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SECTION 1: PURPOSE

The purpose of this investigation is to develop a low-noise, broadband,
S«<band reactance mmplifier, Three approaches have been employed: filter~
type parametric upconverters using a single dlodej filter-type circulator-
coupled parametric amplifiers using a single diodej and, finally, a
circulator-~coupled paramp using two diodes in a balamced structure. The
balanced scheme was initially described and developed by Airborne Instruments
Laboratory.

This program is an extension of the state of the art in which design
goals entail 13=db minimm gain, 2 kmc to k4 kmc minimum bandwidth and an
amplifier noise figure less than 2 db, An engineering model is desired hav-
ing perfomance substantially in accordance with these design goals,
(Reference: Signal Corps Specification SCL=7556 dated 7 March 1960.)



SECTION 2: ABSTRACT

A substantial amount of small signal and large signal theoretical work
has been carried out for the broadbanding of microwave parametric amplifiers,
Theoretical results have ylelded single-diode voltage-gain-bandwidth products
of 3500 mc at "S" band, It is concluded that the simulation of broadband
paramps by appropriate lumped-circuit dlements is handicapped at microwave
frequencies where inductances and cspacitances must be simulated by dis-
tributed elements, Moreover, the sections of transmission line coupling the
individual network elements to the varactor dlode have frequency sensitivities
of their ewm which must be considered in transforming a lumped-element design
into a distributed microwave equivalent, especially when broad (20 - 50%)
bandwidths are involved.

Broadband peramps can be constructed, however, by making maximum use of
the varactor parasitic elements in a filter structure at the plane of the
diode, (No coupling lengths of line are required,) Techniques have been
developed which allow the varactor diode to aexhibit two simultaneous resonant
frequencies (at signal and idler) depending upon the geometry of the holding
structure, Novel experimental techniques were conceived on the subject pro-
gram that permit rapid determination of the diode resonances and matching
conditions, The gain bandwidth product of a given diode can be evaluated by
passive measurements, Preliminary experimental efforts on parametric ampli-
fiers employing the above principles have yielded single-diode voltage-gain-
bandwidth products of 3300 mc at "S" band,
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SECTIOE 3: PUBLICATIONS, IECTURES, REPORTS, AND CONFERENCES

A fifth quarterly report on this program has a];ready been issued, On
2 February 1962, Mr, B. Bossard delivered at the AIEE Winter Meeting, an
invited technical paper entitled "Parametric Amplifiers¥, which was jointly
authored with Mr, R. Pettai. A paper by Messrs, Bossard and Pettai,
entitled "Broadband Parametric Amplifiers by Simple Experimental Techniques®,
has been published in the March 1962 Proceedings of the IRE., A paper by
Messrs, Bossard and Pettal, entitled "Broadband Parametric Amplifiers® has
been presented at the 1962 FGMTT Symposium at Boulder, Colorado. A paper
by Messrs, Bossard and Perlman, entitled "Electronically Tunable Parametric
Amplifiers®, is to be published in the IRE Proceedings. All of these papers
are tased upon significant work done on this program.

On 19 December 1961, Mr, S, J. Mehlman, Mr. R. M. Kurzrok, Mr, B,
Bossard and Mr. R, Pettai, all of RCA, visited Mr. W. Matthei and Mr, F,
Senko of USASRDL. Technical progress on the program was briefly discussed
and a broadband, circulator=-coupled parametric amplifier was demonstrated.
This unit displayed performance substantlally in accord with the results
tabulated in this report.

On 12 February 1962, Mr, F. Senko of USASRDL and Mr. J. Kliphuis of
Airborne Instruments Laboratory visited RCA. In an informal conference
attended by B, Bossard and R, Pettai of RCA, Mr. Kliphuis discussed certain
characteristics of the AIL balanced parametric amplifier; paramp techniques
developed at RCA on the subject program were al so discussed. The material
exchange of technical informetion resulted in a better understanding by all

concerned, with respect to the subtleties of broadband microwave parametric



amplifiers,

A broadband paramestric amplifier with a gain of 10 db throughout a
bandwidth of 850 mc was demonstrated in the AN/TUR-1 Receiver at Samdy Hook,
New Jersey to Signal Corps Personnel, A 9~db improvement in minimum
detectable signal was apparemt throughout the paramp bandwidth., The ampli-
fier exhibited excellent stability and linearity and did not produce any
noticeabls cross or third-order intemodulation characteristics for jmming
signals as large as 15 dim,



SECTION liz FACTUAL DATA

During this project a mmber of possihle approaches were investigated
in order to find the type of structure and the mode of operation which would
Yield the widest bandwidth at a reasonable gain, In the following chapters
all the approaches studied are described in some detail, with most of the
attention devoted to the final structure and its theory.
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CHAPTER I, GENERAL THEORY AND NETWORK SYNTHESIS APPROACH TO BROADBAND

PARAMETRIC AMPLIFICATION

The first phase of the program was devoted to the theoretical investi-
gation of the varactor parameters and their influence on broadband parametric
amplification. The following varactor equivalent circuit yielded the Y

matrix as shown. (See Appendix I for derivation.)
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Figure L=l. Equivalent Circuit of a Varactor Diode
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The on-resonance transducer gain equation (Y37 = Ypo = 0) was then
derived for a parametric upconverter (see Appendix II) with the following

result:

a(w %) Re[Ye] Rel Yg].-{

G, =
TN - 2 ($) v

Similarly, ‘the on-resonance gain derivation of a circulator~coupled,
reflection=type parametric amplifier yielded (See Appendix III for

derivation):

2 r w W AC)Z-
- NG +Y, - =l 2/
Go + i Yu Dz [Yz +Y22]J

= o ()
+G,t N LG, + Y, - DZ[Y:."'Yzz]_

In order to achieve broad bandwidths, it is first necessary to tune
out the Yll and Yy, circuit reactances. This is accomplished by simply
resonating these elements at the desired frequency. However, the parametric
amplifier's frequency sensitivity is primarily dependent upon the series
resonance within the diode caused by the lead inductance and the junction

capacitance, Cye It is responsible for the appearance of the term D, Thus
2 o] H

in spite of all reactances (excluding @),) having been eliminated, gain over



broad bandwidths is still not constant, but slopes steeply from one edge of
the band to the other.

A study of the gain equation indicated that the effect of D could be
counteracted by using not the constant wvalues of Gg and GL, but rather
appropriately sloped ones. More specifically, networks were designed for

both the input and the output circuits so that

These networks were to perform essentially as equalizers whose driving-
point admittances, as seen by the varactor diode, have the prescribed
slopes. The equivalent circuit of the paramp, including the synthesized

idle network, is shown in Figure L-2.

| |.43"ﬂ}d'\ Q378 Pf

:n F——-
To G, . v A
CIRCULATOR Y, d) » 6.19muh 8024

i
O

Figure L4-2, Parametric Amplifier Network



The theoretical gain variation with this network is similar to a single~
tuned response with a peak gain of 11.2 db, and a 3-db bandwidth of 495 mc,
Similar networks for the parmmetric upconverter have ylelded a gain of 9,0 db
and a 3-db single-tuned bandwidth of 560 mc, Measurements were made on the
various RCA and Microwave Associates Diodes in order to obtain accurate diode
characteristics for incorporation into the signal and idle networks. These
measurements ylelded fair correlation with the manufacturer's data, with the
diode lead inductance always being somewhat larger, The network synthesis
approach was eventually absndoned in view of the extreme difficulties of
simulating lumped element networks by means of distributed elements, partic-
wlarly over broad frequency bands, In addition, the theory required a high-
impedance line in the vicinity of the diode (for shunt loading), which could
not bs accomplished without adding a diode~holder, hence additional parasitic
elements,

A parallel effort was investigated during the initiasl phases of the
contract which was an extension of the earlier (1959) work at RCA, and which
culminated in a 13%-bandwidth, "L*~band paramp with 13 db of gain. Two
structures were built to evaluate this mode of operation. The first unit
was an all-waveguide structure, with a wavegulde low-pass filter forming the
diode mount. The basic drawback here was the ability of the signal waveguide
to propagate the pump and idler frequency as a higher order mode., Attempts
to eliminate the TEno modes were not too successful, and the leakage through
the low-pass filter was excessive, A possible solution might have been a
doubly-corrugated, waveguide low-pass filter., The design of such filters is

not always a straightforward matter, In view of this, and because of the
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bulkiness of the all-waveguide structure, attention was twrned to other types
of structures,

The second design used a coaxial input line with a pill wvaractor diode
in the reduced-height (RG-52/U) waveguide diode mount, The amplified cutput
appeared at the idler frequency. Experiments showed, however, that the
interaction between the pump and the signal was weak, and little gain was
observed, This type of diode mount also had the disadvantage of requiring
impedance transformers because of the reduced height. The latter units,
with their fixed design frequencies and limited bandwidths;, made this struc-
ture quite inflexible, As a result, efforts wers subsequently discontinued
on the reduced-height diode mounts.

This minor parallel effort led to a theoretical and experimental evalu-
ation of existing RCA "L'"~band paramps which enabled the engineer to formu~-
late basic rules and concepts for the development of extremely broadband

paramps. The results of this effort are given in Chapters III and IV,



CHAPTER Il. BALANCED COAXIAL STRUCTURE

The balanced coaxial structure, originally developed by the Airbarne
Instruments Laboratory, has the outstanding advantage of being simple
mechanically and electrically (Figure L4-3). A balanced pair of pill diodes
must be used, but because of the relative d:i.rections of the idler voltages
developed in the diodes, there is, ideally, no idler leakage into the sigmal
line. This eliminates the need for blocking filters,

Considerable effort was spozit in experimenting with this approach, It
was felt that the structural simplicity of the mount held good promise for
broadband operation. Two mounts of slightly different dimensions were built
and evaluated, In ths first stracture the pump waveguide was RG-52/U, which
has a cutoff frequsncy of 6,56 kmc, This size was selected because initial
calculations placed the diode self-resonance, fé,, at 5 kmc, in which case
the entire idler band would have been below cutoff, It should be noted that
in this approach the idler frequency is placed at the self-resonance of the
diode in order to achieve a minimum loading (Rg only) in the idler circuit,
Since subsequent diode measurements cast some doubt on the above value of
£y, another mount having a pump line in RG~91/U was fabricated in order to
be absolutely certain that no idler would leak out into the pump circuit
(and contribute to the idler loading).*

With the idler adjustments largely restricted to va.ying the idler fre-

quency and selecting the diodes, some adjustment must be provided in the

# It was eventually found that the self-resonance of the diodes used did,
indeed, fall close to 5000 mc.
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signal circuit, Here a mmber of coaxial step transformers, intended to
counteract the combined static capacitance of the two diodes, were bmilt and
evaluated, some of them featuring a series inductance. The impedance level
required in the input circuit was calculated to be 15 ohmsj but, as mentioned,
transformers of other impedance values (5 olms) were tried also. In additiom,
a straight 50-ohm center conductor was fabricated to make measurememts of

the diode impedance while the latter was in the mount, An external d-c bilas
was applied independently to both diodes.

The diodes used in these experiments involved three matched pairs of
Microwave Associates pill varactors, MAL253 and MAL256 type, with C, ranging
from 0.5uuf (fo = 130 kme) to 241 yuf (£, = 64 kmc).

The results obtained with the balanced coaxial diode mount did demon-
strate the broadband capability of the device. Thus a low gain of less than
6 db throughout a bandwidth of 2000 mc was observed at one time (Figure L-lL),
but this result was difficult to repeat. Furthermore, one half of the abeve
gain-bandwidth occurred outside the range of the circulator (3000-4000 me)
used in the test., It represents, therefore, a somewhat anomalous result,
Gains as high as 23 db were also observed, but at a greatly reduced bamdwidth

(£ 10 mc)s The main difficulty experienced with the balamced approach was
twofolde In the first place the device tended to be quite wnstable, eseil-
lating even at low pump-power levels, long before any stable gain was ovidaiby
Secondly, the results stated above were very critical functions of Wies
voltage and pump tuning. The latter fact was probably due te the eyl '
narrow bandwidth of the pump circuit,

Two probable reasons for the inadequate perfermgmce wgge
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the shape of the coupling aperture feeding the pump power to the diodes, and
the effects of the upper sideband (fg + fp) energy propagating in the struc-
ture, Attempts were made to adjust the coupling of the pump by means of
additional tuning screws, but with limited success, Similarly, an upper-
sideband filter was placed in the pump line, adjacent to the diode mount,
Again, the change had little effect on the over-all performsnce, although it
should be noted that the position of this filter is important, and that in
our case this condition (an open circuit at the diode as seen by the sum
frequency) most likely was not fulfilled,

Finally, there remains the possibility that, in spite of precautions
taken, the losses in the stiructure, especially in the feed-thru capacitors
for the external d-c bias, may have been excessive,

In spite of thei;e unfavorable results, work on the balanced diode mount
was continued until a parallel development produced a single diode structure
promising a much better performance.

Before proceeding to the detailed description of this technique, it is
worthwhile to describe some measurements made on the MA pill varactors, These
measurements were undertaken using the balanced coaxial structure with the
input step transformer replaced by a straight 50-ohm center conductor. The
object of the study was to find cut how closely the assumed equivalent cir-
cuit of the pill diode (Figure L-~5) corresponded to the actual physical unit,
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o + L
Yin — <:c:::: Rs
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Figure }j=5 Equivalent Circuit of Pill Varactor Diode

For this purpose the Yj, for a pair of two MAL253 diodes was computed, using
element values supplied by the manufacturer:

Cc - 0.2’/1‘,
L = 0.8 m#h,

Co = 1.39y/f,
Ry = 1.86 ohms
The input admittance, Y; , of the two diodes in parallel at the end of
the input line was then measured, Figure L~-6 illustrates the reasonably
good correlation obtained. The observed difference in the values of B/Yo is
not too surprising when one considers the sensitivity of Y; to small changes
in the parameters (L, Rg, Coy and C,), and the relative uncertainty of some
of the element values given. It is interesting to note that the self=-
resonance of the diode does, indeed, fall near 5000 mc as initially computed,
In general, then, the balanced paramp has a signal circuit which is
adjusted to resonate at the signal frequency. That is, the inductance of the
input 1line and the intrinsic series resonance of the two varactor diodes

forms a net series resonance tank at the signal frequency. The input coax-

ial signal circuit employs a 50-ohm-to-15~ohm transfomer to match the 50-ohm
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coaxial circulator to an impedance level of 15 otms, caloulated on the basis
of an sssumed equivalent circuit of the amplifier and given diode parameters
(MAL253 diodes having Cq ™ 1.3 pf and a cutoff frequency of f;, = 130 kmc),
For high gains and narrowed bandwidths, an input impedance line of 7 olms was
used,

The idling circuit is made to be resonant at the natural resonance of

the varactor diodes connected in series, which is equal to the resenmmce of
& single diode for a matched pair, i.e. Wy = Wg -q-l -I-blé- o Idle~circuit

o
loading is provided by the losses inherent in the varactor diodes, and is
typically equal to 2 Rg for a matched pair of varactors, It is important to
note that the idling circuit camnot propagate in the pump circuit, since
pump energy is coupled to the diodes through a waveguide which is beyond ocut-
off at the idling frequency, Also, idling currents camnot flow in the input
coaxial line, since the idling voltages are in phase and add at the Y Junc~
tion of the coaxial line and diode mount (hence balance).

Unfortunately the RCA balance-type paramp was very sensitive to varia-
tions in the VSWR of the input circuit as seem by the diodes, Therefore work

was concentrated on the single diode approach.



CHAPTER IIT., SINGLE~-DIODE CTRCULATOR-COUPLED STRUCTURE

It has been pointed out in a preceding section that, theoretically at
least, it is possible to design networks for the input-output circuits of a
parametric device which would tune out the spurious reactances presemt and
also transform the impedances to the values requirsd to yield the desired
gain over broad bandwidtha.

Although these networks have ylelded excellemt theoretical gain<band-
width products, they are often difficult to realize at high microwave fre-
quencies where inductances and capacitamces must be simulated by distributed
elements, Moreover, the sections of transmission line coupling the individu-
al network elements to the varactor diode are highly frequency sensitive,
which renders the exact realization of lumped element networks at microwave
frequencies a difficult task, especially over broad (20 - 50%) bandwidths.

The first step in realizing broadband parametric amplifiers is to tune
out the circuit and diode reactances at both the signal and idle frequencies,
The signal circuit can be made to resonate at the matural frequency of the
varactor, the bandwidth of this circuit being determined by the transformed
generator conductance and case capacitance. The case capacitance must always
be less than C, by at least a factor of two, The natural resonance of the
input circuit is determined by noting the rectifised voltage level caused by
the diode barrier resistance as a function of input frequency. Elementary
circuit theory shows that the voliage across the capacitance is a maximum at
geries resonance for an RIC circuit, (It is not true for inductance.,) Since
the self-resonant frequency of the diode is placed at the input signal fre-

quency, the diode at the idling frequsncy appears inductive. The addition
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of a waveguide external capacitance, Cy, (net seen by the coaxial sigmal
circuit) resonates the idling frequency at the desired frequency.

These observations have lad to a criterion which has great applieability
in the design of broadband parametric—amplifiers,

The method depends on the maximum utilization of the parasitic elements
(Rg, L, G;,, Cc) of the varactor diode, plus certain simple experimental
techniques which are easily applied, As an illustration of the power of
this method, some results obtained with the S~band device using both modes
of operation, circulater-coupled and upconverter, are shown in Figure L7,
A complste gain characteristic for the 830-mc bandwidth case is shown in
Figures 4-8 and L-9. A typical gain characteristic for the amplifier, im
which high gain over a narrower bandwidth is shown, is illustrated in Figure
h-10.

The technique is best explained by noting that it is possible to define
a tranamission characteristic for a varactor diode which is a function of the
elements L, Ry, G,, C, of the diode, and whose precise definition and
functional relationship depend on the manner im which the diode is used in
the circuit,

Let us consider a typical input circult of a parametric smplifier. In
its basic form, it is a transmission line, terminated by the varactor diode
(Figure 4=11), A transformer is added which pemits the adjustment of the
generator impedance as seen by the diode, The other parsmeters shown are as
follows:

L = diode lead inductance,

Cc = case capacitance,
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C, = Junction capacitance at blas point,

Q
~
<
e’
.

capacitance variation camsed by the pump,

Ry = spreadimg resistance of the diods,

Rs = pnon-linear barrisr resistance (very high im
the backward direction),

Rg = input resistance of the signel source,

The quantity of interest is now the ratio Vo/V, as a function of fre-
quency and of the diode parameters. This eam be looked upon as a retie of
the measure of transmission of the input voltege to the variable capacitance,
It can be expressed by the equation shown in Figure L-11, where the parameters
of special interest are the transformer ratio nz/nl, and the self-resonant
frequency of the diode, f,. Figure }i=12 shows some results of caloculations
based en the above equation, using typical values fer the diode parameters:

Ry = 50 ohms,
Rg = 2,0 olms,

Co = 1.0,
Cc = Ouiy
L = 2,0mh,
£ = 3560 mc,

As expected, the dependence of vb/vg on frequency and loading (i.e., on
Rt g) is that of a tuned RLC circuit.

The significance of Figure L~12 is that by choosing the self-resonant
frequency, f,, and the transformer ratio, my/m,, one is able to comtrol the
transmission of the input voltage te the variable capacitance C(v). Given a
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certain bamd ef signal frequencies, it is thus possible t> obtain the mest
afficient tranmmission over the givem band to ensure a maximum interaction
between the signal and the pump at frequencies of interest, It should be
noted at this point that the above technique requires placing the self-
resonance of the diode at the given signal frequency of the device,
Further acijnaments can then be made by altering the tramnsformer ratio, and
to a lesser extent by adjusting the bias veltage.

In an actual development, ome need not depend on theoretical calcu~
lations alone, The voltage, V‘;, can be determined ‘experimentally by observ-
ing the rectified output of the diode while sweeping the input signal over a
band of frequemcies (Figure L-13), Since rectification is caused by the nom-
linear barrier resistance, B, , maximum rectification implies a maximum
voltage across the variable capacitance (Figure L-1l)., More accurate results
are obtained by measuring the d-c output with a sensitive voltmeter, while
keeping the input power constant at all frequencies, The resultant data
then represents the quantity k vc/‘vg, where k is a constant, Im Table I,
below, these data are shown fer several diodes, illustrating the differemnces
from unit to unit,
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TABLE I - SAMPLE DATA ON k Vo/" OBTAINED WITH VARIOUS DIODES

iy (o - shao6e '
2000 0,585 0,235 0,400

2200 0.h92 0.167 0,700

2,00 0.590 0.045 0,560

2600 0.215 0,019 0.900 All data in

R velts

2800 04252 0.036 1.280

3000 0.226 0,026 1,290

3200 0,091 0,009 1.390

3400 0,079 0,006 0,580

3600 0,058 0,004 0,420

3800 0,060 0,00k 04300

14000 0,022 0,002 0,160

Appemdix IV centains all the data for these diodes tested during this program.

Figure L-ll; shows some experimental results obtained by the above tech-
nique, The input was kept censtant at 1 mw at all frequencies, As seen from
the plot, the measured curves resemble those calculated from the equation in
Figure 4-11. Two transformers were used, with R';,y = 20 ohms, and R' g2 -7
ohms, As expected, the 7-ohm transformer ylelds a sherper response,

A noticeable discrepancy between the calculated and the measured results
should be pointed out at this time. If ome calculates the self-resonant
frequency, f,, using the known values ef L and C,, the result (amd hemce the
location ef the calculated peak of VO/VS) maYy be significantly higher than
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the frequency at which the measured psak occurs, One possible reasen is that
the input pewer level employed to ebserve rectification, i.e., the input
voltage swing, may cause a sufficiemt capacitgnce variation to change the
effective C;. This is so because the curvature of the C vs, V character-
istic causes the capacitance variation te be distorted even while the pump-
ing veltage is sinuseidal, Another reasen could be the fact that the results
calculated in Figure 4-~12 are based on the equivalent circuit shown in Figure
Ii=11, where the barrier resistance, Ri,, was assumed te be very high (the
diode in its backward region). During the flow ef forward curremt, Ry, is
quite low, evoqtually decreasing te near zere fer large farward voltages,
This change in the network parameters may cause a redistribution of veltage
drops across the individual elements,

Although the exact cause fer the discrepancy has not been fully emss
plained, the basic argument regarding the desirability of a maximum voltage
transmission at the frequencies of interest still helds. In all cases tried,
a goed transmission of the input voltage was the key to satisfactory per-
formance of the device. The techmique can, therefore, be used to rapidly
check the diodes at hand, and to find the unit best suited for the intemded
application,

The situation im a typical idler circuit of a parametric amplifier is
somawhat different, With the idler fresquency cemmonly placed at high micre-
wave frequencies (X-Band, fer example), the structure consists of a varacter
diode usually shunt mounted across the waveguide (Figure L=15), A trans-
missien characteristic for this structure is now defined in the cenventional

twe-pert sende (i.e., ome camn measure either the VSWR or the insertion loss
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of the diode-moumt combination). It has been found that this combination
does exhibit a characteristic which is generally of the bandpass type. The
most significant fact is that the extent and the location of the passband
can be controlled by varying the following:

(a) the type of diode, i.e., essentially the elements of the diodej

(b) the type and the size of the structure holding the diode;

(¢) the bias voltage applied externally.

Figure =16 illustrates this dependency on the type of obstacle used
(i.e.5 basically the geometry of the mount), while Figure L-17 does the same
for varying bias voltages It should be mentioned that a similar phenomenon
’has been described by Deloach, who showed that a Bell Laboratories' Sharpless
type diode, mounted in a capacitive transverse ridge, has a bandpass charac-
teristic,

This characteristic is easily measured by plotting the VSWR and/er the
insertien loss eof the diode-mount combination. An input swept over the idler
frequency band can be utilized to expedite the work, It has thus been
possible to find diode-obstacle combinations which exhibit extremely broad
(over 1000 mc at X-Band) bandpass type responses,

The exact equivalent circuit of such a diede-obstacle combinatien in
waveguide is difficult to derive, A reasenably accurate representatien of
a diode mounted in a partial height post is shown in Figure L=18, where Lp
and Cp denote the inductance and the capacitance of the post, respectively.
Since at frequencies higher than f  the diode is inductive, the observed
bandpass characteristic appears te be due te a broad resenance between cp and
ths inductance formed by the diede,
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The significance of the transmissien characteristics and passbands just
described lies in the fact that by operating the parametric amplifier within
the bands of maximum transmission, large gain-bsndwidth products cam be
achieved, It has been possible to develop single-channel (non-degenerate)
gain-bandwidth products approaching 3300 me (Figure L-7). Several reflection-
type parametric amplifiers have yielded 2-5 db of gain over the full ectave
bandwidths i.e., frem 2000 mc to 4OOO mc,

It should also be noted that by placing the pump frequency outside the
observed idler passband; little leakage of pump into the idler circuit occurs,
and there is no need fer a filter to block the pump, This results in a
simpler structure and eliminates the extra length of line that the filter
intreduces.

A bread signal-circuit passband was achieved by series resonating the
varactor diode. A bread idle-circult passband was achieved by resenating the
diede susceptance, which was primarily inductive, with the capacitance of a
partial bright pest built inte the waveguide mount, This capacitive post
does not appreciably affect the signal circuit, since the diode meunt will
not permit waveguide prepagation at the signal frequencies,

In cenclusien, it is felt that the above technique, utilizing the in-
herent transmission bands of the diede and the mount, represents a useful
criterion which allows the designer of a parametric amplifier to make a better
evaluation of the various structures and diedes at hand. Since the gain of
a parametric device is a function of many variables, such as A C, line im-
pedances (i.e., the loading), losses in the circuit, etc., the existence of

passbands at the operating frequencies is not a sufficient conditien for
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optimum perfermamce, Their existence does, hewever, appear as a necessary
ocendition, especially in breadbamd applicatiens,
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CHAPTER IV, OTHER EXPERIMENTAL RESULTS

The breadbamd input circuit ef the paramp has been used in cenjumctiea
with a narrow-bamd-idling, resenant-bex circuit in erder to achieve rapid
electronic tunability by simply varying the pump frequency. No ether adjusi-~

ments are necessary., Typical resulis are as fellews:

Signal Frequency Pump Frequency Idle Frequency G BW
3.1 GC 12,k 6C 9.3 GC 16 & 60 mes
2,96 12.3 943k 16 65
2.91 12,24 9433 16 60
2,78 12,1k 9436 17 70
2,70 12,07 9.37 16 60
2.65 11..89 942l 16 60
2,60 11.84 942k 17 70
2,55 1,78 9.23 16 60
2.50 11,70 9426 16 60
2,15 11,58 9.13 16 60
2,140 11.55 9.15 16 80
2430 11475 9.175 16 60
2.25 11.38 9.13 16 60

Other tunable results have been obtained with a gain ef 30 db and
instanteeus bandwidth of 5 te 10 mc. It must be pointed out that this exper-
iment is by ne means optimum, since the pump frequency ceuld not be raised
abeve 12.l Ge, and the pump high-pass filter cut off at 11.30 Gc, Mere recemt

experiments have shewn that tunable paramps can be built te cever a 2000-mc
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bandwidth at S=band,

Mechanically Tuned Paramp

The 1dling circuit of the paramp can be represented as shown below,

o ﬁ —9-
4C, 3R

>
\J
&
I
Il
'R

N

0 ! <+

Figure L~19 Paramp Idler

‘where Cx is a variable~capacitance ridge whose variation is determined by
a screw position., The capacitive reactance of the ridge is pletted in
Figure L4~-20, The ridge capacitance detemines the shunt idle resonance;
thus, broad tuning ranges are possible without altering the pump frequency.
The paramps could be tuned over a 900 mc¢ range, with the instantaneous gaine
bandwidth product varying frem 145 mc to 378 mc throughout the desired
range.
Summary

A simple experimental technique has been developed which permits the
construction of single-diode parametric amplifiers and upconverters capable
of high gain-bandwidth performance. The technique is based on the fact

that a very-broadband over-all circuit is possible 1f the self-resonance of
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the diode is placed at the imput frequemcy, while a combimetion of the diode
and a sultable waveguide obstacle is resonated at the idler frequency. Two
easily-applied experimental tests are described for evaluating and optimising
the signal and the idler circuits. In the first test the rectification of
the diode in its mount is measured at the specified input frequency and the
circuit is adjusted for maximum rectified output, This ensures a maximum
input-signal voltage across the variable capacitance, C‘(v), of the diode
under actual operating conditions, 1In the idler c¢circuit the test consists

of measuring the VSWR of the diode-obstacle combination, The latter is themn
adjusted until a broad passband is obtained at the idler frequency.

It has been found that the above two tests lead to a necessary condition
for broadband operation. Several non-degenerate parametric amplifiers have
been built using this principle., Voltage gain-bandwidth products of 3300 mc
have been achieved at S<band.

The stability of the paran;p is excellent, For example, pump power
variations of 2 db will alter the gain response by less than 1 db, Pump
frequency variations of 30 mc will affect the gain response by 1 db, An
ambient temperature rise of 25°C will not affect the paramp bandwidth but
will decrease the gain by 0.7 db.

The extremely broadband paramps (30 to LOF bandwidths) require hand-
plcked diodes at this time. For example, 19 Microwave Assoclates varactors
were tested with capacitance tolerances of LjOf. Two diodes were capable of
30 to L40% instantaneous bandwidths (> 10 db gain). All 19 diodes yielded
a minimum of 15% bandwidth (>10 db gain).
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CHAPTER V, ALTERNATE COUPLING METHODS

Although circulators are available to cover the frequency bands 2-3 lmc
and 3~k kmc, it is advantageous to consider other possible coupling schemes
in this program, This section describes several techniques for coupling the
signal into the broadband filter-parametric diode configuration and extract=-

ing the amplified output, These techniques include direct, hybrid, upconverter

ard circulator coupling schemes, and are applicable to either the degemerate
or non-degenerate modes of operaticn. Although the degenerate mode of opera-
tion was not considered on this program, it is mentioned here as a means of
comparing potential operation of the device in either single or double-side-
band receivers.

In the degenerate mode of operation, the signal and idle bands coincide,
whereas in the non-degenerate mode they occupy separate regions of the fre-
quency spectrum, An input spectrimy; A f, produces an inverted idle spectrum,
A P In the non-degenerate mode, operation extends over 2Af (signal plus
idle band) to provide an effective amplifier bandwidth of Af, However, in
the degenerate mode, operation extends only over A f, since the signal and
idle bands coincide; hence the effective bandwidth is 1/2 Af. A 2,0 kmc in-
put band centered at 3 kmc provides an effective amplifier bandwidth of 1,0
lmc in the degenerate case., In addition to the bandwidth limitation, degen-
erate mode operation is normally im erior to non-degenerate mode operation in
terms of noise figuree In single-channel operation; the minimum amplifier
noise figure is 3 db, since the signal and idle noise components both con-
tribute equally to the over-all signal noise power, This noise figure can be

reduced somewhat by utilizing a synchronous pumping scheme, although the tech-
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nical problems involved do not normally justify the improvement, The idle
noise in the non-degenerate amplifier, however, is reduced by the factor
W

w-—l s as it is coupled to the signal channelj hence noise figure levels much
2

below 3 db are achievable. In both modes of operation, the over-all gain is
due entirely to regeneration (as contrasted to the upconverter, paragraph d,
where conversion gain contributes to the total gain, thereby improving its
stability). The several schemes which may be used to couple to the basic

amplifier configuration are discussed below,.

8 Direct-Coupled Amplifier

This mode of operation is one in which the input and output frequencies
are equal and appear at the same port., The apparent noise figurel, F', for
this device is:

G
Fo= 14+ —-J-'- + ?2 + G » (5-1)
Gy Gg g W2
where
Gr8 = Input Conductance
(:—]-‘- = Noise Contribution from Circuit and Diode Losses
g

g-l'— = Noise Contribution of Load
g

le Apparent noise figure, F' s 1s a modified definition of conventional noise
figure to include the effect of load noise., Hence, from an application
viewpoint, it provides a more meaningful figure of merit than does the
conventional definition, which excludes load noise,
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G = Negative Conductance of Amplifier
Wl G
W = Noise Contritution from Idle Circuit

It is evident from equation (5-1) that the contribution of load noise
and 1dle noise to the amplifier noise figure is reduced by light output
coupling ( ?"-<<l and wide separation of the signal and idle bands

g

Wy

(-(:)-2- >>1> o In order to achieve stable gain and minimmm frequency semsitivity,

G
1t is desirsble that a-l-:ﬂl. Thus the direct-coupled scheme would provide a
g
minimm noise figure of 3 db for a lossless paramp (noise figure = O db).

This approach is, therefore, not to be too highly considered. The effect of
Joad noise can be eliminated by means of the hybrid coupler or ferrite circu-
Jator, as each serves to isolate the load from the amplifier input,

be Hybrid-Coupled Amplifier
The hybrid can be utilized to couple to a parametric amplifier as showm
in Figure li=21.
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Figure }i-21. Hybrid-Counled Amplifier

An input at port 1 will split equally in magnitude and 90° out of
vhase to the identical amplifier stages and be amplified, The rssultant
amplified signals will add in phase in arm 2, out of phase in arm 1 and,
hence, couple conpletely to port 2. Consequently, the entire output appears
at the load. In the same wsy, noise or reflections from the load are
amplified and ccupled entirely to port 1. Hence, noise isolation of the

lcaa is achieved, The amplifier apparent ncise fijure is:
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F = 1 + ?.1.. + wla
Gg w208

In the absence of parasitic losses, and far high gain, the noise figure

W.
is approximately: F =1+ _l1 and, hemce, is primarily determined by the
Wo

ratio of signal to idle frequency. In the degenerate case, Wy = Wp; con-
sequently, the minimum noise figure is 3 db (lossless paramp). Operation in
the non-degemerate mode, of course, will result in lower values of amplifier
noise figure,

Since the system must exhibit moderately-high regenerative gain, it is
important that a good match exist at each port, and that the isolation of the
hybrid coupler be high. If[Q is taken as the isolation between two adjacent
arms, and also as the reflection coefficient at all terminals, then the
stability conditions become GA o 241, where G, is the regenerative gain of
each amplifier stage. For a 1l3-db amplifier gain and a 6-db margin against
oscillation, £ 241/’4 x 1/20, Hence, the VSWR at all connections must be
less than 1.25 and the coupler isolztion greater than 19 db over the input
band, RCA=New York was the first to utilize the hybrid scheme in the develop~
ment of octave-bandwidth tunnel-diode amplifiers, The disadvantages of using
the hybrid scheme are listed below?

l, More pump power required for a given gain,

2 Amms 3 and b of the hybrid must remain balanced at all times,

3¢ The load must have a near perfect match (VSWR = 1,1) over the
entire band of frequencies to be amplified, Any mismatch at the load will
cause a feedback loop to the paramp and cause instability and oscillation.
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ce Circulator-Coupled Amplifier
Dus to the non-reciprocal nature of the circulator, noise arising at
the load is isolated from the amplifier stage and is transmitted instead to
a matched termination. Thus, the apparent noise figure can be expressed as:
F = 14+ &1 + w]‘--—.-C:— .
Gg W Gg
As in the hybrid-coupled scheme, the minimum noise figure for degenerate
mode operation is 3 d (lossless paramp), Lower noise figures can be achisved

in the non-degenerate mode,

de Lower Sideband Upconverter

The feaslbility of providing a filter=type perametric amplifier with’
13-db gain over an octave bandwidth is primarily dependent upon the tech-
niques employed in synthesizing the idler and diode networks, since the diode
parasitic elements (particularly self-resonance) introduce frequency-sen-
sitive terms in the over-all gain expression, which greatly deteriorates the
amplifier performance, These detrimental effects can be somewhat alleviated
by using multiple-cavity networks in which the diode self-admittances at the
input and output frequencies are inocorporated as parts of a ladder structure.
In this manner, the admittances seen at the diode, looking in either direc-
tion, can be kept real over a large band of frequencies and substantial gaine
bandwidth products are possible. Because of the frequency sensitive tems
in G and P, the gain will not be altogether flat; yet, the basic argumemnt
for obtaining broad bandwidth still holds, since the regenerative amplifica-

tion may be sloped 20 as to cancel these known effects,
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The immediate advantage of the upconverter is that for a given amount of
net gain, the amount of regeneration needed is less than in all the previous
cages discussed. Therefore, an extremely-stable, low-noise amplifier may be
constructed by taking advantage of conversion gain, wa/wl, while providing a
controlled amount of regeneratiwve, K/ (1-2)2, gain, The limit of comnversion
gain is normally determined by the succeeding downconverter stage and,
hence, the output frequency.

Load isolation is an inherent property of the upconverter, since the
noise arising from the load is amplified regeneratively, while the signals
from the input experience regenerative plus frequemcy conversion, thereby
improving the output signal-to-noise ratio by the factor WZ/H]_. The appare

ent noise figure of the upconverter can be expressed as

Gm 2
F'np-l-vG_.-p_Tl.._w}_ .
Gg G(}g Wo

The noise figure of this upconverter at a signal frequency of 3 kme
will be in the order of 2,2 dbs One of the formidable limitations of the
proposed upconverter is the necessity for a broadband downconverter., This
means that the downconverter must have an informatlon bandwidth of 2000 mc
and a noise figure of 8,9 db. Tunnel-diode downconverters are definitely
not recommended at this time because of their limited bandwidth under matched
conditions, The noise figure of the conventional mixer can be expressed by:

2
e _1+20I°+GT1 (1+20I,) (G +Gp) Gy

AG Gg G, Gy Cpo Gy G,

»



where
e = G * Gy * Gy

G, = G,, +G, + G,

T2 22 2 L
2
G‘R - .ég_ .
L Gy,

By assuming A G = 0,0006 mho, the above expression yields a noise
figure of 9 db, indicating a parametric-upconverter, conductance-down-
converter noise figure of approximately 3.0 db.

RCA-New York has built an ortho mode type of mixer with an IF inforw
mation bandwidth of 1000 mc. However, the complete 2000 mc bandwidth does
not appear feasible at this time, due to the absence of proper matching
metworks and low-noise 2000 mc IF's,

The parametric downconverter, or demodulator, has a noise figure which

can be expressed as:

G ¥, 1
2 2 G
F'= 1+ 5 + 5 (where N = = ) ,
d GL WlN Gg
where
AY wy

1 -N2 W

The noise figure of the downconverter stage is 11 db of a regenerative
gain of 6 db (conversion loss of 7.5 db), and a net demodulator loss of 1.5
db, However, this noise figure does not include the 2000 mc IF noize figure,
which will invariably raise the second-stage noise contribution considerably,

A novel type of mixer using a non-linear capacitance-conductance
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characteristic, which should have a noise figure in the order of 3 to 5.6 db,
is presently being analyzed by RCA-New York,

This technique is the most promising, since it offers a positive input
impedance while providing regeneration and a low noise figure. To be sure,
the present resistance mixers have a limited barrier-capacitance variation,
which in some instances a.liows far a mixer noise figure less than that pre-
dicted by resistance theory, One immediate example of this is the Varian
Orthomode Mixsr, which has a noise figure ranging from 4,0 to 6,0 db, depend-
ing upon the selection of diodes. However, low-noise mixers can conceivably
be provided by simply operating the diode in the highly non-linear con-
ductance capacitamce region ( + 0,1 volt). The noise figure expression
for a diode with AC and AG variation is

20,  Om2 * g2 (1+20T0) (GL*+G2) G

F =] + w—
G, G_(Gy + G W,
AC AG g Ggl0g + GcWp) G, Gr, Gg
W
where
oWy = W) NG ac
I GTy ’
WiWo A G2
o, = (h162 AG2)
T

Assuning a diode with a AC = 0,466 10723 farads and a AG = 0,0006
mho, we can expect a noise figure ranging from the optimistic lossless case
of 3 db to the pessimistic loss case of 5,6 db.
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6. ILouble Sidebamd Varactor Upconverter

There are three basic modes of operation of variable-reactance communi-
cations receivers, They are, respectively, the negative-resistance type, the
upper-sideband type, and the lower-sideband type. The amplifier described
here is one which has been investigated extensively in the RCA Microwave
Applied Research Group, and which was reported on by W, Eckhardt ard F,
Sterzer at the International Solid State Circuit Conferemce in 1960, It
makes use of the power output at both sidebands,

The power flow at different frequencies in a lossless non-linear reaétor

is governed by the Manley-Rowe equations

o0

tns =0 (e-1)
mfp + nf

MN=0 N¥= o0

:

oo oo

Z S B o (o-2)

N¥= o5 N=O

B

g 1s the net power absorbed by the non-linear reactor at frequency

(where Paptn

mfpmfs). These equations show that double-sideband upconversion (i.e, power
input at rp and fg, power output at fl‘b and fp i f;) is a particularly
advantageous mode of operation. If only the lower sideband (fp - £g) is
allowed to exist, negative resistance is exhkhibited by the pumped non-linear
reactor at both fs and (fp - fg), resulting in basically unlimited gain, but
also in only conditional stability, If, on the other hand, only the upper
sideband exists, the pumped non-linear reactor represents a positive resist-

ance at both f, and (fp + fg), but the conversion gain is limited to the ratio
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£ +f
P __8 . when both sidebands exist in proper proportion, however, it is

Ty

possible to combine the advantages of the two single-sideband cases, l.e., to
obtain basically unlimited yet unconditionally stable gain, This can be shown
by specialising the Manley-Rowe equations for the case in which power flows

only at the frequencies f,,, f,, and £, (Le@ey, for m, n = o, & 1)1

P P
8, R, P8 .o | (e=3)
pfs fp s
P P P
P8, 8, B 0. (ewls)

For Py = 0, equations e-3 and e-li assume the following forms:

ps__Ip*s -
oty fytfy ° (e-5)
Pp " o (Pp_s + Pp+s) . (0-6)

Equation (e-5) proves that unlimited, unconditionally stable gain is
indeed possible, because Py = O is compatible with sideband powers >0,

Equation (e=6) indicates that all of the sideband power leaving the non-
linear reactor (in the case of Pg = 0) is supplied by the pump.

Additional advantages of this type of amplifier are the freedom from
the requirement for a circulator to separate the input and output signals,
and the broad bandwidths achievable, With a 10-kmc pump, Eckhart and
Sterzer of RCA were able to achieve a gain~bandwidth product of 1,5 kme,

using diodes which were available in 1959. In a narrower-band unit, they
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achieved better than 3-db noise figure., It seems clear that with presently
avallable diodes, and an extension of the theory to include efficient

demodulator schemes, it may be possible to demonstrate extremely broad
bandwidths.
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CHAPTER VI, MISCELLANEQUS TOPICS

DIODES

The best results have been achieved using a cartridge-type silicon
varactor diode with the following characteristics:

Y —— = 1/6

Breakdown Voltage = =5 volts

C, = 0.8 pf

Lead Inductance = 2 nh

Cutoff Frequency == 110 kme (measured at breakdown)

It looks like the diode used has not exhibited an abnormally~high
value of due to an anamolous minority carrier charge storage effect;
however, this has not been conclusively proven,

NOISE FIGURE

It i3 significant that the circulator-coupled parametric amplifier dis-
played a reasonably-low noise figure (i.e. = 2,1 db) despite the fact that
external idler loading was employed, If a simplified equivalent circuit
for the parametric amplifier is used, in which there is no external idler

loading, the optimum pump frequency and noise figure can be computed froms

(7
f30ptimm-f1|1+( Q)2 gYQfl,

where

fy = signal frequency,

c
Now, letting » = —2%'— = 1/6 for graded junction diode, where small-signal
o



- 57 =

diode capacitance = C = C, + Cj cos (‘)3 + 8 a)3 = pump frequency, for a
graded junction diode operated at a woltage approximately 1/2 its break-

down voltage, the cutoff frequency at the operating point will be:

£, " 110/3'/_2"-8.7kmc,

where £, = diode cutoff frequency at the operating point..

Thus, since

Q= fc,fl = 87/2.5 = 318,

£3 optimm = (34.8/6) (2.5) = a5 knes

It should be noted that as the dissipation losses go up (i.e., lower
diode cutoff frequency and/or external idler loading) the optimum pump
frequency goes down, The actual amplifier on this program was pumped at
12.2 kme,

At room temperature, the noise figure for this optimum condition is

1 1
Fmin'1+2l:-5’—6+(m:, R
-1+2|:.17+ 03 :l = 1,40 .

Taking into account the loss of the ferrite circulator, the over-all paramp
noise figure is

Fw(lqg~1) +Fmin

= 1,025 = 1 + 1,40 = 1,1425;
for a 0,1~db loss in the circulator, 10 log F = 1,54 db.
Most previous effort on broadband parametric amplifiers has been re=

stricted to the use of no external idler loading in order to achieve the

optimum noise figure. Although the 2,1-db noise figure obtained on this
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program is higher than the idealized optimum noise figure, it is quite
satisfactory for most low-noise amplifier applications,

It should also be noted that all known theoretical work on noise-
figure optimization has not fully takem into account the diods parasitic
circuit elements (lead inductance and case capacitance), as well as the
variations in circuit elements due to the mounting of the diode in a micro-
wave transmission-line structure. Another assumption employed in all
theoretical work is sinusoidal pumping. In practice, the pump swing is
about 0,5 voli;s positive, and the pump voltage is being clipped on the for-
ward half-cyclee.

The low noise performance has been achieved using about 200 milliwatts
of pump power; however, the actual pump power across the diode non-linear
capacltance is somewhat less, due to dissipation losses in the pump=-circuit
high-pass filter and voltage division between the diode~lead inductance
and the diode non-linear capacitance,

GAIN SATURATION

A ty'picai gain-saturation curve for the circulator-coupled parametric
amplifier is shown in Figure 422, Since a varactor diode with a breakdown
voltage of =5 volts was employed, some improvement in saturation character-
istics can be obtained by going to diodes having -6 volts at breakdown,.
TUNING

A1l of the broadband performance reported on this program was for
amplifiers using three X-Band (RG=52/U waveguide) slide-screw tuners in the
idle circuit. A special triple-screw was designed and fabricated as a

poasible replacement for the three slide-screw tuners., This tuner consisted
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of three 3/32 inch diameter slugs spaced 1.3ll inches apart in RG-52/U
waveguide, A response curve for the broadband paramp using this tuner is
shown in Figure Li~23, Different results are obtained, since the frequency
sensitivity of the three slide turners and the triple screw tuner are some-

what different over a broad frequency range,
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SECTION 5: CONCLUSIONS

An S-Band, circulator-coupled parametric amplifier can be realized have
ing a gain of 9.5 db, a bandwidth of 830 mc, and a noise figure of approx-
imately 2,1 db, Higher gains can be achieved for narrower bandwidths (e.g.
20-db gain for 330-mc bandwidth)., It is significant that this perfommance
has been achieved using a single cartridge type diode without unusually high
self-resonant and cutoff frequencies,

External idler loading can be utilized in achieving broadband operation.
Although the amplifier noise figure will mo longer be optimum, it can be low
enough to be quite satisfactory for most applications.

Achieving broadband parametric amplification at microwave frequencies
requires integration of the diode parasitic circuit elements (i.e., lead
inductance and case capacitance) into broadband signals and idle circuits,

Two simple experimental techniques upon the varactor diodes mounted in
a microwave structure can be employed in determining conditions that seem
to be necessary for satisfactory broadband parametric amplification at pre-
seribed frequencies.

The signal circuit measurements were made under both static and dynamic
conditions (i.e., with and without pump power). The idle-circuit measure-

ments were made under static conditions (i.e., without pump power).
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SECTION 63 RECOMMENDED FUTURE WORK

Now that this program has been completed, it seems appropriate to dis=
cuss recommended areas of future research and development on broadband
parametric amplifiers, This program apparently is but one of three inde-
pendent efforts within industry that have resulted in significant broad-
band performance with microwave, semiconductor-diode parametric amplifiers,
At Airborne Instruments Laboratory, efforts have been concentrated on the
balanced parametric amplifier which employs two pill varactors (8, 9, 10).
At Texas Instruments, efforts have been concentrated on a single~diode para-
metric amplifier using a structure and techniques somewhat different than at
RCA (11, 12, 13, 14). The Texas Instruments paramp has only the pump circuit
in waveguide, with both the signal and idle circuits in coax, The RCA paramp
has both the paramp and idle circuits in waveguide, with only the signal
circuit in coax. Performance achieved with the different types of broadband

parametric amplifiers is tabulated below.

Center Noise
Company Frequency Gain Bandwidth Figure
RCA 245 kme 9.5 db 830 me 2,1 db
AIL 5¢3 kme 10 db 500 mc 3.0 db
TI 5e8 Ime 13 db 700 mc 2.4 db
T1 5.8 kme 13 db LOO me 2,1 db
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Informal discussions with engineering personnel from AIL and TI indicate that
other broadband paramps have been developed at L-Band and/or X-Bandj however,
only published results have been included in the foregoing chart., The AIL
amplifier technique utilizes the self-resonant frequency of the diode at the
idler frequency. The RCA amplifier technique places the self-resonant fre-
quency of the diode at the signal frequency. The TI amplifier technique

uges multi-tuned circuits and apparently does not use the diode self-resonant
frequency in such an obvious manner; however, the diode parasitic circuit
elements are quite carefully integrated into the signal and idle circuitry.
Neither AIL nor TI use external idler loading, while the RCA amplifier does
employ such loading.

One area where further theoretical work should be directed is the use
of extermal idler loading. Such loading will undouk tedly prevent realization
of optimum noise figure; however, it has not been rigoriously determined as
to how much additional bandwidth can be achieved for a given deviation from
optimum noise figure,

Another area to be investigated is the perfommance of broadband paramps
when cooled to reduced temperatures. It would be of interest to know how
much bandwidth must be sacrificed for a given improvement in noise figure,
and to what extent this depends upon the diode semiconductor material.

The problem of increased non~linearity due to anomalous minority-carrier-
charge storage effect deserves further attention,

It is somewhat premature to come to any definite conclusions as to the
relative merits of the different techniques for broadbanding parametric

amplifiers. Both TI and RCA have worked with the AIL balanced paramp with~
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out significant success in achieving broadband opesation., Nevertheless, it
is quite possible that the balanced unit was not given a fair chance, At
RCA, good broadband results were obtained extremely late in the program, and
work on the balanced paramp had to be abandoned due to the exigencies of the
schedule and the fact that a differemt technique had ylelded good broadband
results, One question to be answered for all broadband parametric amplifier
techniques is, "To what extent does the amplifier performance depend upon
the diode parameters; as well as how readily these required tolerances can
be realized?™

Another area that should be investigated is phase performance of broad=-
band parametric amplifiers, Possible sources of phase linearity are the
ferrite circulator, the signal-line mulii-quarter-wave transformer, and the
coaxial low-pass filter,

In general, the advanced development of broadband microwave parametric
amplifiers has entalled supplementing theoretical methods with a laborious
cut-and=-try experimental program. Some correlation between theory and
experiment has been obtained, although this has not been completely rigorous.
The experimental techniques conceived on this program, which provide neces-
sary conditions for broadband paramp operation, are a step in the right
direction, Further work of this kind should be of real value, since broad-
band microwave paramps cannot be scaled, and each amplifier for a new fre-

quency range presents a new developmental problem,.




SECTION 7: IDENTIFICATION OF PERSONNEL

Contract DA=39~039-3¢-85058 requires an investigative study of the
problems entalled in a broadband S-Band reactance amplifier together with
the furnishing of experimental reactance amplifiers and manufacturer's
drawings thereof and technical reports covering the results of the work
accomplished,

Of the total funds allocated for this progrem at an engineering level,
about 29% have been expended during the period October 1, 1961 through March
7, 1962, The program has resulted in a new technique for broadbanding micro-
wave parametric amplifiers, and a deliverable model having a bandwidth of
830 me. This program has been satisfactorily concluded within the allocated
funds, A list of key personnel assigned to this contract and the total
number of hours spent by sach during this period follows

Hours Charged Hours Worked

to Contract on Contract
B, Bossard 620 620
Ro. Pettai 703 703
Se Jo Mehlman — 52
Dr, H. Boyet ——— 39
Re M. Kurzrok 31 1l
B. Perlman 180 L77

Ee. Markard 65 654
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APPSNDIX I
BASIC THEORY OF VOLTAGE VARIABLE CAPACITANCE

Section 1.1 Derivation of Equivalent Admittance Matrix

We begin by considering a voltage variable capacitor C = C(v)
where é is the total voltage across the capacitor (Fig. 1-1a) The
total charge Q on the capacitor can also be represented as a function
of the impressed voltage (Fig. 1-1b).

Q= £(v) (1-1)
AC : AR

%\r

/fl" ________/
(o) (b)

Fig. 1-1, Characteristics of Voltage Variable Capacitance
Using Taylor expansion and taking the first four terms only

yields

, “ 2~ 0 )
Q= £(w) £ ) (v-) 760wy (20 £(0) ) ()

The total voltage v will now be taken as the sum of four
component voltages: a dc bias voltage v,, the signal voltage vl

at a frequency fl’ the idler voltage v, at f2 (also the output voltage

2
in case of a parametric upconverter) and the pump voltage vy at f3,

ie.
awt x —awt awt —awat iugt - -t
?/--':- VO"" V|C "'V. e -+ Vge— +Vs € *Vze’ "VQ c (1_3)



where by definition : . .
- 3¢
jv7l @
v - R
1 2 -y
™ {anl e
v. [ ] ———
1 z .
K% 2

v, = Ml e

(1-b)

2 .
v; = |l e:'s¢t

F .
v3 - 1as) 44)3
z. .
v';' - "U:S‘ eé¢3
3

The quantity lvl gignifies the physical peak amplitude of
the particular yoltaget. It is seen that the complex conjugate
components irn Eq. (1-3) combine to giv. a real, physical voltage
across C. For a lower or difference frequency sidebard upcenverter,
the only mode of operétion discussed in this paper, the output is
taken at the idler frequency f2, and the three angular frequencies
are related as follows

Wz = Wa ~— W, (1-5)

Since W, , W, and Wy are in general incommensurate, the

‘phases ¢, 3 ‘4’1 and cj)3 covld be assumed to be zero, However, for
greater generality they will be retained, but the pump phase will

be taken as reference and set equal to zero

$s =0 (1-6)
which means that
- g% . 1) -
L 03 = (1-7)

Substituting Eq. (1-3) into Eq. (1-2) it is evident that the
gecond term f! (vo) (v = vo) contains only terms at W, Wz and W4.
In the square term, however, other frequenciea appear. If only the
three frequencies of interest are retained (the circuits are assumed

to be of very low impedance to all others), then in view of Eqs (1-5)
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(1-7) the square term of Eq. (1-2) becdmes

+ - w.+ 'wﬁ“. -4 M+ Aw‘ - +
(_—_)s /v'a.‘vsc. -r«r,,Mse:A -+ M'“me -rm'\'ib -1- At S -wvf' ‘u‘

(1-8)
Similar treatment of the cubic term shows that among many

terms arising ’ only the following need be kept:

,.,-w,) [ o344t -stt] [\«m + “f:\ - lfm]

+ zgwﬁo_ -jw;t] [___L L_L\.f lrv-l ]
-+ v3e‘j °+ v e"j“bt] \_Mﬂ” + l'U'\ L"\J(l—”

Since the idler and signal amplitudes are assumed to be much

smaller than that of the pump, Eq. (1-9) simplifies to -
. 2
(_;n_n») {Lvleﬂw.t, vred ‘”'t}i.«.a.l { ej"'z’%r vierdut] Lol

Let us dlso write the total charge Q as
% =3 w. Jwt  x ~Jwb Jugt ~jugt
Q=q_ + e‘j e qe q.e + Qe -+ ge
o "% % ! 2 T 3 3 (1-11)

If Egs., (1-8), (1~-1C) and (1-11) are now substituted in Eq.. (1-2)

and terms of like frequency are grouped together, then

do = -F(qro) "
90 A‘M‘\‘ i:(.{ ('\n)-;-_;"“(m*o) l%\ )/V -« £ (m)/\);_”a] C
-t (1-12)
G [(f )+ ") wﬂ )t £ o) ] &
wet

‘-]:5\ “u [({ (ars) + £ "(an) “‘3\ )N’a.-r £ (N‘b mv]c



» JW"“

9 © [(f(m)-r--F () \La.l),‘& ” _g‘”m "WN&] ~juat

Awd (1-12 con't)

[(Féva‘)-r-fm L—l)%_,_.p(,vo)m'ﬂ'z.]

| -jwst

It is of particular interest to examine the following pair of

equations*
JW!"'
0" T n)s £ Y (" d ) ]
% i =) +
ﬁfc" +74 (m)/ug)fm (£ )+ f ’W)L?l oy SAM (1-1L)

The above equations resenbie those of a four-terminal or two-
port retuwork. in ithin case, however, the two ports correspond to
different frequency domains, W, ana Wa . The significance of
Eqs. (1-13) and (1-1l) becores more apparent when both are differ-
entiated with respect to time,

{ter differentiating and (’.{opr»ing tine time dependence we obtain:
. t N 11 : - . i
%‘%\-: ::AW'EF (ve) +4 '(Am}lm_]” T*w,[\'(‘ /"”’)Afa]m‘i* (1-15)
q82 = To=miwa[F ) wg ] = Wonlf o) £ e Ll M Qa6)

% This is arbitrary; the other pair involving qI and q2 could have

been taken as well,
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These equations are in the familjar form of admittance description
of a general four-terminal network.

Eqa. (1-15) and (1~16 show clearly that there is coupling between

v, and vg through the action of the pump voltage. The presence of ths

pump therefore couples the signal voltage at fl to the conjugate of

the idler voltage at fz. It is to be noted that the quantities corre-

aponding to yiz and y2l are of opposite sign, which means that the

input admittance can be negative. This is easily seen if one considers

*

the coupling of vy to 12 and back to Il again via v;. The total phase

shift 1s zero since a shift to + J is experienced in going from vy to

I and ~j is continuing from vg to L. In passive linear circuits the

sgigns of Y10 and y21 are equal and a total phase shift of 180° would
be obtained.
Egs. (1-12) show that four more coupled pairs exist, one for

example being between v. and v§ but there the coupling occurs either

1

via v, or v., being much weaker on account of v, and v2 «’ v As

1 2? 1 3°

a result, those couplings are of no particular interest in the present
case and will not be considered further.

Returning to Eqs. (1-15) and (1-16) we note that £1(v) = 5’%‘»‘
= C and therefore f'(vo) - Co’ the operating point. Since f'''(v,)"
is dimensionally also a capacitance we let

c°+~fmj."_’;._3-11= Cr (1-11)

The physical significance of CT can be seen from Fig, 1.2,
With no pump voltage applied CT = Co’ which is the quiescent point
determined by the abplied dc blas Vo With v3 applied, the curvature

of the non-=linear capacitance causes the effective operating point to

shift slightly from C° to CT' This i1s analogous to the appearance of
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& dc term in devices having non-linear, transfer characteristics such as

& square law detector.

The term f"(vo)v3 can also be given a physical meaning. From

Eq. (1-7) we note that 2 is a real quantity, equal toj%fu. Hence

n
£11(v v, = V3] £ (m} (1-18) .
0/’3 2
and it thus represents the line segment shown in Fig. 1~2 below

" AC
4'GV§)\43

|
|
e lng| —-
l
! |

Fig., 1-2. Relationship between Co; CT and & C

For brevity let

C. .
v3f"(vo) - = (1-19)
We can now rewrite Egqs. (1-15) and (1-16)
I = e+ 3w(8E) ' (2-20)
aejwyfBY, - * -
I JW{‘ze}’l JWaly ¥y (a-21)

or in matrix form

ol “
' B ﬂy“ " (1-22)
2 V2 ' . .



T L T .
y - - -
Y Y -3 (&) ~3ui, Oy

Section 1.2 :quivalent lir-uits for Ideal Varactors*

The relationships (1-20) and (1-21), and their matrix (1-23)
can readily be represented L.y ar equivaleni circult which contains
two passive elements and two voliage~controlled current sources.

Fig. 1-3 shows the resulting network.
l.&.&
\ ._‘J <:> .ffr} 2 *
o0 |3W|C3 " s -iW; C’T oy

| k-wf@ﬁ«rff |

Fig, i-3.Current Luource t“’Jt“unkrulOn of Non~linear
o8 Paca ftano
Hence ortn y,o et 2w fowe 2alled the gelf-admittances of
RS
the signal and idjer Srocvencios e eltlvely, whereas y v, and Y, 1 are
12 2 21
the coupllig torins In the for of ©usture~ onirolled current sourcess

This representaticr is, of rcvrse. not the only one possible, For

}osenid b ennlly inverted and the resulting
the
Z-mabtrix would then vield the network shown in Fipg, 1-L onAfollowing

example, the matrix (1.7

page.

% Henceforth the terms ''Varactor", n"diode" and "non-linear capacitance"
will be used interchangeably, all referring to the variable capacitance

semiconductor juncition diode.
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I| z" U-& NS Z22 "
Zn L Zz I,
N, A’;*
Fig. 1L, Voltage Source Representation of Noa=linear
Capacitance .
Here
|
2. - Jaz (
11 - a:_.\.— - 4 UJ!CTKZ
. i <'£>c >
2 - - VA - T e
12 = %(_6:1 . - WwaCrr? 2-
: AC
2 = & oY\ e ( pndn )
27 23T YWtk VN TE (1-21)
’ !
7 — U
22 ~ ";E'I = 4 w2 Cv KL ’
and for convenience N
2 __ . AxC.) .
= 11— (32 (1-25)

While from a theoretical standpoint the two representations, i,.e.
either contr lled voltage or controlled current sources, are completely
equivalent, only the latter type will be used in the analyses. The
reason for this choice lies in the greater usefulness that the shunt
representation has in most waveguide network elemeﬁts (tuners, irises etc.)
are shunt devices by nature. Furthermore, the variable capacitor itself,
in form of a Varactor diode, is usually shunted across the wavegulde in
most physical parametric devices. The representation of Fig. 1-3 is
therefore mére natural and can be more easily combined with the rese of

the circuiﬁ to simplify the analysis.
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Section 2,1 Modified Admittance Matrix

In the forepgoing analysis the Varactor diode was assumed to be
a pure variable capacitance. This is a very much idealized picture
since a conventional, physical diode is known to contain a number.
of parasitic elements such as case capacitance, lead inductance and

ohmic resistance., A more accurate equivalent circuit for these diodes

therefore is shown in Fig. 1=5.
b,

%\’(

L ——Ce

Fig, 1-5. Equivalent Circuit of Varactor Diode

In the figure R is the spreading resistance which includes
the spreading effect of the p-n Junction as well as the ohmic contact
losses., L and Cc are respectively the lead inductance and case capacie
tance a ssociated with the diode nackare. Re is the leakage resistance,
The voltage-variable capacitance C has been shown separated into
CT and Cv in order to emphasize that the variations of capacitance
are superimposed on a given quiescent value of C, namely CT'
Typical values for commercially available variable capacitance

diodes are presented in Table 2-1 below.

CT=005-hWW'£

t
i
(o
o
1
AVa 8
3
N

Table 2-1. Parameters of Actual Varactors
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In most diodes the case capacitance G, is small enough to be
neglected., Similarly at frequencies above VHF the leakage resistance

Re in parallel with CT can be ipnored if there is no pump voltage
excursion into the forward conduction resion. In view of this the

equivalent circuit of the diode will be taken as that shown in Fig. 1.4,

R

5
\'g —— =

C -
R
Fig. 1-6. Simplified Equivalent Circuit of Varactor Diode

In previous analysis (Chapter I) an admittance matrix was

derived for the variable capacitance only, i.e.

I Vv
M=l ) 2
» v
12 5
In order to obtain an admittance matrix in terms of voltages
across the total network, we first let V be the voltage across the

external, physical terminals of the dicde. We shall then sgek a

transfer matrix such that

v v
A1 Tn T12 1 ‘
’ ' - T T X vl ‘ (2-2)
2i 21 22 2
If we let

R+ jwL= 12
1. (2-3)
and R+ jw L= Z2-

then from Fig. 1-6 and using Eq. (2-1)

3
v, = vl - Ilz1=. Vl - (yllvl... ylz v2) z,
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¥* * *‘* 3 . #*, ¥ ’ (2-h)
v, Vs, -Izzz-vz-(y VY, Y _

Eqs. (2-L)yield

v = Vi~ 3\12|M’-*

=+ W &
L SR @25)
Vo = Va = Yl Lo T

(1% ya2 22%)

and from these finally

: > e }3| -Z.
vo= \]\,EJT-—* e ]-r-\/:. ["‘ 1 l] (2-6)
i
¥ - \/lEj\‘z Z2 ]_r Vzé‘E'f“éil;l] (2-7)
S S :
where .
D-l+yllzl+y Zz—g-ZZ VAN (2-8)
and )\ is the determinant of matrix (1-23).

A comparison of Egs. (2-2), (2-6) and (2-7) gives the desired

elements of the transfer matrix

i
T T : l+y Z) A=y 2)
11 121 o y22 2 121 " (2=9)
== =S
T T -y Z 1 Z
21 2 (}21 2) (I+7y,,2)

We now have from Egs. (2-1) and (2-2)

. )
1 T AR T R CATLIP. Py ?2) ol 2 (2-10)
3+ - 3

T 7
2 ‘ W Tt Yoty U Tagt Yoot 22l iz

and a substitution for the T!c ylelds

* .
I Y.+ 2, & N \

|1 _oqffnt o ) 12 Alx it (2-11)
I, y z

ol . 5 8) 2
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Hence the new admittance matrix, referred to the physical terminals

of a diode, can be written as

#*
z
(yl ot 2 D) ylz
_1
= 5 | (2-22)
Yoy (y22+ Zl A)

In order to evaluate individusl terms of Eq. (2-12), use will
be made of Egs. (1-23), (2-3) and 2-8, Thus by direct substitution
D=1%7y Z2 A

74 2
115 +y22+

1

= 1+ Ju, C’r (R+ J.Wn L)+ (-J%CT) (R - JWL) +

(R+ Ju L)(R - JWL) A
where

2 2
- - r - C - C) - C Xk
A= Y0¥ = Ny w“"‘i T e_‘ } W,

by virtue of Eq. (l 25). Hence

D=1 -w’“LcT—r Jw RC -.w-,_ LGy - ._\wch-T -+ (2-13)

T
[R C? + Wy W L el g W LR‘—T -.Aw;L.RC.T] \<Pun wa,
At this point let us introduce two new'quantities, the series

resonant frequenxy Wepand the cutoff frequency We,. By definition

wos = J——LCT ' (2-1k4)
We = -;é—a; ' (2-15)
Furthermore, let
% - o wos e (216
. W

Eqe (2-13) can now be written in a simpler form, from which

the physical nature of D can be more readily ascertained.
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- P 2 ' - 2 Q (g‘.s) -
D= 1 =@M G +(B&+E )+ (6-62 +KE Gr 2-18)

Similar substitutions result in

£-2 2 2
ot % a=due{1-@ (@34 3g )} (2-19)
and
Yy +2 A= =wc {1 -kz(e‘— JE )} (2-20)
22" 1 <y ‘ !
Eq. (2-12) can now be written in its final form as
Y Y i c {1 - x° 1"5} wu“)
” “ 11 R Jw, T{ (Barj€2)} J ('T
Y- =
ol - ¥ - ¥ - b 2_‘ } -
X, Yzz‘ jw’(i’) jwlchl k(8 Ae.) (2”21)

As acheck, 1t should be noted that if the parasitic resistance
R and the lead inductance L are made very small, then UWfandW, become
large, the quantities 8. , GZ’ £, and &, tend toward zero mmd D will
approach unity. In the limit the matrix (2-21) will become identically
equal to that of (1-23) which, it will be recalled, described the
behavior of an ldeallzed non-linear capacitance .

It should be stated that in this as well as in forthcoming
analysis the pump voltage v3 across the p-n junction capaci\?ance (and
hence AC ) is assumed independent of Wy and Ut . Obviously We and We

do affect the voltage drop across C_, but a dimplifying assumption is
. N

TJ
made that regardless of W or (4 phe pump power is adjusted to yield the

same pump voltage swing across the junction capacitance.

Section 2.2 Modified Impedance Matrix

Although the equivalent immedance description of a voltage
variable capacitor, as first presented in Section 1.2, will not be
used in the analysis of the parametric upconverter, the modified impedance

matrix is derived for the sake of conxﬁleteness.
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Since the series arrangement of parasitic elements in Fig, 1-6
already suggests an impedance description, the derivation becomes almost
trivial. Starting with the four=-*‘e¢cminal model of the diode as shown in

Fig. 1-L and its impedance matrix, Fig. 1=6 gives
*
v, =V =« LZ = I z. I
S L
* % * % ) *
v2 V2 - 1222 .22111+ 22212

From these

3

V. = A
y " Gt ) e T,
v I iz w21
o T PalytErtEyt,

Substitutions from Eqs. (1~24) and (2-3) finally lead to

( ' ! ) ‘A"EC‘

R W L - -

"le: 3 'A—?'.Q‘ {:{ - (WL ] ) }
. Wi Crt K2 T e e

Section 2.3 Resonance Factor

The most important modification of fhe original admittance matrix
(1-23) is the appearance of D which will henceforth be referred to as
the resonance factor. In thé following sections its effect on the .per-
formance of the parametric upconverter will be discussed in detail.

" Here we shall make a study of the quantitative' behavier of the resonance

factor as a function of the frequencies involved.

To repeat |
D )=B2=Ra+ K1<BIIB2Z+€| £) +1 @l — 2+ 6 Ba(B- G:)‘]

In general D will be a complex number, involving both the series
resonant frequency W, and the cutoff frequency Uk . While thé complex

D could be analyzed, rather complicated and uninformative expressions
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would result. Fortunately the state of the art of ma.l'd.ng variable
capacitance diodes has been brought to a stage where dlodes with very
high cutoff frequencies ()100 kme) are becoming available. Since, on
che other hand, the operating frequencies () and W, are in low micrewave
regions, the quantities

- €2= W,
\ We, W s

can be neglected, and thus the resonance factor becomes a real number,

The series resonant frequency Wo. is, however, very much lower than Uk .
For present day diodes Wo rarely reaches 10 kmec. Most commercially - '
available units exhibit series resonance at frequencies as low as 2500 mc.
These frequencies lie well within the operating range.

Subject to the assumption of very high ), the resonance factor is

given by
2 2,2
D=)|- B\2— R+ K R*Ba (2-23)
where . N
u s Wa K*=I= _éi)
S R 2er ) ”
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APPENDIX II )

DERIVATION OF GENERAL PARAMETRIC UPCONVERTER

The pumped varactor diode can be represented by the following admite
tance matrix (also see First Quarterly Progress Report, Signal Corps

Contract DA=36=-039-sc-85058, DA Project No. 3499-21-001-01 pp L=5, 35-L9).

Jwly Jw, (49—)

T &) o

(2-1)

Y=

where

=)
ile

)
(L)O

2
1 -(.(’3.2.) (2-2)
Wy

6)1 = signal (input) frequency
Wo = idler (output) frequency
&)O = series resonant frequency of the diode.

The cutoff frequency of the diode is assumed such that

Cl)c >> (‘)O
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The complete circuit of the upconverter can now be drawn as follows:

CA) GS DIODE

NETWORK NETWORK

{ INPUT I ouTPUT
9
vL

<

Figure 2-1 Basic Structure of the Upconverter

The self-susceptances Y17 and Y5, will now be combined with the

respective networks. Furthermore, applying Norton's Theorem to the input
side, we finally obtain the circuit below

|
| i
) :
o Y\o. OuUTPVT
51 v ‘ ' Vi NETWORK
| Yu © | l

l |
e—v. __J
\(\'ﬂ =‘I 3 Y\. |

Figure 2-2 Upconverter Circuit After Reduction

Power across G, is given by
vr | 2 2
Pre =] vl Re () (2-3)
. vl
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Maxiwum available power from the inpnt generator is

|'|2 2 2
P = — L | Tg* Tin (2-h)

°  kRg (Y bRy (T,)

Hence the over-all transducer gain is

. |? ug, (Yg) Ry (Yp) (2-5)
\5%

(}T-_ = >
,Ig-rYnI

The individual termms can be easily obtained by applying the equations
for voltage gain and input admittance of conventional four-terminal nete

works, Thus

v, |2 . 2
el I Py R (2~6)
1 Ip *+ Y, I

where it will be remembered that Y;q and I55 were lumped with the respective
networks, Hence shown in Figure 2-2 the diagonal terms of the matrix (2-l)
are sero.

In a similar manner

2

2 | 2
Y., T Y, Y% =Y, T l
Ig - 12 "21 - ‘L 12 21 (2=7)

Y +Y
g Tin I ‘!L*‘ 2

The reason for the complex conjugate of YL follows from the initial
derivation of the admittance matrix of the diode. It will be remembered that
the pump coupled the signal voltage at f; to the conjugate of the idler
voltage at f,. As a result, all admittances in the idler circuit, as far as

the analysis is concerned, are ratios ol a conjugate current I, to a conjugate
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voltage V,, ard must therefore be emtered in equations as suchs. As an 1llus-
tration, the diode self-susceptance Y,, is physically a capacitive suscep-

tance below the series resonance., In the matrix (2-1) however, it appears
with & minus sign,

Combining Bquations (2-6), (2-7), and (2-5) yields

hlrgll Re (Y )Re (1)

2
IYg Y- T Ty

(2-8)

If Y15 and Ypq in Equation (2-8) are replaced by their equivaleats from
the matrix (2-1), one obtains the tramsducer gain equation for a parametric

upconverter,

hﬁozﬂg—) Ry (Tg) Ry (%)

T, T, - W W AG)
p2

(2=9)
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APPENDIX TII
GAIN DERIVATION OF A CIRCULATOR COUPLED PARAMETRIC AMPLIFIER

(Reflection Type)

The scattering matrix of the three port circulator shown in Figure 3=1

0o o 1
S = 1 0 © (3-1)
0 1 o0
|
2

Figure 3«1 Three Port Circulator

From this the normalized Y-matrix becomes

0 1 -1
Y = -1 0 1 (3=2)
1 < '
Unnormalizing the Y-matrix
0 G, =G,
Y = 6, 0 G (3-3)
Gy =G 0
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Now let port 2 of the circulater be teminated by a paramp with an
input admittance I:ln'
Then

==V, Y | (3<k)

From Equations (3-3) and (3-l4)

-v2 Iin = -Vl Go + V3 GO (3"’5)
or
- Go '] Gy -6
in I:Ln
and
Ge
L= [Go Vy - G v3] -G, V3
in
or
I,*o=2 V, | = +gqa ]|V 3-7
Similarly
2
G G
I, =G, [1 -2 Vv, + 2|v -8

Thus the Y-matrix for a circulator paramp combination becomes



I
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[¢]
-G s + 1
[o] Yin
. (3-9)
9&. G
Yin Yin

Since the numbering scheme of the ports is immaterial we change for

convenience to the 1=2 notation.

dicated below

The circuit could then be drawn as in-

% G%

v, 1Yl

[ [

Fipure 3-2 Circulator Paramp Equivalent Circuit

rom Fifgure 3=2
- el

- and
° hGo

” VL'Q 5
= |V |° o, = | = |v1| G,  (3-10)
V.
i
D 1 2
. |
o Vl

since Po can be written as




-9 -

12
G'o M (’in

lv|2
P = 1
h G,

and-
Gin.gGO.

From network theory and Equation (3=9%)

\ L - % 2
L© . | Ya | . Yin
ey Y. Y (3'11)
Vy 2 Yy 1+ Gy
Tin

With no additional networks in the input or output the paramp can be repre-

sented as
: VY, |
Vi G, Yu . V) o Ya| - Ga vo¥
J- Va iz
| i %

Figure 3-~3 Equivalent Circuit of Parametric Amplifier

where Gy and G, are the circuit losses present.

Yy, is obtained from rigure 3-3 and becomes

JaNY 2
Gy Lo 2

DZ [:GZ + 122]

Yin = (G + 1pq)



The admittance terms Y7, Y35, and Yp» used just above and in Figure 3-3
refer to the parmmetric diode admittance matrix,
From Equation (3-11)

2
G -PL - Yin-GO
T Py Y +qg|2
° ,:Ln o
and
Ac\
b o (™%

(Gl + Yll -GO) -

De (Y, + Y
Gp = JQ- 2?1— (3=12)
(G + Yyq + @) = G, a

2
D [12 + '122]

where Gy has been changed to Y, since in a general case the ldler may be

terminated in a complex network instead of Just Gs.

In general the negative conductance term in the circulator gain equation
is not large enough to overcome the positive conductance of the device,
Therefore it is sometimes necessary to place a transformer in port 2 of the
circulator, The input admittance of the parametric amplifier then becomes
n2 Yin where N is the turns ratio of the transformer, Similarly the trans-
ducer gain of the circulator coupled paramp can be expressed ass



2
AC
2 Wy Wy ™
-G°+N Gl'.'In-
DTY2+122]
r 0 NG
¢ oy + N2 6 + Ty - 1 Wo T 3

(3-13)
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APPENDIX IV

MEASUREMENTS MADE ON VARIOUS TYPES OF VARACTORS

Diode # Line Z Frequency (MC) 2100 2200 2300 2400 2500 2600 2700 2800 2900
WE 1 17 Volts (DC) 032 ohl 037 03 025 02 017 013 015

WE 2 17 Frequency 2100 2200 2300 2h00 2500 2600 2700 2800 2900
Volts 035 ohz 035 027 023 023 015 cls 015
WE 3 17 Frequency 2100 2200 2300 2400 2500 2600 2700 2800 2900
Volts 033 038 ohs 032 031 025 023 02 02
WE L 17 Frequency 2100 2200 2300 2400 2500 2600 2700 2800 2900
Volts 935 ohs ohé 037 038 035 025 022 02
203 - 17 Frequency 1800 1900 2000 2100 2200 2300 2400 2500 2600
Volts 0 1 .22 .1 075 b5 .18 06 .19
204 17 Frequency 1800 1900 2000 2100 2200 2300 2400 2500 2600
Volts 03 .06 075 125 ,1 .07 ,025 O .02
202 17 Frequency 1800 1900 2000 2100 2200 2300 24OO 2500 2600
Volts 03 .05 .05 .05 .09 ,075 .025 ,01 .01
205 17 Frequency 1800 1900 2000 2100 2200 2300 20O 2500 2600
Volts 03 03 .06 ,19 .0 0 01 .02
206 17 Frequency 1800 1900 2000 2100 2200 2300 2hLOO 2500 2600
Volts .01 903 005 022 007 015 ol 003 005
207 17 Frequency 1800 1900 2000 2100 2200 2300 2400 2500 2600
Volts 002 003 009 005 003 013 ooh ooh 006
208 17 Frequency 1800 1900 2000 2100 2200 2300 2hL0O 2500 2600
Volts 02 04 ,0t% .12 ,125 .13 ,15 .1k LO7
9A 17 Frequency 180C 1900 2000 210C 2200 2300 2400 2500 2600
Volts 075 1,175 .18 ,195 .17 .12 ,075 .08
10A 17 Frequency 2200 2300 2400 2500 2600 2700 2800 2900 3000
Volts 05 L075 .05 075 .12 .25 .27 .05 11
11A 17 Frequency 2700 2800 2900 3000 3100 3200 3300 3400 3500
Volts 007 023 03 021 . 0‘2 033 936 012 03
2 17 Frequency 2100 2200 2300 2400 2500 2600 2700 2800 2900

Volts 0 01l .02 ,025 .02 0k LO75 .l .2



Diode # Line Z Frequency (MC)

3
5

11

12

13

16

18

20

21

22

23

27

17
17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

Volts

Frequency
Volts

Frequency
Volts

.Frequency

Volts

Frequency
Volts

Frequency
Volts

Frequency
Volts

Frequency
Volts

Frequency
Volts

Frequency
Volts

Frequency
Volts

Frequency
Volts

Frequency
Volts

Frequency
Volts

Frequency
Volts

Frequency
Volts

2100
.01

2100
o1k

2100
012

2100
.16

2100
Nl

2100
.08

2100
.05

2100

2100
.25

2100
015

2100
ol

2100
.05

2100
.09

2100
92

2100
.03

2100
.05
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2200
.025

2200
25

2200
.25

2200
o2

2200

2300 2Loo
.06 .09

2300 2500
J3h .25

2300 24L0O
«33 .23

2300 2h00

022  L125

2500
2500 2600
16 .22

2500 2600
.18 L1

2500 2600
07 o1

2300

2L00 2500

08 .16

2200 2300
0 0

2200 2300
JA3 .05

2200 2300
0 0

2200 2300

.125

2400
0

2400
0

2100
.01

21,00

075

2500
0

2500
0

2600
012

2600
0

2600
0]

095

2700
o1l

2700
.05

2700

2025

2700
ol

2700
0

2700
0

2500 2600 2700

,025

2500

.075

2600

2275

2200
o1

2200

°

2200
.09

2200
015

2200
026

2200
o0l2

2200 2300 2400 2500
.05 045

.05

02 .13

2300 2400
.06 .02

2300 2400
2025 .02

2300 2koo
005 003

2300 2400
025 L15

2300 2L00
02 .12

2300 2400
2032

.025

ol .05

2500 2600
.02 .02

2500 2600
0 0

2500 2600
.02 .02

2500 2600
0125

2500 2600
.09 .09

2500 2600
02 .02

2600
N

0125

0l5

-175

2700
.05

2700
0

2700
0

2700
002

2700
012

2700
.075

2700
.01

2700
-0k

2600 2700 2800 2900
.07 .OT5

075 ,05

2800 2900
.05 .06

2800 2900
07 .07

2800 2900
02 01

2800
.05

2800
0

2800
0

2800
.025

2800

2900
2025

2900
0

2900
0

2900
0

2900
o 06 006

2800 2900
0 0

2800 2900
0 0
2800 2900
0 0

2800 2900
075,025

2800 2900
.05 .0k

2800 2900
0 0

2800 2900
.035 .03



Diode # Line Z Frequency (MC)

31
32

30
209

210

211

212

213

21k

215

216

217

218

219

220

/A 9A
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2100 2200
.03

2100 2200
.175 .05

1800 1900
.05 L,15

1800 1900
.025 .07

1800 1900

ol 2125

015

2300 2hoo
0 0

2300 2hoo
.025 0

2000
o117

2100
o1l

2000 2100
°1 01

2000
013

2100
o1l

2500 2600
0 )

2500 2600
0 0

2200 2300
2175 .19

2200 2300
12 .15

2200 2300
2125 1

2700

2700

21400
° lh

2500
o17

21100
.07

1800
.03

1800
07

1800
01

1500 2000
05 .07

1900 2000

ol 075

1900 2000
025 .0k

2100
ol

2100
075

2100
.05

2200
012

2200
011

2200

075

2300 240O
o175

2300 2400
12 07

2300 2400
0125 o 15

185

17 Volts (bc)

17 Frequency
Volts

NG RESPONSE

17 Frequency
Volts

17 Frequency
Volts

17 Frequency
Volts

17 Frequency
Volts

17 Frequency
Volts

17 Frequency
Volts

17 Frequency
Volts

17 Frequency
Volts

17 Frequency
Volts

17 Frequency
Volts

17 Frequency
Volts

17 Frequency
Volts

7 Frequency
Volts

2300 2400
02 035

1800 1900
07 L1

1800
«11

1900
012

2100 2200

25 .27

1800 1900
o2 o3

2000
.25

1800 1900
A3 .2

2100
022

2500 2600
36 L2

2000
022

2100
027

2000
.07

2300 2h00
kL1

2000 2100
o3 o3

2200 2300
o2 o3

2000
.24

2100
008

2100
027

2700 2800
15 .2

2200
.22

2300
.18
2200 2300
025 .32

2500 2600
.1 01

2200
25

2400 2500
oh 023

2200 2300
.3 .2

2300
-0k

2900
022

2L00
013

2100
o 17

2700
012

24400
.02

2600
012

21400
007

2800

2800

2500
.03

2500
.07

2500
.03

2500
.07

2500
001

2500
.09

3000
.12

2500
.07

2500
.07

2800
.07

2500
.02

2700
o1

2500
.01

2900

2900

2600
.025

2600
.025

2600
025

2600
001

2600
.02

2600
.025

3100
017

2600
.02

2600
o1

2900
007

2600
.02

2800
o1k

2600




Diode # Line Z Frequency (MC)

/A 10A
/A 11A

11
13

12

15
16
18
20

21

7
7

Volts

Frequency
Volts

Frequency
Volts

Frequency
Volts

Frequency
Volts

Frequency
Volts

Ffeqnency
Volts

Frequency
Volts

Frequency
Volts

Fréqnsncy
Volts

Frequency
Volts

Frequengy
Volts

Frequency
Volts

Frequency
Volts

Frequency
Volts

Frequency
Volts

2300
.07

2700
o1

2000
0

2000
0

2000
0

2000
«10

2000
A5

2100
205

2100

075

1900
.02

2100
0

2100
o3

1900
o1

2000
«17

2000
.05

2000
ol
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2h00
1

2800
.15

2100
0

2100
202

2100
0

2100
15

2100
02

2200
ol

2200
o1l

2000
.01

2200
0

2200
ok

2000
.15

2100
J1h

2100
.07

2100
ol

2500
«25

2900
022

2200
0

2200

2025

2200
0

2200
020

2200
ok

2300
019

2300
.03

2100
0

2300
0

2300
.12

2100
.1k

2200
ol

2200
»09

2200
.15

2600 2700
2 Lk

3000 3100
oh 052

2300 2l400
0 0

2300 2400
07 .1

2300 24hoo
.03 .07

2300 2L0O
27 LU0

2300 2h00
15 .05

2400 2500
27T L2

2boo 2500
0 0

2200
0

2400 2500
02 .05

2400 2500
.05 .02

2200 2300
ol 905

2300 24oo
025 0

2300 2400
.08 L06

2300 2k4oo
02 026

2800
o2

3200
o5

2500
2500
o1

2500
01

2500
.ho

2500
2600
012

2600
0

2600

075

2600
0

2400
och

2500
0

2500
-0l

2500
.31

2900
o2

3300
053

2600
01

2600
ol

2600
15

2600
25

2600
2700
.06

2700
0

2700

o175

2700
0

2500
.02

2600
0

2600
003

2600
022

3000
o1
3L00
.05
2700 2800
,015 ,03
2700 2800
o 075 o 025
2700 2800
I N S §
2700 2800
.05 0
2700 2800
0 0
2800 2900
0 0
2800 2900
0 0
2800 2900
L] 3 L] 1
2800 2900
0 0
2600 2700
0 0
2700 2800
0 0
2700 2800
025 ,02
2700 2800
022,15



-98 -

Diode # Line Z Frequency (MC) 2000 2100 2200 2300 2400 2500 2600 2700 2800

22 7 Volts (Dc) 015 02 025 «33 02 013 o1 07 005
26 7 Frequency 2000 2100 2200 2300 2hOO 2500 2600 2700 2800
Volts .05 .07 .08 ,07 .06 .03 ,025 .02 ,LO1
27 7 Frequency 2000 2100 2200 2300 2400 2500 2600 2700 2800
Volts .005 .004 .003 .005 .002 .002 ,001 .002 ,001
30 NO RESPONSE
31 7 Frequency 2000 2100 2200 2300
Volts .02 ,015 ,01 0
32 7 Frequency 1800 1900 2000 2100 2200 2300
Volts o2 2h W15 L,09 0 0
WE 1 7 Frequency 1800 1900 2000 2100 2200 2300 2hLOO 2500 2600
Volts 031 031 03’4 037 oh 635 025 02 02
WE 2 7 Frequency 1800 1900 2000 2100 2200 2300 2400 2500 2600
Volts 032 033 037 038 03 02 a13 012 al
WE 3 7 Frequency 2000 2100 2200 2300 2400 2500 2600 2700 2800
Volts 033 W37 Wb o3 225 17 .17 .15 L1
WE L 7 Frequency 2000 2100 2200 2300 2hOO 2500 2600 2700 2800
Volts 035 oh olls 935 025 02 02 015 007
/A 202 7 Frequency 1800 1900 2000 2100 2200 2300 2400 2500 2600
Volts o15 .25 W37 .35 b2 .2 .07 .01 0
/A 203 7 Frequency 1800 1500 2000 2100 2200 2300 24LOO 2500 2600
Volts .08 .08 2 .22 L18 .35 .5 32 .1
/A 20h 7 Frequency 1800 1900 2000 2100 2200 2300 2400 2500 2600
Volts .07 .1 2L .23 17 3h Wk 02 .05
/A 205 7 Frequency 1800 1900 2000 2100 2200 2300 2400 2500 2600
Volts 16 .2k .35 .25 .3 o2 03 0 0
/A 206 7 Frequency 1800 1900 2000 2100 2200 2300 2LOC 2500 2600
Volts ° 2h 03 ohs 035 037 015 .05 .02 0
/A 20T 7 Frequency 1800 1900 2000 2100 2200 2300 2400 2500 2600

Volts 06 05 1 .12 .08 .1 A9 .21 L2
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Diode # Line Z Frequency (MC) 1800 1900 2000 2100 2200 2300 2hL00 2500 2600
/A 208 7 Volts () 1 12 26 .22 26 .38 .31 .2 1

/A 209 7 Frequency 1800 1900 2000 2100 2200 2300 2400 2500 2600
Volts 015 02 03'4 027 037 ohs 03 015 005
JA210 7 Frequency 1800 1900 2000 2100 2200 2300 2400 2500 2600
Volts ol .1 025 .27 .23 L3 035 .23 L15
/A 211 7 Frequency 1800 1900 2000 2100 2200 2300 2400 2500 2600
Volts ol 015 .3 0?2 025 L1507 .03 01
/A 212 7 Frequency 1800 1900 2000 2100 2200 2300 2400 2500 2600
Volts .07 08 L2 025 L2 028 .32 .3 0?2
/A 213 7 Frequency 1800 1900 2000 2100 2200 2300 24OO 2500 2600
Volts o3 ol 035 .22 L,22 L1 .01 0 0
/A1 7 Frequency 1800 1900 2000 2100 2200 2300 2400 2500 2600
Volts 06 06 .2 L1T  L15 .25 2T .2  L1§
/A5 7 Frequency 2000 2100 2200 2300 2400 2500 2600 2700 2800
Volts 016 .25 26 .5 63 65 .55 .3 02
JA 216 17 Frequency 1800 1900 2000 2100 2200 2300 2400 2500 2600
Vol tS ° 1? o 2,4 0 35 ° 28 o 33 ° 1, ° 05 0 O
/A 217 7 Frequency 1800 1900 2000 2100 2200 2300 2400 2500 2600
VOl't:S 0’ 01 03 935 037 th 03 008 o05
/A 218 7 Frequency 1800 1900 2000 210C 2200 2300 2400 2500 2600
Volts 0 0 05 L1 o1 .15 .2 .35 .25
/A 219 7 Frequency 1800 1900 2000 2100 220C 2300 2400 2500 2600
Volts 18 .25 b 032 L2 .05 L0l 0 0
/A 220 7 Frequency 1800 1900 2000 2100 2200 2300 2400 2500 2600
Volts 0 ol 023 027 03 oh? oh 025 01
/A 9A 7 Frequency 2100 2200 2300 24OO 2500 2600 2700 2800 2900
Ku Band Volts 0 02 o5 L2 015  L,15 ,05 02 0
Mount .
JA11A 7  Frequency 2800 2900 3000 3100 3200 3300 3LOO 3500 3600
Ku Bmd Volts 02 o)-l 06 063 07 05 03 023 o2

Mount
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Diode # Line Z Frequency (MC) 2100 2200 2300 2400 2500 2600 2700 2800
JA9A 20 Volts () o .01 05 .18 .13 .23 .1 ,L05
Ku Band

Mount
/A 202 17 Frequency 2100 2200 2300 2400 2500 2600 2700 2800
Ku Band Volts 0 0 01 .02 ,03 .02 ,01 0

Mount



APPENDIX V

PERFORMANCE DATA ON FERRITE CIRCULATORS

A. Manufacturers Data (Melabs)

Melabs Model X-3L43, Serial #1

1 Frequency VSWR Insertion Loss Isolation
(Kme) Arms 1-2 (db) Arms 1-3 (db)
_.3‘00 1,16 T » 20 23,0
3.2 LLoln 210 28,0
3.5 1,07 05 28,0
~—~3:8 - 1,08 010 30,0
“—l;(;w o 1 ;1'7 " yle; 2l

Melabs Model X-3kLi, Serial #:

5, Frequency | vSwR Insertion Loss Isolation 'J
MY e ], Joms 22 (D) Arms 1-3 (db)
L 2,0 i 1022 o X 18,5

; 2.2 é 1615 18 25,0

[ 2.3 é L.C3 . 285

T"E:é—_ %  Lelkh 0id) 31,0 |
( 3.0 ) k 405_5 e ox5 20,7

B, Measured Data

Melabs Model X=3L5, Serial #.

-F:f;quency (Kmc) VSWR ! isolation Arms 1-3 (db-)m “
3.C 1,06 4 2T.5
—AE—.,.E.WW—W- o 22,7
3ot 3.0 2,0
36 1..6 2742
3.8 02l 3663
4e0 | 1021 i 2545 !
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