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Chapter 1

• INTEODDCTIOM , f ; ; V. V - ' ;

: 1.1 NEED FOR FREQUENCY DOUBLING .

The generation of large amounts of power at microwave 

frequencies becomes more difficult as the frequency is increased. 

The reason for this difficulty is that conventional microwave power 

sources, such as klystrons and magnetrons, are essentially.scaled 

down versions of those used at lower frequencies. Thuŝ  electronic 

generators of this type are severely power-" limited at higher 

frequencies since the use of very small dimensions is prevented 

by voltage breakdown and inadequate cathode emission current.

One solution to this problem is the same #s was used in 

the early days of VHF and UHF communication. That is, the use of 

frequency multiplication. The first nonlinear elements suitable 

for microwave frequency multiplication were crystal diodes. They 

are still the most practical source of coherent energy at milli

meter wavelengths, although they cannot produce large power levels.

. ’ - 1 , i ,, /' - ■ . , ■ . ' - / ,' '' , v , -, -
R. D. Coleman and R.C. Becker, "Present state of the. 

millimeter wave generation and technique art-1958," IRE Trans, on 
Microwave Theory and Techniques, vol. MTT-7^ pp. 42-61; January; 
1959, : ' ' "'V.;v ' '
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1,2 NEW DEVICE FOR FREQUENCY DOUBLING

The advent of ferrite materials for use as low loss cores 

in inductors and transformers for communication frequencies in 1946 

eventually led to another nonlinear element suitable for microwave 

frequency multiplication. As implied, a ferrite is a magnetic ma

terial that has very low losses over a wide frequency range. However,

an unexpected increase in core loss and a decrease in permeability 

were discovered in ferrites at frequencies far below those calculated 

to cause troublesome eddy currents. This problem led to intensive 

investigations into the magnetic phenomena involved. In particular^ 

ferromagnetic resonance experiments demonstrated that under proper

conditions ferrites are transparent to microwaves and produce Faraday
2rotation of the microwaves, with low losses. It was also discovered 

that ferrites possess anisotropic magnetic properties, i.e., a tensor 

permeability.:.;-,.. .

This new knowledge le# to the invention of many microwave 

ferrite devices. However, Ayres, Vartanian, and Melchor were the 

first to note that the inclusion of higher-order terms in the magnetiza

tion equation pf a ferrite body subjected to a magnetostatic field and
■ " ’ ’ " 3rf fields would yield a second harmonic rf field. They were also the

G, D, Owens, "A survey of the properties and applications of 
ferrites below microwave frequencies,n Proc. IRE, vol. 44, pp. 1234™1247 
October, 1956.
V : "  ' 3  .. . . . . .  • '. ■

W. P. Ayres, P. H, Vartanian, and J, L. Melchor, "Frequency 
doubling in ferrites,n J. Appi, Phys,, vol. 27, pp. 188-189; February, 
1956. . : . . ;• ,
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first to experimentally demonstrate this fact.

-1,3 : STATEMENT OF PROBLEM ' - / ;

It is the purpose of this study to reproduce part of the 

results of Ayreŝ  Vartanian# and Melchozy and to examine further 

relations between the rf system and the location of the ferrite 

sample. The specific object is to double in frequency from 9 to 

18 kmc in a waveguide system using two different ferrite materials 

and to observe the variation in second harmonic output power as a 
function of the longitudinal location of the ferrite body for two 

different sample geometries.



Chapter 2 
PRINCIPLES OF FREQUENCY DOUBLING

2.1 GEOMETRICAL PRESENTATION

The basic fundamentals of frequency doubling in ferrites 

will first be presented by considering a geometrical interpretation 
of the process. This will then be followed by a mathematical 

examination of the finer details.

Consider in Figure 1 the total magnetization, M, of a 
ferrite body processing around a magnetostatic field, Hq, directed 

along the z-axis.

zz

(a)

Figure 1 GEOMETRICAL FREQUENCY DOUBLING ILLUSTRATION 
In Figure la it is seen that the driving force is such as to cause 

the tip of the M vector to trace out an elliptical path as viewed 

along the z-axis. Since M is assumed to be constant in magnitude,



a change in the component occurs. It is noted that every revolu
tion of M causes to pass through two minima and two maxima, hence 

varies at twice the frequency of the driving source. In Figure lb 
the driving force is such that there is no change in the component.
The first condition represents frequency doubling. The driving force 
consists of small rf magnetic fields lying in the x-y plane.

2.2 MATHEMATICAL PRESENTATION

The frequency doubling equation is derived from the equation 
of motion of the magnetization of a ferrite body subjected to a 
magnetostatic field and small rf fields. The development is similar 
to that presented by Hogan^ except for the inclusion of higher-order 

terms in the z-component of magnetization.

The basic assumptions are: (1) the magnetostatic field,
Hq, is sufficient to completely saturate the ferrite; (2) uniform

precession occurs, i.e., the orientation of the magnetization vector
is a function of time but not of position; and (3) Hq > > h^, h^ and
M > > m , m , m . Upper case letters refer to static terms whereas o x’ y ’ z rr
lower case letters represent the rf terms.

Consider the coordinate system in Figure 1 with a magneto

static field, Hq, directed along the z-axis and rf magnetic fields 
h^ and h^ directed along the x-and y-axes respectively. From the 

relation between the angular momentum and the magnetic moment of electrons

C. L. Hogan, "The ferromagnetic Faraday effect at microwave 
frequencies and its applications,11 Bell Sys. Tech. J., vol. 31, 
pp. 1-31; January, 1952.
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in the material, the equation of motion of the magnetization of the 
ferrite is

M = Y  M X H (2.1)
where

M == the magnetization of the medium

H = the total magnetic field within the sample
Y  = the magnetomechanical ratio for an electron.

All of the solutions will be given in CCS units.

Expanding Equation (2.1) and assuming an exp (jwt) time dependence 
in solving for two of its components results in

4k m = x h - j k h  (2.2)x x J y

4k m = j k h  + h  (2.3)y x y
where

x and k are the usual elements of the tensor 
susceptibility of ferrites.

The method of Ayres, Vartanian, and MeIchor is now followed. To 

illustrate where a deviation occurs from the previous solutions to 
Equation (2.1), consider the z~component

m = TT (m h - m h ). (2.4)z ' x y y x

Usually the small signal products in Equation (2.4) are neglected,
resulting in m = 0. However, if m and m are substituted into z ' x y
Equation (2.4), due care being taken of the complex time factor.



there results

4* m = - j. jkTT(h^ + h^). (2.5)z 2 x y
It is seen that the time rate of change of is proportional to the
square of the internal magnetic fields, and thus varies at twice the
rate of the fundamental frequency. The solution to Equation (2.5) is 
simply

4* mz » - kTT(h^ + h^)/^. (2.6)

In Equation (2.6) <i) is the radian frequency of h^ and h^, and T  is
the constant previously noted. Although not indicated earlier, k is

2a function of the magnetostatic field, and its maximum value , which 
results in a maximum value of the second harmonic magnetization, is

k max ‘ AH (2-7)
where

= saturation magnetization of the material

AH = ferromagnetic resonance line width.
Equation (2.7) indicates the dependence of doubling efficiency upon 

material properties.

Considering the rf driving fields, h^ and h^, as presented in 

Equations (2.5) and (2.6), it is seen that one condition that does 
not result in frequency doubling occurs when h^ = + jh^, which is

2W. P. Ayres, "Millimeter-Wave generation experiment utilizing 
ferrites," IRE Trans, on Microwave Theory and Techniques, vol. MTT-7, 
pp. 62-65; January, 1959.
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circular polarization. This is also evident in Figure lb. In fact, 
the condition that results in maximum frequency doubling occurs when 
only one linearly polarized driving field is present.

2.3 ADDITIONAL FACTORS

There are really more items to consider in frequency doubling 
than were indicated in the simple discussion presented here. However, 

these items in no way alter the basic principles, but do increase the 
complexity of the solutions. Some of these factors will now be dis

cussed.
First, a justification for the inclusion of z-component terms

should be stated. This results from an implicit relaxation of the

assumed relation between the magnitude of the a-c and d-c field values.

The correct assumptions can now be stated as H > h , h and M > m , r o x' y o x '
m , m . These new conditions do not affect the solutions to they z
x and y components because they are applied to terms containing the 
sum of large d-c and small a-c quantities. Now the small a-c products 
in Equation (2.4) cannot be neglected, and they result in the double 

frequency z-component. The validity of the assumptions has been 
verified by experimental studies, which are described in the next 

chapter.
Although M has been defined as the total magnetization of the

3medium, it has been shown elsewhere that under the assumed conditions

3
W. P. Ayres, P. H. Vartanian, and J. L. Melchor, "Frequency 

doubling in ferrites,11 loc. cit., pp. 188-189.



its value is approximately the same as the static saturation magnetiza

tion of the materialo

One factor has been tacitly circumvented by considering only the 

internal fields. However, the above equations have been expressed in 

terms of the external fields by Pippin^ and Jepsen^*

J. E. Pippin, “Frequency Doubling and Mixing in Ferrites,” 
Harvard Univ. Gordon McKay Lab., Gambridge, Mass., Sci. Kept. No.2, , 
Contract AFCRC-TN-56-369; May, 1956,

' 5 . ' : . '' - • ’ ' : ' ' - R, L. Jepsen, “Harmonic Generation and Frequency Mixing in
Ferromagnetic Insulators,” Harvard Univ, Gordon McKay Lab., Cambridge,
Mass., Sci. Kept. No. 15, Contract AFCRC-TN-58-150; May, 1958.
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The last factor of consequence concerns the general behavior 

of ferrites at high power levels and involves concepts such as spin 

wavesy instability levels, subsidiary resonances, and ferromagnetic 

line-widtth broadening, all of which are beyond the scope of this 

present work, but have been'treated by Suhl̂  ̂̂  ̂o

It should be stated that the experimental verification of the 

frequency doubling equation may not clearly illustrate some of the 

relations due to the complex problem of providing efficient rf 

coupling to both the fundamental and second harmonic«,

In summary, the basic requirements for frequency doubling are:

(1) a ferrite sample

(2) a magnetostatic field

(3) a linearly rf polarized magnetic field perpendicular 

to the magnetostatic field,,

Hs Suhl, "Subsidiary absorption peaks in ferromagnetic resonance 
at high signal levels," PhysV B.ev,, vol. 101, pp» 1437-1438; February, 
1956, . ' ■0. '''; ' - , ' ' . ■

T ~ k  ■: . ■H, Suhl, "The nonlinear behavior of ferrites at high microwave 
signal levels," Broce IRE, Vol. 44, pp» 1270-1284; October, 1956,

H, Suhl, "The theory of ferromagnetic resonance at high signal 
powers,"j, Phys, Chem, Solids, vol, 1, pp, 209-227; January, 1957,



Chapter 3

PREVIOUS EXPERIMENTM, tORK 7

3.1 FIRST DOUBLING EXPERIMENT

In all of the frequency doubling experiments to be described 

the r£ source was pulsed at low repetition rates in order to avoid 

heating effects»

Frequency doubling in ferrites was first reported by Ayres,
. - . ' 1 ■ . ''Vartanian^ and Melchor , who were also the first to suggest the process«

To satisfy the field requirements for frequency doubling, a rectangular 

waveguide cavity was used with a half-disk ferrite sample mounted on 

ah end wall, A d-c field was directed normal to the plane of the sample. 

The second harmonic energy was coupled out through a coaxial cable by 

a loop surrounding the sample. With this configuration conversion 

efficiencies (output power relative to input power) of approximately 

-60 db were obtained in doubling from 3175 to 6350 me using peak input 

powers as high as 200 watts, Although the conversion efficiency was 

low,.it was verified that the peak harmonic output power is proportional 

to the square of the peak input power* It was also noted that the out

put decreased when the average input power exceeded 6 watts, Heating 

of the sample causes this effect because*the magnetization decreases

.ini. laiiiilinai mi tl      1111 * """"""" '"iimi, nnraanm

W, P, Ayres, P, H, Vartanian, and J, L, Melchor, "Frequency 
doubling in ferrites," loc, cit,, pp, 188-189

11



with increasing temperaturee (See Equations (2,6) and (2,7))»

3 ,2 WAVEGUIDE MRMGEMEMT

To obtain better conversion efficiencies, the same group

tried an in-line waveguide arrangement to double in frequency from
• . ' ■ ' " ' / 2- ' ,9 to 18 kmc (X-Band to K -Band), In this system standard X-Band

and K -Band waveguides were arranged with seme specially fabricated
U : . ... .. . ■ 

components in the following sequence: (1) an X-Band E-H tuner;
' ' ' - - . ' .': V ■ . . - ... ’ -j-(2) a constricted section of X-Band guide, narrowed in the E plane;

(3) a K -Band phase shifter, consisting of a polystyrene slab lying 

in the H plane of a seetioh of X-Band guide; (4) an X-Band section 

of guide, in which the ferrite sample is placed with a d-c magnetic 

field normal to the H plane of the guide; and (5) a stair step 

transition which mates the X-Band guide to the K -Band output guide.

The function of these,components will be described, but first 

let it be demonstrated that a ferrite sample magnetized as indicated 

will satisfy the requirements for frequency doubling. The X-Band. guide 

operating in its dominant mode, TE^, can supply the necessary linearly

. . *}■. The narrow and wide dimensions of a waveguide operated in the 
dominant mode are respectively denoted as the E plane and H plane,

.2 ' 'W, P® Ayres, P, H» Vartanian, and J, L, Melchor, "Microwave
frequency doubling from 9 to 18 kmc in ferrites," Proc, IRE, vol, 45,
pp« 643-646; May, 1957,
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polarized a~c fieldj, because it has a composite magnetic field lying 

in the H plane. This composite field allows the choice of two 

linearly polarized fields, one with maximum amplitude in the center 

of the guide and the other with a maximum at the side of the guide.

Thus the sample, whether placed.in the center or at the side of the 

guide, is exposed to a linearly polarized rf field which is perpendicular 

to the d-c field. The generated second harmonic field patterns will 

be rotated in space 90 degrees relative to those at X-Band because the. 

second harmonic magnetization lies along the direction of the d-c 

field. ,, ' ' ' . ; / ' ; v ; ■ ;V-v; '

The function of the components will now be discussed. When the 

second harmonic energy is generated, it is assumed to propagate in 

both directions in the guide. That which propagates towards the 

X-Band source would normally provide no useful output. However, the 

constriction presents a cut-off dimension to the K -Band energy causing 

it to be reflected back towards the output end of the system. The 

presence of the K -Band phase shifter allows this energy to be added 

in phase with that which normally propagates toward the output end of 

the system. The phase shifter does not appreciably affect the X-Band 

input energy because its slab is normal to the X-Band E field, and thus 

presents a small dielectric profile to it. The unconverted X-Band energy

does not proceed into the K -Band guide because the stair step transition:
■ : ■' ; ■ . u  ■ ■ ; , . . . ■. : .

presents cut-off dimensions to it. The E-H tuner allows the entire test 

system to be matched to the X-Band source.



Using this system, conversion efficiencies of =20 db or 

better were obtained for a yariety of sample geometries: centered

slabs, slabs against the sidewalls of the guide, vertical posts, 

rods along the axes of the guide, and half=disks adjacent to the guide 

sidewall» A maximum conversion efficiency of >6 db was measured for 

,a half-cylinder similar to the one used in the cavity experiment* The 

increase in efficiency was attributed to the use of the waveguide 

system and to the use of higher peak input powers® In this experiment 

the output did not begin to decrease due to sample heating until an 

average input power of 20 watts was reached, which was probably a 

result of the larger waveguide contact area afforded the sample.

Peak input powers as high as 32 kw were used with a pulse 

width of 0 ,8 microseconds * The peak output to input power relation 

deviated from a square law response at the higher power levels, which 

suggested that part of the energy was being converted into higher-order 

harmonics.

Although three materials were used, the output dependence upon 

the k factor was not reported. It was noted that sample geometry 

has a profound effect on conversion efficiency, and that the effect is 

not susceptible to an intuitive analysis,

3,3 MILLIMETER-WAVE EXPERIMENT , '

Ayres employed a similar waveguide system to double in frequency 

from 75 to 150 kmc,^ In addition to noting all the previously reported

3;
W, P, Ayres, loc, cit», pp, 62-65,
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effects, he observed the output power dependence upon the k-m a x  

factor of the material. He tested a large variety of ferrites 

and garnets and one permanent magnet type material* However, he 

verified the k relation for only the ferrites.nicix

3.4 SUMMARY ' .

The main facts Of the previous ferrite doubling experiments 

can be summarized as: :

(1) sample geometry is very critical

(2) peak output power is proportional to the square of 

' the peak input power over a broad range

(3) average output power varies linearly with average 

input power

(4) average and peak output power decrease when a critical 

average input power is exceeded

(5) among ferrites, the one with the highest k = 4#M̂ /zSH 

ratio will give the greatest output.



Chapter 4

. ' . '  THE EXJ’ERIMEWT , "  . .

4e 1 . SAMPLE PREPARATION

Since sample geometry and dimensions are critical factors^ 

sample pteparation will be describede In this experiment two sample 

geometries were used, a cylinder centered in the guide and a 

half”cylinder adjacent to the narrow guide sidewall<. It is desirable 

that the sample ends be plane and perpendicular to the longitudinal 

axis of the sample for either geometry, and that the half"Cylinder 

approach a true half-cylindrical shape, A ferrite material is 

characteristically very hard and brittle and is unsuited to con

ventional machining processes* Thus, it inust be shaped by grinding* 

The material in raw stock form consisted of quarter inch diameter 

rods, which were cut slightly larger than the required lengths with 

a diamond saw* The sample was then end^faced by lapping it on a 

steel turntable with wafer and No* 220 abrasive powder* A machined 

aluminum block with a hole bored perpendicular to one of its faces 

was used to hold the sample in order to obtain plane ends* This 

technique resulted in a cylinder which had only one half of a mil 

variation in 380 mils of length* After tests had been fun on the 

cylinder, it was then formed into a half-cylinder by using an aluminum

16
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shaping block which had been milled down to the half"cylinder shape* 

Several other lapping processes were tried, but the one described 

above resulted in the most uniform sample geometry using the available 

facilities*

4,2 MEASUREMENT SYSTEM

A complete block diagram of the measurement system, which is 

similar to that used by Ayres, Vartanian, and MeIchor, is shown in 

Figure 2, The Varian six-inch electromagnet is the only element not 

shown in the figure; it provided the d-c magnetic field across the 

sample portion of the test section. It will be noted that all of the 

components are commercially available items with the exception of the.. 

constriction, phase shifter, and test section* The function of these 

special components has been previously described, and their fabrication 

details are to be found in Appendices A, B, and G,

The operation of the test system consisted of adjusting all 

the variable parameters for maximum Kv-Band power output as indicated 

on a power meter. However, this was most easily accomplished in the 

following sequence: for a given d-c magnetic field, the E-H tuner was

adjusted for a minimum of reflected X-Band energy as monitored on a 

power meter; then the phase shifter was tuned for maximum indicated

K -Band output; then the sequence was repeated until a variation in^ ; 1 .
either direction of any one of the three parameters caused a decrease 

in the output, A difference in tuning characteristics occurred for 

some sample locations, although no correlation between tuning character

istic and sample location was observed* At some sample locations the
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peak output was approached very smoothly, whereas at others the 

tuning was slightly erratic» At the erratic-tuning locations the 

output would smoothly increase, pass through a maximum, and then 

suddenly drop to a yery low level as the d-c field was varied,

4.3 EXPERIMENTAL RESULTS

Experimental data was obtained for two ferrite materials, 

Ferramic R-l and R-6, using two geometries for each material. These 

geometries were a cylinder located in the center of the guide and a 

half-cylinder mounted adjacent to the narrow guide sidewall* The 

cylinder was secured in position by a polyfoam block approximately 

one inch long, and the half"cylinder was held fast by a small poly

styrene rod extending to the opposite side of the guide. A silicone 

lubricant was used at all sample-to-waveguide interfaces to fill any 

gaps present becatise preliminary tests indicated that arcing occurred 

at these places due to the high peak power level.

Conversion efficiencies for both geometries as a function of 

longitudinal sample location are shown in Figures 3 to 8. The figures 

are preceded by a key which lists the pertinent sample parameters.

For these tests the X-Band source was operated as follows: a pulse

width of one microsecond, a pulse repetition rate of 50 cycles, and a 

peak input power of approximately 10 kw.

Figure 9 shows the conversion efficiency and average output 
power as a function of the average input power for one particular



sample geometry anti location,, It Illustrates the effect of sample 

heating^ although data could not be obtained to extend the curve into 

the negligible output"region,-'

Since no high power attenuators were available; and since 

the shape of the magnetron pulse deteriorated rapidly if its power 

supply voltage were not set at the proper level; peak input power 

could not be varied to obtain data relating it to peak output power.
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KEY TO FIGURES 3 TO 8 

CONVERSION EFFICIENCY AS A FUNCTION OF SAMPLE LOCATION

C —  Conversion efficiency in db.

L —  Sample distance from input end of test section in inches.

CONDITION SAMPLE HEIGHT- INCHES SAMPLE GEOMETRY
R-l, Case 1 0.380 centered cylinder

R-l, Case 2a 0.380 side half-cylinder

R-l, Case 2b 0.165 side half-cylinder
R-6, Case 1 0.371 centered cylinder
R-6, Case 2a 0.371 side half-cylinder
R-6, Case 2b 0.145 side half-cylinder

All samples were formed from quarter inch diameter stock.
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FIGURE 9 - FREQUENCY DOUBLING CONVERSION EFFICIENCY AND 
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INPUT POWER

Peak input power is constant at 10 kv. Pulse width is 
1 microsecond and prf is varied. The sample geometry 
is a half-cylinder of R-l 0.165" high mounted against 
the sidewall of the guide 0.500” from the input end of 
the test section.



4.4 . MEASUREMENT ERRORS v'' .

The errors that arise are those due to the measurement of 

power and sample location. The power error need be considered only 

when an absolute power level is desired. Thus the power error can 

be ignored here because the conversion efficiencies compare power 

levels which were measured under the same conditions. However, 

these errors will be evaluated since they may be of use at a later 

time.

The sample location error is estimated to be less than + 1 db 

based On the fact that the sample location was measured to within 

1/32 of ah inch® This estimate was ‘obtained from the R-l, Case 2b 

curve of Figure 8 at the point of its greatest slope. The sample 

location error is of consequence when comparing different geometries 

or materials as shown in Figures 3 to 8* ' ' '1 ; ,

Power errors can occur from any one of -the following;
(1) the directional coupler, (2) t h e  v a r i a b l e  attenuator, (3) the 

bolometer, or (4) the power meter. The maximum error from these 

devices for the ranges in which they were used is as follows:

DEVICE MAXIMUM ERROR

Directional Coupler “ 0,15 db

Attenuator + 0.20 db

Bolometer -f- 0.18 db

Power Meter + 0.22 db
Total Device Error: 4- 0,60 to ~0.57 db.



The only remaining source of error occurs in the measurement 

of pulsed power when low pulse repetition rates are used. This 

error is not included under device error. It occurs if the bolometer 

element loses heat between pulses. The use of thermistor type 

bolometers reduces this error to less than one per cent as they have 

thermal time constants of approximately 0,1 second and the greatest 

pulse interyal used in the experiment was 0,02 second,

M» Sucher̂  "A comparison of microwave power measurement 
techniques,Proc, of the Symposium on Modern Advances in Microwave 
Techniques^ Polytechnic Institute of Brooklyn, Brooklyn, N, Y,, 
pp„ 309-3231 1955, . . : v  ̂



Chapter 5 
CONCLUSIONS

5,1 GENERAL
Frequency doubling in ferrites has been achieved with conversion 

efficiencies comparable to those obtained in previous experiments.

The data of Figures 3 to 8 indicate that longitudinal sample location 

has a large effect on the second harmonic output power. This was to 

be expected since the sample is excited by a standing wave of the 

fundamental rather than a traveling wave because the test section is 

terminated in an X-Band short. This last relation has not been 

previously reported. Probably because with a higher conversion 

efficiency, most of the fundamental energy is converted or dissipated 

as heat in the sample, resulting in a negligible amount reflected 

from the short.

Figures 3 to 8 also indicate a divergence between the materials 

in two respects. First, side geometry resulted in a better conversion 

efficiency for R-l whereas a centered geometry resulted in a better 

conversion efficiency for R-6. Second, for the side geometry, the 

short sanpie produced more output power than the tall one fpr R-l 

whereas the situation was reversed for R-6. The reason for these 

results is not known.
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In Figure 9 it is seen that the output power decreases at 

an average input power of S wattso This value is to be compared 

with a level of 20 watts obtained by Ayresy efc»- ale, in,their wave

guide experiments with R-l, These two values are actually in close 

agreement if the sample contact area is taken as a criterion for 

comparison because the contact area in our case is slightly less 

than half their contact area. The other factor that could account

for the difference is the volume of the sample since our volume is
. . ' ' ' " 1 : : .

approximately one fifth their volume. Both contact area and sample 

volume undoubtedly determine how much heat can be dissipated in the 

sample. However, the choice of contact area as the dominant factor 

is further substantiated by the results of their cavity experiment.

In,that experiment the R-l sample was exactly the same size as in the 

first waveguide experiment, but only the flat side of the sample 

made contact with the cavity wall. The critical average input powers 

for these two cases with the same sample volume were 6 and 20 watts. 

Since the contact area of the cavity sample was about one fifth that 

of the waveguide sample, one would expect to obtain one fifth of 20 

watts, or 4 watts. It is felt that the loop surrounding the sample 

contributed some contact area, which accounted for the ramainder. It 

appears that sample contact area is an important factor in determining

the amount of average input power that can be tolerated. This same
' ' % ' ' ' ' ! ' conclusion was reached by others in designing high-power ferrite

isolators, .

—— "" "I"" '— :— —- 'C, Bowness, "Microwave ferrites and their application,11 
Microwave J,, vol. 1, no. 1, pp. 13-21; July-August, 1958.
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5.2 SUGGESTED AREAS FOR FUTURE STUDIES

Since both shape factor and sample location predictions have 

not been formulated^ it is felt that more data pertaining to such 

measurements is of value. Such data,could lead to an insight into 

the problem of providing an optimum geometry that will couple to 

both the fundamental and the second harmonic. In particular, a 

variation in vertical location of the sample might provide meaningful 

data. V ■ . . ■ , .

It is apparent that an infinite number of possibilities exist 

for sample shape, size, and location. The initial decision as to 

which to try is generally based on the gross assumption of unperturbed 

fundamental field patterns. This condition could be more nearly 

approximated by using much smaller samples. Sample size could then 

be gradually increased in hopes that the increasing perturbation 

effects could be correlated. However, this would lead to an 

instrumentation problem because of the low harmonic output powers that 

would be obtained.



Appendix A 

CONSTRICTION CHARACTERISTICS

The information for the design of the constriction was 

extrapolated from an article by Matsumaru, He indicated that 

symmetrically constricted sections of waveguide would possess a 

low voltage standing wave ratio if linear tapers of sufficient 
length connected the constricted and normal sections of the guide.

For ease of fabrication it was decided to use an asymmetrical con

striction with linearly tapered ends. The critical dimensions of 

the constriction are shown iti Figure 10,

The body of the constriction was milled from an aluminum 

block and flat stock was used for its cover® The ends of the 

constriction mate to RG-52/U X-band guide.

The constriction voltage standing wave ratio was measured 

at 9 kmc and found to be 1.28, which represents an energy trans

mission efficiency of 98 per cent. The constriction was also checked 

at 17o6 kmc to insure that it did present cut-off dimensions at the

constricted section to the K -Band energy.u

■ i ' 'K, Matsumaru, “Reflection coefficient of E plane tapered 
waveguides," IRE Trans,, on Microwave Theory and Techniques, 
vol. MTT-6, pp. 143-149; April, 1958.
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Appendix B 

TEST SECTION CHARACTERISTICS

The test section consists of a standard X-Band guide portion 

for sample placement and a linearly tapered •. transition.- Its critical 

dimensions are shown in Figure lie

The body of the test section was milled from an aluminum block 

and flat stock was used for its cover* The input end mates to RG-52/U 

X-Band guide and the output end mates to RG-91/U K -Band guide.

The test section was checked at 9 kmc to insure that the 

transition did present a short to this frequency. Its voltage stand

ing wave ratio was measured at 17,6 kmc and found to be 1„12# which 

represents an energy transmission efficiency of 99,7 per cent.
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' - ' '' - ■ Appendix C * •■ ■■ ■ ;i ■ ;

PHASE SHIFTER CHARACTERISTICS

The phase shifter consisted of a polystyrene slab placed 

parallel to the broad dimension of a three inch section of X-Band 

guide and supported by two polystyrene rods which extend outside 

the guide« The slab was trapezoidal in shape,» 2-1/4 inches long,

1/2 inch high, arid 0®06 inches thick, arid had 45 degree tapered 

ends® These dimensions approximate ones given by Ragan fori a 

slightly different frequency®

The electrical requirements of the phase shifter are that it 

should present a low voltage standing wave ratio to the X-Band 

energy and that it shopId be capable of shifting the K -Band energy . 

approximately half of a guide wavelength, or 180 degrees® The 

X-Band standing wave ratio was 1,04. The amount of K -Band phase 

shift was evaluated by connecting the phase shifter to the constriction, 

which provided a short at the test frequency, and examining the amount 

of hull shift that occurred in a slotted line when the phase shifter 

was adjusted® This data appears in Figure 12,

- ' : . 1  '■ ; ' V  • . ' . , - ■ ' ■ .  ' ■ • ■ , - , • ' 'G, .Li Ragan, “Microwave Transmission Circuits,H Rad. Lab, 
Series, McGraw-Hill, vol® 9, pp. 515-516; 1?48® ,
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