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1.0 INTRODUCTION

This report describes the results achierved for the /:

development of a circulator under Contract N00173-80-C-0434. This

program called for the development of an octave band circulator in

7.5 - 18 GHz‘having the following specifications.

Frequency Range

Instantaneous
Bandwidth

Power Levels
Peak Power
Average Power

Isolation

Insertion Loss

VSWR

VSWR Into Matched
Load

Max Load VSWR
Temperature Range
Waveguide Inputs

Number of Accessible
Ports

Applied Field
Cooling
Flow

Pressure Drop

Design Objectives

7.5 - 18

1 Octave

20 kW Min.
1 kW Min.,

20 4B Min.

0.6 dB Max.

0 to 50°C
WRD750D24

4

Fixed Magnets

Proposed
7.5 - 18

1l Octave

20 kW Min.

1 kW Min,

20 4B Min.
(70% of band)
18 dB Min.

0.6 dB (70% of
hand) 0.7 dB Max.

1.25 (70% of band)
1.35 Max.

2.0:1

0 to 50°C

WRD750D24
4

Fixed Magnets
Liguid

1/4 gpm

10 psi




Initially, a four port differential phase shift circulator
using nonreciprocal phase shifter in a rectanqular waveguide
structure was studied. Nonreciprocal phase shifter design
with H-plane ferrite and E-plane dielectric in a rectangular
waveguide displayed limitations in terms of broadband performance.
With optimum phase shifter geometry, 90% of required bandwidth
could be achieved. \ However matching section of -phase shifter and

i transition from rectangular to ridge wavequide would further
limit the bandwidth. Therefore, the phase shifter design

using rectangular waveguide was abandoned and nonreciprocal
phase shifters in double ridge wavegquide structures were used in

;
i the circulator design.

~ During the course of the circulator development program
analytical studies on dielectric and ferrite loaded double
ridge wavegquide were performed. Design effort was placed on
the frequency range between 8 to 16 GHz. Raytheon circulator
design uses two magic tees and two non-identical nonreciprocal

phase shifters in standard WRD750D24 double ridge waveguide,




2.0 CIRCULATOR CONFIGURATIONS

Differential phase shift circulators can be built in
several configurations. Four configurations are shown in Figure 1
(a), (b), (c¢), and (d). All four have the same principle of
operations. Power entering Port 1 emerges from Port 2 only, and

so on until power entering Port 4 emerges from Port 1 only.

The device in Figure 1l(a) is the most common configuration.
This option is probably the most favorable if a 3 dB quadrature
hybrid operating over the required frequency range with acceptable
unbalance is available. Unfortunately a 3 dB quadrature hybrid
at the desired frequency range with suitable performance is
not currently available. The design indicated in Figure l(b) uses
input and output magic tees, separated by a 0°9/180° nonreciprocal
phase shifter in parallel with a dielectrically loaded reciprocal
tracking phase shifter. The design of 09/180° nonreciprocal phase
shifters requires longer ferrite slab, hence, causing higher
insertion loss of the phase shifter. The circulator design
using Figure 1l(b) causes an amplitude unbalance because the
insertion loss of the ferrite is higher than that of the dielectric.
The design in Figure 1l(c¢) uses two magic tees, two identical 09/90°
nonreciprocal phase shifters, and two dielectrically loaded
reciprocal phase shifters which provide a fixed reciprocal
phase difference of 90° bhetween the two phase shifters

over the operating frequency range, For wideband design, the

reciprocal phase shifters imposes serious limitations on the




bandwidth because a phase shift of approximately 90° cannot be

maintained across a wide range of frequencies. The approach
using Figure 1(d) uses two magic tees and two non-identical
nonreciprocal phase shifters. Phase tracking requirement

over wide bandwidth can be met more easily using this technique.
This approach was used in our design. Scattering matrix

analysis for this configuration is shown in the next section.

2.1 Scattering Matrix Analysis of Circulator

Dynamic behavior of a four port differential phase
shift circulator can be described using scattering matrix
analysis. Employing scattering matrix, wave amplitude emerging
from all four ports can be described as a function of input
wave amplitude and scattering parameters of all the inter-
connected devices. Figure 2 shows four port differential
phase shift circulator configuration used for anlaysis.

Instead of using a conventional S~parameter notation such as Sijr
a slightly different notation is used in this analysis. They
are defined as follows:

Xj = indicates wave amplitude entering into Port i of the
magic tee 1,

xi - indicates wave amplitude leaving from port i of the
magic tee 1.

ajj - indicates scattering parameter of the magic tee 1.

Yi - indicates wave amplitude entering into Port i of
the magic tee 2,

vi - indicates wave amplitude leaving from Port i of
the magic tee 2. :

bjj - indicates scattering parameter of the magic tee 2.
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quantities involving magnitude and phase.

indicates
the phase

indicates
the phase

indicates
1.

indicates
the phase

indicates
the phase

indicates
2.

wave amplitude entering into Port i of

shifter 1.

wave amplitude leaving from Port i of

shifter 1.

scattering parameter of the phase shifter

wave amplitude entering into Port i of

shifter 2.

wave amplitude leaving from port i of

shifter 2.

scattering parameter of the phase shifter

All of the parameters defined above are complex

According to the

notations given above, each device can be expressed as:

L

L

)(l1

X2
X3

?(4d

y11
72
Y3

'y

211
221
asl

asl

[ b11
bo1
b3}

| P41

€11

[ €21

[d11

dzi

apz
azz
as2

aq2

b2
b2
b33

bg2

€12

€22

a1

d22]

ai3
az3
ass

a43

by3
b33
P33

bg3

a14]
ajg
a3y

a4g4 |

b1g’
kg

b34

bag |

Xl1
X2
X3

L %4

o

For

For

For phase shifter

For phase shifter

magic tee 1 (1)
magic tee 2 (2)
1 (3)
2 (4)
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And we have the following relations:

X2 = uj
X3 =v]
(5)
Yo = uj
Y3 = v2
Up = x2
U =192
(6)
Vi = X3
V2 = Y3
We can identify Xj, X4, Y}, and Y4 as input wave amplitude of
the circulator and xj, x4, Y1, and y4 as output wave amplitude
of the circulator.

Using equations (1) through (6), any output wave
amplitude can be expressed as a function of input wave amplitude
and scattering parameters of all the interconnected devices.

For example, if we consider Port 1 as an input
port then:

Xg =Y =Y4 =0 (7
and output wave amplitude can be written as:

x] = a11X] + ajz (c11xz + c12yp) + a3 (d11x3 + djavy3)

x4 = ag1X) + agp (cpi1xp + C1pyp) + ag3 (dypx3 + dyizys) (8)

y1 = b1z (c21x2 + cpoy2) + b13 (d1x3 + daoy3)

y4 = bgp (cp1x2 + C2y2) + bg3 (dpyx3 + dppy3)

";".i.- RTINS . ||lMll‘l‘i




where x5, ¥-~, Yy, and y3 can be obtained by solving the following

simultaneous eguations:

™ - - . I
(1-az2cy1)) =-az3dy] -a22C12 -a3d12 [x2] [a21%1
-ajzpcyy] (l-a3z3dy1;) -a3acy2 -a33d]p X3 [|231%X1
‘ = (9)
=bj2c2] -b33d21 (l-bp2c22)  =-bp3dz2 Y2 0
| -P32c21 -b33d2] -b32¢22 (1-b33d22) | |v3] [ 0

Similarly, we can obtain all the output wave amplitude involving

with different input port,

If we assume ideal magic tee, scattering matrix

of ideal magic tee can be written as:

0 1/v2 1/V2 0
1/.7 0 0 1/vV2
_ - (10)
1/.2 0 0 -1/V2
| 0 1//2 -1/V2 0 |
9




and the equation (8) can be reduced to:

x1 = Xj (e13 +d11)

2
x4 = X1 (c11 - d11)

2

(11)

y1 = X1 (c21 + d21)

2
y4 = X1 (c21 = d21)

2

10




3.0 FERRITE MATERIAL

Choice of a ferrite material for our application involves
the following considerations.

(a) The material should be reproducible on a piece to

piece basis - particularly free from density
variations and 4wMg variations. .

(b) The material should, when used in the device,
have acceptably low rf magnetic loss at both low
signal strength and high signal strength (i.e.,
not exhibit nonlinear loss mechanisms).

{(c) The material should have a low temperature
coefficient of magnetization - this normally
implies a Curie temperature in excess of 300°C.

(d) The ratio y4mMg/W should be between 0.4 and 0.8.
Below 0.4 the phase shift per unit length becomes
too low, above 0.8 the ferrite exhibits low field
loss.

Of the basic families of ferrite materials that are
available (hybrid garnets, magnesium manganese, spinels,
lithium ferrites and nickel ferrites) nickel ferrites are
most useful at the frequency range and power level in
consideration. They have high Curie temperature (greater
than 4500C), suitable magnetization (1500 Gauss to 3100
Gauss) and acceptable magnetic loss. C-=20 nickel ferrite

matarial from Countis Industries was used for circulator

design.

11
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4.0 PHASE SHIFTER

4.1 Theoretical Analysis

Theoretical analysis was performed on dielectric and
ferrite loaded ridge waveguide., The geometry under study is
shown in Figure 3. Dielectric rib is fully extending across
the ridge gap, and ferrite slabs are partially extending
across the ridge gap. Exact solution to the given problem
is very difficult to obtain, if not impossible. To approximate
propagation constant of the dominant mode, transverse resonace

equation was derived employing ABCD matrix method.l

In ABCD matrix method, the electric field in the z
direction and magnetic field in the y direction at x = 0 are
related to the electric field in the z direction and the

magnetic field in the y direction at x = a by an ABCD nmatrix as

a) A B Hy (x

Hy (x 0)

Ez (x

a) C D Ez (x

0)

Because the electric fields at the waveguide walls

are zero, equation (1) can be written as:

dy (x = a) A B Hy (x = 0)

it

0 C D 0

l"TE-Mode Solutions for Partially Ferrite Filled Rectangular
Waveguide Using ABCD Matrices", W.P. Clark, K.H. Hering,
D.A, Charlton, MTT 1966.
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Figure 3. Dielectric and Ferrite Loaded Double
Ridge Waveguide
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or,

i)

where

ii)

0)

s
]

Hy (x A Hy (x

0

C Hy (x

0)

For nontrivial solution, the matrix term C must be zero.

Therefore, the transverse »-~=onance equation recuires

c=20

By applying the ABCD method to each region in Tiljure 3,

matrix quantity C can be calculated as follows:

A B'] fa; 8;] [ay B, [a. B,

€1 Dij (€2 D2 [Cn Dn

C D

Dielectric Region (including air)

A = cos Kyt

Kx

B = -j Sin Ky ¢
wlo
W Uo

C =-j Sin Ky 2
Ky

D = cos Ky ?
K}% = K%E— 62
2 is the width of the region

Ferrite region (Ho and Mo are in +2z di:z2ction)

14

(3)

the

(4)

ABCD matrix for each region can be repr-esented as

(5a)

(5b)

(5¢)

(54)

(6)




A = cos Kygl - Sin Ky¢l
Kx£©
Jp 82 2\
B = - -  Kygf Sin Kxfg
(A)UKxf 0
ERNT
C = Sin Kyse? :
PRyt
ig ,
D = cos Kggl? + Sin Kyl
Ky £9
2
w UEf
where Kxfz = - 82
P
1+Xyx
e = Z A
(1 +Xyx)© + Xgy
o _ 1 + Xygyx
Xxy
(Y4TmMo) (YHo)
Xxx =
(YHO)2 - w2
=3 (Y47Mo)w
Xxy = ’
Y (YHO)2 =~ w?
Y 1is the electron gyromagnetic ratio
Mo is the ferrite magnetization
Ho is the internal DC magnetic field
w is the angular frequency of the electromagnetic field.
If Ho and Mo are in -z direction, Xyyx is unchanged and
Xxy changes sign.

15

(7a)

(7b)

(7c)

C(7d)

(8)

(9a)

(9b)

(l0a)

(10b)




In the region where the internal DC magnetic fivld is small
compared to the angular frequency, equation (10} can be

simplified as

Xyx =0 (lla)
_ Y4dmMo
Xgy = 3 (11b)
W .
iii) Height change (See Fiqure 4)

When the height of the transmissicn li:.e in the transvers:

plane changes from b to 4, ABCD matrix can be written as

A =4/b : (12a)

B=0 (12b)

C=20 (1l2c)

D=1 (124
iv) Junction Capacitance (See Figure 4)

é The ridge in the waveguide presents discontinuities
to the electromagnetic waves and causes local £ie¢lds. The
effects of these local fields are capacitive in nature and
included in the transmission line as discontinuity suscentance.

ABCD matrix can be written as

A =1 (13a)
B = Bg (13b)
c=0 (13c)
D=1 (134)

16




Figure 4.

Transmission Line Model for Height Change
and Junction Capacitance
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Where jBc is capacitive junction susc: tance. The

value of B, can be obtained from the eguation ‘L;:low.2
r (¢ + 1/a)/2
B 2b 1 - 22} /1 + & (A + A7 + 2C)
—_— = in ) + 2 +
Yol A\g 40 1 -4 AA” - (2
|
P N2 1 - x\in fsa 2. "4 x2c\ T |
_ ( ( + i
d)g 1+ :7 1 - 22 3A J (14)
1+ aﬁ“ 1+ T = (b/ 29)2 1+ 3 %2
Where A = ( . - T (15a)
N N AT
———
1+ x\2/a 1+ yl-(d/%g)?2 3+ 2
A° = ) + {15b)
l - Q 1l - l—(d/)g)z ] - 12
4a 2
C = (——————) {15c)
1 - 12
o = 4d/b (154)
2T ’
\g = — (15e)
Kx1
Kyl
Yol = - (15f)
_wio
Ky = {Ko2eo - 32 (159)
Note: The value of Bc obtained from equation (14) assumes

N

“"Waveauide Handbook"™, N. Marcuvitz, McGraw-Hill, 1951.

homogeneous loading of dielectric in the ridge wavegquide.
In case of inhomogeneous loading of dielcctric in the
ridge waveanide, the value of Bc may be v-2d as cruda

approsimacion,

18




The solution for the propagation constant of the
geometry shown in Figure 3 was programmed for the Hewlett
Packard 9845 desk top computer. A copy of that program

is included as Appendix B of this report.

In the preceeding analysis it was assumed that the
ferrite region was‘fully filled. 1In practice it will only
be partially filled in a high power circulator. It was found
that an averaging technique could be used to adequately
represent the partially loaded ferrite structure. The
approximate values were determined by a set of iterations

comparing analysis with measured results.

19
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4.2 Phase Tracking

To implement the design of a four port differential
phase shift circulator using two magic tees and two non-identical
nonreciprocal phase shifters as shown in Figure 1(d), the

following conaitions are imposed upon the phase shifters:

8AF = #BF (16)
ar = Ppr = 180° (17)
where: #arp is insertion phase of Phase Shifter A in forward

direction.

dpp 1s insertion phase of Phase Shifter B in forwari
direction.

#ar 1S insertion phase of Phase Shifter A in reverse
direction.

#pr 1s insertion phase of Phase Shifter B in reverse
direction.
NDiue to the frequency dependence of phase character-

istics, these requirements are difficult to meet over wideband.

There are many parameters which can effect insertion
phase, such as width of the dielectric rib, dielectric constant,
location of dielectric rib, dimension and location of ferrite

slab, and biasing nmagnetic field strength. To meet the

phase tracking requirement, tie insertion phase differential

of the two phase shifters at demagnetized state should be




rp-—zsg,—-—————-——-m —

reasonably uniform over frequency range, preferably about
90°, The choice of the dielectric constant and the width of
the dielectric rib have the most significant effect in
setting the proper amount of insertion phase differential.
Typical insertion phase characteristics of dielectric and
ferrite loaded phase shifter in WRD750D24 double ridge
waveguide are shown in Figures 5 and 6. Two phase states
due to oppositely directed biasing magnetic field are shown
along with demagnetized phase state., Here we define longer
phase state as 8~ state and shorter phase state as 3 t state.
The insertion phase characteristics of an empty WRD750D24 double
ridge wavequide is also shown in the figures. In Figure 5,
two phase shifters having the same dielectric constant are
compared with respect to the variations in the width of the
dielectric rib., In Figure 6, two phase shifters having the
same width of dielectric rib are compared with respect to

the variations in dielectric constant.

The phase tracking reguirement given in equations
(16) and (17) can be satisfied if we design the two phase

shifters in such a way that:

i) The insertion phase of one phase shifter, say
phase shifter A, in 8% state is equal to the
insertion phase of another phase shifter,
say phase shifter B, in: =~ state over the
operating frequency range,

ii) The insertion phase of phase shifter A in
state is 1809 degree longer than that of
phase shifter B in :* state over the operating
frequency range.
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It can be accomplished by employing one phase
shifter with shorter bhut wide dielectric rib (or higher
dielectric constant) and another phase shifter with longer
but narrow dielectric rib (or lower dielectric constant).

The difference in length bDetween these two sections is

made up by length difference in the wavequide employed,

The effect due to the insertion of matching transformers

can be minimized by designing transformers having

approximately the same insertion phase length for both

phase shifters. Small insertion phase diffearence due to

the matching transformer can be easily corrected by adjusting
other parameter, such as location of dielectric rib and biasing
magnetic field strength. Neglecting matching transformer,
actual insertion phase dilfferential of the two phase shifters

at demagnetized state bhecomes:

g = @gnLn - (Syly + SaLa)

where #y 1s the phase length of wide phase shifter per inch
at demagnetized state

@ is the phase length of narrow phase shifter per inch
at demagnetized state

#an 1s the phase length of empty normal waveguide per inch

Ly; is the physical length of wide phase shifter
Ly is the physical length of narrow phase shifter

La is the physical length of empty normal waveguide

Ly = Ly + Lp

24
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By making adjustment of length, optimum result for uniform

insertion phase differential can be obtained.

Once insertion phase differential is set within the
acceptable range, fine adjustment can be made by adjusting
location of dielectric rib and ferrite slab, and biasing Hpc
field strength. Typical differential phase characteristics

s between: = state and : + state with respect to the location
of the dielectric rib is shown in Figure 7(a) and (b).

When the dielectric rib is placed near the center of the
ridge, it gives more differential phase at higher fregquency.

When the dielectric rib is moved toward the side, it gives

more differential phase at lower freguency.

In practice, breadboard phase shifters were
built based on computation, and absolute phase measurement
was performed with variations in the width of dielectric

rib, dielectric constant, location of dielectric and ferrite,

and Hpc field strength. A simple computer program was

written, and measured phase data were fed into the computer
program to find optimum geometry. Introduction of matching
sections introduced small deviation from optimun result, but
compensation was done by adjusting the location of the dielectric

rib.

25
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Figure 8 shows the actual dimension for phase shifters,

and experimental results on phase are shown in Figure 9.
{Note: Sign is inverted on phase scale, that is, bottom

side has longer phase).

4.3 Matching
Chebyshev type 3 sectioﬁ dielectric loaded quarter
wave transformers are utilized for both phase shifters. As
mentioned above, the insertion of the matching transformers
introduced small deviation from optimum result. By
adjusting the location of the dielectric rib slightly,
optinmum result was obtained. Results on VSWR for both phase

shifters are shown in Figures 10 and 11.

4.4 Insertion Loss

Figures 12 and 13 show total insertion loss for both
phase shifters. These measurements include the line lengths of
waveguide emploved. Insertion loss can be reduced to sone

degree by improving VSWR and using low loss bonding material.




.691 — )

|.. .173 ..’

.321
.136

Wp -——.-1 ‘h—

S3
PHASE SHIFTER A PHASE SHIFTER B

Sy .0lo" L025"

Wp (Width of Dielectric Rib) .035" .0225"

G2 .058" .0455"

Wp (Width of Ferrite Slab) .050" .050"

G3 .020" .030"

Tr (Thickness of Ferrite Slab) .030" .030"
Length 3.890" 5.090"
Dielectric Constant 13 16

Figqure 8. Dimensions for Phase Shifters
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5.0 MAGIC TEE

5.1 General Considerations

The major effort associated with the design of the
hyorid magic tee is the impedance matching at the junction
over the intended bandwidth. Methods of matching the
junction include the use of reactive elements at the junction
cavity, and transformers between the flanges of each arm and
the actual junction at the cavity wall for each arm. 1In
addition to matching problem, there are other considerations
such as dissipated losses, phase balance, and power handling
capacity. To minimize dissipated losses, it is desirable
to avoid the use of dielectric materials, bonding agents
or screws inside the waveguide cavity. Phase balance can
be obtained as long as physical symmetry is maintained. In
termns of power handling capacity, it is desirable to avoid
sharp capacitive obstacles or low height construction in

the waveguide.

5.2 Computer Analysis

In an attempt to study and design nmagic
tee using double ridge waveguide, a computer program was
written to find cutoff fregquencies and characteristic
impedance of double ridge waveguide. C(Cross-sectional shape
of douk'e ridge wavequide and its equivalent circuit
renresentation is shown in Figure 14 and equations used

for computatinn are summarized below without derivation.
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“{ mre 14. Double Ridge Waveguide Cross-Section and Its
miuivalent Circuit Representation
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{Original derivation of these equations can be found in

Reference 3, 4, 5.)

The equations which govern the cutoff conditions

of the TR, type of modes are given bhy:

b

cotkyl = - tan Ky s/2 = B/Yq] = 0 (1)
4
o)

cotkyl + - cotky s5/2 - B/¥51 = 0 (2)
4

Equation (1) applies to the odd TEp, modes and (2) applies
to the even TLC,h, modes. ky 1s the propasation constant

in the x direction at the cutoff and is jiven by ky = 27/...
The characteristic admittances in the transverse direction

(x-direction) Y, and Y, are defined as:

(3) S.B. Cohn, "Properties of Ridge Waveguide", Proc. IRE,
vol. 35, pp. 783-788; Auqust, 1947,

(4) T.G. Mihran, "Closed and Open-Ridge Waveguide", Proc. IRE,
vol. 37, pp. 65640-644; June, 1949.

{5) S. Hopfer, "The Design of Ridge Waveguides", IRE. Trans.,
vol. MTT-3, pp. 20-29; October, 1955
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The value of the normalized susceptance term B/Ys1, which
} represents the effect of the step discontinuity, can be

obtained from Waveguide Handbook?2.

Employing power-voltage impedance definition,

the characteristic impedance at infinite fregquency for

the TEjg mode is given by:

- 2 % 12072 (3)
aryg T T T e e e e e e e e e e e
P oF! 2 sin2 2 2cosz~2 1 sin2 'y
20 == cosz?2 + c | == t = t e [ --------- }
€ 4 2d besin?i, L 2 4
where . is cutoff wavelength of ridge waveguide.
1 = (a-s)
= .
C .
g 2
(;) +1
, b B l+(d/b)2] 4(d/b)
Cq = == | =====—=-- cosh™ | —w—ee-- f=2*1ln ==———=——-—
K 1-(d/b)2] 1-(d/b)2
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The characteristic impedance at any frequency f is obtained

by:
g oo 1
Fpv(f) = =77 X dpy = moTmenoen (4)

5.3 Magic Tee Desiqn

Initially, magic tee was designed based on
intuitive reasoning. At the cavity junction impedance ratio
of H-arm, colinear arm, and E-arm is assumed to be 1:2:4. Then
Chebyshev type multisection quarterwave transformer between
flanges of each arm (WRD750D24) and cavity junction of each
arm were conputed using equation (4). Cutoff frequencies of
TE]g and TEpg mode at the junction were also computed. Based
on the computed results, two sets of brassboard magic tees
were made. Brasspoard was chosen so that additional metal
could be soldered in place whenever design nodification
is necessary. Figure 15 shows simplified sketch of the magic
tee. For the purpose of evaluation of characteristic impedance
of double ridge waveguide and verification of the theoretical

result, each magic tee was made in three separate parts.

Part 1: H-Arm

Designed with f~ar section step-down quarterwave
transformer beuvveen WRD750D24 and H-arm junction.
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Fart 1

rart 3

Fiogure 15. Brassboard Magic Tee
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Part 2: E-Arm

Designed with 3 section step-up quarterwave transformer
between WRD750D24 and E-arm junction.

Part 3: Colinear Arm Including Junction Cavity

Designed with 4 section step-down quarterwave transformer

between WRD750D24 and colinear arm junction.
Since Part 1 and Part 2 of the magic tee do not include junction
cavity, these parts were used to verify computed characteristic
1 impedance of the double ridge waveguide. VSWR of H-arm (two

H-arm in back to back configuration) was measured and Smith Plot

of the measured VSWR is shown in Figure 16. Smith Plot of VSWR
for the same configuration was computed using transmission line
equation employing characteristic impedance given by Equation (4).
Computed results, shown in Figure 17, were in good agreement

with experimental results,

Due to the difficulties of transmission line
model including junction cavity, no attempt has been made to

analvze magic tee as a whole theoretically. Instead, it

was intended to find optimum matching structure experimentally
by using reactive element at the junction cavity. The

effect of reactive element can be measured at the flanges

of each arm, and then these measured impedance can be
transformed to cavity junction wall using transmission

line equation. Based on these transformed impedance, necessary
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-

modification can be made. This method requires iterative
process of microwave measurement, engineering analysis, and
modification. However, this method has not been pursued
due to the time constraint. Therefore, magic tees designed
by Raytheon for previous projects were used for final
assembly of circulator. These magic tees were designed

} for frequency range between 8 to 18 GHz. Performance

data of magic tees are shown in Figures 18 through 25.
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6.0 HIGH POWER

High power measurement has not been performed for the
circulator assembled. According to estimation based upon
available informations, circulator would require pressurization
and efficient cooling for safe operation at the specified

high power level.

6.1 Peak Power
6.1.1 Magic Tee

Magic tee used for circulator assembly
include capacitive obstacles for optimum matching. In order
to guarantee safe operation at the specified power level,
pressurization of waveguide would be necessary. Pressurization
windows for the specified power level do not exist at this time.
Microwave Research Corporation Model 270 is rated at 10 XKW
peak /600 watts average for a VSWR of <1.l.1 and loss of <0.l1 dB.
Microwave Development Labs have a unit under development. Further
development will be necessary if the desired power levels of 20 Kw

peak/l KW average are to be met.

6.1.2 Phase Shifter

There are two effects of concern in the
phase shifter section, breakdown and nonlinearity. HNonlinearity
is the increase in insertion loss above a certain peak power
threshold. Ferrite material used for phase shifters design
nas been utilized previously for the similar frequency range
with comparable geometry. To prevent peak power breakdown,

air gap should be removed in bonding of dielectric rib.
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6.2 Average Power

6.2.1 Magic Tee

The average power capability of the
magic tees would be adequate if conduction cooling to liguid

cooled phase shifters is used.

6.2.2 Phase Shifter

Since the phase tracking is essential
for the operation of the circulator, efficient cooling of
nhase shifter is required to prevent phase change due to
temperature variations. Liquid cooling with pressure drop

of 10 psi would be adequate.
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7.0 CIRCULATOR ASSEMBLY AND TEST DATA

Cross-sectional view of phase shifters
assembly is shown in Figure 26. Final data
assembly are shown in Appendix A. WRD750D24
standards were used in the calibhration. The
Port X-Y indigates that Port X was the input

output si:jynals were measured at Port Y.
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8.0 CONCLUDING REMARKS

Four port differential phase shift circulator under
Contract No. N00173-80-C-0434 for Naval Research Laboratory
has. been built. For frequency range between 8 to 16 GHz,

11 4B minimum isolation, 1.8 dB maximum insertion loss, and
maximum VSWR of 2:1 were achieved. Even though the performance
of the circulator designed did not meet the originally

intended specification, it has demonstrated, at least, the

feasibility of building the broadband four port differential

ohase shift circulator.
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B.BEJ\

2.90 ¢

Y. -
1,09 \;\,N \\/\f’{\\;\ J\f '/\ Njw\,\ /JA'\P \\,\/J

8.08 + + + " " -+ —
T5Spo. oy 1959 . 3098 MH=z-0LY

A-11

-




RAYTHEON CKuH40 PORT 2-4

40.90;

32.86 T

L

.80 1

"
Ll

16.00

S22-DB LOSS

h ﬂ |
[ "WN VJMM L/k\w* I
o [

g.908 + + + —t } ' + " 4
’SDBb0.3dce 1050.3088 MH=z~-0LV 1BB0E. BLO




S42-DB LOSS

RAYTHEON CKuH40 PORT 2-4

58.908 T
4B'BGT
Jo. Byt

20.80 ;j\ JI\JM'\N\/\'\JJ\J \WVJ\AM\JU

19,889 1

T

-~ = I 3 I b " = —t
. -+ + Y + — * ™

?5b9.d80 1950.8e868 MHz-DIV

A-13




RAYTHEON CKuH40 PORT 3-1

g 16,00 1 [\/\/ ’;\J\j \//\xfj\/ MWW%

4@.BQT
i

xKYR N o \ N
.90 ———t , X

?Sbo.Jod

A-14
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18BBLE. Yo




RAYTHEON. CKuH40 PORT 3-1
5@.99"'
T
4@.@@#
38.00 1
@
3 T | ’
aQ: 29.99 1 \ }\ | l‘
e J\M\/\/\ﬂ\/\m\/ \N\j\ \jl ﬁ
VI
180.98 1
"
v.00 +- — 4 +— + —— + + 4 —
7SbB.doc 1850.80089 MH=z-~0DLV 1BOBYO. 800
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S$33~-DB LOSS

RAYTHEON CKuH4Q PORT 3-2

48.0909 ;

)

3z2.80 +

N

UJI %J ’w

8.00 ‘J

B.BE}L + + 4 + + + e
?SPV.aoe 1250.3008 MHz.~DIY 1BO0O, 500

A-16




e

RAYTHEON CKuH40 PORT 3-2

50.00 1

40.90 t

10.00 } }\f

% T \ /\/ﬁf{ |
¥
Qa
ki \
7 2000 \} \’\\/\ A N\N\fv b\»\
wn L \\'\
. ™~
18.98 1
| \\»J‘\j
g8.99 —t e + 4 + —— -+ - -—
75pe.dv” 1950 . 3088 MH=.- 0LV 1 BROD. BOD
A-17




S33-DB LOSS

40.899 7

32.90 1

0.8 -

RAYTHEON CKuH40 PORT 3-4

i

_—
16.08 EEJN.\ /\) ;'Awf LM/V\/\}\N\/U\?

7SDbo.doa

1

E’

S

=

J.doeg MHz-~0OLV

Q
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S43-DB LOSS

o

a.

.88

.89t

.B@*E

RAYTHEON CKuH40 PORT 3-4

)
1

\I

]

T iy,

a0 —— 4 — — + — !
7Spa.daa 19568 .49888 MH=z~-DLY

aA-19

4 4
*

1seg. ooo




RAYTHEON CKuH40 PORT 4-1

£
C
_.)
()
—

Ll
P
[l
[0(]
—+

\ ‘|| ’ M
T TR
- 15 .30 | Il] l "ﬁl . i {\Il i |I\| |‘ \l l| |'n"|
i L Pl L ¥ .
g L MY \ A% ) \ oy | ,r
' | . ;
gl + ’l l, |, |'j| | ' G l[ ) ! |'I I.'ﬁl‘j ¥ ’ '
n !| 4 | Y J |
yyo [ |
I |
S I
|
T
oo ' * -+ — ' — — R +
TSD0., 300 1850, 0008 MH=z-DL LEOGE. 500
!
A-20




514 DB LOSS

i ——p % ram s ae

RAYTHEON CKuH40 PORT 4-1

1Ba0D, 00
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RAYTHEON CKuH40 PORT 4-2

L
i
]
1=

L
Mt
]
- C
e

24,08 ﬁ
) N f v‘ “ fl
+ ] ’ I H ! ! ' ‘ l}
g ALYy
SRR Y lv' 'I H fow o I ; I| | } '
= | lI |I v ’I II ! { I‘.'" W Il |H ) II [ | ‘
< At ;o H | N J V) ! .
<« T ||M |
=) ! * o !
2,004 Il .'|
'
1-
G —
e 1eS e, 3ol nH=z -0l VRO, S0




524-DB 1088

RAYTHEON CKuH40 PORT 4-2

[
[
&
" At

n : + 4
+ + + +

A-23

MHz -0 1BOOE, D00




RAYTHEON CKuH40 PORT 4-3

: !
: Y | IIH “ W |
ooy I ’ k '% 'I lvl
a N / L] T l
El 16.00 ‘l ]l\\ l h '|’.l l I"U “. / U' \..‘l lIH |]| IIII \ 'l“"'l | l| ’ |
3 | | Vo4 -
L '| 1] |' ly'l ||' \ . Y, Hlll b l|
! H A ! il
I 1Y |
g.00¢ l| "
!
.09 + / | ' + +— +
TSO00. o0 1853,35085 MHz -OL 1Baoz. o0d
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£10.00 4 |
& |
= '{l | )
é ll lPIIH'
I - (I ) ,I
EEU.MUV}
0 )

B.BG[

G A e ,.‘.'. A }"“‘J \
I\I“;x;» IR VARS

.« ¥

RAYTHEON CKuH40 PORT 4-3

2Sba, ano

185g.3000 MH= -0OrLY

1820, Q0D




APPENDIX B

COMPUTER PROGRAM

Bl




FEM Frogram “RIDSE"

OFTION EBERSE 1

DIm Hbr~sua,va|;O..ubt- 00 Rboc 2B
COM ReT o ECT oy Fok, bk Gama 5 t Fem, B, D

R B PR | I SR R
T G i

5] Crat=s,0801
5} Eps=.9031
5 Ea=1

Y] M=a

I H=@

106 Al=, 253
114 Ra=,814
128 HI=,835
124 AS=, 354
144 He=,128
154 Ad=, 172 RZ+AZ+AS+AE
1sa RT=.259
17a BE=.321

136 D-.l-?f
1340 El=.4838
98 BE=D—£?E1
214 Eft=11.4

E1=1
Ec=1
EX=1Z+,7E
Ed4=1
S= Z«Bl1+BEZ) W Z2+El-Ef+EZ Eas

LU Ul iU )

[

g

MU

[}
w

m W

M T D

B 1=

354 F=1c |
e Delf=1

3 CEERETT!

2 AiZr=R2

3 CEERELE |
400 A d=Re

419 ASi=AS

420 AL =RE

438 ALTe=RT !
449 Eilo=E1

450 EvZa=E2

450 Er3i=E3

4T Erdi=E4

488 EfSi=ES

435 ErES=EE

5 Ev7i=ET

S1O IMAGE 45, "AL", Ti, PRI, THTRET, TH, RS TH VRS, TH CRE T, T AT

’
PRINT JEIHU St
IMRGE 2,7 DD.DODD,

)

N
EORDOCEES T PR P PO IR NSRS CRNOCKRH s YU | I SURY AU (STR A
A

B

<48 PRIHT USIHG i
s< IMRGE 4%, “EL" CUESN  THLUEEY  TH HET !
Sen FRINT LSIHG |
sTo PRINT USIHG 2, E%,E4,ES,EE,ET .
S 2 IMAGE 4.1, "EB", LB TE EF T B, " Ganat S, DAt Sn, "Feme" :
S FRINT USIHG S=

SO0 IMAGE 20, S 00, DDDD, 29 o 2o DDDD. Iy 350, ‘
16 PREINT LSIHG £0@3E,D,E1,Ef, Gama, Sat ,Femp |

=304

¢ . i

mtena a0




Says) F=F»

I8 Rem=0

489 LBl Rbt=£.3

=53 Ibt =@

BE IF Sar=0 THEHW GOTO LbZ

s IMAGE -, "Rem=" MDDDD, S, "ssessseees’ -

5l FRINT USING &Fa;Remn
[ als Rem=Rem*, 2% 1 +EB2 - CR2+2%E1 )
TEA Lbhar  K=Z2=FIlsF-11.8
T1e Kk =k #kK
ol CALL MewtoniREbt, bt Crit ,Eps
e M=M+1
T4R IF Rem=% THEHW LD3Z
Taa GOTD Lbg
TEDd Lb3:  REbovMiz=Rbe
7T Bet a=Rbt

GOTD LBS
Lba: Dbt='Rbt -FhovMys2+«B1 - T
Bet a=RboMi+Dbr
LES: Phaze=Betaxl130-F]
IMARGE DD.DLD," GHz",S=,"Ey= ",D.DLDDE,"” ~IHCH",Z%,"FPHAZE= "“,D.DIODLDE," LDEGC I

FRINT U= (5
IF Rem=a THEN LG7
IF Fem: THEMW L
PotcMr=Fhaze
SOTD LbE
Lbe: Hbt cMr=Phaze
GOTO LbE
Lev: okt cMr=Fhasze
Lb2: IF F=Ff THEH LB*=
F=F+Dsl¥
GOTC LbE

3341 Lb9: IF Fem: @ THEHW LEB1#R
294 LQ=7T28 idbt ol r+0bt oM 73
B IMRGE "Quarter MWave Lepgth=", 0. ODDDIE, " THIH"
E FREINT USIMG SediLg
EE Lbtlo: IF Sat=a THEW Lb32
X H=H+1
1 O W GOTS Lell,Lbla,.Lbl4
1 Lbll: Fem=FRemn
1 GOTO Lblz
1838 Lbl&: Rem=Remp
1343 Lb12: F=F>
1953 M=d
1959 SOTO Lbd
{ave Letd: M=
192) F=F»
3 PRIMT LIM 1 ,"DIFFEFREMTIAL FHASE«DEG IHCH "

3 OFPRINT "FRED GHzZ E- - Eno E+ - Eo E- - E+"
9 LB1S: Dnp=Hbt cMi-Pht oM

3 Drno=Hbt o Moy~0bt o Mo

1138 Dpo=Pbt iMI-0bBt M

1148 IMAGE =,D0D0. DD, 7 ,MDDD,DD,S:<, D00, DD, S, MDD, DD

1158 FRINMT USIHG 1148:F,Ino, Dpo . Iinp

Lo=2*PI K1
Cb=ed+Ar v 1-Ar 202
Apb=r 1-+0 Lc -2
Apb=r1+ARpb "1 -Apb:

1168 M=M+1
1178 F=F+Del¢
28 IF F:=Ff THEH Lb1S
93 Lb33: STOF
2y EHMD
1 SUE Tunct JBeo Lk o1 B, D0
< Ar=D. E
4
5
[

e hh e e e =
| DER OO O R R S RO o

Dl OO BN

R3

P, " _ _l.lli., i




Apb=FApbe L L+AE Y 0L =R s o 20 AP
Apb=Apb+. 3+Ar -2 (=R r -2
Ab=il-iB-Lcr~20-. 9
Ab=v1+Ab (1 -RAb «
Ab=Ab<i c 1+Ar 2 L =Ar 00 2
Ab=Ab=-C 1+3%Ar~Z0 1 =Apr -2
Bl=¢1-Ar 20 - C34Ar:
El=BlsCil+Ar s C1l=Ar 2 C CHr+ A 020

Bl1=LOGCRLY

BI=2+ (Ab+Apb+I+Ch - CAbB*ARE-CB~20

33=0 sl

Bi=F i Cl=Ar - l+Arr s 4xqr

E3=" i+  0S*Ar-2-10 - 0 l=-Ar 2 +4*#CheAr -2 C3%A0 Y 22
B:= #B-Lo*cB1+E2+BI0

ST _HD

S HewtornoRbt  IbBt St Eps

I=1

1d4=1
Ll Fz=Rbt

lz=1bt

1478 IF Ikt .= THEM Lnz
50 Ilz=-lbr
[ Lnegl ]
i To=1:z

Lm3s  OH I3 GOTO Lnd,LnS

Lrmd: Rdel=Ep:
1de ) =0

GATO Lne

LnS: Rdes1=4
Idel =EFZI_=.
[d4=1

Lres Fm=Fo-Fds)
Im=Ilo-1de]l ;
Fp=Fo+kde) ,
Ip=1o+lde) ;
Fbt=Ra :
Ibt=1a ‘
CALL Furnd.kRbr ., It Fr,Ir: i
CHLL Cabsz Re,Ir Cro {
IMAGE MD.DDDDE, 4 MDD, DDDDE, & D, DDDDE
IF Cr-Crat THEM Ret main
Ffo=Fr -
Ifa=1r

LN LN n e N b b
DO O WO ORI U )

DOCHILS I SSRTE | I SOR TR (I

(DX}

,.
D)

=
oD

DU

DU PO O SRR P PR
0 ode e [ e T
AR

e e s s e e b b s s bt s bt e s b hd

1716 ROt =Rm
1728 Ibt=1Im
1733 CALL FundiRbt,IbBt, Fr,Ir?
1744 Rfm=fr

E
(

-
'
-
v
-
'

Ifm=1Ir

Rbt=Rp

Ibt=1Ip

CALL FundiRbt, Ibt ,Rr, Ir

Ffp=Rr

Ifp=1Ir

Réd=Reo-Ffm

Ifd=1¥o-1¢tm

CPLL CadraoePyd, Ifd,Rade) , Idel R4, IFd0
REfz=Rfm+Ffp-2<Fto

Itz=ltm+lfp-2+Ifa

CALL Cmult oRdel, Ide),Fdel, Idei,Rdelz,Id
CRLL CaroiRfz, Ifz,Rdelz, 1dels, Rz, Ifz>
CALL Cabs Rfsz,If=z,C¢z"

IF Cfz .8Q¢ : THEH Ln?
OH Id GOTO Lnd,LnE
Ln?: Id=2

IF IT:18% THEHW Lnil

I=1+1

I A

[

U R B (R
()

i
<
oS

D)

A

|

«
bd

Ly
&
15

¢
— e

LI
N S
Do R Ol )

ol e D oL

B4




[}

GATO Ln3
Lns:  GOTO Lnla
Lm3as CALL CoultoRfo, Ifo, Rz, I1¢=,Raz, o=
CALL Cmuwlt.Rfd Itd,R¥d, I¥d,Rdd, [dds
CALL .d\HIFn» losz,Radd, ldd,Razd, Tasd:
Rozd=1-2
lozd=-24 ;
CALL qrf'Pn=d lozd,Fcosd, ITcasgdn
R:azd= l Rooszd
[cosd=-1caos
CALL CowlrtdRed, Ifd,RPcozd, lcosd, Rdz, [dz
CALL CarwdRdz,Idz,Rf=z,Ifz,Rdzz, Idzz>
Rdz=-Rdzz
I3z=-1dzz
CHLL CabscFR

DoCNDoC A

PR
Do)

oo D

—
MOUBLWA I

dz,Cdz

—

IF Cdz<. 98 11 THEH Lrll
Fht=Rz+Rdz

Ibt=I=+1dz
IF I+13 THEH Lnit
I=1+1
GOTD Lnt
S1%8 Lmlw: PRINT "ZERO DERIVATIVE"
21ed GOTO Rer_main
21T Lmlit: IMRGE "DIWERGENWCE OF ITERRATION FROCESZ: o =" D.,D0DDE
B FRINT USIHG Z17@i0r
@ Fet_marn: SUBERIT
¥ SUEBENLD
100 I TV I SUTNES SFIVED QRS = e S e
EE 00 IS I I
EED0S T NP S I
SUEEND
SUR Do B,
Dencm=2 Ve

A
DA A

AR

Do(RE)

< Denam
VaeDeran

SUUBEND

SUE Cabzo " Rmo

Em= ey 05

SLREMD

SUEB Czam H1,0%1,

SIHOEL vy ESF Y

[ l [

VISCOS UL e EXPOY
SUBEND

Al He
1o e ERPY
O L s SR B S S B g

ey

"

X
i

SUBEND

SUB Czgrti=l,vl,
Mag=io1+1+% 151,
IF =179 THEHW Lbal

IF “1=8 THEH Lbal
Ang=RTMN.Y 1. K122

GOTO Leosq
Lbal: Amg=cPI+ATH YL W10y 2
GIOTO Lezg
Lbac: IF “1:89 THEM LbaZ
Arog=F1 4

GOTD Lozq

x()

T
DU

9D DD

S

T
b 1

P
-
[n g
ae
1

I

=
—

Ve ”:q‘LU"HHQ'
n ag*s TH HfllJ )

SUREMD

SUB Fund'Pb-.Ib FryIr

ODIM Rk oIk WFzne T Tame Vi Rome Vg Taome

nim Pm; 11'.Im= 11'.Pmb'ilv.lmbfll'.Pmctll-.Imc'11*.Pmdi11“,1mdn113
COM Au+ s Ere  F bk, kb (Gama, 23t Fem, B, I

no

' ) i
PO —. - SR ]

-,

(I U I SO0 B BN BN B, [ SO SUR U Supp Sups S A I o

XN I (R I S RU R U i -ORL R U B SR I S PER DO i

y 1 X D D

[ SSURN SO COCR COURN COUR U CRCRN COVIN AOVIE TR OO COUR CUI COCRN SN CRURN COORN DN QR (N}

)
5!




DO U wo OO R oI w2 R

D]

S T T T i

3

o

(O AR R\

L
DD

-
Lo

<o

= e
D e

A AR A

et L o Lo b b b bl 033

P = T 0 Q0 g Ty i e U P o S D
[a O WD COOCR W U I

)

0 oD

Fa=u
I1=1
CARLL Cmuwlit Rbr  Ibt,REt,Ibt REtz, [Bt 2
FOR =1 TO 7

Rk :=khk+EvIv-FDt =

Iks==-Ibt:

CALL CsqrrtiRks, Ik Rkao T, Tk
IF IkwurToed THEM CALL MegoRkse
NEST 1

fI=1

R
I
IF 3.

AR VI (R S

ko w=KKk*EvS o Rho-Rbt =
CALL © L CRE s, Tk y RE =S Thad S
IF Ik THOTHEH CALL Heg Fhk oS0, Thwe Sy Bl Sy Thed S

Exl=Rk=y
Bo=w

IF kKxtl<=8 THEHW LbbZ

IF I=F THEHW Lbb2

CRALL TumectoBo,Kx1,E, D>

Ec=-Boc*K=l-k

FOR I=1 TO 7

153 A G = A )

Ik=a=Ik Ir<RC]

CALL CzyniRksa, Jkca,Ram,lznm:

Rzmwli=Rsmn

landIs=lzn

CALL CooziFkra, lkeaRom, Tan:

Fermili=Reon

Tenelo=lon

Rmar ] i=ken

Tmar [v=1cn

CAHLL Cmalt o RE o Do I T Rz, Iz R vz2my Ik w20
CALL Emu]f-PD.Ii.ngsn.Ik.sn,Fmb.Imb-
Embe I r=-Fmb- kK

Imbeli==-Imb-k

CRLL CadvorResn, Tz Pt el Thwv s ,F‘&-ﬂk D -8 oY S
CALL Coalt dRQ, 11, Ferk =, lank . Fnc o Iz
Fmci I =-k<Fn:
Iz Iv==k*Imc
Fmdc I v=Fma 1
Imde [ v =lema [
HE=T 1

Emacll r=Rma:
Imarll =lmac
Embcll =Rmb-
Imbr 1l =Tlmb:

-

v

T
Rmce 11 =Rmc 7

:

;

;

Tmco t1o=Imci
Emdill=Rmdr
Imade 11 »=Tmde
Fmarl@r=1
Imai1a =3
Rmb: 1B =0
Imbr 19 =B
Rumc: 13:=9
Imcv 19 =9
Rmde 1
Imdeta:,

0
o e

B6




Do O I )

Lo O X

O )

T D D D D

S RN B B O IS PO (R RO
T 0T

MU

A

WO o T (N e L3 P e
D)

-
DARRA

PRI R A SR L By BN B IR BRI S SURY OR S CURp SUR ORu SUppl U Cup 2N
)

PO A

e

RIS
QO]

L

Iy
A RSN

i
2D 0D

NI IS B SO I I B SO S AU TN S T I S A T I I T U B IO R I T S0 N W B W R W T IO WO I IR I S B O T TP I I I 0 B I WO N S N WO |

DU A X]

@D DS S O

R
D]

R L b e L e 1 G et
D ) T e ) s e S O

-
L)

[
w0
[
()

[ —
Lox.

e BT I
o O T

D)

DD O

Tmge:
Rmaca)
Imas s

Rmb <
Imb
Rmi
Imi
Rmd
Tmd:
CTHLL
CAHLL
CHLL
TALL
CHALL
Rtk
T.th
CHLL
Rma:
Tmar
Rk
ITmbe
R ¢
Imce
Fmd
It
Fmac
Imza
Fmke
Imbe
R
Iz
Rrind «
Trd:
Fmat
Imar
Fmb
Tmb:
R
Imace
Fmd:
Imde
Bmac
Imas
Rmb
Tmbe
Fmc«
T
Fmd
ITmde
Fimar
Ima
Frob <
ITmb
Fme e
Tz
Fmdi
Imd
Fma

Imare

Sr=Rmbig’
Imboe s
Rmc &

Twc o
Fade
Soar=lmdi

T

b . T x M 2 W TCYs SO S 4
-

LR tS, 1
CmilreRB, 11 R
Cmaltofboe 1.

- 1

[NTRR
Crinal '
=-Fbtzeltet 32
=-Ibtz+ z
Cmualt o R

x)
. bl
A = I

Tt

Tisfocrm .S -Rzkk
Vozmleni Sv=-Tzkk

Rivo<Rth kK
=Rhos [tk b
r=-k*Rzk

kS Rhg
crCS i +REkk
c+1zkk

=Tmde
v=Rmar
v=lma 3

r=Rmb 3

n
DD DN <

3
.
£
3
)

-t

TS DS

— e T

D oW

-

SR=TO cl A O O

B7




Rmb @ &=t

Tk
Rme
Imie
Rmde
Imd:
Roa=Rmal
<a=lmas

wt=Rmb o

[ VRN AN S5 VR (XIS (X

DUl

T
peed
DoV WX

o

YuJR B VRRW) I PO Y I LN DAY YRR Y

oD T D
[

sd=Rmde

d=1mde

FOR =2 ToO 11

CALL Chutt Foa,loa,Puar I Inan Il Faa,las:
I

I
Fn
I:
R
I
5
I

DA BRI
—

..
y

e
U

Dax}
=

b

o

CRLL Calt o Rk ok Rmo
Fta=Raza+kbo
Ita=laa+lbc
CRLL Cralt sfa, Txa,Fmbe
CRLL Cmult Reb, Tub,Fnd:

F,ImCtI',FbC.IbC

T SO R S T A A R R

vy Imbe Iy, Fab, Iab:
sy lmdr s Fbd, I8

—

4128 FRtb=Ffab+Fbd
41483 Ith=Izb+Iba
4158 CALL Cmuwlr i F sl Fmac Iy, Ima Iy Roa, oz
4153 CALL Cmult R d,I.d.chtI'.ImCLI3.RdC.IdC'
4178 Fto=Rcatfdo
4180 lreo=leoa+lde

PN
—
VL
RN

CAHLL CmultoF c.IAc,Pmb'I-.Imb'IJ.Rcb,ch-
CALL CmultiFad,Iad,Fudr Lo, Imde I, Rdd, Idd:

~
)

324

4210 Rtd=Rcocp+Rdd
4229 Ird=lcb+1dd
4223 F.as=kta
G4 [ . a=lta
3250 Fab=Rtb
4y Iesb=Ith
42T Faco=RtC
400 lec=Ine
4233 Rad=Ftd
$:09  Jad=Itd
4318 HEXNT I

d3I0 Fr=F:c

3334 Ir=1:c

4348 SUBREMD

4354 ZUE Heg'ﬂl.?l.HZ.Yi'
4ied Wl

478 f2=~41

3 25 SIUBEMD

L







