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I INTRODUCTION

This report describes the work conducted under Contract No.
NAS3-16752 conducted for NASA-Lewis Research Center. The program in-
volved fhe development of a High Power Ferrite Microwave Switch and
associated electronic driver circuits for operation in a spaceborne high power
microwave trénSmitter in geostationary orbit.

Figure 1 is a photograph of the final switch configuration. Three such
units were built and tested in a space environment to demonsirate conform-
ance to the required performance characteristics. FEach unit ponéiste_d of an
input magic-tee hybrid, two non-reciprocal latching ferrite phase shifters,
an output shori-siot 3 db quadrature coupler, a dual driver electronic circuit,
and input logic interface circuiiry. The basic mode of operation of the High
Power Ferriie Microwave Switch is identical to that of a four-port, differ-
ential phase shift, switchable circulator. By appropriately designing the
phase shifters and electronic driver circuits to operate in the flux-transfer
magnetization mode, power and temperature insensitive operation was
achieved. A list of the realized characteristics of the developed units is as

follows:

Frequency....ceevevarvseses 12 GHZ + .25 GHz
Insertion LoOSS.eecessssasss 0.3db1VIaximum.

VSWB------..-...g.-.‘.nO- 1.25M3.Xi.mum



Figure 1 - Photograph of High Power Ferrite Microwave Switch



Isolation.ceeveacsssesesncsasess30 db Minimum

Power Handling. essesseacesesss 750 Watts C. W. Minimum

Switching Speedecesesssecssesss 1.0 useec, Maximum

ENVITOMMENtessssseeassnaosssss Vacuum (1076 torn)

Weight. caeecavssseassssssnsess 22 Ounces

Overall Outside Dimensions
Lengtheoeevesvescnarsas.. Less than 77
Height.cv.u.s eesvsnsssses @SS than 3"
Width,.veveneesinnsncnnas Less than 3"

The High Power Ferrite Microwave Switch was designed to function in a
missile launch environment as well as a space environment. This was achieved
hy eliminating any material prone to outgassing and using mechanical and elec-
{rical designs which can operate over highly severe shock, vibration, and
temperature conditions.

Considerable effort was involved in realizing the final resulis and many
problems had to be overcome in oxrder to achieve the above listed performance.
Major problems were encountered relative to high power operation in a vacuum
environment and it was concluded that any material, whaisoever, which may
produce outgassing or contain air pockets was unacceptable for space applica~
tion, The fellowing report will describe in detail the fundamental theory of
operation of thé High Power Ferrite Microwave Switch, initial design and test

data results, redesign efforts, as well as all final test data. .



II THEORY OF OPERATION
A, Switchable Four-Port Differential Phase Shift Circulators

The core of the High Power Ferrite Microwave Switch is a four-
port differential phase shift cizeulator. A block diagram of this device is
shown in Figure 2. Also shown in the block diagram are the required driver
circuits and inputs from the logic interface circuitry. Reference planes
are drawn for purposes of discussion and will be used to illustrate the rela-
tive phases of the propagating waves internal to the device.

The r.{f. input terminal is the sum port of the magic tee hybrid.
When the device is used as a switch, the difference port should be termina-
ted with a matched load, as illustrated. If an r.f. voltage of unity
amplitude is applied to the input port, in-phase voltage levels of 0.707 volis
will be present in the upper and lower arms of the device at Reference
Plane A. For Switch State 1, Phase Shifter 1 is set to 90°, while Phase
Shifter 2 is set to 0°. Hence at Reference Plane B the voltage level in the
upper arm will be 0.707 £90° and in the lower arm the voltage will be
0.707 /0°. I we first consider the splitting of the voltage from the upper
arm at the 3 db short-slot quadeature coupler, the voliage levels at
Outiput 1 and Output 2 associated with the upper arm of the device will be
0.500 /90° and 0.500 /180° respectively. The voltage levels at Output 1
and 2 associated with the wave in the lower'porﬁon of the device will be

.500 /90° and .500 /0° respectively. Hence at Output 1 there will occur
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the summation of 0.500 /£90° and 0,500 /90° or a total of 1.00 /90° volts.
At Output 2 there will occur a sum of 0.500 /180° and 0.500 /0° which re-
sulis in 2 null. It is seen from this simple vectoral consideration that all
the output power will appear at Output 1 while zero power appears at

Output 2. By setting Phase Shifter 1 to 0° and Phase Shifter 2 {o 90°, it can
be shown using the same simple vector considerations that all of the r.f.
power will appear at Output 2 while a null will exist at Output 1. A summary
of the voltage phase relations for the two output conditions at the three
reference planes is listed in Table 1. As an aside, should it be desirable
to feed r.f. input to the difference port of the magic tee hybrid, while
terminating the sum port, Ouiput 1 and Cutput 2 would be interchanged for
the phase relations listed.

It is appropriate at this time to discuss some of the physical limita-
tions and effects of errors on theoretical switch performance. In the
previous discussion it was assumed that no errors or losses existed in the
various sections of the switch. In reality, however, r.i. losses do cccur
as well as errors in phase settings within the two phase shifters. In
addition, amplitude and phase imbalance may be introduced due to the limi-
fations uf the magic tee hybrid }as well as the 3 db short-slot quadrature
coupler.

It can be shown that, within the existing state-of-the-art, the magic

tee and guadrature coupler hybrids introduce a minimum of losses and
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Upper Arm
of Switeh

Lower Arm
of Bwitch

Upper Arm
of Switch

Lower Arm
of Switch

CASE 1 - POWER OUT AT OUTPUT 1

R.F.Voltage R.F. Voltage
at Plane A at Plane B R.F, Voltage at Plane C

0.707 0° 0. 707 /90° 0.50 ﬁ’i_)O" + 0.50/90° = 1.0G/80°

0.707/0° -  0.707/0° 0.50/180° + 0.50 £0° =

CASE 2 - POWER OQUT AT QUTPUT 2

R.F. Voltage R.F. Voltage

at Plane A at Plane B R.F. Voltage at Plane C -
0.707/0° 0. 707 /0° 0.50 £0° +0.50 /180° =0
0.70740° 0. 707 /90" 0.50 /90° + 0.50 /00° = 1.0 /0°

TABLE 1 - LIST OF R.F. VOLTAGES INDICATING PHASE RELATIONS

FOR TWO QUTPUT CONDITIONS OF I-IIGH POWER FERRITn.
MICROWAVL SWITCHE




phase imbalance over the frequency range of the High Power Ferrite
Microwave Switches. The primary cause of errors is traceable to the

two phase shifter sections. It can further be stated that if the two phase
shifters are fabricated properly, so as to produce minimum insertion loss,
negligible amplitude imbalance will cccur. Hence, the major cause of
performance degradation is introduced by phase errors within the phase
shifter devices themselves. Non-reciprocal latching ferrite phase shifters
were used in the High Power Ferrite Microwave Switches. These devices
will be described in a later section. The effects of phase errors, however,
will be discussed here.

Figure 3 is a curve illustrating insertion loss or isolation as a
function of relative phase between the two phase shifters (dg - §;) for a
four-port differential phase shift circulator., As can be seen, perfect
theoretical operation occurs when the relaiive phase is either -90° or +90°,
For the ~90° condition energy is directed from the Input to Output 2 while the
power level at Output 1 is nulled. For the +90° condition all the input power
would appear at Output 1 while a null would exist at Output 2. K a phase
error of 20° existed for either output condition, an isolation of approximately
15 db would be realized and an ingertion losgs to the coupled output port of
approximately 0,13 db would oceur, If the phase error is reduced to *¥10°
the isolation would increase to better than 21 db and the insertion loss would
be below 0.1 db. It is apparent from the curve that the insertion loss to the

coupled outnut port is relatively insensitive to phase errors while the
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isolation to the uncoupled pore¢ is effected rapidiy. The specified isolation
requirement for the High Power Ferrite Microwave Switch was 25 db
minimum with 30 db as an objective. The isolation objective of 30 db

was achieved., Referring back to Figure 3, this implies that a relative phase
error of less than 4° was achieved across the entire operating frequency
range as well as over the required temperature and power ranges. The ob-
served insertion loss of 0.3 db was due to dissipative losses in the phase
shifter sections and hybrids and was unrelated to phase errors, since a 4°
phase imbalance would prodﬁce an immeasureable level of insertion loss.
The curves shown in Figure 3 may be used to predict anticipated isolation
levels as a function of phase errors for any type of four-port differential
phrse shift circulator whether it be latching or non-latching. The charac—
teristies of the phase shifters and driver circuits used in the developed

High Power Ferrite Microwave Switch will be discussed in the next sections

and it will become evident how the achieved results were realized.

B. Non-Reciprocal Latching Ferrite Phase Shifter

The theory of operation of the non-reciprocal Iatchin_g fer‘fite phase
A_shifter is virtually the same as the twin slab, oppositely magne_tiz_ed ferrite
phase shifter. The latter device was described by Lax, Bution, and Roth of
the MIT Lincoln Laboratory in the early 19505 but due to its poor switching
properties, as well as its cumbersome physical size, it was never utilized

in any system which required practical variabie phaseéhifter devices. .

10



Figure 4 is a cross-sectional view of this device. As indicated in the
sketch, d.c. magnetic hias is applied to the ferrite slab with two electro-
magnet devices located outside of the waveguide tran.mission line. Current
in the electromagnets is applied to produce opposite diredtions of magneti-
zation in the ferrite slabs. In the latching device internal magnetic bias is
achieved by utilizing the hysteresis properties of the microwave ferrite
material. By providing a closed magnetic path in the top and bottom of the
twin slabs, internal bias fields as high as the remanent magnetization of

the microwave ferrite may be realized. This will be discussed in more de-
tail further in the text,

Differential phuse shift is produced in the t@n slab, oppositely
magnetized ferrite phase shifter by the non~-reciprocal interaction be‘dveen
the r,f. propagating wave and the oppositely biased ferrite slabs. The funda-
mental mode (TEq() of an unloaded waveguide has two planes of circularly
polarized magnetic field lines located approximately one quarter of the
waveguide width away from each of the waveguide sidewalls. Two such
planes also exist in the twin slab device but are drawn info the ferrite
regions due fo the dielecivic properties of hoth the loading strip and the fer-
rite itself, The senses of ¢ircu1ar polarization of the planes are opppsite,_
that is, one is clockwise while the other is counterclockwise. Since the two
ferrite slabs, as shown in Figure 4 are biased in opposite directions, tﬁey

will interact with the two opposite senses of circularly polarized H fields

11
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equally for propagation in one direction. This inter«ction will be of 2
certain magnitude. For propagation in the opposite direction this interaction
will be of a different magnitude. The difference in the two magnitudes of
interaction is the useable differential phase shift of the twin slab ferrite
phase shifter.

Figure 5 is a skeich of the non-reciprocal latching ferrite phase
shifter. Note that a closed magnetic circuif is obtained by using return
magnetic paths at the top and bottom of the ferrite slabs and that the entire
magnetic cireuit is composed of the microwave ferrite material itself. Also
note that the entire magnetic circuit is located within the waveguide trans-
mission line. The internal d.c. fields in the fervite toroid are produced by
the remanent magnetization of the microwave ferrite material.

Figure 6 is a typical B-H loop of a ferrite material. For current
pulses applied to the magnetizing wire in one direction, the internal fields
may be considered to be +By (Br is the symbol for remanent magnetization).
Application of a current pulse in the opposite direction wili result in shift-
ing of the direction of the internal fields fo -B,,. Differential phase shift is
the difference in the insertion phases associated with the +B,, and -Bp
magnetic states. It should be pointed out that the ferrite material for this
‘type of operation is always magnetized to either +By or By, which are the
two extremes of the B.-]:E-I' 10’09, :Suchr opéra.ﬁon has céftain-disad\;antages in

that these flux states are, in general; temperaiure sensitive. In addition
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variations in magnetic parameters of the ferrite material from piece to
piece, or batch to batch, will cause variations in differential phase shift,

A practical device is realized by adjusting the lengih of the ferrite
toroid to yield a required differential phase shift when magnetized between
the two remanent states. TFor use in the High Power Ferrite Microwave
Switch this would involve adjusting the toroid length to yield a differential
phase shift of 90° when pulsed between -By 2nd +B,.. However, due to the
shortecomings listed above, phase shifter sections which produced more than
90° of differential phase shift were used. These devices were pulsed using
the flux~transfer magnetization technique which overcomes these short-
comings. This technique will be described in a later section,

In general, the solution of boundary vaiue problems in devices con-
taining ferrite materials are very difficult to achieve. TFortunately, propa-
gaﬁon characteristice of the twin slab oppositely magnetized ferrife phase
shifter caﬁ be ﬁheoreﬁcally formulated, - Since the latching configuration
closely resembles the former device, very good theoretical data caﬁ be
obtained to predict perforﬁance of the Iatching ferrite .pha;se shifter as a
fu'ncﬁo;i of _ma’;erial charactér.istics, material_dimensions, Waveguide dimen_
:sions, ei:c ’I‘Ius is accdmplished in the following fashion. .The ferrite |
féﬁs‘ofi:_r'érh:xeé.bilify'_is".-inéc)r.b'ér'a;’ceﬂ. inte Maxwell's equations for the two
ferrite slabs. A set of four eqﬁ;l-ﬁonsrma};.r the::t.he derived, one for each of

~ the four interfaces in the cross-section of the device. These interfaces are =



the sidewall of the waveguide, the air to ferrite interface, the ferrite to
dielectric interface, and a plane in the center of the dielectric which is
equivalent to 2 mirror image of the second half of the device. The resultant
equation that is obtained by solving these four equations is given in
Equation 1.

The physical dimensions of the ferrite, dielectric and unloaded
sections of the Jevice (as shown in Figure 4) are indicated by the quantities

81 &5, and a, respectively.

, kg . B km
k, |— = 3— cot (keby) —cot (kps1) cot(lkesy)
P pé p
tan (kaa) = (1)

2 Bk

B kmke e

(.42‘ - kl%l) cot (kedz) - cot (kmﬁ 1) + J—
e 0 pe

The quantities kg, k,,, and ke are the transverse wave numbers in the air,
ferrite, and dielectric sections of the device. The quanties 8 and p are
functions of the ferrite tensor susceptibility which, in.turn, are functions of
frequency, internal bias fields, and ferrite magnetic prdperties. This
equation is. a tranéc_zendental equation where the parameter of intervest is 8 ,
the propagation c_ons_iant definit_lg the phase shift through the device. | There

is one g associated with propagation in one direction, and a second B for

‘propagation in the opposite direction. The difference in these g 'sis the = -v.

previously mentioned differential phase shift of the device. By varying the

diffei‘ential parameters in the equation such as dimensions, magnetic
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properties, dielectric properties, ete., a host of design curves may be
realized. Optimum devices may then be designed with practical consider-
ations of size, and available materials parameters incorporated. This
technique was used during the early stages of the program for determining
an optimum configuration for the 90° non-reciprocal latching ferrite phase
shifter.

Figure 7 is a plot of differential phase shift vs. ferrite slab width
for a fixed dielectric width where two different dielectric constant
materials were used between the ferrite slabs (epy = 12.0 and 1.0}. Note
that as ferrite slab dimensions are increased there is initially a rapid rise
in differential phase shift. As slab width is increased further, a point is
reached where very little additional increase in differential phase shift is
realized and in fact a reduction in differential phase shift can be observed
for further increase in ferrite slab width. Also observe from Figure 7
that the dielectric constant of the loading material has a marked effect on
overall differential phase shift and that loading with high dielectric constant
materials is desirable. Better than 100% phase shiff improvement is
achieved when loading the toroid with dielectric material whose dielectric
constant is the same as the ferrite (¢ = 12), in comparison to loading
with air (ey = 1.0).

Figure 8 more clearly illustrates the dependence of differential phase.

shift on dielectric loading. This curve is a plot of differential phase shift

17
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as a function of dielectric strip width. Here it is seen that for a dielectric
material whose dieleetric constant is unity (air), differential phase shift
starts at some initial value and falls off rapidly with increased ferrite slab
spacing. TFor higher dielectric constant materials differential phase shift is
seen to be relatively independent of slab width. ﬁence an optimum deéign
may be realized if the space between the two ferrite slabg is loaded with
dieleetric material, Such design procedures have been used and excellent
correlation between theory and experiment has been achieved, Slight modi-
fications must be made to consider the decrease in measured data brought
about by the ferrite return magnetic paths required for achieving laiching
action. In general, however, correlation within 10% of predicted perform-
ance can be obtaired. Figures 7 and 8 were presented to indicate that
design data for optimum latching devices can be computed and that this data

may be used to achieve optimum designs.

C. . FLUX-TRANSFER DRIVER

As mentioned earlier, operation in the digital latching ferrite con-
figuration has several definite disadvantages. The principal disadvantage is
that this method of magnetization is temperature sensitive. The flux-
transfer magnetization technique overcomes this disadvantage and has
several other major advantages. These include inseriion phase compensation,
excellent repeatability, while mainfaing all the advantages of the standard

laiching fechuique.
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The basis for realization of the flux-transfer technique is the
linear variation of differential phase shift as a function of internal flux
density within the ferrite toroid. By pulsing a well controlled flux change
in the toroid, a proportional change in differential phase shift may be ob-
fained. Since the ferrite toreid is a cloged magnetic circuit, and has
hysteresis properties, the amount of switch flux will be maintained or
latched in the ferrite itself, even though the material is not in a totally
saturated state.

The flux-transfer concept may be predicted from Faraday's law of

dg

induction, E = a3 where E = induced voltage, # = magnetic flux, and

i = time. Simple manipulation of this equation yields

dg = Edt

g2 ty
df =E dt (E # £(t) )

g t

A =T at

Upon integrating as done above, it can be seen that differential

flux change is the integral of induced voltage over a given period of time.

If this voltage is a controlled pulse where the pulse magnitude is constant,

the induced flux changes are the voltage-pulse width products. Hence, by

applying well controlled voltage pulse to the single magnetizing wire of a

latching ferrite phase shifter, well controlled flux changes may he obtained.

21




When using this magnetization mode it is very important that the
driver circuits appear as t{rue voltage sources with very low internal
impedances. This is important since IR voltage drops within the circuits
themselves would produce errors in the above theoretical assumptions as
well as the realized induced flux changes. Fortunately, high current
transistor circuiis when operated in the saturated mode appear as very low
impedance voltage sources and are ideally suited for flux-transfer circuit
applications.

Figure 9 illustrates the flux-transfer technique in terms of the
B-H loop characteristics of the ferrite toroid. In effect, the laiching fer-
rite phase shifter may be considered to be an analog latching device with
the capability of producing any phase between the two phase limits that have
been designed into the device. For the High Power Ferrite Microwave
Switch the phase limit must be greater than 90°.

The main advantage of the flux-transfer magnetization technique is
its infrinsic temperature compensation. The magnetic properties of all
ferrite and garnet materiais are itemperature sensitive to one degree or
another. Even when using the most temperature sensitive ferrite the fiux-
transfer technique adjusts automatically for parametric temperature vari-
ations. This enables the use of certain magnesium-manganese ferrite
materials, as opposed to more expensive garnet materials, eventhough the

former exhibit poorer temperature characteristics. The advantages o_f
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using these ferrites are not only based on cost, but on their superior
square loop and magneto-striction properties. The intrinsic femperature
compensation is the result of the linear relationship between u.:ferential
phase shift and internal flux density. Even though ft = two extreme remanent
magnetizations of the ferrite are temperature sensitive, changes in internal
magnetization are independent of temperature provided these changes are
limited to values less than the difference between the two extremes. In
other words, if a device is constructed which will always yield at least

90 degrees of differential phase shift over the entire required ftemperature
range, temperature compensation will be automatically realized. Heuce,
the length of this device is adjusted such that even at the mogst extreme
temperatures, 90 degrees of differential phase shift is available. This im-
plies that at room temperatures, the device may be capable of more than

80 degrees, but at no temperature will it yield less than this number.
Measurements have been made which indicate that legs than + 5 degrees of
differential phase shift variation can be achieved over temperzture ranges
from -55 to +90°C.

A second advantage of the flux-transfer magnetization technique is
that variations in magnetic and dielectric properties of the materials used
may be compensated by appropriate "zero phase' adjustments. This means
that even though large insertion phase errors may exist between two units,

"zero phase' adjustments may be made within the driver circuit of each
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unit. These adjustments can be applied at the inpuf of the driver circuit
during initial test evaluations. Once these "zero adjustments" are made H
both phase shifter units are set to yield equal "zero phase" insertion phases. g
This compensation fechnique is a big advantage ovcr standard latching de-

vices since material variations may be compensaied without any dimensional

adjustments,




m INITIAL DESIGN DATA AND TEST RESULTS
A, Latching Ferrite Phase Shifter

Design of the latching ferrite phase shifter involved the use of the
theoretical curves discussed earlier in this report. These curves were used
to define the electrical magnetic and dimensional parameters of the 90° phase
shifter section. In addition, major consideration was given to define a cross-
sectional configuration that would inhibit the propagation of higher order modes.
The orthogonal modes that propagate in inhomogeneously loaded waveguide are
called Longitudinal Section Magnetic and Electric modes (abbreviated L8My,p
and LSEy, ). The LSM modes contain no magnetic r.f. fields perpendicular
to the air-dielectric interface while the LSE modes contain no electric ». 1.
fields perpendicular to the air—ﬁeleetﬁc interface. The dominant mode that
propagates in non-reciprocal latching ferrite phase shifters is the LSE;y mode.
This mode is similar to the TEILO mode for propagation in unloaded rectangular
waveguide except that the E fields are highly concentrated in the ferrite/dielectric
loaded portion of the device. It can be shown that no practical ferrite phase
shifter may be constructed which does not allow at least one higher order mode
to propagate, namely the LSEq7 mode. This mode may be prevented from pro-
pagating by maintaining good symmetry within the device. By specifying tight
mechanical tolerances of the ferrite toroid, dielectric insert, and magnetizing
wire, the required symmeiry can indeed be achieved. The next order mode
that can propagate in these devices is the LS_MILI mode. This mode is character-

ized by 2 horizontal E field and can only propagate in the vicinity of the fexrrite
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portion of the device. If energy does couple to thig n.uue, it tends to resonate at
that frequency where the length of the ferrite toroid is an integral number of
half wavelengths. Such resonance produces sharp loss spikes which can

get as high as 3 to 4 db. The existence of such spikes in the High Power

therefore necessary to design the ferrite cross-section of the switch so that the

- oo

3
!
|
i
i
Switch would cause considerable heating as well as loss of RTF power. It was 3
L
!
}

1.8M73 mode may not propagate. \
The propagation characteristics of the LSM;1 mode were formulated é
using Hertz potential notation and deriving the wave equation for ferrite/
dielectrically loaded waveguides. A transcendental equation wasg generated
which contained the transverse wave number associated with the LSM, . iR
mode. This wave number was calculated using a number of arithmetical
and graphical techniques. The wave number was then used to calculate the
cutoff frequency of the LSM;; mode. The first consideration for the phase
shifter cross-section congisted of a 0.375'" x 0. 390" metal waveguide 1
containing a 0.120" x 0.375" ferrite toroid cenirally located within the
metal waveguide. Upon calculating the transverse wave number and
corresponding cutoff frequency for this configuration, it was found that the
LSM;q mode could propagate in the band of interest (the cutoff frequency
was calculated as 11.5 GHz which is below the operating frequency of the 5
switch). It was then necessary to evaluate other cross-sections. Afier
four more such analyses, a suifable configuration was defined whiéh has

the cutoff frequency «f 12.4 GHz. Hence, the LSMq4 mode could not

propagate in the do- > sth this final cross-section. This eross-section
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is 0.375" x 0.3920" waveguide with a ferrite toroid whose width and height
are 0.100" x 0,375". Based on this series of calculations, ferrite toroids
were order with the previously mentioned outer dimensions and an internal
slot dimension of 0.030' x 0.305". Ceramic inserts made up of Trans-
rTeceh material D-13 were also ordered to fit info the slots in each ferrite
toroid. The ferrite material that was ordered was Trans-Tech TT1-105
which is a magnesium manganese ferrite that has exceptionally good
square loop characteristics for latching devices.,

A thermal analysis was conducted to determine the exact tempera~-
ture rises that might be anticipated in the ferrite section of the device.
This analysis started with the generalized partial differential equation
governing heat flow in solids and was then converted {o be compatible with
the waveguide-ferrite cross-sectional configuration. Steady state heat
conditions were assumed and the first calculation was based on heat trans-
fer o the top and bottom walls of the waveguide only. The thermal
characteristics of the TT1-105 ferrite and the dimensions mentioned in the
previous paragraph were used, This initial analysis indicated that a maxi~
mum temperature of 85.6°C above the boundary temperature of the wave-
guide might be generated assuming a power flow of 1,000 watts through
the ferrite with an accompanying 0. 15 db of attenuation. This maximum
temperature rise would occur halfway up the ferrite (at 0.187" from the

top or bottom wall).
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It was therefore concluded that beryllia heat sinks located on the
sides of the ferrite toroids would be required to remove heat to the sidewalls
of the device. A two-dimensional thermal analysis was conducted to deter-
ming the maximum temperature that might result in the ferrite portion of
the switch under full power operation,

The two~dimension-+i model that was used is shown in Figure 10.

L L LSS S S S
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A pEE: \ 375
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N Path 3 | Patha N
- 125 \ ——y - ' ——— e T \
B0 Bl +
N N
l N - ;% N .25
N @ § A
& . |
VAV YA ’
Length of Ferrite
15 and beryllia is
——= 150 = 1,200 inches
~— , 400 -

Figure 10 - Phage Shifter Cross-Section Used for Thermal Analysis
The fourpa.ths of heat flow from the ferm’ae to the top walls and mdewalls of

the phase shifter conmst of ﬂow through the fernte (paths 1 and 2), and flow

through the beryllia heat sinks (paths 3 and 4). Beryllia isa Iow Ios_s,
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dielectric material ideally suited for heat conduction in microwave devices.
This is due to the fact that it has a reasonably low dielectric constant as
well as a high thermal conductivity. Its thermal conductivity exceeds that
of brass.

It was assumed that 35 waits of power would be dissipaied in a
ferrite section of the switeh and that this power is generated along a line
source centrally located within the ferrite. This is a "worst case" type of
assumption and in actuality heat is generated almost uniformly throughout
the entire cross-section of the ferrite toroid. It was also assumed that the
heat was generated uniformly along this line source throughout the entire
length of the ferrite toroid.

The thermal resistance or impedance in a thermal conductor may be

given by the following equation:

where Ry is the thermal drop across a length of conduction in °C/Q
p = the thermal impedance factor for a given material in °CG/W/ inz/in
L = the length of the thermal path
A = the eross—sectional area of the thermal path.

- Note that this formula is very similar to that used for calculating electrical

resistance in a bulk conductor material. The parallel paih impedances for

the four paths leading from the center of the toi'oid' to the sidewalls of the
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phase shifter may be calculated using the above formula and are as
follows:
R’I‘l = RTZ = 6.0° per watt

RT3 = RT4 = 1,433° per watt

Since these thermal paths are all in parallel, the equivalent thermal resistance
for the configuration shown in the fisure may be caleulated using the following
formula:

R(total) R Ry Rg By

Hence R(total) = 0.578° per watt.

The total thermal rise from the sidewalls and/or the top walls of the
phasg shifter to the center of the ferrite should be 20.28°C. This is con~
‘.m/c’i;arably less than the 85°C discussed earlier and indicates that relatively
| straightforward cooling techniques can be used to remove the heat that will
be dissipated in the ferrite portions of the device. Itis interesting fo note
the affect of removing thermal paths T1 and T2 from the calculations. Even
if this is done, R is only 0.716° per watt which would yield 2 maximum
thexmal rise of only 26.5°C. This indicates the effectiveness of the beryllia
cooling technique for removing heat from the ferrite sectiops of the device,
When high power measurements were made it was found that a maximum
thermal rise of approximately 25°C occurred on the ferrite at rated power.

This agrees quite well with the calculations made above.
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Measurements were made to determine the differential phase shift
produced by a 1.5" ferrite torvoid with cross-sectional dimensions as
follows: 0.100" wide and 0.375" high (which is the full height of WR 75 wave-
guide) with slot dimensions of 0.030" wide by 0.305' high. The slot was
loaded with a ceramic ingert of relative dielectric constant 13. This is the
configuration discussed earlier and is optimized for suppression of most
kigher order modes while providing efficient differential phase shift per unit
length, Measurements made on a section of this phase shifter configuration
indicated that 165° of total differential phase shiff was available from the
1.5" long section. A total of 90° of differential phase shift is required for
switch operation. The device was not shortened proportionately because the
flux transfer magnetization technique, which was used to drive the switch,
requires more than 90° of maximum phase shift. A room temperature phase
ghift of 138° was used which resulted in a section 1.25'" long. This guaran-
teed proper performance at the extreme high temperature operating point
7 +86°C.

Matching sections were designed to achieve low VSWR operation intn
and out of the phase shifter sections. Initial transformers were designed
using rexolite which hag a relative dielectric constant of 2.54. For this
material the width of the matching transformer was approximately 0.162"
wide, which is practical from a mechanical standpoint, Upon reviewing

the characteristics of rexolite however, it was found that this material
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ages with time and also is vulnerable to deterioration from radiation. It
was therefore concluded that rexolite would not be used in the High Power
Microwave Ferrite Switch. The first alternative was to use a ceramic.
Upon reviewing the characteristics of available eeramics for microwave
applications a material with a dielectric constant of 6.3 could have been
used. However, at the frequency of operation of the High Power Swifch
the width of a transformer using this material would be approximately
0. 02" wide which would make the {ransformer fragile and susceptible to
breaking in a severe vibration environment. Further research indicated
that fused silica was suitable for a space environment_ and since ithas a
reiatively low dielectric constani, (3.8), it would yield a configuration
wide enough to provide good mechanical integrity, The vidth that was
finally used was approximately 0.070" wide.

Detailed measurements on the ferrite phase shifter sections of the
High Power Microwave Switch were initially conducted at low power.
These measurements were made with the beryliia heat sinks required to
provide a thermal path from the ferrite toroid to the waveguide sidewalls.
The following data was measured: VSWR vs. frequency, insertion loss vs.
frequency, differential phase shift vs. frequency, and differential phase
shift vs. temperature.

Figure 11 is a plot of the VSWR vs. frequency of the phase shifter.

Note that throughout the band from 11.7 to 12.3 GHz the VSWR maximum is
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approximately 1,15:1 and in the vicinity of the cenier frequency of the
switch (11.75 GHz) it is vertuaily a perfect match., These measurements
were made on a completed phase shifter and indicate the total mismatch
associated with both the input and output interfaces of the phase shifter.
This data illustrates that the phase shifters will contribute almost no re~
flection when used in the high power switch. It was expecied that the total
VSWR produced by the high power switch would be easily kept under 1.15:1.

Figure 12 is a plot of insertion loss vs. frequency for the phase
shifter and it indieates that over the entire band the insertion loss falls
between 0.2 and 0.25 db. Some of the ripples on the data, particularly
close to 12.3 GHz, were caused by the coupling of energy to some high order
modes which may propagate. However, in the final device, when the unit
was assembled with all magnetizing wires pulled tight and all covers
clamped tight, no such coupling occurred. The two curves indicated in the
figure are for the 0° and maximum phase states and represent the losses
that were expected to occur when the phase shifters were incorporated in the
high power switch. It was expected that the maximum insertion loss for an
entire switch would be 0.3 db since the input and output couplers, in general,
have less than (.05 db of loss. This was indeed realized.

Figure 13 is a curve of maximum differential phase shift vs.
frequency from 11.7 to 12.3 GHz. ilote that the phase variation is + 1° over

the full band. The driver circuits th.:t were used in the final switch set the
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differeniial phase shift to 20° rather than a full, saturated, 125°, The
frequency dependence of the phase when set to 90° was even less than the
maximum indicated in the curve. This meant that less than + 1° of phase
error cceurred over the frequeney range which, in turn, implies that

better than 30 db of isolation should be achieved and, in fact, 40 db of

isolation is feasible. Final measurements on the High Power Microwave
Ferrite Switch verified that better than 30 db of isolation was achieved across
the entire band. :*:
Figure 14 is a curve of maximum differential phase shift vs. temper-
ature from room temperature up to 100°C. Note that the maximum L
differential phase shift goes from 125° at room temperature to a low of 93°

at 100°C. This means that at least 90° of phase is available to perform the

switching function in the high power switch. Since the cold plate that the

switch is mounted on will be maintained at a maximum temperature of 50°C,

it was felt that no problems as far as temperature is concerned would be
experienced. The anticipated temperature rise in the ferrite when oper-

ated at full power was approximaﬁely 25° so that the maximum temperature

R T T TR 0 T £ A

anywhere in the device was expected to be about 75°C.
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B. Electronic Driver Circuit Design

Each High Power Microwave Ferrite Switch requires an Electronic
Driver Circuif to program the two ferrite phase shifters for achieving
required switch operation. As discussed eariier, the flux-transfer mag-
netization technique was use_d. The driver and logic circuliry that was
designed and built satisfied all specification requirements, Switching speed
and switching rate performance exceeded the requirement by more than an
order of magnitude.

Figure 15 is a block diagram of the complete logic and dual driver
cireuitry built for each switch. 'The two input blocks consists of a Position
Memory Flip-Flop, and an Update Generator. The input posgition command
data is applied to the Position Memory Flip-Flop while the update rate and
activate inputs are applied to the Update Generator. The oufpuis of both of
these circuits are applied, in parallel, to an Enable Steering Circuit and a
Leading Edge Differentiator. The output of the Leading Edge bifferentiator,
in turn, is applied to 2 Timing Generator which generates a reset pulse
and a set trigger pulse. The reset pulse and set trigger pulse with the
enabie lines from the Enable Steering Circuit is fed into a set of AND gates
which pruperly program the two high current driver stages for achieving
the desired swiich position.

A typical sequence for achieving a given swiich position is as
follows: Application ﬁf a S-volt level signal to the Position 1 input of the

Position Memory Flip-Flop results in the generation of a 5-volt level to the
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Enable Steering Circuit as well as the generation of a pulse to the Leading
Edge Differentiator, The Leading Edge Differentiator triggers the Timing
Generator which puts out, in parallel, a reset pulse and set trigger pulse.
The Enable Steering Circuit creates a 5-volt level on the Enable 1 Line and
a 0-volt level on the Enable 2 Line. The 5-volt level from the Enable 1 Line
enables AND Gates 1 and 3. Hence, the reset pulse ouiput of the Timing
Generator which is applied to AND Gate 1 is directed to Driver 1 and the
set trigger pulse output of the Timing Generator which is applied to AND
Gate 3 is directed to Driver 2. As a result, the ferrite in Phase Shifter 1
is put into a reset 0° differential phase state while the ferrite in Phase
Shifter 2 is set to a 90° differential phase state. The sect pulsewidth is
determinad by a manually adjusted control within Driver Circuit 2 and is
adjusted fo generate exactly 90° of differential phagse shift in Phase Shifter 2,
To set the High Power Microwave Ferrite Switch to Position 2, a
5-volt level signal is applied to the Position 2 Input. This causes all of the
subsequent circuitry to create the same signals as before, except that the
Enable Steering Circuit creates a 5-volt level on the Fnable 2 Line whereas
the Enable 1 Line is at the 0-volt level. Since the Fnable 2 Line is con-
nected to AND Gates 2 and 4, a set {rigger pulse is now divected 1o Driver 1
while a reset pulse is directed to Driver 2. Hence, Phasge Shifter 1 is set

to 2 90° while Phase Shifter 2 is resei to 0°.
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If a 5-volt command signal is applied to either the Position 1 or
the Position 2 Inputs of the Position Memory Flip-Flop when the circuit is
in the state commensurate with that input, no circuit activity occurs since
the High Power Microwave Ferrite Switch would already be in the position
that is being called for. Therefore, only a change in position siate activates
the electronic circuitry. A schematic diagram of the Electronic Driver
Circuit is given in Figure 16.

The Update Generator is used to cycle the High Power Microwave
Ferrite Switch in the event that position commands do not occur at regular
intervals. The purpose of the update cycle is fo overcome any switch drift
caused by long term thermal or magnetic interference. Two update rates
have been provided; one is at one update every five seconds while the other
is a rapid update of approgimately 1,000 updates per second. This latter
update rate is really provided so that the device may be observed in a free
run oscillating switching mode independent of the inpuis {o the Position
Memory Flip-Flop. The Activate input is provided so that the update cycle
may be manually initiated at any arbitrary rate dictated by an operator or
even an external activating circuit. The Update Generator periorms a
funection similar to the Position Memory Flip~Flop except that it generates
a pair of triggers which causes the Enable Steering Circuit and the Timing
Generator to create two rripid switch position changes. In other words, it

causes both phase shifters to cyole through a "set" and "reset! state back
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to the original switch position before the initiation of the update puise
command. Hence, if the switch were in Position 1 and the Update

Generator is triggered, the High Power Microwave Ferrvite Switch will go

to Position 2 and back to Position 1 in a matter of several microseconds. As
stated earlier, the purpose of the update function is to overcome any long
term drifts due to changes in either temperature or magnetic environment

in the absence of position input control sighals for long periods of fime.

A Control Electronics Test Box was provided with the High Power
Microwave Ferrite Switches. A photograph of this test box and a swiich is
shown in Figure 17. Figure 18 is a sketch and schematic diagram of the
Conirol Electronics Test Box. The position inputs are generated by SPDT
Swiftch No. 1. This switch applies a 5-volt level to Position 1 Input or
Pogition 2 Input. The free run or manual update conirol is provided by SPDT
Switch No. 2. A {rigger switch is provided in series with sPDT Switch
No. 2 {o allow for manual trigger operation when SPDT Switch No. 2 is in
the manual mode position. SPDT Switch No. 3 is used to conirol the update
rate and provides either the high or low rate control discussed earlier. The
Control Eleeironies Test Box also provides the required d. c. voliage levels
for operation of the driver circuits of the High Power Microwave Ferrite

Switch.
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Figure 17 - Photograph of Control Electronics Test Box
and High Power Ferrite Microwave Switch
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C. High Power Ferrite Microwave Switch

A prototype High Power Ferrite Microwave Switch was constructed
using two ferrite phase ghifters, a folded magic tee, and a short-slot hybrid.
Appropriate flanges were brazed into the hybrid and magic tee so that
measurements from a2 WR75 waveguide setup could be made. A compleie set '
of measurements were taken to determine the insertion loss, VSWR and
isolation characteristics of this device.

Figure 19 illustrates two curves of insertion loss vs frequency of the
High Power Ferrite Microwave Switch with the switch connected to oufput
port 1 or ouiput port 2. In general, the insertion loss appears to be about i
0.3 db. In the frequency rang= close to 11.7 GHz the insertion loss gets as
low as 0.2 db. Above 12 GHz the insertion loss appears to increase and has n )
several slight resonances. This is caused by the fact that the phase shifter

devices were optimally matched toward the 1ow end of the band rather than

the high end of the band, This was adjusted for the final devices so that :

i
LN

optimum performance was achieved around the 12.0 GHz frequency range.
The insertion loss data shown in Figure 19 illustrates that the 0.3 db maxi-
mum can be achieved and it was concluded that the final devices would
exhibit an insertion loss of between 0.2 and 0.3 db in the required frequency
band,

Figure 20 is a plot of VBWR vs frequency as seen looking into the

sum arm of the input magic tee. In the frequency range around 11.7 GHz the
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VSWR was excellent and was under 1.10:1, At about 11,9 GHz the VSWR
exceeded 1.25:1 and several slight resonances appearec about 12.0 GHz. At
about 11.5 GHz the VSWR rose to approximately 1.25:1. This data indicates
that a slight improvement in the VSWR performance was required and that
the matched band had to be shifted up in frequency so that it would be cen-
tered on 12.0 GHz. Only one curve is illustrated in Figure 20 although the
switch was programmed to propagate energy to both output ports. It was
found that changing the switch state did not affect the VSWR characteristics
of the device.

Figure 21 illustrates isolation vs frequency to the unswitched ports.
When the device was switched to port 2, the isolation o port 1 exceeded
30 db from 11.4 GHz to 12.2 GHz. It appears that the isolation reached as
high as 40 db for a good portion of this band. When the switch was positioned
to output port 1, the isolation to port 2 was not quite as good as the pzrevious
curve. The upper portion of Figure 21 illustrates the isolation across the
same band and it appears that the average isolation is somewhere around
27 db, and above 12 GHz reaches, at one point, as low as 20 db. The two
curves shown are for two different phase settings of the phase shifters.
When this data was faken it was not known why isolation greater than 30 db
was not achieved. Changing phase settings varied the isolation character-
istics slight, but greater than 30 db could not be achieved over the full band.

Upon disassembling the switch it was found that the ferrite saction used to
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"gei" the requirved 90° of differential phase shift {o produce isolation to
pori 2 was cracked, It therefore did not provide a frequency insensitive
phase setiing and in addition created VSWR and insertion loss apikes. This
in turn caused the relatively poor isolation characteristics shown in the
upper portion of Figure 21 as well as the VSWR and insertion luss resonances
in the upper end of the frequency band as shown in Figures 19 and 20.
A complete set of high power measurements was made on the re-
paired prototype High Power Ferrite Microwave Switch. In addition a
second thermal analysis was made to see if the measured data correlated with
the theoretically predicted resulis.
Because of some difficulties with the high power test set, 500 watts
of average power was used rather than the full 1,000 watts. When the
switch was subjected to the 500 watt level a femperature rise of approximately
16°C was measured on the phase shiit sections of {he switch. This is well
below maximum temperature rises that can be tolerated by this type of
device. Since the thermal rise ig direcily related to the power dissipated,
a maximum rise of 32°C (2 x 16° () is anticipated under full power operation.
The insertion loss of the High Power Switch was measured to be
between 0.2 and 0.3 db. Table 2 lists dissipated power for a 1,000 watt

applied input to the switch for several levels of insertion loss.
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Insertion Loss Dissipated Power for 1,000 Watt Input

(db) (watts)
0.1 23
0.2 45
0.3 67
0.4 88
0.5 109

Table 2 - Dissipated Power for 1,000 Watt Input for
Several Insertion Loss Values

For a 0.2 db loss, a {otal dissipated power of 45 watls is expected
upon applying 1,000 watts to the input of the swiftch. A dissipated energy
of 45 watts would in turn produce a thermal rise of 29.9°C in the switch.
This estimate is based on the thermal analysis that was described earlier,
A thermal rise of 16°C was measured for 500 watts applied implying that a
32°C rise would cccur upon the application of 1,000 watis of average power.
This further implies that the insertion loss is slightly higher than 0.2 db.
Measurements on the insertion loss of this device as shown in Figure 19
indicate that the loss is indeed slightly higher than 0.2 db. If is satisfying
to see that the theoretically predicted temperature rises and the actual

measured temperature rises are very close to one another.
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The first of the three deliverable High Power Ferrite Microwave
Switches was then built and tested. Tests included input VSWR, insertion
loss to both output ports, and isolation to both output ports. In addition
high power tests at atmospheric pressure was conducted. This first pro-
duction unit had all of the modifications and changes required to center the
frequency characteristics of the switch about 12.0 GHz.

Figure 22 is a plot of VSWR vs frequency covering the band from
11.6 through 12,4 GHz. In that band the VSWR was below 1.2:1, Over the
required band of 11,75 to 12.25 GHz the VEWR appears to be below 1.12:1.
This data was taken with r.f, terminations whose VSWR is greater than 1,1
and it is therefore felt that the overall switch VSWR falls below 1.1:1 in
the required frequency band. Two traces are shown in Figure 22, one for
each switch position. It can be seen from the data that the VEWR is virtually
independent of switch position. This is highly desirable for proper perform-
ance in a high power sysiem application,

Figures 23 and 24 are plots of Insertion Loss vs Frequency over the
frequency band 11.6 to 12. 4 GHz. (Figure 23 indicates insertion loss from
the input port to ouiput port 1, and Figure 24 indicates the insertion loss
from the input port to output port 2). Note that in the design band of 11.75
to 12.25 GHz the switch insertion loss to either ouiput port is about 0.2 db
maximum. Above the design band there are indications of the present of

higher order modes. These modes are characterized by slight resonances
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FIGURE 22 - INPUT VSWR VS. FREQUENCY OF HIGH POWER FERRITE MICROWAVE SWITCH
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FIGURE 23 - INSERTION LOSE VS, FREQUENCY OF HIGH POWER FERRITE MICROWAVE SWITCH
(Connection - Input to Output Port 1)
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that produce insertion loss peaks. The data indicates that these peaks
may reach a level of 0.4 db maximum. The generation of these higher
order modes was expected above the operating frequency band and was men- b
tioned earlier. It was stated that higher order modes would probably
propagate at around 12, 4 GHz and that is indeed what was measured. How-
ever, since these resonances occur above the design band they do not influence
required switch performance.

Figures 25 and 26 illustrate Isolation vs Frequency over the frequency
range 11.6 to 12.4 GHz. (Figure 25 is the icolation to port 1 when the
switch is in position 2, and Figure 26 is fhe isolation to port 2 when the
svzitch is in posifion 1), 1t is difficulf to measure the exact isolation, but
over the design band the isolation to port 1 is never less than 35 db and in the
center of the band is approximately 40 db. The isolation to port 2 appears to
be never less than about 32 db and in the center of the band is approximately :

38 gh., These isolation measurements indicate that the required 30 db level

A o« B e

across tiveé entire band has been achieved. The main reason for this success :
is due 1o the cptimization of the phase shifter matching sections acrosgs the
required design band.

Initial power tests were made on the protolype switch at atmospheric

pressure at power levels in excess of 1 Kw. A thermal rise of approximately
29°C was measured when the switch was exposed to this power level for more

than a half hour. A steady state thermal condition was reached in about
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15 minutes. If was thereiore felt that extending the test for more than

a half hour would produce no additional changes and the test was stopped.
High power tests were then conducted in a vacuum chamber., Some problems
were encountered which were initially thought to be related to the instrumen-
tation. It was later found that the VSWR of the pressure window in the test
setup was excessive and was causing the power set to "turn off'. This
pressure window was changed as well as those on the output ports of the
switch.

Additional difficulty was encountered with the high power test set.
One of the diaphragms in the reentry cavities of the klystron ruptured and the
tube was returned to the manufacturer for repairs. After a three month
delay high power measurements were again conducted.

Serial No. 2 of the three High Power TFerrite Microwave Switches
was subjected to rated high power. Under laboratory conditions and using
the required 50°C cooling plaie the unit functioned properly. Initial tests
made in a vacuum appeared to indicate that the unit would satisfy the outer-
space environment requirement., The following tests were made at a pressure
of 1078 torr, The unit was operated at 100 watts input for 3 hours; 200 watts
input for 1 hour, 400 watts input for 1-1/2 hours, and 600 watts input for
2 hours at which time the switch failed. Upon opening the switch one
ferrite-transformer interface was charred. It was believed that a slight

misalignment of the fused silica dieleciric transformer at this interface

caused an arc to occur and resultant charring.
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The unit was rebuilt and retested at low power to make sure that
the required low loss and low VSWR operation existed. Upon satisfying
these requirements the unit was again subjected to high power in a2 vacuum
environment. The following tests were made at 10-6 torr. The unit was
operated at 400 watts for 4 hours. The cool plate temperature was kept at
50°C and the switch top plate temperature was recorded at 60°C. The unit
was then operated at 600 watts., After one half hour a rapid deterioration
in isolation was noted. When the isolation dropped to 8 db the power was
turned off, Two hours later the power was turned on again at 600 watts
and the isolation was measured at 35 db, Afier one half hour, it decreased
to 28 db and after an additional 45 minutes it dropped to 10 db. The switch
was then cycled with the electronic driver circuit which increased the
isolation to 20 db, However, after operation for another hour the switch
failed. Examination of the insides of the switch showed that the same char-
ring occurred as inc same interface as was observed after the first failure.

it was concluded that the fused silica~ferrite interface was a high
temperature zone and that long term exposure fo high temperature caused
the fused silica to outgas which then creates a runaway condifion leading to
eventual failure. It was decided {o modify this interface by building a
0.020 inch gap belween the fused silica-ferrite interface and to redesign
the transformer dimension to achieve low VSWR performance. This was

done and the low power swept measurements indicated that excellent
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switch performance, as before, had been realized. A series of high power
tests were then made. At the 600 watt level n; problems were observed.
The unit was then subjected to 800 watts. After one half hour the igolation
level began to decrease. Power was furned off and the unit was taken apart.
It was noted that the magnetizing wire in the ferrite toroid had melied at
one spot and that in several other areas the tinned surface had bubbled
slightly. A solid copper wire was then used in place of the tinned wire.

A1l subsequent tests made showed that at the 600 watt level the de-
vice functioned properly but at a level of 800 watis the unit would eventually
breakdown and fail. A complete re-evaluation of all design procedures
and materials sharacteristics was initiated which resulted in the achieve-
ment of a successful High Power Ferrite Microwave Switch. This

redesign effort and resultant test results are presented in the next section.
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IV REDESIGN AND FINAL TEST RESULTS
A, Phase Shifter

Due to repeated failure at high power it was concluded that a
thorough evaluation of all the aggregate components of the latching ferrite
phase shifters would have to be made. Several of the assumptions made
during the early stages of the design effort were restudied. It was con-
cluded that all of the epoxy adhesives used for securing the ferrite, beryllia
heat sinks, and fused silica transformers would have to be eliminated. The
epoxies used were specified by the manufacturer to be suitable for use in an
outer space environment. However, it was concluded that slow outgassing
from the epoxy caused localized breakdown at high power.Jevels which
eventually led to catastrophic failure. The outgassing procedure was a
function of time and r.f. power level. Short term exposure to high power
in 2 vacuum appeared fo result in no apparent damage. However, with time,
the epoxies degraded and caused eventual failure of the switch. This con-
clusion was based on the fact that all switches which failed showed that the
epoxies used were slightly discolored. In fact, even in cases where the
swifch did not fail, slight discoloration of the epoxy adhesives was observed.
The decision was therefore made to eliminate 211 epoxy.

In addition, the beryllia heat sinks were removed from the phase
shifi sections of the switch. It was believed that if the epoxy characteristic

changed, the thermal path from the heat sinks to the sidewalls of the phase
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shiffer section would deteriorate thereby causing a rise in temperature
in the ferrite toroid with fime. It was expected that the ferrite portion of
the phase shifter would experience a higher temperature without the
beryllia heat sinks, but the resulfant temperature would not cause the de-
vice to fail.

By eliminating the heat sinkg from the phase shifter section the
impedance of the phase shifter was changed and the waveguide/phase shifter
interface was rematched. Figure 27 is an impedance plot of the waveguide/
phase shifter interface referenced at the interface, The left half of the
chart is capacitive while the right side is inductive. The numbers on the
vertical line are the real part of the impedance ratio. Note that the VSWR
of the maiched phase shifier section falls between 1,15:1 and 1.13:1 across
the frequency band 11.7 to 12.3 GHz. This impedance is more than suffi-
cient to meet the VSWR specification for the High Power Ferrite Microwave
Switch.

A phase shifter was built using two transformers with these charac-
teriatics. The measured VSWR and insertion loss was very similar to the
results achieved earlier in the program. The major advantage of this new
configuration is that it contained no materials other than the basic ferrite,
ceramie, and fuse silica to achieve the required phase shift performance.
The unit was subjected to 500 watts of power and exhibited no evidence of
breakdown. It was therefore concluded that this newly designed phase shift

section would satisfy the high power requirements for the- complete switch.
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B. High Power Ferrite Microwave Switch

A complete switch was fabricated and tested across the frequency
band 11.7 t0 12.3 GHz and it was found that the VSWR, insertion loss, and
isolation satisfied all of the specified requirements. The unit was then sub-
jected to high power af a level of 700 watts. No evidence of breakdown
was obhserved when the measurements were made at atmospheric conditions
nor when tested in a vacuum. The unit was then subjecied to a power level
of 760 waits for a continuous period of 30 hours., During that time no
deterioration whatsoever in switch performance was observed. It was con-
cluded that the redesigned High Power Ferrite Microwave Switch therefore
satisfied all requirements of the program. The Test Data Sheets of all
tests made on the final unit are given in Figures 8 through 44. The
Acceptance Test Procedure taking this data may be found in Appendix A

of this report.
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v CONCLUSIONS AND RECOMMENDATIONS

Test results presented in the previous section indicate that a High
Power Ferrite Microwave Switch capable of handling 750 watts in a space
environment can be built, and that such a device will exhibit very low in-
sertion loss (less than 0.3 db), very high isolation (greater than 30 db),
and very low VSWR (less than 1.25:1),

Difficulty in achieving acceptable high power performance was
traced to the use of supposedly space-qualified epoxy adhesive. It was
concluded that epoxy adhesives are not appropriate for use in high power,
r.f. equipmen’ which must cperate in a space environment, The failure
mode was not immediately apparent since deferioration of the origirally
used epoxy adhesives occurred only after relatively long periods of time.
It is therefore recommended that no epoxy be used for fabricating this type
of hardware.

With the exception of the problem related to the epoxy adhesive,
all other aspects of the program were relatively straightforward, The
developed High Power Ferrife Microwave Switches should find successful
application in spaceborne high power microwave transmitters in geo-

slationary orbit.
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APPENDIX A

ACCEPTANCE TEST PROCEDURE
FOR
HIGH POWER

FERRITE MICROWAVE SWITCH

Prepared for:

NASA~Lewis Research Center
Cleveland, Chio

NASA Contract NAS3 - 16752

Prepared by:

Sedco Systems Inc.
Farmingdale, New York
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Procedure Approved by: /%}:’ﬁg#ﬁﬁoﬁaka

Q.A. Mgr., Sedco Systems
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TABLE 1

ORDER AND TABLE OF TEST

Page Test Procedure Specification®

3 VSWR 3.2.1 4.2.11 ?
g

4 Insertion Loss 3.2.2 4.2.9 i

4 Isolation 3.2.3 4.2.10

5 R.F. Power 3.2.4 5.2

6 Vacuum Environment 3.2.5 5.4.2

6 Vacuum Environment 3.2.6 3.4.7

Continuous Operation

*Paragraphs in NASA Specification NAS3-16752 Exhibit A

| pocu. No: TED-2011-001" fsggET __ 2 oOF __ 10 |REV.A | SODEMENT.
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1.0 SCOPE

This document summarizes the test procedures applicable to
electrical testing of a High Power Ferrite Microwave Switch
to determine conformance with NASA Specification NAS3-16752
Exhibit A.

2.0 APPLICABLE DOCUMENTS

NASA Specification NAS3-16752 Exhibit A Sedco Test Data
Sheets 1 through 18 for ATP-2011-001.

3.0 TEST REQUIREMENTS
3.1 Test Conditdions
3.1.1 Environmental Conditions

All tests will be conducted at ambient laboratory conditions
except those tests specifically related to tempera*ture, power,
and high vacuum performance.

3.1.2 Frequency Increments
All VSWR, Insertion Loss and Isolation tests will be conducted

on a swept basis over the entire frequency band of 11.7 to
12.3 GHz. R.F. power tests will be made at 12.0 GHz.

3.2 Detailed Test Procedure
3.2,1 Input VSWR (Record results on TEST DATA SHEET 1)
Step 1 Connect test eguipment as shown in Fiqure l. Set sweeper

markers for required band edges.

Step 2 Connect shorting plate to the output port ¢f the directional-~
coupler.
Step 3 Using variable attenuators, calibrate paper in X-¥ recorder in

accordance with the following table:

Attenuation Setting (db} dB R VSWR
1.00

37.3 32.3 1.05

28,1 23.1 1.15

24,1 19.1 1.25

21.5 16.5 1.35

19.7 14.7 1.45

Step 4 Set variable attenuator to 5.0 db and replace short with
terminated High Power Ferrite Microwave Switch. (Switch is to
be terminated with loads whose VSWR is not to exceed 1.15.)
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Step 5

Step 6

Step 7

3.2.1.1
3.2.2

Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

Step 7

Step 8

Step 9

3.2.2.1

3.2.3

Step 1

Set High Power Ferrite Microwave Switch to position 1 by

applying trigger pulse to Input Terminal 1 of Switch Driver
Circuit.

Using manual-trigger capability of sweeper, record VSWR trace
on TEST DATA SHEET 1.

Repeat Step 6 after applying trigger pulse to Input Terminal 2
of Switch Driver Circuit.

Specification Limits: VSWR (Min.) -1.0:1 VSWR (Max.) -1.25:1

Insertion Loss (Input to Output) - (Record results on TEST
DATA SHEET 2)

Connect test equipment as shown in Figure 2 with input and output
waveguide pads connected directly to each other (High Power
Ferrite Microwave Switch removed frcm set-up). Set sweeper
markers for required band edges.

Using variable attenuator, calibrate TEST DATA SHEET 2 in X-Y
Recorder for settings of 0.0, 0.2, 0.4, and 0.6 db.

Set variable attenuator to 0 db and insert High Power Ferrite
Microwave Switch into set-up with output waveguide pad con-
nected to Output 1 of Switch.

Set High Power Ferrite Microwave Switch to position 1 by ap-
plying trigger pulse to Input Terminal 1 of Switch Driver Circuit.

Using manual-trigger capability of sweeper, record Insertion
Loss trace on TEST DATA SHEET 2.

Repeat Steps 1 and 2.

Set variable attenuator to 0 db and insert High Power Ferrite
Microwave Switch into set-up with output waveguide pad con-
nected to Output 2 of Switch.

Repeat Step 4 but apply trigger pulse to Input Terminal 2 of
Switch Driver Circuit.

Repeat Step 5.
Specification Limits
Insertion Loss (Min.) -0.1 db 1Insertion Loss (Max.) -0.3 db

Isolation (Input to Output)-(Record results on TEST DATA SHEET 3}

Connect test equipment as shown in Figure 3 with input and out-
put waveguide pads connected directly to each other (High Power
Ferrite Microwave Switch removed from set-up). Set Sweeper
markers for required band edges.
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Step 2 Using variable attenuator, calibrate TEST DATA SHEET 3 in X-Y
Recorder for settings of 20, 25, 30, 40 and 50 db,

Step 3 Set variable attenuator to 0 db and insert High Power Ferrite
Microwave Switch into set-up with output waveguide pad connected
to Output 1 of Switch.

Step 4 Set High Power Ferrite Microwave Switch to position 2 by ap-
plying trigger pulse to Input Terminal 2 of Switch Driver Circuit.

Step 5 Using manuval-trigger capability of sweeper, record Isolation
trace on TEST DATA SHEET 3.

Step 6 Repeat Steps 1 and 2.

Step 7 Set variable attenuator to 0 db and insert High Power Ferrite
Microwave Switch into set-up with output waveguide pad connected
to Cutput 2 of Switch.

Step 8 Repeat Step 4 but apply trigger pulse to Input Termianl 1 of
Switch Driver Circuit.

Step 9 Repeat Step 5.

3.2.3.1 Specification Limits - Isolation {(Min.) -25 db

3.2,4 R.F. Power - (Record results on TEST DATA SHEET 4)
Step 1 Connect test equipment as shown in Figure 4 (R.F. input to

input port., R.F. output at Output Port 1, Output Port 2
terminated).

Step 2 Apply rated power (800 watts C.W. minimum) to input port as
monitored by Input Power Meter.

Step 3 Measure and record,output power level at Output Port 1 as mon-
itored by Output Power Meter.

Step 4 Observe if breakdown occurs by monitoring reflected energy,
drop in output power, or audible evidence of arcing.

Step 5 Record observation on TEST DATA SHEET 4,

Step 6 Connect test eéuipment as shown in Pigure 4 but with R.F.

output at Output Port 2 and Output Port 1 terminated.
Step 7 Repeat Steps 2, 3, 4 and 5.
3.2.4.1 Specification ILimits

Insertion Loss - Same as 3.2.2
Breakdown - Go/No Go test

»
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3.2.5 Vacuum Environment - (Record results on TEST DATA SHEET 5)

Step 1 Connect test eguipment as shown in Pigure 4 emmept that High
Power Ferrite Microwave Switch is to be placed in a vacuum
chamber, with therinccouples attached to the switch to check
R.F. Heating.

Step 2 Set pressure in vacuum chamber to equiwalent Of thepretical
multipactor breakdown region (10-6 Torr). Maintain pressure
fior % hour.

Step 3 Repeat Procedure 3.2.4.

Step 4 Record observations on TEST DATA SHEET 5.

3.2.5.1 Specification Limits
No evidence of breakdown shall be observed.

3.2.6 Vacuum Environment - Continuous operation - (Record results
Tegt Data Sheet 6)

Step 1 Repeat Procedure 3.2.5 Step 1

Step 2 Repeat Procedure 3.2.5 Step 2

Step 3 Repeat 3.2.4 Steps 1,2,3,--Operate for 60 continucus hours at
a R.F. power level of B00 watts minimum ~-activating the switch
every 8 hours.

Step 4 Observe if breakdown occurs by monitoring reflected energy,
drop in output power, or audible evidence of arcing.

Step 5 Record observations on TEST DATA SHEET 6.
3.2.6.1 Specification Limits

No evidence of breakdown shall be observed.
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FIGURE 1 -~ BLOCK DIAGRAM FOR INPUT VSWR TESTS
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