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ABSTRACT

This report describes an experimental study of a tunnel diode
amplifier. The purpose of this device was to provide signal gain for
the slot elements employed in an experimental simultaneously scanned
antenna array.  Each slot element comprised a resonant slot coupled *
to the waveguide broadwall. The .diode was asymmetrically placed in
the slot to transform the diode impedance to that of the antenna slot,
Some of the attractive features cf this type amplifier include design
simplicity, light weight, and with suitable circuitry a low noise figure.
These devices are relatively radiation resistant and offer possibilities
for future consideration in space vehicle application.

Experimental results at 6 kmc have yielded gains in excess of
15 db with commercially available diodes. Tunnel diodes capable of
operating at frequencies of 10°kmc and higher are beginning to appear
on the market., With suitable circuitry a lower noise figure than ob-
tained with a conventional balanced crystal converter can be expected,
Noise figures in the 5-7 db range at frequencies up to 10 kmec can be
obtained with the use of circulators. Some consideration of the noise
problem with tunnel diodes is included.
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.  INTRODUGTION

-
&

Part | of this report describes an experimental study of a tunnel
- diode slot amplifier which was developed for use in an experimental
| e Simultaneously Scanned linear array!. The use of signal amplification
: for the individual elements of the array is especially attractive forsig-
nal processing antennas whose signal level and noise figure areusually
e impaired by the signal processing. Recent experiments indicate that
. gaine can be realized which more than ofiset the signal loss as a result
« of the signal processing and that improvement in the noise figure can
r be expected. An additional esseritial feature of the tunnel diode as used
with signal processing antennas is that it can be employed as an ex-
tremely fast switch to cut off the amplifier®, This report will onlycon-
— sider the negative conductance slot amplifier, «

3

e Part I of this report briefly considers the noise prablems which
. are more or less indigenous to bilateral negative conductance devices.
] - o In order to realize a moderately low noise figure for this mode of oper-
- ation, the diode must be operated under mismatched conditions, usually
S at the input to the amplifier. Low noise figures in the 5 db to 7 db range,
P can be obtained with the tunnei diode operating as a unilateral amplifier

. [ with a circulator?, .
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THE TUNNEL DIODE AMPLIFIER

“

. The experimental study of the slot amplifier is a continuation of an .,
earlier study™. In that analysis an adequate theory of the endplate slot
was developed and the conditions necessary for the asymetric mounting
of the diode element in the slot were employed, These basic principles
are employed in the experimental work described below,

The tunnel diode (Sylvania type D4168C) is mounted in a slot cut in a
.1 inch thick brass plate as shown in Figure 1, The diode is placed in
the slot near -one end at a position which provides an impedance match of
the diode to the resonant slot. An anodized aluminum post clamps the
diode in place and also provides the insulated terminal for biasing'and
switching purposes. The slot is designed to resonate at a frequency higher’™ -
than the operating frequency of 6 Gc. Under these conditions the slot is .
inductive and is tuned by an appropriate shunt capacitive component across .
the center of the slot by means of a threaded tuning screw. Five antenna
amplifier elements were assembled and mounted on 2 common waveguide
as shown in Figure 2. This arrangement has several attractive features,
. the adjustment of the distance of the slot to the side wall of the waveguide
provides an additional degree of freedom in matching the slot-diode im-
pedance to that of the rectangular waveguide, the alternate elements of
the array are staggered on opposite sides of the waveguide broadwall to
provide the proper phasing at LSZ intervals, and the same position of
the tuning piston will match any < one of the five array elements, This
arrangement provides a convenient and simple method of connecting the
elements to a common waveguide.

The configuration considered here differs from that treated previ=
ously? in that the tunnel diode is now placed in a longitudinal shunt slot
(instead of in an endplate series slot); also, the diodes available for this
study have negative resistances very different than those previously used.
The diodes used in the experiments described in this report have negative
resistancee in -50 to -70 ohm (-g in the .014~,02 mho) range. For a
half-wave resonant slot a maximum resistive impedance of 480 ohms is
developed across the center of the slot and a tunnel diode with anegative
resistance of 480 ohms placed symmetrically in this position would match
the slot impedance. ‘

The value of 480 ohms assumes that the slot radiates intq free space
on both sides. However, in the configuration used one side couples into
the waveguide, The amount of coupling depends on its displacement from
the waveguide centerline, In this case it may vary from approximately
49552 20 974 5. (974 {) on centerline, 495 §) at maximum displacement
with ''open circuit" on one end of guide and match on other end.) Other
guideloading conditions will result in different limits on R. A diode of
lower impedance, say Rq = 60 ohms, can be matched by placing the diode
in an asymetric position across the slot in accordance with the following
relation:



TUNING ADJUSTMENT BIAS AND SWITCHING CIRCUIT
TO TUNE SLOT TO RESONANCE
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ALUMINUM PoST
oM
' LS
: A | X [ A
! e W/-JG/ TUNNEL DIODE
| 0! 4 ,' . SYLVANIA
p ) o ! A
. B // (I
8
. -
|~ RESONANY SLOT
3 ..
BRASS
. PATE
i
- Ag " )
) ) "‘ _‘—'E‘=l.4| @.'QH_.—

SEC.’'A-A (ENLARGED)

LAVER

PN

., \S/</ \mouzn DIELECTRIC

. = 1/16"DIA. .
YUNING POST . o7

-

Figure 1. Mou'nting plate with tunnel-diode resonant-
y slot amplifier (at 6 g¢) as employed in the
simultaneously scanned antenna array.
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plates. The individual resonant slot antenna and
_ite dlode amplifier 10 matched to the waveguide by
two adjustments: by eliding the mounting plate to
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where Ry {8 the value of resistance to be matched, R, & 480 ohms which
is the impedance across the center of the slot, 4 the disunce of the
diode from the end of the slot and 2L the length of the slot., Foz R

60 ohms, 2L = ,760", the value of d in (1) s 08" which corresponds

to the position determined empirically, The actual cireuit employed

an aaymmetrically placed diode whose negative resistance and junction
capacitance had variations from unit to unit. By eelecting tunnel diodes
a good match between the resonant slet antenna and the waveguide was
obtained by experimental means.

To produce this match the following pasameters were adjusted:
the length of slot and tuning stub, the diode position in slot, the slot
position (slot is approximately 1/8 inch from sidewall in the broadwall
of the guide), the position of the movable short in the waveguide

*
. K3
3 ]

d, = (Znal)ng /4-’

THE SLOT AMPLIFIER CIRCUIT

This section describes the circuitry employed for the resonant
slot=tunnel diode amplifier, The difficulties encountered with an eariy
design and its modification to the unit employed in the expe rimental

array are considered and a model for future consideration is proposed.

The equivalent ¢:i’r¢mi|:6 of the tunnel diode is shown in Figure 3
where r is the base resistance, Gq the junction capacitance, Rg the
negative resistance and L the series inductance of the leads, The
equivalent circuit? of a shunt slot near resonance is shown in Figure 4
where L, is the slot inductance, Cg the slot capacitance and Rs the
resistive impedance at the center of the slot, The impedance of the
transformation network N matches the resonant slot to the waveguide
terminal BB!, The addition of the tunnel diode to this circuit resulte in
the equivalent circuit shown in Figure 5. The transformer T repree
sents the impedance transformation to provide an impedance match of
the diode to the reeonant slot circuit, The transformation ratio, Ry/Ry,
ie approximately 10, -and is obtained by placing the diode asymmetrice
ally in the slot, As stated previously, this placement wae determined
experimentally, which agrees closely with the computations using
equation (1), The terminals CC' are the connections to the biasing lead
to provide a diode potential of Abaut 0,25 volte at 2-3 milliamperes for
operating the tunnel diode in a euitable negative conductance region;?
For selected Sylvania tunnel diodes (Type D4168C) the range of negative
resistance wae found to lie in the -50 to =70 ohm range, The presence

(o]



4]

E-3
a

Pe

R¢ ' s

1

TRANSFORMING NE TWORK
SLOT NEAR RESONANCE(AS VIEWED
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Figure 3. Equivalent . Figure 4. Egquivalent cizcuit of slot near
circuit of tunnel diode. resonance. Network N transforms parallel
arrangenfent at A-A' to eeries RLC circuit
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with féed waveguide.
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of & Yow reststanee Rg &2 10 ohms, -serves to damp out low frequency
oscillations due to-the distributed capacity and inductance of the bias
leads.. For the microwave circuit these leads should present a very

low impedance at CC', preferably a short circuit. A reactive im-

" pedance, Z = r + jx, at this point can give rise to parasitic oscillations

%y

£

outside the passband and may affect the baandwidth and the stability of
the amplifier. The structyze for the biasing lead should be such as to
introduce a very low impedance with a minimum loss and negligible re-
active effects upon the RF circuit.8 Below are discussed several bias
lead structures.

Three versions of the resonant slot-tunnel diode amplifier struc-
ture are shown in Figure §. These units differ principally in the
arrangement of the bias leads, In Figure 6 (A) is an earlier version,
(B) is the design employed for the tests described in this report and (C)
an alternate form of a model B. Ina all models the central threaded post
(shown to the left of 6B) provides a tunable shunt capacitance at the
center of the slot which is adjusted to resonate the slot, In A and B the
post is brass, for C a dielectric tuning post is planned. The bias leads
are shown at the right end of the slot where the diode is located.

In ¥igure 6 (A) the bias lead is a strip-transmission line. This
is mounted on Scotch Cellulose adhesive tape which is threaded through
the slot and attached on each side of the plake. This tape forms the
dielectric of the strip lime which is mounted over the tape at a position
in the slot corresponding to the location of the tunnel diode unit. On
the side shown the tape extends beyond the metal plate, the aluminum
tab is the insylated conmection to the diode. The length of the alumi-
nym tape on the other side of the plate is teimmed in length to provide
maximum gain which occurs for lengths )\correspondmg to an odd num-
be? of quarter wavelengths, preferably where A, is the guide
wavelength in the strip line. This sectugx_ of the tape line employs the
well known impedance transformation, i.e., it has a high impedance
at the open end and a lgw impedance at the diode relative to the brass
plate at the operating frequency of 6 gc. The diode is mounted to
bridge the slot, so that one of its terminals contacts the imsulated tape
and the other terminal makes contact to the brass plate. Widths of
the aluminum strip in the 1/8 inch to 1/4 inch range worked equally

well, the narrower tape pravided sufficient range of adjustment in
positioaing the diode along the slot., It was found, however, that a
tape 1/2 inch wide lowered the maximnum gain by several db. Fozx all
tape widths the length of the steip was very critical, variations of
over 30 db in tzansmission were observed while adjusting the length
and difficylty was experienced in reproducing the maximum gain more
closely than within 2 or 3 db for a given tunnel diode. The uncertainty
of the losses in the strip line (even at optimmum gain), the exposed
nature of the external line and the fitting of the tunnel diode in the slot
(often requiring metal shims to wedge the diode in place) has led to
the alternate formn of biasing lead described below.
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Figure 6.

N

Three forms of negative-conductance slot amplifiers
(6 gc). (A) Steip line biasing lead, (B) coaxial line
diasing lead, and (C) a shielded steip line. .

3

=
8
- ©
i L
]
L]
£ 3 L
o

I



Ed
*

(]

The coaxfal Yine type of biasing lead is shown structurally in
Figure ] and in the photograph of Figure 6 (B). The inner conductor *
comprises an aluminum post (shown at right of Figure 6 (B)) .078 inch
in diameter. An aluminum oxide coating approximately .0005 inch in
thickness provides the dielectric of the coaxial lead. This anodized
post slides in a close fitting hole in the brass mountlng plate near one
end of the slot. The end of the post is threaded in a nylon bushmg and -
provides the means to make contact to the diode and to clamp it in
place. The capacitance between the conductors of this coaxial line,
which is 1 inch long, lies in the 400 to 200 picofarad range for radial
air clearance of the anodized post in the .0002 inch to .0004 inch range
respectively. The resistive impedance Ry, of this coaxial line is

Z = Ry, = == 1n= (2)

where € is the relative dielectric constant of the aluminum oxide
( € = 8 approximately), r; = 0.039 inch is the inner radius and

rp = 0.0396 inch the outer radius. For these values the impedance
of the coaxial line is approximately 0.3 ohms,

E3
3

As shown in Figure 5, the coaxial line impedance can be re-
placed by a 0.3 ohm resistance across terminals CC' and is in series
with the relatively much higher resistances r = 5-10 ohms and
Rqg = -50to -70 ohms. This is desirable in order to minimize the
external circuit losses due to the RF current flow in the tunnel diode
circuit. For the above values of r and Ry the circuit power loss in
the bias lead circuit is very small, less than one- tenth percent. In
the circuit ana1y51s, the value r can be replaced by r' =r+Rp=5
+ 0.3 =-5.3 ohms in the above case. The measured Q of the coax1al
line biasing lead was less than 5 and the dissipation factor (1/Q) was
greater than 0.2 at 1 Kc. According to Von I-hppel9 the loss in the
dielectric is even higher at 6 gc, the operating frequency of the tunnel
diode amplifier. Thus with a very low Q, the line length and resonance
effects are negligible and the line cam be considered to be aper1od1c
with frequency. From an electrical point of view the circuit has been
stable and free from spurious responses over a wide band.

Some difficulties have, however, occurted in the fabricating of
the coaxial line. The major difficulty has been the precision with
which the hole can be drilled; in some cases the hole was so large that
the air gap surrounding the anodized inner lead of the coaxial line was
greater than the thickness of the oxide-dielectric layer. Under those
conditions, the capacity of the line is determined largely by the air
sepa.ratmn which lowers the effective dielectric constant to that approach-
ing the value for air ( € = 1) and the dissipation is decreased so that the
effective Q is greater than 5. These conditions increase the coaxial line
impedance, decrease its losses, and increase the possibility of introe
dueing undesirable line length and resonance effects. These large

(]
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clearances wege largely avoided by selecting and individually fitting the
posts foy a good fit in the hole. An altern tive structure, shown in
Figure 6(C) was tried. The latter replaced the round rod with an ,025
inch by 1/8 inch wide anodized strip which was fitted in a milled groove
of the mounting plate. In the few models constructed this type indicated
that closer tolerances could be held., It will be seriously considered

in the design of future models,

CONGLUSIONS

The further development of resonant slot-tunnel diode amplifiers as
antenna eclements in a simultaneously scanned array indicates that gains
of 15 db and higher are feasible. It is expected that through further
circuit studies and the use of more suitable tunnel diodes the above
factors can be materially increased.

"
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* range of 5 - 7 db at 10 gc have been reported. 3.

THE NOISE PERFQRMANCE OF NEGATIVE
- CONDUCTANCE AMPLIFIERS

INTRODUCTION

The noise problem associated with negative resistanee amplifiers,
particularly of tunnel diodes, is a subject of considerable current
interest, Experimental results obtained with this type amplifier have
been reported at frequencies up to 10 gc with bandwidths of at least 10
percent. Tunnel diodes capable of amplifying at higher frequencies are
currently available. 10 These devices because of their bilateral nature
require special circuits to realize the lowest noise figures. 8,

The negative resistance amplifier assumes two general forms.
In one configuration the amplifier is a two terminal pair network and
behaves as a bilateral device. When the amplifier is employed in

.this manner the thermal noise generated in the output circuit can be

amplified along with the signal and add to the noise generated by the
diode. Under these conditions the presence of amplified thermal noise
seriously degrades the noise figure. It has been proposed that a lower
noise figure can be obtained b¥ operating the bilateral amplifier with

the input circuit mismatched. The lowest noise figures have been
achieved with circuits which employ circulators, to convert the amplifier
to a unilateral device. When operated in this manner the output circuit
is isolated from the input circuit and there is no amplification of the
output circuit thermal noise. It is with the unilateral amplifier, which is

widely reported in the-technical literature, that ll%w lrioue figyres in the

®

The following sections will describe the noise performance of the
tunnel diode amplifier, both for the unilateral and the bilateral case with
an isolator in the output circuit. The influence of the diode parameters
upon the noise figure will be included.

THﬁ)RMAL NOISE CONSIDERATIONS ‘ -

The following analysis will make use of traveling waves on transmis-
sion lines. 14 This approach has the advantage that it employs dis-
tributed circuits (waveguides, etc.) which are used more commonly in
the high frequency circuitry of the amplifier. Also, this mode of treat-
ment provides a clear and unambiguous physical picture of thermal noise
behavior. This form of analysis is quite general, eince the transmis-
sion line method can also be applied to lumped circuit analysis by reducing
the length of transmission line to sero. . .

Consider in circuit of Figuse 7 with resistance R; at temperature T
in degrees Kelvin. The Johnson or thermal noise (mcaa-square voltage)
across its terminale i»

L

11

o9



ei = 4 K TR (per unit bandwidth) (3)

where K is the Boltzmann constant., The maximum available noise
power P per unit bandwidth in Figure 7 is

2
e
-~ n - . . ; .
Pn = Iﬁ: = K T (per unit bandwidth) (4)
% The noise voltage (Figure 7) can be replaced by its Thevenin

equivalent, a shunt noise current generator. Again, the noise generated
across R; is

2
1 Ri
Pn = 2 ~ = K T (per unit bandwidth) (5)

The schematic of the transmission type amplifier which will be

.considered is shown in Figure 8. The input conductance g; at tempera-

ture T; matches transmission line L) to the left of the negative con-
ductance {-g) and gp, the load conductance at temperature T, matches
transmission line L, to the right of the negative conductance. An
isolator, !2 with no forward loss and infinite reverse loss at tempera-
ture T) is inserted in L between the negative conductance and the
load conductance. It is further assumed that the noise from the tunnel
diode, represented by noise generator i“ is connected in shunt with
the negative conductance. The negative conductance and its associated
noise current generator is connected at the junction of the two trans-
mission lines L) and L,. These lines are of generally different con-
ductances g; and gy . For the circuit of Figure 8 there are two power
reflection coefficients P; and Py for signals (or noise) approaching -g
from g; and gy, respectively. P is the diode gain factor or power
transmission coefficient 15 traversing -g in either direction.

On this bhasis one can write

gi 'g]—‘ +g

gl +gL -g

B gL —gl “'g
P =l
g, t2; -8

: 8
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LOSSLESS TRANSMISSION Figure 7. Resistance R; with its
/ LINE associated noise voltage genera-
tor e¢ impedance matched to
transmission line. Ry is the
R —_— termination to the line, (RL= Rj)

TRANSMISSION LINES

ISOLATOR
SIGNAL qé —_— -9 2 —— 9. outpuT
(T') (Tg)
Ly Lo L,

Figure 8. Negative conductance amplifier with an input
conductance which matches transmission line
L, and a load conductance gp, matches trans-
mission line L,. An isolator is connected as
shown in line L,. A negative conductance -g
is connected at the junction of the two lines L
and L, of generally different conductances.

13
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In addition to the noise generated by the negative ¢onductante
device the following sources of thermal noise must be considered in
order to evaluate the overall noise performance of the amplifier:
gi at and the isolator conductance at T;., Since KT,. watts per
unit bancfwulth flow from g; and gy, toward the negative conductdnce.
the noise power per unit bandw:chh incident upon gy, the load c¢on-
ductance, is

» p—

N = KT,P,_.+ KT,P +i2——————g-14-—— (7Y
e S 171

2
(g; + gy, -8)

The input signal at g; and traveling toward -g receives a };ain. Pt
and thus the noise fact01, NF, at T, = 290°, is given by

P 2 ! gy

+ . = (8)
P 2
K%t g + ey -0) '

*®

This is the noise factor of the transmission amplifier. Substituting
from equations in (6) this expression’becomes .

K}

2
NF = 1+ -+ . (9)
4
88y, 4KT g,

-

Under the conditions of opelatlon as indicated in Figure 8 the
noise generated in the isolator termination contributes to the noise
figure but the noise generated in the load conductance pLdoeb not.
Two terms contribute to the noise figure. The second term in equa-
tion (9) is due to the hot isolator termination which can be eliminated
by setting :

8y, = 8 "B (10)

L1



This is simply the cancellation of component Py, making Py, = 0. Thus
it is apparent that improved noise factors can be obtained by operating
under mismatch conditionsl4, Under these conditions the substitution
of (10) reduces equations (6) to equations (11), shown below

2
p. = |-&
. S
PL =0 (11)
Y
P [ERp—
T gL

There appears to be a total lack of experimental data reported in
the literature to indicate how closely this condition can be realizéd with
stable amplification, or the improvement in noise figure which can be
achieved. Most workers appear to have chosen circulators to obtain
the lowest noise figures. This approach will be briefly described below.

THE REFLECTION AMPLIFIER

Since the use of a circulator to convert the transmission amplifier
into a unilateral amplifier to minimize the contribution of thermal
noise is amply covered in the literatuye3, 10, 13, only the general
. behavior will be described. Figure 9 shows, in elementary form, a
negative conductance device in conjunction with a circulator. This is a
unilateral amplifier,

The thermal noise P,, = KT generated in the input conductance,
g travels as indicated by the solid line, in the direction indicated by

the arrows, to arm 2 of the circulator, is ampliiied (along with the
input signal) by the negative conductance and travels to the output
terminals to conductance, gy, in arm 3 of the circulator. The noise

power (generated in the output conductance gL) P;l = KTZ’ travels

along the path indicated by the dotted lines and is match terminated in
arm 4 of the circulator. This source of noise is isolated and does not
reach the negative conductance in arm 2. In this circuit the interacting
effects of output noise with the negative conductance, which would
degrade the noise figure, have been avoided.
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Figure 9. The negative conductance amplifier in

connection with a circulator. The avail-
able thermal noise power P;1 (from g, )
which is dissipated in the matched arm 4
and isolated from the diode amplifier.
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TUNNEL DIODE SHOT NOISE

As mentioned previously a shunt noise current (Fig. 8) is associated
with the tunnel diode. This is the shot noisel® indicated by the last term
in equations (7), (8), (9). For an amplifier of the unilateral type used
with a circulator {Fig. 9) thé shot noise is usually the major contribution
to the noise figure. Some dirculator and associated circuit losses are
present and the analysis of the amplg.fier %nckfr these conditions has been
treated extensively in the literature 6, 8, 13 However in a well de-
signed amplifier these losses are quite small so that the noise figure
as a function of the tunnel diode parameters alone can be used to provide
a fairly close approximation to the noise figure.

On this basis the noise figure 17 of a tunnel diode can be written

1 + G, Ry
(1 e PR
Rp fc
where i
el
G = =
e 2KT -
e = electronic charge = 1.6 X 10-19 coulombs
'I_ = tunnel diode current in amperes

K = Boltzmann Constant = 1,38 X r0-23
T = absolute temp in degrees Kelvin = 290°K
r = base or spreading resistance

R, = negative resistance of the diode

f = operating frequency

——— e e

1 ' Bp
f = cut off frequency = mmm———— "/ — - 1
c ZiR;C; \ T
[
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CJ = junction capacity

Substitution of above values simplifies (12) to

; 1 +201I Ry
NF = (13)

A [

D

In this expression the diode current I, is determined by the
biasing voltage E which is about two-tenths of a volt. A maximum
dynamic range of the signal is achieved at or near the center of the
linear portion of the negative slope of the EI curve. Even so the power
handling capabilities are very limited, especially for diodes operating
at frequencies as high as 5-10 gc. Powers of 10-6 to 10-8 watts are
characteristic. Once the operating point is chosen for Iy, the slope at
I, also determines the value of negative resistance Rp. The remaining
values Rp and f. are characteristics of the individual diode.

In tunnel diode designed to provide a low noise figure at say 6 gc
the parameters lie in the range indicated below:

I =.5-1.0 X 10-3 amperes
R, = -50 to -100 ohms
r =5 -10% of RD
f = 2 -4 times the operating frequency £,

Choosing the median values of the above, the resulting noise figure is
NF = 4.5db

This result is in reasonable agreement with the overall noise figures
quoted in the literaturelO, 11~ operated as a unilateral amplifier with a
circulator.

It is of interest to compare the above results with the Sylvania
diodes (Type D4168C) which were employed in the five element simul-
taneously scanned antenna array®., One of the elements with a typical



diode indicated a high noise figure of 14.2 db, The characteristics of
this tunnel diode are listed below:

Io = 2,65 X 10-3 amperes
RD = -57 ohms
f =6 gc
fC = 7.7 gc (measured i:)y mfg. )
Cj = 1.6 pf.

The noise figure due to shot noise, using equation (13) gives
NF = 9.7db .

This high shot noise contribution is due principally to the high oper-
ating current Iy and the low cut off frequency fc.. This value can be
at least halved by the use of tunnel diodes operating at currents of one
milliampere or less and with a cut off frequency three to four times
the operating frequency. The difference between the measured noise
figure and the calculated value due to shot noise (14.2 -9.7 = 3.5 db)
is attributed to circuit losses and the interaction of thermal noise
from the isolator termination in the amplifier.

CONCILUSIONS

The use of more suitable tunnel diodes with lower shot noise
levels and improved waveguide circuitry, and the reduction of thermal
noise through the use of mismatched circuits as indicated by equation
(11) is expected to yield substantial improvements in the noise figure.
It is probable, however, that the lowest noise figure and greater
circuit flexibility, will be realized with the tunnel diode operated as a
unilateral amplifier in conjunction with a circulator,
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