formance  pa ramete r s  needed and to d e f i n e  the pe r fo rm-

ance of the superconduct ive devices  in those a reas .

In comparing the receiver applications discus sed in 4. A , the two

most promising are the octave bandwidth swept microwave receiver and

the millimeter-wave receiver.  The tradeoffs for improved sensitivity

are not as well established for the microwave receiver  as they are for

the millimeter-wave application examined. In addi t ion , a component

developed for the 94 GHz radar would be readily extendable  to the

ot her mi l l imeter-wave app lications that are  developing.  If , however ,

f u r t h e r  stud y shows that  the microwave  r ece ive r  sys tem could benefi t

si gnificantly from the improved sensi t iv i ty ,  then the potential nea r -

term benef i ts  would be greater  for thi s app lication because  of t h e

p re sen t  widespread dep loyment of thi s type of system compared to that

of millimeter-wave systems .
On the basis of the established need for improved millimeter-

wave receiver  per formanc e , we feel  that the development  of this

application is most cons i s t en t  with the goals of the Josephson  Junct ion

Technology Program.  This development of the 94 GHz r ece ive r  is for

a ground-based or large-mobile-platform application and could use

a simple , dewar-based cryogenic system. Therefore , the utility of

the receiver  development will not depend on the rapid development  of

yet another  t echnology,  the compact , re liable closed-cycle cooler.

The development program for the millimeter-wave receiver

would include mixer device design and development tasks  ( including

t rade-of f  studies on the super-Schottk y and fE D  mixe r s ) ,  mixer cir-

cuit design and development ta sks , an i . f . amp l i f ie r  development task ,

and subsystem in tegra t ion  and t es t ing .  The development  cycle for

this project  should last approx imatel y 30 months .
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A similar program could be structured for  the m ic r owave
receiver development except that there would be need for a preliminary

study phase  t o de t e r mine th e act ual sy st em per f orma nce bene f its to

be ex pected from the rece iver  development .  Typ ical candidate systems

might be the AN/ WLR-6  or the A N/ W LR - 8 .
There is one other development option which should be considered

for  t h e Jo sep hson Junct ion Technology Program.  Because of the great

potential of JEDs for  use in hig h-s peed signal p r o c e s s i n g ,  the program

planners  should compare the benefi t  f rom a n e a r - te r m  payoff  in the

rece ive r  technology with the longer  te rm payoff  that would resul t f rom

the development of an in t eg ra t ed  hi gh-speed  si g na l - p r o c e s s i n g  capability.

Because the circuits  needed for this la t te r  app lication are
much more  complex than the rece iver  c i rcui ts  the level of development

ef for t  needed is much grea te r .  For example a th ree-yea r program to
develop an A-D conve r t e r  might be 2 -3X the cost of a rece iver  develop _ 

-

ment , and it would not necessar i ly produce a component which would

be cost e f fec t ive  for use in a sys tem.  Thi s is because the cost of
int roducing c ryogenics  into the syst em would not be spread ove r a

s igni f icant  por t ion  of the sys tem.  However , the demons t r a t ion of an

A _ D  conver te r  with , for example , a 10 Gb it / s  data rate would signifi-

cantly st imulate ideas for  new s y s t e m  des igns  and give g rea te r
importance to the suppor t  for  the development of the digital p roces s ing

and memory c i rcu i t s  which would be needed to form an in tegra ted
subsystem.
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