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ABSTRACT

Measurements of linewidth and anlsotropy were made
on a 600 47mMs Ga-YIG single-crystal ferrite. The linewldth
behaved normally with respect to 1ts variation with crystal
axls orientation; that is, the linewlidths were maximum
(7.8 ocersteds) with the external fields along the easy axis
and minimum (3.7 oersteds) along the hard axls. Measure-
ments on the decline of the susceptibllity yilelded critical
threshold levels that agree well wlth the values predicted
from the measured linewidths. It 1s expected that limiting
levels 1n the region of -20 dbm should be realizable in the
UHF region with this material.

A low-threshold varactor limiter was designed and
constructed using a varactor-loaded single-tuned clrcuit.
By using the field build-up characteristic of a highly
regenerative clrcult, threshold-limiting levels of less
than -20 dbm were achieved. This technique ylelds a narrow-
band device 1in which bandwidth is traded for limiting level.
The limiter had a dynamic range of greater than 40 db, an
insertion loss of 1.8 db, and a bandwidth of 2 Mc. Cascad-
ing the limiter with the high-power broad-band limlter,
developed earlier on this project (described in a previous
quarterly progress report), yields an ultra-dynamic range
of 70 db, and an overall insertlon loss of 2 db while still
maintaining its low threshold level.

Investigations of the performance of commerclally
avallable three-port C-band circulators, relative to the
theoretical performance expected from Bosma's analysis, was
continued., Modifications of Bosma's equations were made to
allow for negatilive ueff values and extended frequency vari-
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ation. The effect of imperfectly matching a circulator, by
the technique derived earller in the project, was analyzed.

In addition, modifications of a Bendix circulator incorpo-
rating a double-~-tuned matching network was undertaken and
examined experimentally.

An analysis of the input circuit of a one-port
parametric amplifier (using a simplified series-equivalent
circuit) was performed, from which phase shift versus fre-
gquency as a function of galn was obtained. Measurements
made on the phase-shift characteristics of a C-band non-
degenerate ampliflier for several gain conditions were com-

pared with the predictions of the simplified model, and they

compared favorably. In addition, a relatively rigorous
expression was derived for the amplifier input impedance
based upon an accurate seriles equivalent circuit., This
expression has been programmed for a Recomp II digiltal
computer.

11




1I.

IIT.

IV,

V.

TABLE OF CONTENTS

Introduction

Broad-Band Solid-State Limiters for Recelver
Protection

A, PFerrite Limiters

B. UHF Varactor Limiter

4 to 8 Ge Circulator

A. Theoretical Performance of Bendix C-Band
Circulator (Preliminary)

B. Experimental Modifications of Bendix
Circulator

Broad-Band Low-Nolse C-Band Amplifier

A, Simplified Theory

B. Phase Shift Measurements

References

Appendices

A, Extended Frequency Variation of Ferrite
Parameters for Low Field Case

B. Modification of Circulator Equations for
“eff <0

C. Effect of Imperfect Symmetrical Matching
of Three-Port Circulator

D. Analysis of Two-Section Quarter-Wavelength

Transformer for Matching Circulator

E. Derivation of Balanced Amplifier Input
Impedance

Page

O WO = W

12

17
17
20

23

25
29
31
39
43

iii



LIST OF ILLUSTRATIONS

Figure
1 Limiting Characteristic of Diode-ILoaded Quarter-
Wave Resonator with Diode Placed in Middle of
Slab-Line Structure
2 Limiting Characteristic of Diode-ILoaded Quarter-
Wave Resonator with Diode Placed at End of Slab-
Line Structure
3 Equivalent Circuit of Diode-Loaded Cavity (Small
Signal)
4 Conditions Determining Operating Point
5 Calculated Limiting Characteristic Assuming Loss-
less Cavity
6 Composite Varactor Limiter
7 Performance of Bendix C-Band Circulator vs Frequency
8 Reflection Ceoefficient Locl of Matching Networks
for Bendix C-Band Circulator with Modified Center
Conductor
9 Performance of Unmatched Bendix C-Band Cilrculator
with Modified Center Conductor vs Frequency
10 Performance of Matched Bendix C-Band Cilrculator
with Modified Center Conductor vs Frequency
11 Simplified Series Equivalent Circuit for One-Port
Parametric Amplifier
12 Amplifier Phase Shift at 3-db Gain Point as a
Function of Center Frequency Gain
13 Phase Shift Characteristic vs Normalized Frequency
as a Function of Center Fregquency Gain
14 C-Band Nondegenerate Balanced Parametric Amplifier
15 Experimental Phase Shift vs Normalized Frequency
as a Function of Gain
D-1 Equivalent Circuit of Two-Section Quarter-Wave-
Length Transformer for Matching Circulator
D-2 Locus of Reflection Coefficient of Two-Section
Quarter-Wavelength Transformer for Matching Cir-
culator
E-1 Equivalent Circuit of Unpumped Varactor
E-2 Equivalent Circult of Amplifier



I. INTRODUCTION

Airborne Instruments Laboratory (AIL) is required
to study, design, and develop:

1. Low-level solid-state limiters covering the
400 to 800 Mc range,
2. Three-port circulators covering the 4 to

8 Gc range,
3. Low-noise solid-state C-band amplifiers

sultable for use in pulse-compression radar

systems.

Of the total funds allotted for this program, about
65 percent have been expended. The progress of the work to
date is satisfactory, and the program will be concluded with
the allotted funds. A 1llst of key personnel assigned to this
contract and the total number of hours spent by each during
this quarter follows:

Hours
S. Hamilton 408
W. W. Heingz 135
S. Okwit 185
E. W. Sard : 269
K. Siegel 339



II. BROAD-BAND SOLID-STATE LIMITERS
FOR RECEIVER PROTECTION

The purpose of this task 1s to Investigate solid-
state limiter techniques that are capable of protecting
receivers operating in the 400 to 800 Mc range. Two basic
types of limiters were considered--ferrite and varactor.

A, FERRITE LIMITERS

During this report perlod, further investigations
were made to determine whether single crystal gallium-sub-
stituted yttrium-iron garnet (Ga-YIG) with a sufficient
amount of Ga substitution to yield coincidence limiting in
the UHF reglon can be obtained without distroying the narrow
linewidth properties.

Previous work on Ga-YIG, having a 4nMs of 420 gauss,
has shown that the Ga doping level required to yileld the 420
gauss saturation magnetization resulted in an excéssively
broadened linewidth (30 oersteds) and high first- and second
order anisotropy constants (reference 1). This precluded the
use of Ga-YIG in low threshold-level limiters. Consequently,
a less heavily doped Ga-YIG sphere having a 4nMs of 600 gauss
was purchased from Microwave Chemicals Laboratories. The
sphere diameter was relatively small (0.061 inch); however,
it was large enough for linewldth and anisotropy measurements.
Initial measurements taken at 835 Mc have shown substantially
reduced anisotropy and improved linewidth. The measured line-
widths varied from 3.7 ocersteds along the hard axls of the
crystal to 7.8 oersteds along the easy axis. This linewidth
data, unlike the previous measurements on the 420 gauss crys-
tal reported in reference 1, behaves normally--that i1s, the
linewldths are maximum along the easy axis and minimum along
the hard axis. '



To check the measured linewldth data, a series of
measurements were made on the decline of susceptibility. The
critical threshold power level was found to be 60 microwatts
along the easy axis. This agrees well with the theoretical
value of 75 mlcrowatts.

During the next report period an attempt will be
made to construct a limiter, using this 0.06l-inch sphere,
in a half-wavelength cross-resonator structure. It is
expected that limiting levels in the region of -20 to -25 dbm
will be obtalned. However, the insertion loss may be of the
order of several db because of the small sphere size.

B. UHF VARACTOR LIMITER

1. GENERAL

One of the attractive features of single-crystal
ferrimagnetic limlters is the extremely low threshold-lim-
iting level typilcally -20 to -30 dbm. Varactor limlters are
not generally respected for their limiting levels; the para-
metric-type configurations yield thresholds of about O dbm.
However, varactor diodes can yleld relatively low power-lim-
iting levels (-20 to -25 dbm) by using high-Q cavity config-
urations. The work performed during this report period con-
centrated on this approach--that 1is, obtaining a varactor-
limiting confilguration that ylelded -20 to -25 dbm thresholds.

2. LOW-THRESHOLD VARACTOR LIMITER

By using a varactor diode mounted in a highly regen-
erative circult, such as é single-tuned cavity, relatively low
threshold-limiting levels can be obtained. In this configura-
tion, the build-up of the RF fleld causes the diode average
capacitance to increase, thereby detuning the cavity from its
initial center frequency. This 1is a narrow-band device in
which bandwidth is traded for limiting level.



The limlting characteristic of a diode-loaded quarter-
wave resonator, with the dlode placed in the middle of a slab-
line structure, is plotted in Figure 1. The position of the
diode 1s a compromise between low 1limit level and small-signal
insertion loss. From this data, measured at 257 Mc, 1t can
be seen that the device has a threshold level below -20 dbm,

a dynamic range of greater than 40 db, and an insertion loss
of 1.8 db. We believe that this insertion loss can be reduced
because 1.3 db is contributed by the losses of the unsilvered
brass resonator. The limiter can be easily tuned over an
octave bandwidth and has an instantaneous bandwidth of about

2 Mc.

Flgure 2 shows the limiting characteristic obtained
when the diode is placed at the open end of the resonator,
at the point of maximum E fileld. From Pigure 2, it can
be seen that the threshold level decreased to below -25 dbm,
and the insertion loss increased to 4 db.

The equlvalent circult of the limiter, when referred
te the diode location at the high-impedance point In the cavity,
is shown 1in PFigure 3. The cavity 1s represented as a parallel
resonant circuit with ideal transformers accomplishing the
input and output coupling. Rp is the equivalent shunt-diode
loss resistance, and Ry is that of the cavity. The conditlons
determining the operating point can be seen from Figure 4. The
diode capacltance, and, therefore, the total capacitance are
functions of the RF voltage across them (Figure 4A). The
response of the resonant circult with total capacitance
at a fixed frequency is shown in Filgure 4B for various levels
of input voltage E. Since both conditions must be satisfied,
the polnts of intersection are the operating points. The
solid curve in Figure 4B is adjusted for small-signal resonance.
Detuning can be seen wlth input power. However, other tuning
conditions, such as the dashed curve on the left in Fig-




ure 4B, can have multiple intersections, which result in
discontinuous Jumps in the operating polnts when the circuit
is tuned by varying the frequency (in this case) or the bilas
(in general). It can be seen that this sort of behavior
occurs when the curvature of the Cpop versus Vg curve is
relatively large and the resonant circuit has a high Q. It
should be noted that these jumps have been observed in
varactor frequency multipliers and can occur in the pump cir-
cuits of parametric amplifiers.

Referring to Figure 3, using the end-loaded cavity
with signals small enough not to cause diode conduction, and

neglecting cavity loss, the insertion loss 1s:

_ 1,1 2
L=(1+7% 7% Y)
where
12 -
ZO = n ZO
n = transformation ratio
and
_ 1
Y—G+J wCTOT——w_E
where
_ 1 2,2
diode loss conductance (G) = 5= W CJ Ry
Qd Rs
where
RS = diode series resistance,
Cj = junctlon capaciltance.

When initially adjusted for resonance

2~ 2

Y =y cJ Ry + Ju (ch)



where ACJ = the change in the junction capacitance with pump-
ing, and

o = (e’

)21/2

2 2
W Cj RS

2
+ AC,
W ( j

The insertion loss is then

i wz(AcJ)zJ + 2} [

2
- 1,1 2, 2
L=1+732; [m C;°R,

wgcjst)z + ﬁe(ACj)%Jl/g

But Cj is a function of (Vd), and

| 1y 1/2
Vd - Pou.‘c O)
Thus,
¢y = £ (Poy)
and
P _ Pin
out I,

Once the parameters are known, values for Vg can
be assumed and Pyyt versus Py, can be calulated (subject to
the restrictions of the simple model).

The calculated input-output curve 1s shown in Fig-
ure 5 for two assumed values of the transformation ratio,
n=20and n= 56. For n= 20, the theoretical 3 db depar-
ture from linearity is -26 dbm, agreeing favorably with the
measured data in Figure 2. However, the measured insertion
loss is about 2 db greater than expected, because some of the

parameters may be slightly in error. Calculations were per-




formed only for voltages of up to 0.5 volt at ﬁhe‘diode, where
conduction of the junction and enormous waveform asymmetry make ~
the linearized calculation oversimplified. Near this point,

the large junction admittance clamps the diode voltage on the
forward half cycle and peaks the voltage on the reverse

portion. For this reason, two diodes, with opposlte polari-
ties, should yleld greater attenuation at higher power levels,
but the small-signal loss would also be increased.

The simple model for the end-loaded cavity previ-
ously discussed does not predict any decrease in the output
as the input increases--that is, the cavity-transformation
ratio remains constant as the field configuration shifts.
Moreover, a decreasing output that 1s caused by an increase
in diode admittance, with any mechanism except negative resist-
ance, requires an increase 1n diode voltage, and, therefore,

a corresponding increase and not a decrease in output power
(Figure 2). For the case shown in Figure 1 however, wilth the
diode location at a point other than the high-impedance point,
the diode voltage is not a direct transformation of the volt-
age across the output and, therefore, may increase as the out-
put decreases. Because of the complexity of the large-slgnal
phenomena for this device, the previous explanations are
merely suggestions of possible behavior.

3. ULTRA-LARGE DYNAMIC RANGE LOW-THRESHOLD LIMITER

The capabilities of a cascaded varactor limiter sys-
tem consisting of the higher-threshold level broad-band devlice
described in reference 1 followed by the pféviously descrilbed
low-threshold level limiter can be considered. The limiting
characteristic of this system is shown in Figure 6. The
dynamic range is 1n excess of 70 db, the threshold level 1is
less than -20 dbm, and the overall insertion loss is 2 db.
'In‘addition, this system should be capable of handling inci-
dent energy up to 87,000 ergs. To our knowledge, thils system
has the largest dynamlic range and lowest threshold character-
istic of any varactor limiter system.
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III. 4 TO 8 GC CIRCULATOR

The purposes of thls task are to develop a design
theory for a strip-transmission-line Y-Junction broad-band
circulator, and to design and construct two breadboard models

of a fixed-tuned circulator covering the 4 to 8 Ge range.

The investigation of the performance of the Bendix
C-band strip-transmission-line circulator as predicted by
Bosma's analysis (reference 3) was initiated. The necessary
modifications in the equations were made for negative values
of Repp and an extended frequency varlation. At the same
time, the effect of imperfectly matching a circulator by the
technique described in reference 1 was analyzed. The Bendix
C-band circulator was modified further to use a double-tuned
matching network, and partial success was achieved.

A.  THEORETICAI, PERFORMANCE OF BENDIX C-BAND CIRCULATOR
( PRELIMINARY )

The Bendix C-band cilrculator mentioned in Section
IIT of reference 1 1s not constructed exactly like the model
analyzed by Bosma. In particular, the three center conductors
taper to a smaller width Just outside the ferrite dlsks and
then are simply Jjoined in the middle of the disks. Bosma
assumes that the three center conductors are Joined to the
outer edge of a metal disk completely overlapping the ferrite
disks. Nevertheless, it 1s of interest to apply Bosma's
theory (reference 4) to the Bendix circulator using the fre-
quency varilation of ferrite parameters derived in Appendix A.

The pertinent measured parameters for the Bendix
cilrculator are:

R (ferrite disk radius)
t (ferrite disk thickness)

it

- 0.250 inch
0.093 inch



W (center conductor width) = 0.216 inch
Hy (applied magnetic field in z-direction) a 1200 oersteds
£ (center frequency) = 5500 Mc

For calculating the magnetization and effective internal fileld,
the demagnetlzation factors Ny = Ny, and NZ are required.
Assuming that these values are approximately the same as those
for an ellipsoid of the same dimensions, these values are (Fig-
ures 1 and 3 of reference 5):

N N
= I L o0.115
U U
N,
— ~ 0.77
Ury

The magnetization in the z-direction is (equation 4.4 of ref-
erence 5):

H 1
UM = & o~ & XZ>>1 (l)
N 1 N
N 1 (22
4y X, Urr

where Xy is the z-component of magnetic susceptlbility. 1In
addition, the effective internal field in the z-direction is
(reference 6):

N N_{
Hy = Hj +(7ﬁ - EvZT) LM (2a)
(substituting equation 1)

NH(

a

(ev) _

3

= | 5.2

10



Thus, from equations A-3 (Appendix A), 1, and 2b, and the
ferrite parameters previously described, the normalized center
frequency values of magnetization and effective internal field
are:

My = v(4mM) _ 6 7oy
o)
hy = vHEL _ 6.09
®o

Furthermore, from equation A-4 (Appendix A), the center fre-
quency value of effective permeabllity 1is:

‘ m~(m~+ hn)
_ o\Mot+ Bo/
(ueff)o =l - — = 0'238
1-ho(mg+h,)

From equation 13 of reference 4, the center value of parameter
x is (e = 15)

2mR
xg = ——=Ve(i pp)o = 1.38

Y0

From equation 12 of reference 4 and equation A-5 of Appen-
dix A, the center value of parameter y is

goo= -] mo
O X|1 - n(m+4h.)l= - 0.625
o\mothg

11



The last parameter required is the half angle y (Figure 10-B
of reference 4) subtended by the center conductor at the edge
of the ferrite disk. This value 1s:

0
ww(ﬁ’- 2

m

= 25 degrees

R

From the inequality following equation A-9 (Appendix A),
Hepp < O for 0.282 < £’ < 0.884. It is this broad frequency
range that is being Investigated on the computer using the
eff)O’ and ¥, the
frequency variation relations in Appendix A and the adapta-
< 0 in Appendix B.

previously established values of Xgs Yoo (u

tion to Pepp

B. EXPERIMENTAL MODIFICATIONS OF BENDIX CIRCULATOR

It 1s pertinent to give some additional measured
performance data on the original Bendlx circulator and on the
circulator with the modified dielectric rings (reference 1).
Figure 7 shows data that is similar to that shown in Figure 14
of reference 1 for the same circulator ports. The essential
difference in conditions for both figures is that a better
matched lcad was used in the latest measurements, which
especially improved the mid-band isolatlion of the modifiled
circulator. Furthermore, continuous instead of discrete fre-
quency measurements reveal resonances in the responses of both
circulators at about 5.0 and 6.2 Gec. The resonance at 6.2 Ge
had been noted only on the modified circulator forward loss
curve of Figure 14 of reference 1. Even in the latest meas-
urements, however, the improvement in performance is not as
great as expected, particularly at the low end of the fre-
quency range. This can be seen from the equatlions derived in
Appendix C for the effect of imperfect matching on circulator
performance. Referring to Filgures 12 and 13 of reference 1,
the distance between desired and actual matching loci (6| for

12



the modified circulator is less than that for the original
circulator at both ends of the range. Thus, from equation
C-7v (Appendix C), the lsolation should be improved at

both ends of the frequency range, lnstead of at the high end
only.

Various other partially successful modifications of
the Bendix circulator have been tried during the last report
period. A typlcal example--matching with a two-sectlon quar-
ter-wavelength transformer--is described on the following
pages. Figure 8 shows the desired matching locus, measured
in the same way as in reference 1, for the Bendix cilrculator
with a modified center conductor. To explain the modification,
each center conductor near the terminals of the original Bendilx
circulator has a width that corresponds approximately to a
50-ohm impedance. The center conductor then starts to taper
in width so that it corresponds to a higher impedance a short
distance away from the edges of the ferrite disks.* The taper
ends at the edges of the disks, and the center conductor has
a constant width within the disk region. The modification to
the center conductor eliminated the tapered section by length-
ening the 50-ohm line up to the edges of the ferrite disks and
then abruptly reducing the width to the original value inside
the disk region. It was then possible to obtain the rotated
desired locus, shown in Figure 8, at a reference plane about
0.056 inch from the edges of the disks.

* The inner edges of the origlnal dielectric rings were
located at the point where the taper started. Thus, refer-
ring to Figure 12 of reference 1, it was Ilmpossible to
rotate the desired matching locus for the original Bendix
circulator until 1t was conveniently centered on the nega-
tive real axis of the Smlth chart.

13



Also shown in Filgure 8 1is the theoretical locus
corresponding to a two-sectlon quarter-wavelength transformer
designed according to Appendix D with the parameters 8p = 5/3,
s; = 2, and fg = 5.3 Ge. Table I shows the values of isolation
calculated from equation C-7b. The values of |6‘ (equivalent

TABLE I
CALCULATION OF ISOLATION FOR MATCHED BENDIX
C-BAND CIRCULATOR WITH MODIFIED CENTER CONDUCTOR

Fre- (E&SLV— E "2 E l2 51 2 Iso-
quency alent 12 13 = lation
(Ge) SWR) Is] (ab)  (ab) 813 (dp)

3.2 1.65 0.245 - - - - -
3.6 1.3 0.13 - -- - - -
4.0 1.12 0.0567 -9 -1 0.16 23
4.4 1.09 0.043 -10 -1.5 0.14 26
4.8 1.13 0.061 -11.5 -1 0.09 23
5.2 1.16 0.074 -11.5 -0.5 0.08 22
5.6 1.1 0.0476 -20 -0.5 0.01 26
6.0 1.17 0.0784 -10 -0.5 0.11 21
6.4 1.18 0.0826 -12 -4 0.16 20
6.8 1.17 0.0784 -10 -4 0.25 20
7.2 1.5 0.2 -8 -3 0.32 11
7.6 1.84 0.296 -8 -4 0.40 6

SWR) were read directly from Figure 8 by marking the distances
between corresponding polnts on the two locl on the real axis.
Furthermore, the values of ‘51212 and [81312 were estimated -
from the swept frequency responses in Flgure § for the cir-

culator that was not matched. More simply, |812/Sl3|2 could .
have been read directly from the deslred matching locus in

14



Figure 8 since, theoretically, |S12/S13| = |p| (equation I-10
of reference 1). It can be seen that approximately 20 db or
greater isolation 1s predicted between 3.8 to 6.8 Gec. The
actual transformer was constructed using one pair of dile-
lectric rings with ¢ = 4 a half-wavelength wide. Enough of
the original width of the center conductor was cut away to
make the impedances of each section theoretically equal to
80.3 and 62.3 ohms in air. With the dielectric, this corre-
sponded to values of Z, = 40.2 and Z, = 31.2 ohms calculated
from equation D-4 and the previously mentioned values of

S0 and 8q - Figure 10 shows the resultling circulator perform-
ance. The expected isolation was achieved only at the low
end of the band.

C. FUTURE PLANS

It is hoped to complete the calculation of perform-
ance of the Bendix circulator as predicted by Bosma's analy-
sis.

The reasons for only partial success in matching
the circulators over a wide band will be investigated. In
particular, a strip-transmission-line slotted section will
be constructed to measure a duplicate of the transition
between the strip-transmission line and the coaxial connec-
tor in the Bendix circulator. Measurements wlll also be made
on duplicates of the matchlng networks, to determine if their
theoretical reflection coefficlent loci are actually being
obtained.

15




IV. BROAD-BAND LOW-NOISE C-BAND AMPLIFIER

The purposes of thils task are:

1. Develop a design theory for low-noilse
solid-state amplifiers suitable for use
in C-band pulse-compression radars,

2. Design and construct a breadboard model

for such an amplifier.

During the report perilod, an analysis of the input
impedance of a one-port parametric amplifiler, using a sim-
plified series equivalent circuit (nonfrequency dependent,
negative resistance) was performed. From this analysis
information on phase shift versus frequency as a function of
amplifier gain was obtalned. A detalled set of phase meas-
urements were then made on a balanced C-band nondegenerate
amplifier, for several gain conditions, and compared with
predictions of the simplified model. In addition, a rela-
tively rigorous expression was derived for the amplifier
input impedance, based upon what is believed to be an accu-
rate series equivalent circult. This expression is in the
process of being programmed for a Recomp II digital computer.

A, SIMELIFIED THEORY

To obtain a qualitative picture of the phase shift
of a one-port parametric amplifier, a simplified equivalent
circuit (Figure 11) has been analyzed. This circult assumes
that the negative resistance (-R) is frequency independent,
which is unquestionably contrary to fact. However, the
results obtained from this model are believed to be of quali-
tative value, as well as some quantitative value. In addi-
tlon, the analysis 1s worthwhile presenting, in view of the
appllication of the duallty of the proposed model to tunnel
dicdes.

17



From Figure 11, the reflectlon ccefficient (T) of
a one-port parametric amplifier being driven from an ideal
lossless circulator is:

—R+j(mL—-wl—)-R

i A (3)
4 s _ 1 3
-R + j(oL wC) + RO
where
-R = diode negative resistance (frequency independent),
RO = transformed generator impedance seen by the dilode,
I = total circuilt inductance,
C = total stray and junctlon capaciltance.

Equation 3 can be put into the form:
™ m
EW/GO
‘1+_\/—(%—JX
2

l+-\/G_O+ij

where
&
GO = voltage galn of the center frequency = F?
l—ﬁg

1

2W\/LC

f = operating frequency.

fO = center frequency =

18



The resulting phase shift 1s found to be:

Q;I‘= T - tan"t 2% | (5)
VG e
‘ 2
(1 + /E)
From equation 4 the value of x at the 3-db points (X3 db) 1s
found to be:
2V G
_— 0 (6)

3 S0 ) (Ve - )

Substituting equation 6 into 5 yields the phase shift at the
3-db points:

G, - 2
yo - (7)

R |
(2;1“)3 4 = T F tan

Thils expression i1s an Interesting result, and 1s plotted in
Figure 12. It shows that, for the low galn condition, the
amplifier phase shift 1is greater than the expected conven-
tional 45 degrees, and asymptotically approaches 45 degrees
with increasing gain. A possible explanation of this is
belleved to be 1n the relative influence that an Incident and
reflected wave of different amplitude has on the reflectilon
coefficlent.

From equation 5 a general plot of the amplifier
phase-shift characteristic can be obtained as a function of

19



frequency and gain. However, to plot the equation in a mean-
ingful form, a frequency normalizing factor (%) is introduced,
where B is the 3-db bandwidth. From the previously defined
terms we obtailn:

1 g 550
Af_f’fo_EXRo\/%“LVXRo'EJr“)'l (8)
B~ B -

X R\/§
3 ap fo VT

Using the first two terms of the power series expansion of
(x2R2 % + 4)1/2 we get the approximation:

0
S e L S (9)

RX3 4p

Hla

With equations 5, 6, and 9, the general normalized phase-
shift characteristic can be plotted (Figure 13). The con-
stants chosen for this plot are representative of the actual
balanced amplifier used to obtain experimental data (pre-
sented in the next section). These values are, C = 1.8 puf,
fo = 5.5 Ge, and Ry = 14.4 ohms. A discussilon of Figure 13
is included in the following section, in which comparisons
are made to the measured data.

B. PHASE SHIFT MEASUREMENTS

An amplifiler similar to the one described in ref-
erence 1 was designed to operate at 5.5 kMc. The amplifier
was a single-tuned, balanced, nondegenerate, one-port para-
metric amplifier being fed by a Bendix circulator (described
in Section III). The amplifier configuration is of a form
factor that will enable multiple tuning to be easily incor-
porated when required. The amplifier-circulator package and
an open view of the balanced diode mounting are shown in Fig-
ure 14.
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A series of measurements were made on the phase
characteristics of this amplifier under two different gain
conditions, 20 db and 13 db (using a slotted-line phase
bridge technique). A plot of the measured data is shown in
Figure 15. Comparison of the experimental and theoretical
data in Figures 12, 13, and 15, show surprisingly good agree-
ment. This is clearly seen in the tabulated data of Tables II
and IIT. Table II compares the measured and expected phase
shift at the half-power points, and Table III compares the
expected deviation of the phase shift from linearity to the
measured deviation.

TABLE II
EXPECTED AND MEASURED PHASE SHIFT AT THE 3-DB POINTS

(2¥r>3 db

GO Measured Calculated
(ab) (degrees) (degrees)
13 55 59

20 50 51

TABLE ITII
PHASE-SHIFT DEVIATION FROM LINEARITY

(2%2) for a given percent deviation from linearity
G +2-1/2 Percent +5 Percent
(ap) Measured Calculated Measured Calculated
13 0.66 0.57 0.84 0.70
20 0.74 0.61 0.97 0.75
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It should be emphasized that the good agreement of
the theoretical and experimental data are on a normalized
basis only. The operating bandwldth predicted by the sim-
plified model is an order of magnitude greater than the meas-
ured data yilelded by the amplifier. Thls poor correlation
is a result of the erroneous assumption of a frequency inde-
pendent negative resistance, and neglect of the parametric
lead inductance. The predicted bandwidth, however, is con-
sistent with tunnel-diocde amplifiers, which in fact do have

a constant negative resistance.

In view of thils poor correlation, a program was
initlated to obtain a more exact expression of the amplifiers
inputiimpedance, using what 1s believed to be a relatively
accurate equivalent circuit (Figure E-2 of Appendix E). The
derived expression (Appendix E, equation E-4) is presently
being programmed on a Recomp II digital computer. It is
believed that the results of this analysis, which will be
included in the next quarter report, will yield a greater
degree of correlation to the measured data--specifically the
bandwlidth characteristics.
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APPENDIX A

EXTENDED FREQUENCY VARTATION OF FERRITE PARAMETERS
FOR LOW FIELD CASE

To calculate the scattering matrix elements of the
Bendix circulator as functions of frequency using Bosma's
analysis (Section III, paragraph B of reference 4) values of
X, v, and bepyp must be calculated from the ferrite character-
istics as functions of frequency. Because of the wide fre-
quency range involved, more complete equations than equa-
tions 5 through 8 of reference 1 will be used. Going back
to equations 63 and 64 of reference 3, but neglecting the
ferrite 1llne width since the operating frequency is still
assumed to be high compared to the resonant frequency,

ho=1 +-—§mb4— (A-1)

h- - 1
K = ——0 (A-2)

n? - 1
where
m = XL%EMl (A-3a)
YH,

h = —= (A-3b)

and Y = 2.8 Mc/oersted is the gyromagnetic ratio, U4mM is the
magnetization of the ferrite in ocersteds, Hi is the effective
internal magnetic field of the ferrite in ocersteds, and w is
the angular frequency. Thus, the effective ferrite permea-
bility is:
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R m(m + h)
bepp =1 =L " T_nm+n) (A-4)

Also, the ratio k/u 1is

T hrélm ¥ h) (-5)

Fix

Considering the variation with frequency, denote the values
of quantities at f =‘f0 by subscript 0. Thus, from equa-

tions A-3,
m
m = —9 (A-6a)
T
h
h= 2 (A-6b)
.
where
£ o= (A-6c)
0

Substitution of equations A-6 into equations A-4 and A-5 then

gilves

;2
e _ 1 1 - ()
'imj“ =l- |y -1 (A-7a)
e s 0 Fers’ (f’)2 - hy(mg + hy)
@ _ f/[lg- ho(mg + ho)] ()
E
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Equation 6 of reference 1 still holds for the vari-
ation of parameter x,

[
= T (4-82)

el

Finally, the varilation of parameter y is

1|k |
7= :F.(E) - ul | : ; ol * 1) ~ (4-8p)
° X (E)O V(ueffgo (£7) - no(mg + ng)

Note that equations A-4, A-5, A-Ta, and A-8b reduce to the
earlier expressions in references 1 and 4 upon the substitu-
tion of ho = 0.

To consider the sign of Kepps it 1s convenient to
rewrite equation A-4 after substituting equations A-6,

+ ho)

+ h

(4-9)
)

It can be seen that Hepp < 0 over the range

/ X
ho(mo + ho) <f’<m,+h

0 0
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APPENDIX B
MODIFICATION OF CIRCULATOR EQUATIONS FOR Werf < O

It is desired to calculate the scattering matrix
(equations 20 to 24 of reference 4) of a circulator for the
case of Hepp < 0. Thus, 1t is necessary to consider the
effect of Hepr < 0 on equations 17 to 19 and hence equa-
tions 7 to 13 of reference 4 plus the relation (reference 3)
Zeff =‘ZO \[Eg;;7g. Denote by primes the values of param-
eters when ueff < 0, and compare with the previous values
for the same |ueffl and k/iL [k/L in equation A-5 will remain
negative for £’ > ho(mo + hO)J,

x' = jx (B-1a)
y/ = _J'y (B—lb)
Zors = Ierr (B-1c)

Next, use is made of the relation (equation 13, Section 3.24
of reference 7) between Bessel functions of real and imagi-

nary variables,

I(v) =33 (jv) (B-2)

Thus,
/
Tpo1(x7) i1 ()

ERCH AR (B-3a)

An(x') = -j An(x), with I's instead of J's (B-3b)
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Finally,

Ly = Ly (B-4a)

L/ =-L, n#0 ) with I's instead of J's (B-4v)
[

Ko = K (B-Le)
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APPENDIX C

EFFECT OF IMPERFECT SYMMETRICAL MATCHING OF
THREE-PORT CIRCULATOCR

A lossless cyclic three-port circulator that is
nonideal can be made ideal (Appendix I, paragraph B of refer-
ence 1) by inserting at each port identical lossless matching
networks having input reflection cosfficients

s .
P - 12 (c-1)

°© g ... -g°
11512 ~ 513

In practice, a matching network can be designed onhly approxi-
mately to satisfy equation C-1 over a band of frequencies.
Then, it 1s of interest to calculate the degradation in cir-
culator performance, if the actual terminal reflection coef-
ficients are

12
,813

po=p + 8, [8] << o | - | (c-2)

First, conslder the reverse gain to an isolated out-
put port for a circulator that circulates from ports 1 to 2
to 3 te 1. From equation I-2 of reference 1, this gain is

Gl - [1 . |p|2]2

A 2

13

pPlE - PS] (c-3)
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From Appendlx I of reference 1 and equations C-1 and C-2
of this section, the component factors of equation C-3 are

.12 5 2 _ 2
T A .2.1_;. e Slzllsle) oot
A

and (after some manipulation)

22 | 2 3 3 2 e
. . |5 8[ST, - S11813) (595 - S11%1) |7 | 453 - 51150
|15 - esi] lS131[l 513\} {l ' 835 - 53, s3 - S, (c-6)

Thus,
. \
2 2 2 2
lél[l N i P 5[573 - S115),) :‘ (C-Ta)
3 5
o 13 12
G =
31
s 1217 ] 8(s8, - 8,8 ](32 - 8,8 )13 6(32 S, .8 )2133‘
l_\ﬁ L Ui - Sutis itz - Sudiel | (21513 - SnSie |
S13 Sia - 83, ‘J 533 - 53 J ‘
\.. J
~ 81 2, 8] << :_12_
1 8y, ) ©1
1- \~si§\ 3 (C-Tb)
13]
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Next, consider the forward gain to a normal output
port of the same circulator. Simllarly, thils gain is

2
A1p

5TE - 53| | (c-8)

Ghy = [1 _ lple]g

The only new factor appearing in equation C-8 is

2 2 [ o2 ‘
Biol s - L 5(s7, - 511513)‘ (513 _ 81381,
P 13 5130 | | s3. - 8
13 - 812
(c-9)
Thus,
( 2 2 2 2 2| |?
5[s1e - S11913) {813 - S1aSs)| | 512 b8y - S1151)
1+ 1 1
s3. - 83 513 12 ‘
o)y - 3712 (Cc-10a)
¢ 2 2 2 3 | ere2 2_]3
- ;g 1. S[s1p - SuSi3){S13 - SuaSial [ | 8[SEs - suSe) ||
‘ B3] 55 - 57 533 - i, _, ‘
.

‘ 2
2| 2 ‘
ket e o[t - Sllsle)l
- S13] | S10 (6] << 1
s, .| 2} 8[s2, - 5,8 J[s2, - 5,8 ) 2 (¢-100)
1o |22 1. 4512 7 S1aS15{813 - 81150
‘ 3 3
' 13 513 - 512

-

Examination of equation C-10b shows that the approximate
forward gain Gél of the imperfectly matched circulator depends
not only on |8} and |812\/lsl3|, but depends also on the phase
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angles of the various quantitles. It can be shown from the
relations in Appendix I of reference 1, however, that the
phase angles of the complex quantities.

2
81513 - 811810
S12
and
2 2 3
S1p - S11313)(513 - 511995
3 3
813 ~ S1p

are equal. Iurthermore, it can be shown that the maximum
value of forward gain occurs when these phase angles equal O
and the minimum value when they equal w. Thus, the possible
extreme values of forward gain are

g N2
Goy o <1 - ‘%* 5 ?
max ‘ Sl ‘
1 - =22 |
S13 . 510
6‘ .
L |0} 813 J
2
s,
1 - |22
S13 315
B S13]
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21 2 2
min - i_g
‘ S131 S22
AL S13
° (C-11b)

LT )

1o |Sie
531 _ |52
- [ ‘813 o

Last, consider the reflected power gain at a port of this

circulator, which by conservation of power is

’ 7 / .
Gyp =1 - (G5 + G3l (c-12)
From equations C-Tb, C-11, and C-12 the approximate pos-
sible extreme values of Gil are
( N
{ 2
' < 8 1 2 -1
(Gll)max ‘512 '2 510 e
1 - T | |5| S
213 ) 1- 13l
1 - E@‘
&L ‘513 ~
2 (0'133)
| 5l |12
~ (__ud__g Lo f13
[l~%§ ' ;ﬁ
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in S S
12 12
1- I8l t
53 T
. ;g
13]
L J
S 2 (C-13b)
2ls| |2
[s] 1 132‘
~ z
_ {512 et
S13 S13

Furthermore, the corresponding approximate extreme values
of input SWR are

1+ (Gll)nax
(SWR‘)max - /
1 - (Gll)
" max
Sy
2l6] |52l |
1+ ‘___lél____- 1+ ———————E;é‘
1 - | 212 1 - 12
\ 513 L Sl3 B
~ — 0 g A (C—llLa)‘
‘ 12
‘ 5 : 2f8] | 5=
1 - __L% s 13
et et
"~ |8 - I8
13 13
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+ Gi.)
' ( 11 min
) G/ )
! < 11 min
] S1o
2‘|‘5‘[ §1—3‘
6‘
1+ ___L_l__?. 1 -
1 - _S_l?_ 1 - FS‘E |
= °13 J = =
i 2|@| 8_1_2_
5 | | ‘813 :
6 q 5
e s Sy,
< N R N e
S13| J F13l

(C-14b)



APPENDIX D
ANALYSIS OF TWO-SECTION QUARTER-WAVELENGTH
TRANSFORMER FOR MATCHING CIRCULATOR !

Flgure D-1 shows the equivalent circuit of a two-
sectlion quarter-wavelength transformer for matching each port
of a three-port strip-transmission-line clrculator. The strip
transmission line between the transformer and the terminals
of the circulator has a characteristic Ilmpedance ZO equal to
the load impedance. The characteristic impedances of each
1 and 22)
22 < Zl <‘ZO’ and the equal electrical lengths of each sec-

section of the transformer (Z are chosen such that
tion (8) are chosen to be a quarter-wavelength at the desired
center frequency. It is deslired to calculate the lnput
reflection coefficient referred to a Zorline and to investi-
gate the effect of varylng the impedance ratlos Zl/ZO and
ze/zo.

By straightforward calculations, the over-all ABCD
matrix of the circuit of Filgure D-1 is

' 2 Zy 2
A B cos® 8 - 7= sin® 9 J(Zl + 22) sin 6 cos 8|
‘ = 1 7 (D-1)
C D[ 1] L 4L +8in 6 cos 8 0032 6 - S sin2 6
2 % Zo
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Thus, the input reflection cocefficient referred to ZO is

1

B

. A +—Z-O - (‘czo + D‘]
p= B
A +-Eo + CZO + D
(D-2a)
. s01/2 _ s10-1/2‘ - so1/& " aO-l/u) (311/2 _ 51-1/2 cut 8
2 cot:2 8 - (501/2 + 50'1/2)‘ + J(sol/4 + SO-I/LL) (311/2 + 5‘1"1/2 cot 8
wnere
A 2
I
8. == > 1 (D-2b)
0 Z2
5 !
% (D-2¢)
S) =7 g > 1
1 72

Examination of equation D-2a shows that the locus
of p versus 8§ 1s symmetrical about the real p-axis for values
of 8 having arithmetic symmetry about n/2 (or, alternatively,
values of frequency having arithmetic symmetry about the
center frequency). Furthermore, at § = T/2, p = —(so - 1)/
(sO + 1), which on a Smith chart is the point R/ZO = 1/sO
(SWR = so)
locus, it can be shown that if (Zl/ZO)3 = ZE/ZO’ or s; = 84,
the transformer is the usual maximally flat amplitude design.
The resulting locus (Figure D-2) is heart-shaped with a cusp
at the above mentioned point on a Smith chart and passes
through the point R/Z, = 1, X/ZO = 0 (the origin of the
p-plane) at 6 = 0 or .

and X/Z, = 0. Concerning the remainder of the
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It 1s also of interest to consilder what happens if
8, > 55¢ Then, it can be shown that the locus makes a small
loop (Figure D-2) to intersect the real p-axis at p = -(sl— 1)/
(sl + 1), which on a Smith chart is the point R/ZO = l/sl

(SWR = sl) and X/Zy = O.

The corresponding value of § is

‘1/2

8 8
_ 1 0
8 = cot 1/2
°0

(Sl - 1)

(D-3)

For deslgn purposes, 1if values of 8o and 5, are specifled to
give a desired locus, from equations D-2b and D-2c¢ the appro-
priate values of normalized line 1lmpedances are

L] (D-ta)
= D-La
ZO s 1/2
1
7
o) 1
Bl D)
i/k 173 (D
0 so bl

In particular, if these line 1lmpedances are obtained by using
dlelectric rings with a Zo-line, the appropriate values of
dielectric constant are, respectively,

S
1
€, = ‘ (D-5a)
1 801;2
€5 = 81801/2 (D-5Db)
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APPENDIX E
DERIVATION OF BALANCED AMPLIFIER INPUT IMPEDANCE

The equivalent circuit used to derive the input
impedance of the balanced amplifier is shown in Figure E-1,
where use was made of a Hyltin unpumped-diode equivalent
circuit (reference 8) shown in Figure E-2. In these circuits
CS and Ca are the stray capacltances in the diode lead induct-
ance, RD 1s the diode series resistance, CO 1s the static
junction capacitance, and Cb consists of CS and one half the
strays contributed by the diode holder. The derivation is
based upon analyzing only one of the balanced diodes; con-
sequently, the final result will be equal to one half of the
derived expression. In addition, ideal transformers and clr-

culators are assumed.

The time varylng capacitance 1s represented by
augmenting the matrix introduced by Matthael (reference 9),
with the dliode series resistance RD; this ylelds:

[ 211 %212\ [ Bp - ¥ My )
Z = = (E-1)
Zo1 Zop SR R B &5 S RPN
where
1
X —_
11 77 5
leco(l a“)
1
X -
22 ) 5
—Ju)lCo(l - a“)
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1
2
leco(l - a“)

X =

- 1
-JwQCO(l - a

2)

The input impedance at reference plane T of Fig-
ure E-2 (assuming that all the higher order harmonics are
short circuited), is then given by:

Z A ’
Zo = 7. - —=2 2L g gy (E-2)
T 11 7% 4 D
2 22
*
where Z; = conjugate of the 1idler load. Once 22 is known,

ZT can be found. In the balanced amplifier used in the
experiments, the idler load i1s a parallel resonant circuit
conslisting of the diode lead inductance and the internal
strays of one of the diodes. Thus,

’ X12 Xo1
R. = Rt 1 - (E-3a)
D D >
wAL
RS + | X, ~ —eor
D 22 "TwC, - 1

r ng )
| %12 X21(X22 T X80, -
X' = -X4 (E-3b)
R 11
2 2
RS + | X, - —mo—
] D 22 " w0, - 1

Equations E-3a and E-3b are readlly transformed to obtaln the

input impedance at reference plane "a."
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Equation E-4 1is in the process of being programmed for a

Recomp II diglital computer. The results will be presented
in the next report period.

L5



L

T L
R B

FIGURE E-1. EQUIVALENT CIRCUIT OF UMPUMPED VARACTOR

SIGNAL
CIRCUIT

IDLER
CIRCUIT

FIGURE E-2. EQUIVALENT CIRCUIT OF AMPLIFIER
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