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Addendum  1 

19 December 1961 

ELECTRONIC   DEFENSE   LABORATORIES 

P.    0.    Box   205 

Mountain  View,   California 

Addendum No.   1 to Technical Memorandum EDL-M397 

ERRATA 

The following changes should be made in the original publication.   Each 
corrected page should be marked "Revised 19 December 1961" in the 
upper right-hand corner under "EDL-M397.,I 

Page 8.   Change Equation (4) to read: 

'0= ^ V^vksl (4) 

Page 8.    In the sixth line of the first paragraph 
of Section 3.3,  change "germanimum" to "germanium". 

Page 23.   In the last line on the page, change'T    "to"P   ". 

Page 33.   In the lower part of Figure 26, the words "BYPASS 
CAPACITOR" should be shown to refer to the 1/16- by 
7/16-inch rectangular block just to the right of the shaded 
area. 

Page 59.    In Figure 46, change "(FIG 34)" to "(FIG 37)"; 
change "(FIG 35)" to "(FIG 38)"; change "(FIG 37 AND 
40)" to "(FIG 40 AND 43.)";  and change "2N2939" to"lN2939". 

Page 66,    In the upper left-hand part of Figure 50,  change 
"IF INPUT" to "IF OUTPUT". 

Page 67,    In the first line of Section 4.4,  change "in the 
instant report" to "in this report". 
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Addendum  1 

19 December 1961 

Page 5.   In equations (1) and (2), change "C" to "C   " 
.?. (three places); and change "L" to "L " (four places 

Page 29.   In the second line of the last paragraph on the 
page, change "2^939" to "1N2939". 

Page 30.   In the upper left-hand corner of Figure 24, 
change "2N2939 DIODE" to "11^2939 DIODE". 

Page 31.   In the upper part of Figure 25, change "2N2939" 
to "1N2939". 

Page 32.    In the ninth line from the top of the page, change 
"2N2939" to "1N2939". 

Page 35,   In the upper part of Figure 28, change "2N2939" 
to"lN2939". 

Page 46.    In the upper part of Figure 37, change "2N2939" 
to"lN2939". 
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TUNNEL DIODE CIRCUITS AT MICROWAVE FREQUENCIES 

John Reindel 

1". ABSTRACT. 

This report presents resuits-qf-recent studies in 
tunnel diode miß^e^a^S^'ir^üyi's^ät'tKe Electronic 
Defense LaboratÖrie"s;T^Descfiptions are also      ' 
offered of ah S-band, i'ow.Cnoiselarnpiifiex with a """ 
voltage gain bändwidth^r.öyU'Gt' ofroOpO/.rnegacycle s' 
and of desighs^of.fnecheinicaLllyi tuna•bl^dbwn■rc.on- 
veriers. ^The^primevfeatures 'ofithe.^tunnelvdi.ode; --^ *.„.. 
its smalLslze-and •lou'dc^power requirements, .•      • ■■ . 
are *■ ~ "' " '' '"   "'"   -' ■"' ""*   ! ■ --■■- ■■■ - taken'adväntäge'of"in th'ei,circuit'designs,,* *.   i-    '•   -^',?•'•,'■•'- /"v^ 

INTRÖDUCjfÖfc ^v^f  x^* r^«-' ■ 
:   , -•■.^ «i't •      ,   .*■ 

V.a^-.-ß^i.^.-r' ^v^-^:w. >:;^,t ^^^ ^v^ 
^ipi 

^ j. 'r*. 

principal: ch'aracte'rl^sticjs^ä^riegatijve^differsential.xe'aistartc'e'ove   as 

'#  4 c* 
V 

y^0*^ .. 

•fe=aj v:.' fTne f requencvi.range .of ,the devi'ce^exterids^frbm.dcjintö. the.jgigacycle. •;_ 

^v^JJ: 
«;/ ̂ .l^* 

'«ji (b.).ft:;:
:..J.discuss experimental tunne'lrdibde.diTc.uits'-recently 

■ fabricated at EDL. 

1 

3. TUNNEL DIODE CHARACTERISTICS. 

3. 1 Mechanism of Tunneling. 

The diode is named for its principle of operation,  called tunneling. 
The tunneling process is a quantum mechanical penetration of electrons 
of the p-n junction potential barrier.       Several papers describe the 
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3. 1 - Continued. 

rf1* 

■■..- '   ;   ~~ K 
I ■        '. .' >".  • 

•*, 

0. ja-~v > 

i'.fi- 

effect and formulate the characteristics of the junction from purely 
theoretical considerations;^ although, for a number of reasons,    these 
do hot provide a quantitative description of the observed phenomenon. 
However,  a qualitative description of the tunneling process is useful 

,.\ 
f--p fror ^ Seven to the casual reader and is contained in other papers written on 

"•■^■■.:> tins subject; 4'5'^ ^'••. ir'^■' ^ ih^s subject; 4 

V '^piode Gircuit Parameters. 

.. j'.in 

&'«•-■"■    '■ •4J;^"-' -B.^    -^ -^'^Diode'Circuit Parameters. ■ ''*   ■* 
..   ..•*"      ■*     -x -p i—:—; '   ... - '." ^^  w. 4.. 

„> ■' ff'    u/^-^i'd f? ' fc, "" • ■■'■;.*> »"»if*;'' 

^L'^M;/.    ■■  ^^^.typicar current-voltage curve of a tunnel diode is. shown in Figure. 1. 

"•a .' Sh'.:j*'''!U.'!'.^> 'A(rte'gative,0>conductance region exists where the current falls from a 
;^' -S.^^w,4Cllfielirvalue.at low forward voltage to a^value.somewhat above what would 

'■'^■•'■'^   L.betrepre'sentative of a normal prü junction-characteristic at a higher 

j,i^*^'f..:^'forward voltage. ', Figure 2,% shows a small-signal equivalent circuit 
''*-• ■■'■   /'•.r-"''*th'at'describes'the',dipde behavior-from low frequencies up to and including 
,i    *■-,.■'•   ■..■..'.^'microwave, frequencies. ■, The symbols represent the following semi- 

,:/^'> '>;-•.conductor^characteristics:   Tunnel conductance,   gf; diffusion conductance, 

' 5!,
,^^v"\n!''^v"^gd'-'3arrier caPac:it;ance'   C^; diffusion capacitance,  C^; capsule capaci- 

^ ' r,,---: *•,: ' ■?*?-tarice? C   ; bulkVresistance,  Roi and capsule^inductance,   Lc. 
( ,,   "■•,v:li'

i.. "•»-/',•■• S      ■ , S        . '   ^ '.   •       ■ • S 

"'".l.    I.-  *• ■■■■-.:.V '•■    ■ ■       :     ■'•.    ■ .   - ■ ■" •   " v ■■   '   • 
'*'.■**''.'   y:Theeffect-of.the diffusion conductance and'capacitance is masked by the 

' '-\p/
:-' --    , '■   ; ;m.'uch larger tunnel conductance and barrier^capäcjtance.    The tunnel 

'-.■■-   -'4"V;conductan.c:e-varies'with bias;,this is best shown (Figure 3) by plotting 
'^'^ in Figure,1. ^The dipdeis normally biased   • 
«. -at'the pointUSf-rma^fmufTrnegativ'etrund.ui.tanc,e (orConversely the point 
i.'^' o^'minimuth'^TöätiVe^resistänce). "The barrier capacitance increases.. 

*,' '.3 

.1 fy'- 

ode ätfth'e?input«ter-.i 

fled bv the other diode circuit parameters^andMs.; therefore,  frequency ■•       - f.;«.i 

'dependent and greater than C, /g .• --"..' -^^..v ^v"^ --"'^       '       ^ 

i».'f^ÄÄ^ 
It is common practice to exclude the ca/psuJ.e^capa^itan^^sjj^^ 
negligible,  and to .include; the diffusion päratri,eJeVsfWith^ 

-  2 
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■'ff Figure; i  , ^^.^■Xr^-^fU. ^ ^ » —; ^V^r^r^; 
^*. .Static Characteristic Curve"bf'S.yjlV.a'nia;. .-^ ■ A/-^,-. ■-..-^.■s^ «»H'■• 

.D4115A Tunnel Diod'e  ...%1    ^^ •'''^•^. ^'^ ^"^^^ 

^,?,,, 0- V\AA 

c. 

■^■.-v -'•«. *fe ■>■; ;■ !.■■ 
'■■■A. 

r igure c ,-\ ■■        ■•'■»-.   ^ ,ip >.■> < ^    .v, 

Small-Signal Equivalent; Crrcu'i-t'"^ «  ^f t'^'V^* 
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.v ■" 

-JS;«^ 
cS1"" ".^ Ä*•^' 0    ^:r.^••'*■* .0. 

r-:\.   ^>^^^^  ^r"--;Hv:%- -.:. ■•.—VOLTAGE -VOLTS 

■^:,!,rV5^-^^- 

Figure 3 

Junction Conductance 

0.5 
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3.2 Continued. 

capacitance and tunnel conductance.    The diode equivalent circuit then 
takes the form shown in Figure 4,   • ° and consists of only the following 
four elements: 

L     = series (lead inductance),      ■-:.,.,   .-_. 

R     = series (bulk) resistance, '        ' 

C     = shunt (barrier) capacitance,   ~ '. 

-gn= shunt (tunneling} conductancej",   - .-•. „ T' .     ■   '   , "' 

These elements are essentially^frequ1ency>.in'de'pend'ent.    An equivalent 
shunt circuit is found by circuit analysis';  as'shown in Figure 5.    The., 
negative terminal conductance,. G^,,. and the terminal capacitance,, C   ." 
are frequency dependent.   '•-,  ,.       ■-. '    ■ <•  -, ,;• ., 

GE^ 5D 

rC 

li + RsgT 

, /WC   \     "I-   -■   '[■..■I-    »    .: 

w   LC + R g 

._2 -   „.,,c.. . 

■- ■         . .^      W ', ''''■'    ■                       ■     ■'■ ■ 

|      . ,,  f ■ D ^i,   ■s*D i 

ifef-;,2   ,      RsCD 
\2 

/ J 

(2) 

Representative: plots  ".of G^ as a function of frequency are shown in 
Figure 6.   .The conductance can be plotted directly as a function of 
frequency^'.^ if ;the diode is assumed biased at the point of maximum 
negative conductance   The negative conductance of a typical tunnel 
diode (Figure 7) shows increasing values of series inductance.    The 
terminal conductance is zero at the resistive cutoff frequency, f . 
From Equation 1,  f   can be shown to be: -> r 

f    = 
D   D V? (3) 

5 - 
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Ls Rs 

o nnnn—MA 

Or 

i,''' 

:M v -',.: 
• ■'■.■•'.•i.;.'•; J.%. '• •■ ; i  ■■..■A .  Figure 4 ." '    ;   :      ^,-  . 

>C^><£f J ^ ^ ^ - 'Modeled Diode. Equivalent Circuit*; 
..  ^ 

,*" 

'4tP*- .•     4-        »AT-        !«-V"       ■»            '*          .■".,/■ 

■■      '.. •' '  .'    *'     -'>--<.'.■     -^  ' • -'-. 

,».-i .<-\/   .>-:.„ ■.■.^■i--.r,.,.■/ 
,•'.     .■■•■       -■. '   ''   ..-;.•;•.     ' ui:*." if:. 

•» *" :■• ■':%r   ..'?:'-     -■■-..^    ;. 
^      . •l ■      . t ..   •■            '-        'j ■. >..    »•■. .-«*s                        '••   ".";■ v ,. 

:' ■■'   •'.,■  vte •- ■ ?:-'^   -•-,- • • ■ 
L   ''-•■ .- *■ -.s^.-v^"^-' ••■ • «: ■     r <■ •;.. '■-■  3             •   --' 
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3. 2 - - Continued. 

where 
RD=1/V 

It can be seen from Equation 3 that f   is not a function of capsule in- 
ductance Ls.    Figure 7 shows the intercept of the conductance curve 
(for L - 0) with the frequency axis as fr.    The curves also indicate 
that the conductance is nearly constant from dc to about 1/3 of f    when 
the inductance is low (less than 0. 5 nanohenry).    If the diode capsule 
inductance or external lead inductance is increased (to 2 and 5 nanohenries), 
the conductance changes radically at a much lower frequency.    At the 
inductive (or. self) resonant frequency,  f ,  the inductance and capaci- 
tance .will resonate if the device terminals were ac short circuited: 

2TTL C 
s   D R02CD 

(4) 

-The terminal capacitance varies-with frequency    .'    .as shown in Fig- 
ure 8; this variationj.is'negligible at low frequencies,   but is large near 
the c'utoff frequencies.    Cg is negative above fg,   i. e. ,   the terminal 
süsceptance is-inductive. 

3. 3 Diode Construction.- 

In contrast to many other semiconductor, devices,  the tunnel diode is ; 
made of very heavily doped materials.   .The space-charge layer sepa- ■ 
rating the two semiconductor materials is extremely thin (less than 
100 AV.    Since propagation of waves through the layer takes place with 
the velpc.ity of light,"the high-frequency response is limited only by       : 

the junction capacitance.    The capacitance of germanimum (Ge). diodes 
is given approximately as 8 picofarads per square mil of junction, di- 
ameter.    A typical high-frequency Ge diode may have ä junction diame- 
ter of 0. 0005 inch, and a capacitance of 2 picofarads.    . ' —: :. 

The most commonly used semiconductor material s are "Ge,   gallium 
arsenide (GaAsi and gallium-antimonide (GaSb). ■■'Other, useful ma- 
terials have been reported but are not presently, usediin commercially 
available tunnel diodes..; GaAs diodes-hayerafhigher,.'-voltage.and current 
swing in the negative conductance region and therefore .a higher power 
capability.    GaAs junctions alg.o offer lower...capacitance per unit area 
and can be used at higher frequencies; however,'.GaAs-diodes have not. 
been as dependable as the Ge and GaSb diode's...    The GaAs diodes have 

- 8 
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3. 3 -- Continued. 

a peak current degradation phenomenon that so far has not been com-   : . 
pletely solved.    In addition,  the GaAs diodes inherently have!a'higher.' 
noise figure than either the Ge or GaSb diodes.    GaSb diodesvjv.ith'an 
especially low noise figure have been introduced, r U * . t- .jfy.-* ...   v. 

Tunnel-diode circuit devices can be operated over an appreciable fre- 
quency.range only if the negative.terminal conductance is nearly, constant. 
The curves in Figure 7 indicate.vthat the diode series inductance must 
be made as small as possible. ./Wire-stems,about 1/8-inch long con- 
necting to a semiconductor junction^häve.an inductance of .roughly 5.. 
nanohenries and are thereforie.useless for applicationsjat frequencies 
above 500 megacycles.    Eventhe standard microwave cr.ystal'cartridge 
has higher inductance'than can be tolerated at frequencies-in the L-band 
and higher.    Figure 9 shows ä diode cartridge with an estimated induc- 
tance of 0. 25 nanohenryV th'i.s tartridge.has been used for diodes having 
capacitance as low as 0.-7 picofarad and an f   greater than 12 gigacycles. 

Since the junction area determines the diode current (as well as the 
capacitance);  and therefore the available power output,  the high-fre- 
quency diodes have very-low power capability (estimated power at 
10. 8 gigacycles for ä diode having a capacitance of 0. 8 picofarad is 
2 microwatts^).    In addition to the single-spot diode,  other geometries 
have.been suggested^  ■ as a means to obtain greater power capacity at 
high frequencies.    Of the sugjgested geometries,  the most likely tobe 
used is the narrow-line distributed diode/either in straight or in circu- 
lar form (Figure 10).    In addition to.the'.problems of forming such a    . 
junction,   there will be moding problems,  i. e. ,   the problem of sup-   . 
pressing unwanted spurious oscillations.    Although a solution of these 
problems has been suggested,       no distributed diode circuit has yet 
been built and tested. ; ''.. .      ■'   . 

.3. 4 Measurement of Diode Parameters. 

Measurement of equivalent circuit parameters is of importance for 
control of diode fabrication as well as for application in practical.cir- 
cuits,   as commercially available diodes often have wide limits of pa- 
rameter specifications.    For example,   the G. E.   tunnel diode Type 
1N3219 reportedly has a median capacitance of 7 picofarads,  and limits 
of 1. 5 picofarads minimum and 10 picofarads maximum.    The negative 
conductance reportedly .is between 10 and 25 millimhos. 

The series elements are readily determined for the four parameters 
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3.4 -- Continued. 

shown in Figure 4.    The series inductance of microwave capsulated 
diodes (similar to the diode shown in Figure 9) is determined almost 
entirely by the physical size of the capsule.    A rough estimate of the 
inductance may be made by bridge measurements of a short-circuited 
capsule.    Studies have shown that the series inductance can be found 
by measurements of frequencies of oscillation-when the diode is placed 
in sevefal different circular cylindrical cavities having various outer 
radii. The inductance of a cavity,  as shown in Figure 11",   is given 
by: •■'•■:  '•   r^'   •/ •■■■.■■  . 

L = 4. 60 h ii   log    - 
r r 

eff 
nanohenries (5) 

where 
h is cavity height (cm) 

r is outer radius of cavity 

\x is permittivity of cavity 

r is effective diode radius as defined by the equation 

4 = K log   -^- 
r eff 

(6) 

where 
K     is a constant. 

Wh 
■. 1 env(Z'   *s P^otte<^ versus r? on a semilogarithmic scale,  the curve 

(a straight line) intersects the abscissa at a value given by r       = r  ,   since 
eff       2 

—T = K log      = 0 for r 
-^ r   ,„ 
f eff 

Z       eff (7) 

14 
The expermiental data      indicate that r       equals 0. 015 inch for the 
diode shown in Figure 10 and that the minimum inductance of the diode 
is approximately 0. 24 nanohenry,    The diode inductance varies little 
among diodes. 

The series resistance,  R  ,   is most easily measured by the back-bias 
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3,4 Continued. 

measurement technique.    The actual resistance measured with the 
diode back-biased is the.series combination of the back resistance and 
Rg.    However,  the back resistance for large bias is very small and   • 
can be neglected. 

The negative conductance gpj is theoretically frequency-independent. 
At dc and low frequencies,  Equation 1 reduces to 

ir 

E     1+R
SSD 

(8) 

and 

R, R   + R^. 
s        D (9) 

Rp, can therefore be measured graphically from a static current-voltage 
(I-V) characteristic curve^' *' •^, .*° or with a bridge circuit operated 
at frequencies well below the cut-off frequencies. ■^'' 10 

The diode capacitance,  CQ,  can similarly be found by bridge measure- 
ments of the terminal capacitance,  Cg.    At low frequencies. 

CE = S 1 - 

CDR 

when R,^ »   R  . (10) 
JJ s 

Cp, can also be calculated by measurements of the frequency of oscil- 
lation when the cavity inductance is known with sufficient accuracy. 

3. 5 Stability Criteria. 

Certain stability criteria must be met in measurements of the I-V 
curve,  in bridge measurements as well as in practical applications 
of a diode.    If a diode is terminated in a load resistance,   RT ,   then 

O •   1 o Li 

conditions sufficient for stability are as follows: 

L g .    ■    . 1 

-^<R   < — 
C. T       «D 

Condition A 

whereR„ is the sum of R'   and RT ;    If a diode is short circuited 
T s L .. • ■ 

•■- 13 
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3.5 - Continued. 

(R.   = 0))\ve have for requirements: 

R 
< i ConditionB 

and 
< R 

D' 
Condition C ■ 

19 
A new theorem on the stability of tunnel diodes"' states that Conditions 
B and C are sufficient but not necessary, because C can be replaced by 
the somewhat milder requirement 

<c 
< F (9) Condition D 

where 

and 

^TT f RC 
r 

F(e) 2   , 
il + 6     (9 - arc tan ,9] 

(H) 

(12) 

where fr is defined by Equation 3.    F (9) varies In value from 3 to 1 
as Rs/R£) takes on values from zero to 1.    A rigorous proof20 exists 

D for the case.of Rs/Rn = 0. 

Condition B is.satisfied by.all commercially available diodes.,  but 
Condition D is not always satisfied,   although stability can always be 
obtained by adding a small positive (loading) resistance in series with 

the diode.    . ' -  ■'. 

3.6"'-; Biasing Techniques. 

A stable dc operating point in the negative-resistance region    requires 
that'the source resistance be less than the magnitude of the minimum 
negative resistance.    The dc load line then intersects the I-V curve 
in only one place,   as shown in Figure 12.    The bias voltage usually is 
of the order of a few tenths of a volt which can conveniently be obtained 
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3.6 - Continued. 

with a circuit where RQ< Rp + Rs   (Figure 13).   This circuit also reduces 
the external inductance of the voltage supply,  Vg,  by a factor of approxi- 
mately (R^RQ)2; 

The high-frequency stability may easily be adversely affected by the 
parasitic elements of the biasing circuit.    An external series induct- 
ance  will, as shown, by Condition A,   seriously affect the stability 
criteria,  if the size of the inductance is comparable to the inductance 
of the diode cartridge:    Figure 13 shows how the ac path is completely 
separated from the biasing circuit by the large   bypass  capacitor,  Cß- 

The bypass capacitor must be specially designed for use at ultrahigh 
frequencies.    Figures 11 and 14 show the construction of some useful 
bypass capacitors in which the series inductance of the capacitors is 
much smaller than the diode inductance.    Figure 15 depicts a widely- 
used curve-tracing circuit;   Figure 16 illustrates a low-inductance diode 
mount used for a tracing circuit;and Figure 17 is a photo of the mount 
and curve tracer. 

Figure 18 presents data characteristics of some available microwave 
tunnel diodes. 

4. APPLICATIONS FOR THE TUNNEL DIODE. 

The negative resistance of the tunnel diode can be put to use in a va- 
riety of circuits with many useful properties.    Two major types of 
operation are possible:    (a) small-signal operation around a bias point 
in the negative-resistance region,, and (b) large-signal switching.    Only 
the small-signal operation at microwave frequencies will be considered 
here.    Three types of circuits will be analyzed and described in detail; 
in these,   the negative resistance provides oscillation,   amplification, 
and conversion.    Other circuits will be mentioned briefly. 

4. 1 Oscillators. 

The terminal reactance can be resonated either   in series or in- shunt ■ 
with the load,-3   (Figure 19.   A and B)-   The maximum frequency of oscil- 
lation for both circuits is the resistive cut-off frequency,  fr,  as given 
by Equation 3; however,   this can only be reached when the load resistance, 
KL,   equals zero. • . ■   ■ 

15 - 
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4. 1 - Continued. 

The series circuit in Figure 19 A shows the dibde resonated with an 
external inductor. The steady-state frequency of oscillation of the ' 
series circuit is'given by 

u 
1 

LC, w 
i 

(13) 

where L is the sum of the internal and external series inductance 
(L ~ Ls +. L    t).    The requirements for steady-state oscillationJ are 

R> R   + R/ 
D        s        L 

Condition E 

and 
L/CD - (Rs + RL) RD. Condition F 

Rp and CQ in Equation 13 and Conditions E and F are effective steady- 
state values that may differ from the small-signal values because the 
diode characteristics are nonlinear.    At frequencies from ric to f0,  the 
terminal susceptance is capacitive (Cg is positive) and the diode is 
resonated with an external inductor,  as shown in Figure 19-    Oscil- 
lation above the self-resonant frequency is theoretically possible if 
the external circuit presents a capacitive reactance and if the resistive 
cut-off frequency is higher than the self-resonant frequency. 

Assuming Lext » L  ,  the frequency of oscillation of the shunt circuit 
of Figure 19 B is given by 

1 
'l - R /Rn s     D 

iL      C^ 
.\   ext   D| 

1+ R  /RT s     L 
(14) 

The requirement for stable oscillation is that Rj^ > Rp.    Assuming 
that Rs « RJ-J,   the available power output is given by 

v2    ■     ^ fz    " 
(15) 

21 
where V is the linear rms voltage swing..        Equation 15 shows how the 
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4. 1 -- Continued. 

power output.drops to.zero at the resistive cut-off frequency fr; the 
power is down 3 db at 1/^ times the cut-off frequency.    The voltage 
swine,  Vj  depends'mainly on the semiconductor material.    Experimental 
data" gives V = 0. 1 volt for Ge, and V = 0. 15 volt for GaAs.    RD is 
related to the current swing,  I, and the junction capacitance, Cn.    The 

•negative resistance is typically from 30 to 60 ohms, but may beas high 
as 150 ohms or as low as a few ohma.    Power output at a given frequency 
is maximized with a given ratio I  /C  ; however,  this ratio may vary 
from about 0, 6 to. 6 for Ge diodes for frequencies ranging from 1 to 10 
gigacycles. 

A schematic of an experimental C-band oscillator built at EDL is shown 
in Figure 20.    The shunt (cavity) inductance is continuously variable 
from 0. 3 to 1. 2 nanohenries.    When using a diode with a capacity of 
2 picofarads,  the oscillator was tunable from 3. 5 to 6. 1 gigacycles. 
Available power was measured as -25 dbm at 6 gigacycles.    Power 
was coupled out by a loop into a coaxial cable.    The cavity could also 
be built into a waveguide as illustrated in Figure 21.    The standard 
waveguide height is stepped down to present the proper load at the diode 
cavity.    Bias is provided through the piston.    The thin epoxy film on 
the piston prevents dc currents through the moving parts and it provides 
a good RF bypass capacitance. 

Calculations have indicated that the optimum available power of Ge and 
GaAs diodes varies from 3. 7 milliwatts at 1 gigacycle to 0. 1 milliwatt 
at 10 gigacycles.        Other measurements taken by Burrus gave the 
output power of GaAs diodes as 50 microwatts at 17 gigacycles,   25 micro- 
watts at 40 gigacycles,  and 2 microwatts at 90 gigacycles. These 
figures reveal that the tunnel diode oscillator is a very-low-power gener- 
ator at microwave frequencies.    The tunnel diode can therefore be ex- 
pected to be of better use in such devices as preamplifiers and down- 
converters,  where the signal power need not exceed a few microwatts. 

4. 2 Amplifiers. 

The single series- and shunt-tuned circuits in Figure 19, A and B,   can 
also be, used for amplification,  provided the stability requirements of 
Condition A are met.    The'generator and load resistance may be sepa- 
rated as shown in Figure 22, A and B.    The transducer gain, AT,   is 
defined as the ratio of power from the amplifier'delivered into the load, 
P  ,  and the available power from the generator,   Pow.    Assuming 
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R   « R   ,  the transducer gain, A   , at circuit resonance is given by 

and 

Ts 
av 

4 R R, 
g   L 

R   + R.   - Rn 
g        L       D; 

2 (16) 

4 G GT 
g   L 

Tp 
av Pa + GL - GD 

(17) 

where the second subscripts s and p refer to the circuit configuration, 
s for series and p for parallel. °     The reflected gain, Ap,  is defined 
as the ratio of power from the amplifier delivered back into the gener- 
ator resistance,  P  ,  and the available power from the generator,   Pav- 
At resonance, AR   is given by: 

2 

Rs 
g 

av 

and 

Rp 
av 

(18) 

(19) 

The transducer gain can be made much larger than the reflected gain 
by making [R     - R      or   G   - G      small. 

If R.   = R    = R/2 and GI   = G    = G/2,  Equations 16 and 17 reduce to 
L        G L        G. 

Ts 
(20) 

R 
1 - 

D 
R 

and 
A 

Tp 
(21) 

_D 
G 

Equation 21 is plotted in Figure 23.    Transducer gain of the single-tuned 
amplifier varies with frequency by 
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1 • 

Tp 

where f'-is the frequency deviation. 

(22) 

-^     -   (4 7rf') 

Single-tuned amplifiers have an'optimum voltage gain-bandwidth product, 

1 

VA     •   B,  given by: 

^V   B = 2.R   C 
D   D 

(23) 

where B is the bandwidth in cycles per second. 

NOTE:   When reference is made to a gain-band- 
width product,  it is always to the voltage gain- 
bandwidth product and when reference is made 
to gain it is always to power gain. 

A typical diode (Sylvania D4168) with a capacitance of 2 picofarads and 
a negative resistance of 56 ohms will give an optimum gain-bandwidth 
product of about 2 gigacycles,  i. e. ,  if the load resistance is 50 ohms 
the mid-band gain (by Equation 21) is 20 db and the optimum bandwidth 
is 200 megacycles.    The bandwidth can be decreased by using a non- 
inductive capacitor in parallel with the diode,  which can conveniently be 
used for tuning of the circuit.    Figure 24 shows a practical circuit that 
may be used for amplification at frequencies up to 100 megacycles. 
The tuned circuit consists of the diode capacitance in parallel with the 
short-circuited coaxial transmission line.    The capacitance of the microm- 
eter     adds to that of the diode and allows tuning over a limited range. 

A stripline cavity version of the circuit shown in Figure 24 was reported 
by Schaffner.    This amplifier,   using a 2N2939 diode,   was tunable from- 
405 to 460 megacycles and the gain-bandwidth product approached 100 
megacycles.    A stripline one-port version of the same circuit was built 
by EDL (Figure 25).    The length of the shorted stripline is determined 
by . . ■ 

= -arccot(2T:f0Z0CD). (24) 
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Continued. 

A is the transmission line wavelength at the desired frequency, 

£_. and Z   is the characteristic impedance of the line. 

For short lengths (i < A/6),  Equation 24 can be approximated by 

t = 
w) z0cD^r 

(25) 

where 
c is the velocity of light,  and 

i    is the relative dielectric constant, 
r 

The amplifier used a 2N2939 diode fitted into a BNC connector.    Ampli- 
fier gain was measured using reflectometer techniques as shown in 
Figure 26.    Gain could be varied from 10 to 30 db by adjusting the tap 
point on the transformer.    The B N/Ä-J- was greater than 300 megacycles. 
A photo of the amplifier is shown in Figure 27; a similar model with 
separate input and output connectors is shown in Figure 28.    The trans- 
ducer gain and the reflected gain can be adjusted by moving the trans- 
former tap points.    Figure 28 shows a measured difference of A-p and 
AD of greater than 10 db.    This is achieved when GL ~ Gp and G_ «GT , 
as indicated by Equations 15 and 17, 

A tunable S-band amplifier using a Sylvania D4168 diode is shown in 
Figure 29.    The resonant frequency is varied by adjusting the length 
of the shorted coaxial line.    To maintain stability and high gain over a 
large frequency range,  the ratio of R-^/R-J-J must be kept constant and 
near unity.    The input transmission line is therefore coupled directly 
to the diode circuit (rather than by a loop) and impedance-transforming 
line sections are elimihated by using a selected diode with a negative 
resistance value of about 60 ohms.    Figure 30 shows the amplifier gain 
measured with the reflectometer technique shown in Figure 26.    Gain- 
bandwidth product is about 1200 megacycles,    A photo of the amplifier 
with a mercury-cell power supply is shown in Figure 31. 

An amplifier circuit with capacitive tuning was suggested by Sommers; 
this circuit is illustrated in Figure 32, Length of line, i^, is given by 
Equation 24.    The desired mode has a null at the point where the 
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4. 2 -- Continued. 

(noninductive) bias resistor,  RQ, is located.    The total electrical'length 
of the line    12   and the capacitor is a quarter wavelength.    (The length 
of !£ is therefore somewhat smaller. ) As the effective null point is 
changed when the capacitor is tuned,   the   bias resistor will load the RF 
circuit and reduce gain of the amplifier.    A direct coupled capacitive- 
tuned S-band amplifier is shown in Figure 33 and a photo of the amplifier 
follows in Figure 34.    This amplifier is tunable from 2. 5 to 2. 9 giga- 
cycles, the bandwidth is nearly constant at 65 megacycles and the gain 
varies from 15 to 20 db. 

Dynamic range of a tunnel-diode amplifier is limited by noise at the low 
power level and by saturation at the high power level; gain is flat from 
the low power level to about -40 dbm, while the total range is greater 
than 50 db.    Gain of an amplifier as a function of signal power is shown 
in Figure 35. 

Separation of input and amplified wave may be accomplished in various 
ways.    Figure 28 shows a two-port amplifier in which part of the ampli- 
fied wave is returned to the generator and part goes to the load resistor, 
R. .    In this case,  the separation is not complete.    Descriptions are 
available of other two-port amplifier circuits using filter circuits. ^u>ii4 

4. 2. 1 Hybrid Technique.    The hybrid-coupled amplifier is a two- 
port bidirectional device; either port can be used as input or output. 
It consists of two matched one-port amplifiers and a hybrid junction 
(3-db coupler) with a phase difference of 90 degrees between output 
arms.    Two commonly used transmission-line hybrids have the required 
phase characteristics,  the quarter-wave electromagnetic coupler and the 
branch coupler.    These are illustrated in Figure 36,  A and B. 

In operation under ideal conditions,   the input signal power splits evenly 
and is amplified by the matched one-port amplifiers at ports 2 and 3. 
The amplified waves cancel at port 1 and add in-phase at port 4.    Ideally, 
the gain of the hybrid amplifier equals the gain of a single reflective 
one-port amplifier. 

The conditions for ideal operation are that (a) the one-port amplifiers 
are exactly alike,   (b) the hybrid is perfect (i. e.,  has no loss,   equal 
power split and infinite directivity),  and (c) perfect input and output 
match,   i. e. ,   reflection coefficients at ports 1 and 4 (p^ and p^) equal 
zero.    If condition C is not met,   the gain at port 4 for the hybrids shown 
in Figure 36 is 
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4.2. 1 -- Continued. 

41 
('♦V^T)' 

The requirement for stability is: 

G 

Plp4 
p 
G 

<   l._ü      =  i/A, 

(26) 

(27) 

If, for example,  the one-port amplifier has a gain of 20 db (AT = 100), 
the hybrid amplifier can, at most, tolerate an input and output VSWR 
of 1.2.    However,  this stability requirement.  Equation 27,  only ensures 
that the device will not oscillate.    A large margin of stability is further 
required to obtain the desired 20-db gain of the hybrid amplifier.    If 
condition C is not met,  the hybrid amplifier will also have a reflected 
gain,  Gil, as defined by Equation 19.    Assuming Equation 27 is ade- 
quately met,  the reflected gain is given approximately by 

'11 K (28) 

Since Gji  should be much smaller than unity to achieve a good input 
match,  the output reflection coefficient must be exceptionally good 
(p4 < 1/Arp).    Assuming Aj =  100,  as in the example above,   p^ can be 
no larger than 0. 01.    This means that the output termination must have 
a VSWR <1. 02. 

Conditions A and B, the stability requirement,  Equation 27,  and the 
requirement that G^j .< 1 usually restricts use of the hybrid amplifier 
to a maximum gain of 10 to 12 db.    The electromagnetic coupler of 
Figure 36 A is best suited for wide-band amplifiers.    An ultra-high- 
frequency hybrid amplifier using a stripline coupler is shown in Figure 
37.     The amplifier has a gain of 8 db from 280 to over 480 megacycles. 
The amplifier remained stable with an input VSWR of up to 10 if the 
VSWR of the output termination was less than 1. 06. 

The branch coupler provides a well-matched coupling over a 20 per 
cent band and a very good isolation in the same band.    A hybrid-coupled 
amplifier using a 3-branch coupler is shown in Figure 38.    The 3-db 
bandwidth is about 160 megacycles and midband gain is 11 db. 
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4. 2. 2 Circulator Technique.    The circulator method of separating 
the input and reflected waves of a one-port amplifier is illustrated in 
Figure 39.    The circulator has a preferred direction of propagation, 
as indicated by the arrows.    The amplified wave is diverted out port 3. 
A typical S-band 3-port circulator has a loss from port 1 to port 2 of 
a few tenths of a db over a bandwidth of 300 to 400 megacycles and an 
isolation from port 1 to port 3 greater than 20 db over 200 megacycles. 
Circulators are presently available commercially at frequencies higher 
than 500 megacycles. 

A circulator in the S-band measures about 1. 5 inches in diameter and 
1 inch thick.    Figure 40 is a photo of an S-band amplifier with a circu- 
lator.    The amplifier has an attached mercury-cell power supply. 

4.2.3 Broad-banding Techniques.    The maximum gain-bandwidth 
product of a single-tuned amplifier is set by Equation 23.    It can only 
be obtained at high gain and provided the diode is not shunted by any 
external capacitance.    It has been shownfhowever,   that the bandwidth 
can be improved greatly by using a filter circuit (also called an equalizer) 
instead of the single-tuned circuitr^' *°> ^       Two broad-banding filter 
circuits are shown in Figure 41.    If the filter circuit is of the maximally 
flat type,   the invariant gain-bandwidth product becomes B . (Aj)*n, 
where n is the number of poles in the filter. 2"   The product reduces to 
B VAT when n = 1,  for the case of the single-tuned circuit.    The greatest 
improvement in bandwidth occurs as n is increased from 1 to 2.    A 
given gain of 15 db increases the bandwidth threefold; the improvement 
is even greater for higher gain.. 

The technique of broad-banding with a reactive filter circuit assumes 
the existence of a constant load impedance.    In practice,  however,  this 
assumption is invalid if presently available circulators are used. 
S-band circulators.,  for example,  typically have VSWR of 1. 02 at the 
center frequency and 1. 3 or greater at frequencies 200 to 300 megacycles 
on either side.    The theoretical bandwidth of a single-tuned amplifier 
may be far greater than the useful bandwidth of a circulator,  i. e. ,  the 
bandwidth in which the circulator VSWR is within limits specified by 
amplifier stability requirements.    A typical wye ferrite circulator im- 
pedance referenced to the center of the circulator is shown by the solid 
line on the Smith chart in Figure 42.    The real part is about 35 ohms 
at 2. 6 gigacycles and 65 ohms at 3. 1 gigacycles.    The broad-banding. 
technique using lossless filter circuits is therefore impractical if the 
filter circuit design does not include compensation for the change of 
circulator characteristics. 
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4.2. 3 Continued. 

A new technique has been developed for the design of broad-banded 
amplifiers.    This technique takes advantage of the existing circulator 
characteristics and uses,- besides the circulator itself,  a piece of trans- 
mission line connecting to the one-port amplifier.    Greater bandwidth 
is achieved by adjusting the length and the characteristic impedance of 
the line so that the transferred load conductance at the amplifier port 
decreases symmetrically at frequencies above and below the resonant 
amplifier frequency.    Figure 42 also shows the transferred load 
conductance when the transmission line is 3. 8 centimeters long and 
has a characteristic impedance of 50 ohms.    Conductance is highest at " 
the resonant frequency and decreases on either side. 

Gain bandwidth product of the broad-banded amplifier at.high gain is 
derived from Equation 18 and is given by: ; 

Bi/Ä 
D 

2TrC. 
1 + 

D- 
2g ^AT 

GD-G0 
2TTC 

1 + 
0 

D 

(29) 
where Gn and G. a:re values of G at resonance and at 3'-db points, 
respectively.,  and g - GQ - Gi-,  (Mid-band gain Aj    is assumed to be 
maximum. )   The radical factor is the improvement in gain-bandwidth 
product, over the simple one-port amplifier. 

Figure 43 shows measured gain of the broad-banded amplifier.    Gain- 
bandwidth product, is about 6000 megacycles or three times greater 
than the theoretical gain-bandwidth of a single-tuned amplifier with the 
same diode.    The factor of improvement agrees reasonably well with 
the value of the radical in Equation 29 when the value of g/Gg from Fig- 
ure 42 is measured as 0. 16.    Equation 29 also indicates that the gain- 
bandwidth product is greatly reduced for small negative values of G. 

4. 2.4 Broad-band Stabilizing Network.    The negative resistance 
of a diode is present at all frequencies from dc to the cutoff frequency, 
f .    Stability must    therefore,   be considered at these frequencies. 

If,  for example,   an S-band amplifier is connected through a cable to a 
waveguide horn with a standard coaxial cable-to-waveguide adapter,   the 
diode may become unstable although the horn is well matched in the 
amplifier pass band.    The'reason for this is that the coaxial cable-to- 
waveguide adapter consists of a short probe inside the waveguide and 
the adapter has a high VSWR below the waveguide cutoff frequency. 
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4.2.4 Continued. 

The diode may see a short or an open circuit at gome subharmonic 
frequency and begin oscillating. 

The problem of adapting the amplifier to a waveguide horn was solved 
by separating the amplifier and horn with a stabilizing-network.    The 
network consists of a hybrid .coupler and two identical low-pass filters 
terminated in matched loads.    A block diagram of the network, also 
called a hybrid filter, "is shown in Figure 44>and a network built in    . 
stripline is shown in Figure 45.    The other plate is printed on the dthei*. 

•side of the card as is the other filter center conductor..'   The measured." 
insertion loss of the network is less than 0. 5 db from Z. 6 10.4.0 giga- '. • 
cycles.    When the input terminal is connected to the antenna horn,  VSWR 
of the output terminal is less than 1. 5 at frequencies from dc'to 3. 5 
gigacycles. •-•...■ 

4. 2. 5 Amplifier Noise Figure^   At resonance,  the' one-port ampli- 
fier has an equivalent circuit consisting of two positive conductances, 
the signal and the load,  and a negative diode conductance. ■ The noise.•• 
contributed by these conductances can be represented by three current 
generatprs in parallel,  two Johnson noise sources and one  shot-noise 
source.'.'.The noise figure is a function of the ratio of the total current 

.to that contributed by the.signal source alone.    This value is given . 
■ approximately by .  ■' 

■     ,     TLGL 
F =1 +■ ■    +. 

el. 

T G     •   ■ 2kT G 
• s   s s   s 

(3.0) 

where 
Ts  and TT are the absolute temperatures of the'source and 

the lead conductances, 

I    is the net diode junction current, 

e is the electron charge,  and 

k is Boltzmann's constant' 
3, 28 

A more exact expression for the noise figure includes a degradation 
factor for low gain;''' 
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F = 1 + 
(N/A^+ 1)" T   G • 

L   L 
el. 

■+ 
T G 2kT G 

S     S 8    8 

(31) 

This equation also holds for the hybrid-coupled amplifier with the 
condition of perfect input match (p..5 0).    The degradation is increased 
when the input reflection coefficient is greater than zero. 

Equation 30 shows that the noise figure can be minimized in several" 
ways by> ,    ..•' . ' 

(a) operating the-amplifier "at low temperatures,   . 

(b) reducing the ratio G. /G ,  and 
•    ij     s *   * * * ■ 

(c) •   selecting diodes with a low current and high 
•' conductance.' 

Of these methods, 'only the last is of'real importance.. '.A cooling system 
■for the amplifier is not compatible.'with its prime features,   small 
size .and low dc power requirements. ■ Secondly,, the required trans- 
former for the reduction-of ratio G, /G   means added circuit complexity, 
greater frequency dependence,  increased size,  and,  in'.addition,  a' 
reduction in transducer gain and gain Jjandwidth product. • 

If it is assumed that the amplifier operates at room.temperature and] 
that Gy   = G   = _..,  Equation 31. reduces to approximately     .v 

F = 1 + 
(N/A! + 1 

T 
2." 

(1+20I0RD). (32) 

A noise figure can now be estimated from the diode characteristics 
presented in Figure 18.    1^ may be assumed roughly equal to 1/2 of 
the peak current,  I  .    For example,  Sylvania D4168 has an operating 
current of 1, 0 millampere and gives, with a gain of 20 db,' a noise ••' 
figure of 5. 3 db.    The noise figure of the S-band amplifier,  including 
the loss in circulator,  was measured as less than 6. 2 db at frequencies 
from 2. 6 to 3. 1 gigacycles.    The measured noise figures of other ampli- 
fiers are shown in Figure 46. 
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4. 3 Frequency Converters. 

The nonlinear characteristic of the negative resistance makes.the 
tunnel diode ideally suited for frequency conversion in superheterodyne 
receivers.    By biasing the diode slightly above the peak of the I-V 
curve the diode will have an average negative-resistance component 
useful to sustain oscillation and,  in addition, a conversion conductance 
for the mixing of signal and oscillation frequencies.    In this case it is 
referred to as a self-excited down converter.    The diode can also be 
used as a mixer by keeping the diode stable and providing the oscillating 
signal from an external source. 

The noise characteristics of the mixer or the converter are not in- 
herently degraded by the ratio of the signal and the intermediate fre-  • 
quency as is the .case of the parametric down converters.    Further,   it 

. has been demonstrated that the tunnel-diode mixer can have a noise • 
30 figure almost as good as that of the amplifier. 

Although the self-.excited down converter is inherently more.desirable  • 
(for its circuit simplicity,   small size and low dc power requirements), 
analysis of tunnel-diode frequency conversion has so far been restricted 
to the mixer.    This is because the self-oscillätion of the down converter 
is not purely sinusoidal,  but is greatly distorted over.the-nonlinear' 
region of the I-V curve.    Therefore,  it is difficult,' if not impossible, 
to evaluate the conversion conductance and calculate,the noise charac- 
teristics of the device. . Since the down .converter isrich in harmonics 
of the oscillation frequency,  its noise figure may be expected to be 
higher than that of the mixer. ■ ■ ■   , :    • 

Mixer conversion gain and noise figure are critically dependent on the 
negative conductance and the conversion conductance.    In order to 
evaluate these,  it is assumed that the signal voltage is small and-the 
local-oscillator voltage large.    The diode conductance, -gft),   can then 
be considered as varying periodically at the oscillator frequency,  as 
shown in Figure 47.    The time-varying conductance may be expressed 
by a Fourier series of the form: 

g(t) = g0 + 2g1 cos w0t + g2 cos 2w0t + (33) 

The average conductance over an oscillator cycle,  gQ,  and the con- 
version conductance,   gi,   vary with bias and oscillation amplitude and 
can have both positive and negative values.    An exact determination 
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4.3 -- Continued. 

requires either an accurate graphical or numerical evaluation of the 
Fourier coefficients or both. 

The mid-band conversion power gain is given by: 

G =■ 
4rir2gl   • • 

[(l + g0rl)(l + g0r2),.g1
2:(r1r2]2 

(34) 

wh6re ri and r^ are the resistances seen by the diode at signal and 
intermediate /requencies    f/and f,,  respectively. • Conversion gain is 
possible when gQ is smaller.than |gi |.    The values of RF input and IF 
Output resistances are given by     . . . 

in " g0 (1 - ß/a) 
(35) 

and"' 

out     gn (1 - Y/Q) 
(36) 

where 
a  = 

gir2 

1 + g0 r2 
and Y 

R    r Bl    1 

1 + g^ r e0    1 
(37) 

The mixer has high gain only if r.    and/or rout are negative,  i. e. ,  when 
bias, is adjusted    so   that gQ <  Igj].    A small conversion gain is pos- 
sible if both r.    and r       are positive, 

in out 

Mixer noise is contributed by r,,   r    and diode shot noise and is given 
by     ' 

F = 1 + 
g I0 PI + y    iZky 

2kT1g1       l  Y (1 " QY), 

1       T. 

Y)J    Y(I - *y) i^2 T1 

(38) 

where I 
1 k=-r' 

0 
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4.3 -- Continued. 

I. is the net fundamental component of the diode current and 

T, and T^ are the temperatures of r. and rp,  respectively. 

It is now possible to select a diode,  plot its characteristic curve very  • 
accurately and calculate gQi gj. In' anc* *i ^or various bias points"and 
oscillator amplitudes.   A wide choice still exists in the selection of r 
r2'  rin anc* rout'    'fhe noise figure will depend on all these quantities. 
By making some simplifying assumptions it has been shown that the   •■ 
best values for the noise figure are higher than'that of the amplifier 
noise figure by at least 3 db. ^0   Under these conditions,  both r; 'and 

1' 

32, 33 
rout we^e negative, and presented some stability problems. . .When 
r-   and r    t were made- positive to ensure unconditional stability, 
gain dropped to ä very Tow value and noise figure r.pse seme 4 db,'  re- 
sulting in an overall figure of 12 db. ..The actual, reported measurements 
are in agreement with theory.     .'•.  -   ,  •;  ^'r   '.     •■ • •   * 

A circuit diagram of a mixer is shown "in Figure'48.    The main differ- ' 
ence. between this circuit and the am'plifier.'circuiti  Figure 29,   is that 
the RF bypass capa.citor.as smaller'arid''is resonated'with an ihductor 
at the intermediate frequency.    Th'ö'diode, capacitance resonates with 
the inductance of the' tunable short-circuited transmission line.    Figure 49 
is a photo;of a mixer built at EDL... ' ••• .     . 

The mixer has a 200 megacycle'bandwidth; its center frequency can be 
adjusted with the tunable short circuit over a 500 megacycle range in 
the L-band.'   As was'expected,  operation was'critically dependent on 
local oscillator power and bias voltage.    The lowest noise figure was 
measured as 12 db when the local'oscillator power'was adjusted to 
-20 dbrn; the local oscillator power could therefore easily be supplied 
from a separate tunnel diode oscillator. 

A hybrid coupled mixer,  employing two tunnel-diode mixers and'a 3-db 
coupler,  has been described in an article by Robertson. The main 
advantage of the hybrid circuit is that like the hybrid-coupled amplifier, 
it is stable without the use of nonreciprocal devices at the input port. 

Several sel'f-excited down converters have been builfat EDL; the cir- 
cuit is the same as that used for the mixer (Figure 48),  but the diode 
is biased far enough into the negative region for the diode to sustain  . 
oscillation.    A cutaway view of a miniature S-band down converter is 
presented in Figure 50.    The converter uses a Sylvania D4168 diode 
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4.3 Continued. 

and is tunable from 2 to 3 gigacycles.   As expected, it is sensitive to 
changes in input VSWR.    Noise figure was measured and found to be 
between 12 and 15 db.    Figure 51 is a photograph of a miniature super- 
heterodyne receiver containing the tunnel diode converter.    The receiver 
also contains a 10-megacycle IF amplifier, detector, .video and audio 
amplifier.    Battery,  oh-off switch and other controls are also shown. 
A preamplifier,  Figure 40, could be connected externally and provide 
preset amplification over a 400-500 megacycle band.    Noise figure of 
the receiver with preamplifier was between 6 and 7 db. 

Another converter was built quite similar to the capacitive-tuned ampli- 
fier in Figure 33.    A loop coupled the. input signal into the oscillating 
circuit,and IF output was taken.across the bias resistor RQ.    Figure 52 
is a photo of the capacitive-tuned converter.    This converter was tunable 
from 2. 4 to 3. 2 gigacycles and noise figure, was between 18 and 20 db.  .   . 
The frequency of received signals could be read to within ±5 megacycles 
on a digital tuning control. 

4. 4   Superregenerative Amplifier. 

In addition to the circuits discussed in the instant report,  a number of 
other useful and promising circuits have been described in recent 
papers.    It has been shown that the tunnel diode is well suited as a    •' 
superregenerative amplifier.    Quench voltage can be derived from the 

. diode by making it oscillate at a low frequency. . Bogusz obtained a      •• 
voltage gain of 300, and showed a possible theoretical voltage gain" pf 
greater than 1000. 35 

A superregenerative amplifier built at EDL is shown in Figure 53. 
The circuit configuration is similar to the mixer circuit of Figure 48; 
however,  in the new application,  the diode oscillated at'a quench frequency, 
f  ,   of 32 megacycles and was stabilized at the signal frequency, fQ. 
The output power consisted of amplified signals at the frequencies 
fQ ± nfq,  where n is the number of sideband frequencies.    The greatest 
number which n could take depended on f« and sijfhal amplitude, actually 
it was measured as greater than 10.    Gain-bandwidth product of the 
center frequency component of the output signals was equivalent to that 
of a single-tuned one-port amplifier.    Gain-bandwidth product as 
measured with a broad-band crystal detector was 15 to 20 times greater, 
since the output power at all the frequencies,  fQ ± nfq,  was added by the 
detector.    The measured gain-bandwidth product was from 15 to 17 
gigacycles; mid-band gain could be adjusted from 30 db to 58 db. 
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5. TEMPERATURE CHARACTERISTICS. 

A preliminary study has been conducted of the stability of tunnel diode 
. circuits in environmental conditions.    The temperature characteristic 

of the negative conductance was checked experimentally by measuring 
the I-V curve of diode samples as a function of temperature; one such 
set of curves is shown in Figure 54.    The recording shows that the 
negative conductance changes less than 5 per cent, with a change in 
temperature from 20oto 850C.    It has been shown theoretically and 
experimentally^ that the negative ronductance does not change at low 
temperatures (down to 4. 20K).    Above 100oC)  the valley current increases 
faster than the peak current(and the negative conductance decreases. 

Other measurements were made to evaluate the performance of diode 
circuits in varying environmental temperatures.    The mid-band gain 
of an S-band amplifier was measured as 25 db at 240C.    As the temper- 
ature was increased to 650C, the gain decreased gradually to 22 db. 
By Equation 21,  the gain variation corresponds to a change in negative 
resistance of 2. 5 per cent,  and in ohms to 0. 03 ohm per degree centi- 
grade. 

The frequency stability of an S-band down converter oscillating at 
2840 megacycles was measured as 0. 05 megacycle per degree centi- 
grade over the temperature change of 250to 650C. 

6. SUMMARY. 

In conclusion,   it can be stated that the tunnel diode is a very useful 
device for many microwave applications.    The diode is unequaled for 
low-noise amplification in lightweight systems where the noise figure 
requirements are no more demanding than those met by low-noise TWT. 
The present 500-megacycle bandwidth of the S-band amplifier is still 
somewhat short of the octave bandwidth capability of present TWT. 
However,   many applications do not require more than th-.- available 
500-megacycle bandwidth,   and it seems reasonable to expect continued 
improvements in ferrite devices and tunne] diode circuitry. 

In addition,   it seems feasible that the self-excited down converter could 
well replace the microwave' mixer and vacuum tube oscillator in many 
superheterodyne receiving systems,  where the 15-18 db noise figure 
is adequate and size and low power requirements are of importance. 
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