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ABSTRACT

This thegis is concerned with the experimental investigations
of the so called Reggia-Spencer phase shifter, which consists of a thick
longitudinally magnetised ferrite rod placed along the axis of a rect-
angular waveguide.

The experiments were aimed at establishing the validity or other-
wise of the existing approximate theories dealing with the principle
of operation of the structure. It was found that the phenomenological
- model proposed by Weiss describes the characteristics of the structure
most accurately., The behaviour of the structure with variations of
different parameters was also studied theoretically, with the help
of the model. The results showed that the phase shifter fits in as
the intermediate stage between the elliptical Faraday rotator and the
anomalous mode waveguilde,

Some aspects of the structure, noticed during the experimental
investigations, were found to be vefy suitable for the development
of useful devices, An electrically tunable band pass filter was
developed, capable of being tuned over a range of 10% of the mid~band
frequency. Another new device investigated was a very narrow band

isolator, tunable over at least 200 Mc at x-band.
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CHAPTER ONE

INTRODUCTION

1.1 Qutline of the Subject of Research.

The behaviour of a thick ferrite rod centrally placed along the
axis of a rectangular HOl—mode waveguide and magnetised longitudinally,
has excited the curiosity of microwave engineers since it was first

(1)

reported by Bush in 1956, The most important characteristic of such
a configuration is the unaccountably large incremental phase delay of
the propagating electromagnetic wave obtained as the magnetisation of
the ferrite is increased from zero to saturation and beyond. The
Eﬁenomenon starts when the ferrite loading of the waveguide cross-
section exceeds a certain limit, typically about 10%. Up to a certain
ferrite rod diameter, corresponding to about 20% loading of the cross-
section, the insertion loss can be kept down to fairly low values if

the ferrite rod ends are well matched to the empty waveguide. These
limits of rod diameter are very much frequency dependent, decreasing

as the frequency of the wave is increased. Within this range the
device is reciprocal, the phase delay increasing with the application
of the magnetising field, for both directions of propagation. The
prhase shift increases rapidly up to a value of the applied field corres-
ponding to a little over saturation and then decreases slowly with

further increase in the field. The maximum phase shift obtainable

increases sharply with ferrite rod diameter in this range and is
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approximately constant per unit length of the rod, If the ferrite

rod diameter (or the frequency) is increased beyond this range, the

increse in phase shift is markedly reduced and large fluctuations in
the transmitted ﬁower, as would be associated with Faraday rotation,
begin to occur,

Figure 1.1 shows the geometry of the reciprocal ferrite phase
shifter, The arrangements for matching the ends of the ferrite rod to
the empty waveguide (usually by tapering the rod) and for supporting the
rod centrally in the waveguide (by polyfoam or teflon), have been omitted.
A typical frequency response of the insertion loss of this device is
given in figure 1.2, showing the high peaks above a certain frequency
when the ferrite is magnetised., TFigure 1.3 shows typical curves of
phase shift, insertion loss and voltage standing wave ratio obtainable
from this phase shifter as the applied dc magnetic field is varied.

The large reciprocal phase shift for small changes in the applied
magnetic field and the small insertion loss of this configuration were
reported by Bush at the "Convention on Ferrites' held under the auspices
of the Institution of Electrical Engincers (London). He mentioned that
best results were oblained for centrally placed cylindrical ferrite
rods. Higher phase shifts could be obtained with the rod near the
waveguide wall, but the voltage standing wave ratio was then high. At

(11)

the same convention Bowness mentioned the use of a similar arrange-
ment for phase modulation and noted that it had a highly frequency
dependent phase shift characteristic.,

Reggia and Spencer(z) (1957) made an exhaustive study of the

properties of the structure at X-band. They noticed the highly
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dependent character of the phase shift on ferrite rod diameter mentioned
earlier, This can be clearly seen from figure 1.4, where the various
ranges of the ferrite-rod-diameter are marked according to the phase
shifting and insertion loss behaviour of the structure. The diameter
at which the phase shift sharply increases has the same value at all
intensities of the applied magnetic field. The maximum phase shift
per unit length was found to be independent of the length of the specimen.
Better matching and equivalent phase shift behaviour was observed with
square rods of slightly greater cross-sectional area. More than
300o of phase shift with about 0.1 dB loss per inch was obtained. The
phase shift was found to increase slowly with frequency in the opera=-
tional range of the rod-diameter. They also demonstrated by various
experiments that a high degree of encrgy concentration in the ferrite
rod occurs, even without any magnetisation, when the rod diameter
exceeds the lower limit of the phase-ghifter region shown in figure
1.4, Weiss(6) (1959) showed that the phase shift is much less in a
reduced-height guide, and found that the amount of phase shift obtain=-
able is roughly proportional to the saturation magnetisation of the
ferrite gpecimen,

The propagation of electromagnetic waves in this structure has
not as yet been rigorously analysed and there is considerable doubt about
the mode or modes of propagation. The mechanism of the large phase
delay, obtained without any accompanying Faraday rotation type fluctua-
tion in the transmission, is also not completely understood. The work
described in this thesis was undertsken with a view to obtaining a clearer

insight into the nature of wave propagation in this system and to developing
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useful microwave devices, based on the properties of the configuration.

1.2 Devices Based on the Structure.

w

The first investigation of this configuration by Bush as

carried out with a view to the use of the phase shift properties of

(11)

the structure to tune microwave valves. Bowness used the structure
to phase modulate microwave signals at modulation frequencies up to
2500 c¢/s. He used slotted rectangular waveguides to prevent eddy-
currents and pointed out the need for a narrow hysteresis=-loop to

reduce the temperature rise of the ferrite, Brown(l7)et al (1958)
reported rapid temperature rise of the ferrite at 350 kc/s modulation
frequency in a similar device. Reggia and Spencer(a) made a thorough
study of such phase modulators at X-band using Mg-Mn ferrite (RL) rods

of round and square cross-~section. Techniques for matching the ends

of the rods to empty waveguide were also investigated. In 1961

Reggia(18)

reported the development of phase modulators over a fre-
quency range covering 3 - 70 klMc/s. He presented the performance and
design data of a modulator suitable for 23 - 25 kM¢/s in which Ni-Zn
ferrite (Saturation Magnetisation, 4ﬂMs = 5000 gauss) rods were used.
More than 3000° of phase shift was obtained per dB of maximum insertion
loss. Mg-Mn ferrite (hﬂMs = 2000) gave very much lower phase shifts
at these frequencies. McCarter and Landry(l9) (1961) described a

gimilar device for operation at 35 kMc/s + 500 Mc/s.

The use of this configuration in microwave systems for electrical
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switching, aerial beam scanning and changing radiation patterns was
suggested by Reggia and Spencer(z). They reported the use of modulation
frequencies in the kilocycle range. Scanning angles as large as 40°
were obtained by them, with variations of less than + 2 dB in the main
beam amplitude. Goodwin and Senf(zo) (1959) used seventy two of
these phase shifters to scan the beam of an array used fof X-band
radars through a solid angle of 42° by 56°. A total power of 25 watts
only was necessary to control the phase shifters. A scan angle of
90o by 90o was counsidered feasible by them and the main problem in this
use of the phase shifter was considered to be its temperature sensitivity.
Clavin(Bq) (1960) was able to compensate for the temperature variation
of phase, over —BOOC to +100°C at 16.2 kMc/s, by providing a separate
compensated bias coil.

An amplitude modulator utilising the fact that cross-polarized
waves are exeited in the system when the ferrite is magnetised was

(15)

first developed by Bowness et al, They placed resistive cards by

the side ofthe rod in a plane perpendicular to the input rf electric

(16) ot al

field to absorb this cross~polafized component., Tompkins
mentioned the use of a resistive film between the sections of a split
ferrite rod and reported isolation of over 40 dB with 0.5 dB zero-—
field insertion loss and less than 1 microsecond switching time.
Reggia(ZI) (1961) carried out a full investigation of this absorption
switch at X-band. Ferrite rod length and cross~section and the

resistivity of the film were optimised experimentally to obtain more

than 60.4B isolation, 0,5 dB insertion loss and negligible phase shift
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ofer a 30% bandwidth, The switch operated perfectly up to a temperature
of about 15000 and remained well matched for all values of applied dc
field. Bendixczz) obtained a switching time of 40 nanoseconds at
X-band by removing the waveguide walls from the central region of

the switch and winding the modulating coil directly on to the dielectric
supporting the ferinite. Mmplitude modulators for the range 21 to 28
kMc/s were reported by Reggiaczj) (1964}, Using Ni-Zn ferrite,
isolation of over 75 dB was obtained with zero-field loss of 0.6 to

0.8 dB, and a switching time of 0.1 microsecond was achieved by
techniques similar to Bendix's.

Maherczq) (1963) investigated the higher order modes at zero
applied field which limit the bandwidth of operation of the amplitude
modulator by causing reflection and absorption. From the fact that
these losses disappaeared in reduced-height guides, he concluded that
this interfering mode is H10 in character rather than the expected
H02 mode (EO1 mode was rejected as being unable to exist in a rec=-
tangular waveguide). By reducing the waveguide height in the ferrite
loaded region Maher dcveloped a modulator to cover the frequency range
of 8,2 %o 12.4 kMc/s with a zero-field loss of less than 0.8 4B and
an isolation of greater than 20 dB over the whole band. A description
of the behaviour of the modulator, particularly the dependence of the
isolation on optimum film resistivity was attempted by Helszajn(EB)
(1965), based on Miller‘s(27) theory of coupled transmission lines with
unequal phase and attenuation constants.

A reflection type switch was proposed by Weiss(28’29) (1960) in
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which the input and output waveguides were mutually crossed, with a
ferrite rod extending across the junction. Isolation as high as 60
dB in the demagnetised state, and less than 0,1 dB insertion loss over
at least 5% bandwidth when the ferrite is magnetised, was observed,
making the switch suitable for applications such as protection of
masers, Suggestion for the development of switched isolators and
circulators from this basic configuration was also made. This was
based on the observation that at the centre plane of the junction the
major axis of the elliptical wave-polarization, in transmitting state,
is oriented at 450 with respect to the symmetry planes of the structure,
and is non-reciprocal. This switch, named the "tetrahedral junction"
by Weiss, was described by Helszajn(Bo) (1965) in terms of the theory

of the single tapered mode broad-band coupler, developed by Cook(Bl)

and Fox(32).

Various other devicgs, based on the reciprocal ferrite phase
shifter geometry have been developed or proposed. Clavin(BB) (1961)
proposed a humber of novel switches and a variable coupler Based on
the energy concentration effect and the excitation of cross—-polarized
waves in the structure, In one switch the energy was reflected by
pasging the ferrite rod through a narrow tube which was at cut~off when
the ferrite was demagnetised. On the application of a large enough
longitudinal dc magnetic field, the required intensity being inversely
proportional to the frequency, propagation took place through the

device, In another switch thin horizontal metal septa were placed

by the side of the ferrite rod. The energy propagated freely when
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the ferrite was demagnetised but was reflected when the ferrite

became magnetised due to the excitation of cross-polarized waves.

An absoption type switch was also proposed, in which lossy blocks
placed by the side of the rod would ebsorb energy when the ferrite

was not magnetised. On the applicatibn of a magnetising field the
energy would be concentrated in the rod and would propagate without
much loss, The variable coupler proposed by Clavin consisted of two
waveguides coupled by conventional methods with a ferrite rod placed
centrally in one of them., The field strength in the coupling region
would be reduced when the ferriie was magnetised and it would thus

be possible to vary the coupling coefficient continuously. Finally, a
broad-band switchable circular polarizer has been proposed by Clarricoatélsz
based on the assumption that the mode propagating through the system
when the ferrite is magnetised is a negative circularly polarized one.
The ferrite rod would feed the energy into a circular waveguide and

the sense of the output circular polarization could be switched by

reversing the direction of the dc field.

1.3 Survey of Previous Investigations.

The novel characteristics exhibited by the reciprocal ferrite
phase shifter have attracted many workers, An exact mathematical
formulation of the problem is very complicated due to difficulties of
#)(5)

the boundary conditions This has led to the investigations

of the problem by indirect and experimental methods.
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In this connection Clavin(la) (1958) found that ferrite slabs
centered on either the narrow or the broad walls of the waveguide
produce phase shifts of much smaller magnitude than a centrally placed
rod of equivalent cross-section, The ferrite was magnetised parallel
to the direction of propagation in all the cases.

Tompkins(#) (1958) made a theoretical study of the propagation of
circularly polarized waves along longitudinally magnetised ferrite rods
in free space or when placed centrally inside a circular waveguide,

It was found that modes with large phase constants, the ones which were
negative circularly polarized with respect to the dc field, were very
ingensitive to the waveguide boundary., Tompking pointed out that the
propagation constant of the dominant mode (HE11 type hybrid modex) in
this case is very similar to that of the reciprocal ferrite phase
shifter for the same rod dimensions. It is to be noted, however, that
the reciprocal phase shifter shows from 10 to 20% less phase shift than .
the systems studied by Tompkins propagating negative circular polar-
ization,

Rizzi and Gatlin'?’ (1959) suggested that in the greater part of
the structure the wave is negative circularly polarized and is confined
to the vicinity of the ferrite. As a proof of their hypothesis they
measured the insertion loss of a sharply twisted waveguide with the

ferrite rod extending on both sides of the twist. They found the loss

® In cirecular waveguides partially filled with longitudinally mage-

netised ferrite, longitudinal components of rf electric and magnetic

fields must in general exist simultaneously¢(13)
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to be very small and indapendent of the angle of twist once the ferrite
was magnétised to saturation, As to the mechanism of conversion to
circular polarization, they suggested that the linearly polarized input
wave 1is rétated by 450 when it meets the ferrite, This rotated wave
can be considered as the combination of two waves with their polar-
izations parallel to the broad and narrow walls of the waveguide,
respecfively. The component wave polarized parallel to the broad
walls has a higher phase velocity, so that, after some distance a
phase difference of 90o occur between the two components; and the wave
is converted to negative circular polarization. The two processes
of 45° Faraday rotation and phase difference, occur simultaneously,

The negative circularly polarized wave becomes concentrated in the
ferrite and is not significantly affected by the waveguide Boundary

any more. Thus it remains circularly polarized up to nearly the output
end where the reverse process takes place.

The high insertion loss peaks that occur in the phase shifter
above a certain frequency were attributed by Clavin(lh).(l960) to the
excitation of E01 mode in the ferrite loaded region, He measured the
maximum diameter of ferrite rods at which loss peaks were just suppressed
in such a phase shifter, using Rl ferrite at X-band, as a function of
frequency, The diametersvat which EOl mode can propagate in a circular
waveguide filled with dielectric material of constant'f:= 13 (same as
that of Rl ferrite) were also calculated. His calculated values of rod
diameter, contrary to expectation, came out 5 to 9% lower than the

measured values. He attributed this to the ferrite probably having a
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lower dielectric constant and to the influence of the broad walls of

the waveguide. Both of these arguments are rather questionable. Clavin
also showed that the phase delay in such a structure increases appre-
ciably with the increase in temperature. If used as a phase modulator,
however, the peak-to-peak phase variation for a fixed change in magnetis=-
ing current changes much more slowly in the same temperature range.

The excitation of cross—polarizcd components in the structure was
first demonstrated by Bowness ct a1(15) (1958) by placing rgsistance
sheets parallel to the broad walls, by the sides of the ferrite rod.
Attenuation of the propagating energy was found to increase sharply on
magnetising the ferrite, when the rod diameter exceeded the lower limit
of the phase-shifter region. A similar experiment was performed ﬁy
Tompkins et al(l6) (1960) when they split the ferrite rod and put a
resistive film inside it, It was found that when the ferrite was
magnetised to saturation the insertion loss of the system was high and
independent of the orientation of the film.

Neckenburger(E) (1962) carried out some important investigations
on the structure. In one experiment he took the output from the phase
shifter into a circular waveguide and measured the orientation of the
polarization of the wave, He found the wave to be in general ellip-
tically polarized, with very little rotation of the axes of the
polarization-ellipse when the device operated in the phase-ghifter
range of frequencies, The axis of the ellipse parallel to the broad
walls of the rectangular waveguide increased with increased magnetisation

of the ferrite until the ellipse was converted into a circle., With



21

further increase of the dc field this axis became the major axis of the
polarization-ellipse. When the frequency was increased beyond the
point where insertion loss pecks begin to occur, large rotations of

the axes were noticed. The output polarization in this case changed
irregularly with the de field, similar to that from an elliptical Faraday
rotator. Neckenbilrger also investigated the behaviour of the device
while removing, one by one, the walls of the waveguide from the central
section, Hardly any change in phase shift and attenuation character-
.istics was noticed when the narrow walls were removed, Phase shift
increased slightly when one of the broad walls was also removed, On
removal of all the four walls, large insertion loss peaks appeared and
the phase shift was further increased, the total increase from the
completely enclosed case being over 10%, With a resistive film in

the middle of the ferrite rod parallel to the Broad walls, high atten-
uation with applied field was observed for all the above cases. When
all the four walls were removed sharp peaks were superimposed on the

normal attenuation,

1.4 Theoretical Approaches.

The difficulties involved in a rigorous theoretical solution of
the wave propagation in the system have led investigators to adopt
various approximate methods to represent and analyse the behaviour of
the structure. These have included the following:

(a) Accounting for the waveguide boundary by images of the
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"dielectric waveguide',

(b) Representation of the electrical anisotropy of the system
by an elliptical cross-section of the ferrite rod,

(c) Application of the perturbation theory to a waveguide
loaded with a full-height centrdl ferrite slab.

(a) Representation of the anisotropy of the geometry by a
hypothetical, variable "tensor permittivity",

A brief account of these widely varying approaches is given below,

1.4,1 Analysis by the method of images.

Hsll Yan—sheng(E) (1962) analysed the system with the assumption
that the energy is carried by the ferrite rod in a negative circularly
polarized HE11 type mode {dipole mode). The influence of the metallic
walls was then accounted for by images of the rod-waveguide produced
by reflections at the conducting surfaces, Only two images, the nearest
two produced by the walls closest to the ferrite, were considered. The
characteristic equation of the system was obtained by applying the boundary
conditions at the rod surface to the combined field. The solution of
this equation gave the propagation constant in the structure.  The
result quoted, however, showed 16% higher phase shift than the measured
value, This discrepancy is similar to that noted in the comparison

(&)

made by Tompkins"'’. No mechanism was suggested for the comversion

of the H01 mode of the empty guide to negative circular polarization.

1.4,2 The elliptical ferrite rod waveguide.

Lyubimov(g) (1962) analysed the case of a ferrite-rod-waveguide of
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elliptical cross-secction rigorously, with the idea that the ellipticity
of the structure would be a fair representation of the anisotropy of

the reciprocal phase shifter geometry. The two wave equations in Ez
and HZ obtained by the application of Maxwell's equations to the ferrite
medium were solved in the elliptic cylindrical‘coordinate system., His
results showed two dominant modes of elliptical polarization in the
magnetised ferrite, one with energy concentrated in the rod ("matched")
and the other with energy mostly outside ("unmatched")®,  The ellip-
ticity of the structure was found to add to the effect of the magnetised
ferrite in splitting the phase constants of the two modes, On applica-
tion of small dc magnetic fields these two modes separate out, the phase
constant of the "matched" mode increasing and that of the "unmatched"
mode decreasing rapidly. He stated that the "matched" wave would be
excited by a transverse electric field along the major axis of the ecross=
section. In the reciprocal phase shifter the "matched" or "unmatched"
character of the wave predominating at a particular excitation would be
determined by the combination of the properties of the ferrite and the

metallic screen.

l.4,3 Analysis by perturbation method.

Mikaelian and Teitel'baum(g) (1959), in their application of the

perturbation theory to the reciprocal ferrite phase shifter, took as

The statement that the "unmatched" wave has a direction of
elliptical polarization opposite to the natural spin precession of the

ferrite, made by Lyubimov, is probably an error.
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the unperturbed system a rectangvlar waveguide, uniform along the
longitudinal axis and loaded with a centrally located full=height un=
magnetised ferrite slab of arbitrary thickness. The field components
and the propagation constant for HOl mode in such a system were deter=
mined by standard methods., These components were then used in the well
known perturbation relation for incremental prOpagation constant, to
obtain an expression for the phase shift in the structure when the
ferrite is magnetised.  Assuming that the perturbed field is approx=-
imately the same as the unperturbed one, the incremental propagation
constant is given by:

iw /SF (Afd] « B)E as

ar = — - - (1.1)
2 f (€ x T). T_ as
s z

o

Substituting values of the field components in this expression and
neglecting cross-polarized waves generated by coupling due to off=

diagonal components of the permeability tensor, Mikaelian and Teitel'baum

obtained:

A2 [y (wng) { {t+ F=sin(K t )} K5 (u ) {tl € F-Sin(K b )}]

d
DY = "
22 1 A 1, ‘
2% p; [li ‘[ t, 2K S=Sin (2 Kt )} ™ {tl+ KdS:Ln(Kdtl)}l
(1.2)
where,
{u) = permeability tensor of ferrite = 7! -jk 0
Jk u 0

O
O
N‘C



25

w = Angular frequency.
o~
E, H = RF field vectors.
SF = Area occupicd by ferrite.
S0 = Waveguide cross-sectional area.
ﬁz = Unit vector in the direction of propagation.
ﬁ%,uf = Permeability and permittivity of unmagnetised
ferrite.
o = Permeability of empty region of waveguide.
K = %ﬂ , where ko is the free space wavelength,
o}
K0 = /K2 = YE » for the empty region of waveguide,
Ky = /pf EfKZ - y2 , for the region occupied by ferrite,
t = Width of waveguide,
tl = Thickness of ferrite slab.
t = t-tl.
2 2
48 = Propagation constant of the unperturbed system,
given by the following relation:
U t
o 1y _
e K, tan (Kd 5 ) = K, cot (Kota).
sin (K t,)
A - o2
tl
cos(Kd E—)

Phase shifts calculated from equation (1.,2) agreed well with
experimental results using ferrite slabs, for slab thicknesses corres-
ponding to over 25% loading of the waveguide cross-section. Agreement

with experimental results using rods was, however, limited to very thin
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rods, giving up to 10% loading of the guide cross-section, The range
of applicability of the perturbation theory to the reciprocal phase
shifter configuration is shown in figure 1.4.‘ For larger rod cross=
sections there was no agreement, the theoretical phase shift for slabs
of same area being only about a third of that obtained with rods with
diameter near the upper cnd of the phase-shifter region marked in figure
1.4, At first sight there does not seem to be any reason for such

a large discrepancy, particularly in view of the fact that the dielectric
loaded guide was taken as the "unperturbed" system. One is thus led to
the conclusion that the neglect of the off-diagonal component of the
permeability tensor of the ferrite, based on the assumption that a wave
cannot exist in the system with its ﬁolarization parallel to the broad
walls of the waveguide, is really not justified in the case of thick
ferrite rods,

Button and Lax(lo) (1962) further simplified the expression for
incremental phase shift by neglecting variations in K, with applied
field. They also assumed that the field outside the ferrite slab can
be neglected with respect to the field inside, The terms containing
W, in the numerator and t, in the denominator of equation (1.2) were
thus omitted and the equation reduced to:

Ay = % . EE_Eggil (2.3)

They stated that equation (1.3) shows the principle of operation of the
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phase shifter, The variation in p, which increases by about 20%
due to the decline of the effective internal field as the ferrite
saturates and the domains disappear, is magnified by the high phase

constant of the slab loaded waveguide,

1.4.4 The phenomenological model.

A model to represent the reciprocal ferrite phase shifter, based
on the various phenomena that affect wave propagation through the

(6)

structure, was proposed by Weiss and later elaborated upon by

(3).

Neckenblirger The model essentially consists of plane waves
propagating through a medium that possesses hypothetical tensor per-
mittivity and permeability. The plane wave assumption comes from the
fact that HOl’ Hll and HEl1 modes, any one of which the mode propagating
through the structure may resemble, are all similar to an uniform plane
wave near the longitudinal axis of the system, The tensor permeability
represents the anisotropy of the magnetised ferrite as modified by the
rod and the waveguide geometry, and its transverse components are given
by:
o -3k
g = (1.4)

Jk B |

Button and Lax take the variation in p as a decrease according

(35) form for 4. This would give the

to the behaviour of Polder's
result as a decrcase in phase shift, opposite to what is observed

experimentally.
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The hypothetical tensor permittivity was taken to be of the form:

~
£, 0
[ J x
P :
I_QTM; = (1.5)
s
0
i Cy

to account for the difference produced by the metal walls betwcen the
phase velocities of waves whose electric vectors are parallel to the x
and y directions respectively. The component in the direction in which

the basic H,. type mode is cut-off has a negative value.

01

Under these circumstances, the wave—eguation in the system for

propagation in the gz~direction is given by:

. E

ci IEXI w2 - ~ ] X
Az =3 !“T? ‘ 613 (1.6)

E_| c T \E

g y

where, C is the velocity of light in vacuunm. The characteristic

equation of the above has the following roots:

. a
. _ L Efy, L 2, ¢ o L. 212
&i = 3 gx ‘ Ly).E ] . H ( Lo 7 55/ + éx Lyk J
(1.7)
and a wave travelling in +z-direction has the form:
R < -y |
E, ’! O, bty (h_ - w aﬁy) Ap
E ‘ ik ¢ ik Bn
¥ t J CX J Ey §
‘ (1.8)
where,
p,n = exp (=] % /i;- . z+ jot) (1.9)

Constants,

it

A,B
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Equation (1.8) can be interpreted as the superposition of two elliptically
polarized waves (the "p'" and the ™" waves) of different ellipticities

and phase veloéities, .with their axes parallel to the x and y coordinates
of the system. The ratio of x and y components of the polarization'

ellipses are obtained from the respective column vectors as follows:

AL - “‘Ey (I~m)+ /(A-m)2 + 4g2 m
Bon = ——— = (1.10)
p,n k EX 29

where, m = Efz end g =
X

When {& is negative and‘ k| 5; p (conditions of operation of
the phase shifter) only a negative elliptically polarized mode (the
"p-wave') can propagate in the system. The ellipse gradually changes
into a circle as the ferrite is magnetised and q approaches unity, but
its axes always remain .parallel to the broad and narrow walls of the
waveguide. Ir E&_bccomes positive duc to an increase of the rod
diameter or the operating frequency, a positive elliptically polarized
mode (the "n-wave') can also propagate and the system behaves like an
elliptical Faraday Rotator, In the phasc shifter range of operation
(E’y < 0), if it is assumed that ] f’yi << E‘x’ then A, becomes
approximately equal to p’éix, showing that the phase shift arises mainly
from variations in the diagonal component p of the permeability tensor,

Weiss also formulated qualitative expressions for scattering by
the structure, He found that, under the condition that both modes
can propagate, insertion loss peaks due to interference can occur for

the right combination of phase shift and Faraday rotation. He said
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that the mechanism for the occurrence of these loss peaks is similar

(26). This system

to that obtained in a system treated earlier by him
consisted of a circular waveguide with a central ferrite rod and with
rectangular waveguides at its input and output. Due to multiple
reflections, large frequency dependent loss peaks were obtained for
small Faraday rotations when the clcectrical length of the rotator section
was a multiple of half guide-wavelength. |

Quantitatively, Weiss was only able to make indirect comparison
of the slope of the phase shift curves with the variation in the phase
constant, for small changes in the permittivity, of a dielectric rod
inside a circular waveguide, The experiments performed by Neckenblirger,
however, seems to confirm the qualitative aspects of the theory by
bringing out the following:

(a)  the "diclectric waveguide" behaviour of the ferrite rod,

(b)  the elliptical polarization of the dominant mode,

(¢) very little rotation of the axes of the ellipse when only

one mode can propagate in the system, and

(d)  the gradual change to circular polarization with increased

magnetisation of the ferrite.

1.5 Definition of Scope of Present Work,

It can be seen from the foregoing survey that the behaviour of
electromagnetic waves in the reciprocal ferrite phase shifter is far

from being completely understood. The perturbation analysis is
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inappropriate by the basic assumption of negligible disturbance of
the original field, as in the present case the perturbing process gives
rise to a completely new orthogonal field of equivalent order of magni-
tude. This theory can account for only about 10% incremental phase
shift, whercas Reggia and Spencer's results(B) show that it can be
morc than 60%,

The normal modes of the system predicted by Wiess's model
agree more readily with experimental evidence. However, the wholly
non-physical properties attributed to the medium of propagation is un-
satisfactory and cannot account for the complete reflection of anergy
by the conducting wallse To account for this reflection Hsll Yan-sheng
had to meke a priori assumption of the mode of propagation, The
phenomenclogical properties also make it impossible to carry out direct
quantitative comparison of the theory with experimental results,
Lyubimov's analysis of the elliptical ferrite cylinder, though bringing
out some characteristics of wave propagation subjected to two ani-
sotropies, cannot be taken to bear directly upon the present problem.

The more obvious properties of the struéture, like the large
phase lag obtainable or the excitation of cross-polarized waves, have
been extensively used to produce microwave devices, It is reasonable
to expect that a greater understanding of the mode pattern in the con~
figuration, besides being of purely academic interest, may lead to
the fabrication of some other novel and useful devices. With this

aim in view the first part of the work described in this thesis was

devoted to experimentally ascertaining the modes of propagation and
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as to which of the theories or parts .thereof best fitted the character-
istics of the structure, Once an understanding of the nature of the
modes was achieved, the rest of the work was directed towards the
development of new devices utilising some of the characteristics,

for use in microwave communication systems.
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CHAPTER THO

PRELIMINARY INVESTIGATIONS

2al Introduction

This chapter deals with preliminary work carried out with a view
to getting acquainted with the various aspects of the behaviour of
electromagnetic waves propagating through the reciprocal ferrite phase
shifter configuration, The propagating waves were subjected to differ-
ent conditions designed to bring out the essential characteristics of the
systems, The two main theories existing on the subject, namely the
perturbation analysis and the phenomenological model, were examined
experimentally to ascertain as to which one was more appropriate and
should be further investigated. In the course of these investigations
it was found necessary to extend or repeat some of the work carried out
previously on this problem. This brought to light some new features

of the system which were then investigated in greater detail.

22 Choice of Ferrite Material

A1l the work described in this thesis was carried out in the
frequency range of 6.7 to 12,0 kMc/s (x-band). At these frequencies
a commonly used ferrite material for low power phase shifter applications
is the Ferramic Rl Mg-Mn Ferrite., TFor the purpose of the present

investigations this material appeared eminently suitable and was chosen
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because of its following properties:

(a) Low magnetic and dielectric losses.

(b) Moderately high Curie temperature (290°C),

(c) Optimum saturation magnetisation ( = 1700 gauss),

low enough to avoid low-field and resonance losses
on the one hand, and high enough to give sufficient
phase shift on the other,

Two 5" long Rl rods of diameters +313" and ,281" respectively, were
therefore obtained and used almost exclusively., Some Ferroxcube B2
Ni-Zn Ferrite material were also used during preliminary investigations |
for the purpose of comparison, These ferrites had a Curie temperature
of 25000 and a saturation magnetisation of about 3000 gauss, The
material was, however, very lossy and was not considered suitable for

(13)

more sophisticated experiments, -Common values of dielectric

constants for the Rl and B2 materials at X-band are as follows:

Ferramic Rl ferrite

13,6

11.4

Ferroxcube B2 ferrite
To make quantitative comparison with the results of previous
workers, the saturation magnetisation of the ferrite samples to be used
had to be known exaétly. This was necessitated by the fact that satura=
tion magnetisations show considerable variation from sample to sample
for the same ferrite according to the exact conditions of manufacture.

The following experiment was therefore performed to determine these

quantities.



35

24251 Measurement of saturation magnetisation.

Theory

The ferromagnetic resonance frequency of a finite ferrite sample
depends on the value of the saturation magnetisation of the material.
Kitte1 ) nas shown that, for an ellipsoidal specimen whose principal
axes coincide with the co-ordinate axes, the frequency of resonance

m&/Zn can be obtained from

W, - R
r
— o= - ot -
o t,ihHa + (N - N Jhm }{Ha (= N Jbn Msﬂ (2.1)
where,
Ha = Steady applied field in the z~directions, in oersteds.

¥ = Gyromagnetic ratio = 2,8 Mc/(sec)., (oersted) in c.g.s.

units when Lande’splitting factor equals 2.

]

by Ms Saturation magnetisation in gaussa

Nx'Ny'Nz = Demagnetising factors in the co-ordinate directions
indicated by the sufficesj Nx + Ny + Nz = 1.

If the specimen is a long rod of circular cross=-section magnetised along

the length (the z~direction), then NZ can be neglected, In that case

N, = Ny = 1 and equation (2,1) reduces to

w
r (bn M_)
= H -+

vl a — (2.2)
The intensity of Ha required to produce resonance in a ferrite

specimen can be located by the high absorption et that field of waves

that are circularly polarized in the clockwise sense (positive) with
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respect to the steady field. The approximato eaturation magnstisation
of the sample can then be calculated from equation (2.1) or (2.2),

according to the shape of the specimen,

Measurements

Saturation magnetisation was measured for one sample each of the
Rl and B2 ferrite rods used. The details of the magnetic field
employed to magnetise the specimen longitudinally are given in section
A1.3 in the appendix. Cirularly polarized wave, modulated at 3 Kc/s,
was fed into a circular waveguide with the specimen centrally placed
along its axiss The output from this section was absorbed by a matched
load after being sampled by a fisxed probe, The rectified output from
the probe was fed into a narrow bard 3 Ke¢/s amplifier and output meter,
The insertion loss due to the specimen was measured by varying the input
signal strength by a precision attenuator, keeping the probe output
constant,

Plots of the insertion loss versus the applied field strength are
shown in figure 2,1. The resonance absorption of the specimens at 9100
Mc/s are very clearly defined over signal fluctuations from other causes,
From the intensity of the applied field at resonance, the saturation
magnetisations of the samples tested were calculated with the help of
equation (2,1). The diameters of these rod samples were too large
compared to their lengths for the demagnetising facter NZ to be neglected,
The sppropriate values of Nx’ Ny and NZ were obtained from graphs given

in reference (44) for an equivalent inscribed ellipsoid, Equation (2.1)
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then gave the following re~ults for the Rl and B2 specimens, respectively:

lHIMS for Mg-Mn (R1) ferrite 1790 gauss + 2%

hnMs for Ni~-Zn (B2) ferrite = 3290 gauss + 2%

The saturation magnetlsation of the Rl sample was also checked at
8000 Me/s. The result agreed with the above value within the limits
of experimental errors.

The maximum values of the applied field at the centre of the
specimens were adopted for the calculations. The variation of the field
over the length of the specimen was expected not to affect the results
significantly, Total maximum error from this and other causes was
estimated to be 3%. The temperature of fhe specimens were not checked
during the experiment, However, as care was taken not to overheat the
region containing the sample and a blower was used to remove any heat

produced by the colls, the temperature of the specimens was most probably

very near room temperature,

2«3 Phase Shift Measurements

Before investigating the mode structure in the reciprocal phase
shifter configuration, it was decided to aséertain the phase shift per-
formance of the ferrite specimens to be useds Dependence of the phase
shift on the properties of the ferrite material and on frequency were
studieds The insertion losses of the specimens were also measured as a
function of the applied field and from this the absorption of energy by

the specimens were calculated for the purpose of comparison.,
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A schematic diagram of the microwave bridge used for these
measurements and the arrangement for supplying dc power to the magnetis-—
ing coils is shown in figure 2,2, The bridge was in X-band rectangular
waveguide of internal dimensions 0,9" x O.4" in general. The microwave
power used was square wave modulated at 3 Ke/s to go with the 3 Kec/s
meter amplifiers, The calibrated phase shifter was of the line
lengthening (trombone) type with very low input VSWR. The rotary
attenuator used for the insertion loss measurements gave negligible
phase shift when varied. The second set of phase shifter and attenua-
tor was used for initial balancing of the bridge, The frequency meter
shown could only indicate down to 8200 Mc/s. Below this range the
oscillator frequency was checked by connecting it to a No. 1k wave-
guide systema

The elaborate arrangement for varying the coil current vas
necessary as current magnitudes from 0.001 amp to 1.5 amp, had to be
adjusted edually accurately, All the investigations described in this
thesis were carried out with the ferrite specimen magnetised parallel to
the direction of propagation, and the coil arrangement was always as
shown in the figure., The reciprocity of the systemsunder investigationl
were checked by reversing the applied steady field. It was found
difficult to demagnetise the specimens completely after the application
of the very high fields useds, This was done for this and all further
experiments by applying reversing fields of gradually decreasing amplitude'
to the specimen; the final demagnetisation was achieved by applying
50 ¢/s ac to the coils and slowly reducing that to zero. The coils

used are described in sections Al.l and A1,2 in the appendix,



PRECISION

ROTARY CALIBRATED
ATTENUATOR PHASE SHIFTER
/ .
STABILISED HiGH GAIN .
' ‘ HYBRID TUNABL
. 220V Sodfs 3Ke/s AMPLIFIER TEE DETECTOR
AND METER : .
— | ~ . | £ A
(:{Cu ' . . -‘E H‘i’ c
> 4 bog .
A > SPECIMEN
' - curpoRTED

By POLYFo4M

77
/ SLOTTED LINE

t
> 7

7-12 KMk

MONITOR

OV

OSCILLATOR O7n 28 A
WITH PISTON AMPLIFIER

ATTENUATOR AND METER

OSCILLATOR

FIELD REYERSING
SWITCH

POWER SUPPLY

. STABILISED
220V 50C/s

STABILISED
’ .22OV 504s . .
» ' , 4750 1A.

- @

L ' .
240 VOLTAGE ;L D. C, SUPPLY
50 ¢/s STABILISER 3 500V. 4 A.

FIGURE 2.2 . SCHEMATIC DIAGRAM OF MICROWAVE BRIDGE AND COiL POWER

SUPPLY ARRANGEMENTS.



41

The %ggdge arrangement was chosen to reduce srrers in the phase
shift measﬁfements due to reflections at the specimen, by isolating it
from the reference circuit(37). This was essential as it was desired
to study the intrinsic behaviour of the ferrite rods that is not masked
by any end matching arrangements. The bridge also eliminated any error
due to amplitude variation of the oscillator and was sensitive to small
changes in the phase and the insertion loss of the specimen, The total
possible error in the measured phase values is estimated to be of the
order of + 1% except for those at 7000 Mc/s. This frequency was
outside the range of the isolators used and the error is expseted to
be slightly higher,

The comparative increﬁental phase shifts of the B2 and Rl samples
vhose saturation magnetisations had been determined before (sectlon
2.2,1) are shown in figure 2.3, The inset in the figure shows a plot
of the real part of the average effective permeability (5‘ + k') for
negative circularly polarized waves to be expected for these ferrites
below saturation, obtained from reference (13), Figure 2.4 shows
the frequency dependence of phase shift for the second Rl rod specimen.
Figure 2,5 shows the part of transmission losses due to the specimens

from which the losses due to reflection have been subtracted.

Discussions
The maximum phase shift per inch for the B2 specimen in figure
2.3 is only about 14% lower than that for the RL, The difference to

be expected due to the difference in the diameters of the two rods is
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about 50%, as can be seen from figure l.4. It seems that this can
be roughly accounted for by the higher saturation magnetisation value
of the B2 specimen, This confirms the finding of previous workers
that the phase shift is approximately proportional to the saturation
magnetisation of the ferrite.

There appears to be a strong correlation between the shape of the

phase shift curves and the respective (! + k') curves. NS

seem to suggest a resemblance of the propagating mode to a negative
circularly polarized mode,

Figure 2.4 shows that the mode responsible for the phase shift
persists to very low frequencies, This would suggest that the phase
shift is due to a mode that is inherent to the system,rather than due
to some secondary effects. The phase advance obtained for higher
fields at the lower frequency merely means that the wavelength in the
structure is slightly longer than at zero field, The variation of
phase shift with applied field can still be accounted for by the variation
in p and k as stipulafed by Weiss (see sectiom 1l.4.4).  The maximum
phase shift at the lower frequency is obtained at a lower applied field.
This agrees with the manner in which p and k would vary with frequency.

Comparing the maximum phase shifts of the two Rl samples at 9100
Mc/s, shown in figures 2,3 and 2,4, it can be seen that the phase shift
due to the ,281l"=diameter rod is higher, With the help of figure 1.4 the

phase shift of the ,281"~diameter rod is estimated to be about 20% higher
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than expected, This illustrates the differencc in ?erformance that
may be expected from the same ferrite material manufactured at different
times,

The first things that become obvious from figure 2.5 are the high
loss of the B2 material and the fact that, of the two Rl specimens, the
«281"-disméter rod is slightly more lossy. In addition, it can be
seen that the ,313"-diameter rod shows a periodic fluctuation of loss
that is not accounted for by reflection, This may indicate that a
second mode is on the verge of propagation in the caseof this rod and
that the fluctuations are reduced forms of the interference peaks noticed
previously by other investigators, caused by energy trapping in the

ferrite region.

2.4 Investigations of the Perturbation Theory

The approximations made in the perturbation analysis of the reci- -
procal phase shifter, described in section 1,4.3, suggest an obvious
experiment to verify its validity. It would appear from the analysis
that, a centrally located ferrite slab of cross-sectional area same
as that of a rod of the same material, would give approximately equal
maximum phase shifts, Measurements were therefore made on Ferroxcube
B2 ferrite slab and rod specimens of the same cross—sectional area and
length, with the following results.

The measurements were made on the same bridge as shown in figure

242¢ One dimension of the slab specimen was taken as the narrow
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dimension of the rectangular waveguide,for exact reproduction of the
conditions of the analysis. The specimens were prepared by cutting with
a diamond impregnated cutting wheel, the final dimensions of the slab
being obtained by hand grinding with silicon-carbide powder. The

results of the experiment are shown in figure 2.6(a) and (b).

Discussions

The phase shift obtained with the slab placed parallel to the
narrow dimensions, at the centre of the guide, is only about a third of
that obtained with the rod. This agrees with the conclusions drawn
from Mikaelian and Taitel'baum's calculations in section li4.3. It is
to be noted that the reduced phase shift occurs in spite of the fact
that there is greater concentration of rf energy in the slab than in
the rod, This can be deduced from the much higher insertion loss for
the vertical slab shown in figure 2.6(b). This suggests that the
mechanism of phase shift in the rod is quite different from that in
the slab, The horigzontal orientation of the slab shows even less phase
shift., This would be explained by the low rf energy concenlration in
the ferrite, as indicated by the low insertion loss.

The symmetry of the ferrite cross-section appears to be an important
factor in determining the mode of propagation. This would seem to
indicate a mode propagating in the z-directiom, possessing x and y com=
ponents of the electric field. Such a mode would require a symmetrical
ferrite cross-section and would have to be very much concentrated in

the ferrite to propagate through the system without change of form,
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2s5 Investigations of the Inserition Loss Fluctuations

During the measurements described in section 2,3 it was found
that with the variation in the intensity of the applied steady magnetic
field, the insertion loss of the reciprocal ferrite phase shifter shows
periodic fluctuations, These fluctuations were studied in detail with
a view to understanding the causes that contribute towards them. The
same equipment that was described in section 2.3 was used for these in-
vestigations, The arrangement of the equipment, however, was as shown
in figure 2,7. This is the standard layout used for most of the work
described in this thesis, with slight modifications.

The insertion loss was measured relative to an empty rectangular
waveguide section (0.4" x 0,9" internal dimensions) of the same length
as that containing the specimen., Measurements were taken by compensating
for the loss due to the specimen by varying the precision rotary atten—-
uators The signal level at the detector was thus maintained constant
and the crystal law did not affect the readings., With no specimen in
the system the detector in the main branch was tuned by the adjustable
probe to obtain voltage standing wave ratios below 1.0l:l, This was
done so that the detector would always present a matched load to the
specimen and not add any complication to the results. The lower range |
of the wide-band isolator was 8200 Mc/s. This was considered adequate
as most of the important work was carried out above this frequency.

It is estimated that the precision attenuator could measure loss
values within 1% up to about 30 dB. Higher loss values were measured

with the help of the attenuator of the output meter. The signal strength
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at the detector was therefore not constant in these cases and the
measurements were made assuming the detector crystal to obey a square
law, However, spot calibration of the attenuator of the meter was
carried out with the help of the precision attenuator, and the high
insertion loss measurements are expected to be accurate to within 3%,
For VSWR measurements square-law detection was in genersl assumed, as
greater accuracy was not required. The manitor meter was used to
maintain constant, the frequency and the magnitude of the microwave
input, The procedure detailed here are not particular to the present
investigations but was generally followed throughout the course of the
work.

To record the form of the insertion loss curves accurately it was

® the appiied

found necessary to follow the oubput of the detector®
field.was varied and note the maximum and the minimum points, as well
as points in between when required. Insertion loss of the Ri ferrite
rod of 313" diameter, centrally placed inside a rectangular waveguice,
was measured at 9100 and 8200 Mc/s as a function of the steady longi=
tudinal magnetic field, Insertion loss was also measured with the rods
ended in ,003" thick copper discs of the same diameter as the rod, in
order to accentuate minor effects, The results of these measurements
are shown in figure 2,8,

The rod was also placed centrally inside a circular waveguide
of 1" internal diameter to permit Faraday rotation. The circular

guide was comnected to input and output rectangular waveguides through

adapters. Transmission through this structure at 9100 Mc/s, as a
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function of the applied steady field,was recorded with the input and
output guides aligned, as well as orthogonal, These measurements,
shown in figure 2,9, were taken for the purpose of comparison with
the loss fluctuations in the reciprocal phase shifter configuration.,
'Rotation of the plane of polarization was thought to be a possible
cause of the fluctuations because of the similarity of the structure

to a Faraday rotator.

Discussions

From figure 2,8 the loss fluctuations with the rod alone appears
to be very similar to those with the rod ended in metal discs, except
that in the later case the amplitudes of the fluctuations are larger.
This seems to imply that the main cause of the loss is reflection from
the ends of the rod. The increase in the amplitude of the fluc-
tuations with increased magnetisation and at the higher frequency implies
greater concentration of rf energy in the ferrite from these two causes.
This is brought out very clearly in figure 2,8(b), where the very high
losses noticed would be only possible if almost all the rf energy was
in the ferrite.

The fluctuations are approximately accounted for by the phase
shift values recorded in figure 2.3, allowing for the fact that the
Jjunction impedance between the empty region and the ferrite rod must
‘change as the energy concentrates in the rod with increased magnetisatioﬁ.
From the fluctuations the phase shift at 8200 Me/s for this rod is
estimated to be about 25% less than at 9100 Mc/s.

An additional variation of the loss, superimposed on the main
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fluctvations, can be seen at the higher frequencj. This was re—
marked upon before in section 2,3, and can be visualised to be due to
a Faraday rotation type of behaviour of the system causing energy
trapping.

The loss fluctuations recorded in figure 2.9 are in a system
where Faraday rotation is known to occur, and the fluctuations are
due to a combination of this and phase shift effects. The peaks due
to Faraday rotation can be recognised by comparing the two curves of
figure 2.9. The patterns are seen to bear no resemblance with the
fluctuations of insertion loss recorded in figure 2.8(a)s Much
greater variation in transmission occurs when normal Faraday rotation
is permitted, though the phase shift would be expected to be less in
this system, due to less rf energy concentration in the ferrite. Thus
Faraday rotation can most probably be assumed to be suppressed in the

normal operation of the phase shifter.

2.6 Effects of Discontinuities

The extent of rf energy concentration in the ferrite and its
dependence on the steady magnetic field would appear to be an important
criterion of distinction between the two main contending theories on
the reciprocal ferrite phase shifter, In the assumptions of the
perturbation analysis the influence of the waveguide walls is very
important, whereas, in Weiss's model the energy has to be so much

concentrated in the ferrite, that the walls play only a secondary role



30
=3 PUT AND QUTPUT RE c,:?,wmm WIDSS ALIGNED

20 [ o
i [}
H ”
= E
£ . : o
] 10 " rs
2 5 |
a 5

il SRR [ /
b i S
v { ! ] P

0 (o] 1b S0 @b 8] .)U , ox)a) ’:; TE0 TOU A05U
n
o)
s
= 20k fua|
E‘; t:l TNPOT AND OULFUT ROCTANGULAR GUIDES ORTHOGD AT,
£4 &)
et w
M i
D] =T
ﬁ @)

10 =

p 2
, . =
| \v/ (@] I "‘\“_,_..—q . e A ,
0 15 30 45 60 150 300 450 600 750 STe) 10600
— __ APPLIED FIZLD PCITARDS LOAD i OERSTEDS
y

Figurs 2.9. Incarbtion loss of R1 ferrito rom@”»lo dine & 4.99 long, in o circular wavsgulde, ot 9100 ¥ / o

N
o~



55

in determining the modes of propagation. Neckenblirgers experiments,
described in section 1,3, brought out the rod-waveguide behaviour of
- the structure. It was however felt that a more extensive knowledge
of the energy concentration effect was necessary for a clearer appraisal
of the situation, With a view to obtaining this information, come
discontinuities were introduced into the phase shifter arrangement
and theireffects on propagation through the structure were studied,

The arrangement of equipment for this experiment and the procedure
of taking measurements were the same as described in section 2.5.
Quite a few measurements had to be taken below the frequency limits
of the isolators shown in figure 2.7. To reduce the effects of
reflection at these frequencies a high attenuation was generally
maintained with the rotary attenuator and insertion loss values were
measured as far as possible with the help of the input atteruator of
the meters In the second part of this experiment, very high loss values
had to be measured. In these cases it was noticed that scattering
from the probe in the slotted 1ine‘intEOQuced a variation in the readings
according to whether the probe happened to be at a voltage maximum or
a minimum, although the probe penetration was kept quite small (&2 mm.),
Though the effect was small, for consistent results the probe was
always placed at a voltage minimur before taking a readings This
procedure was followed for all high insertion loss measurements through-
out this work,

One discontinuity consisted of a metal sheath covering the central

part of the ferrite rod., Insertion loss for this arrangement as a



56

function of the steady magnetic field intensity was measured at various
frequencies for two sizes of ferrite rods, a B2 rod of ,249"-diameter
and an Rl rod of ,313"-diameter. Representative results and cxperi-
mental arrangements are shown in figures 2.10 and 2.11, The other
discontinuity studied was very similar to the one above except that

the rectangular waveguide outside the metal tube was completely blocked
off by a diaphragm. Rf energy could, therefore, only propagate through
the ferrite loaded metal tube. The insertion losses for this arrange-
ment are plotted in figures 2.12 and 2,13,

As shown in figure 2.13, the ends of the Rl rod were in this case
matched to the emply waveguide by dielectric tapers of approximately
the same dielectric constant as the ferrite, The tapers, each l%"
long, were of an artificial dielectric.of constant E: o 15, composed
of B&T103 suspended in polystyrene, The material was found to be too

brittle to be turned on a Aathe-machine, and the tapers were prepared

by rubbing on glass paper.

Discussions

Figures 2,10 and 2.1l show that the concentration of microwave
energy in the ferrite rods is very high indeed. The high loss of B2
material shown in figure 2.10(a) dropped sharply when part of the rod
was covered by the copper tube as in figure 2.10{b). This effect is

brought out more clearly at 7200 Mc/s when the tube containing the rod
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would be at cut-off for a normsal Hll limit-mode.® Most of the energy
at 7200 Mc/s would therefore be excluded from the region of the ferrite
rod inside the metal tube. A comparison of the curves of figure
2,10(a) and (b) for this frequency shows the high degree of rf energy
concentrated in the ferrite rod in the reciprocal phase shifter con=-
figuration,

At 9500 Mc/s the drop in loss is still apparent, though the tube
is now well above cut-off.,  Another effect now becomes noticeable in the
form of a high peak of insertion loss, as shown in 2.10(b). This is
thought to be due to interference between the waves travelling through
the ferrite and through the gap between the metai tube and the waveguide.
The wave travelling through the ferrite suffers phase shift relative
to the other wave and for a particular value of the applied field is
exactly out of phase with it. A substantial part of the rf energy
must now be passing through the rod to produce the large peak measured.
This effect appears to be suitable for the production of a cheap and
compact electrically tunable band~stop filter,

The case of the Rl rod of .313" diameter is shown in figure 2,.1l.

* For normal H-modes the cut-off points are not affected by the state
of magnetisation of the ferrite, the material %ehaving like a non-
magnetic dielectric at the point of cut~off, (38) Through thinner
tubes, anomalous propagation can occuri but as such propagation is
very lossy, the wave would be expected to follow any alternative path
provideds The term "limit-mode"” indicate the behaviour of the mode
at cut-off, according to which the quasi-H and the quasi-E modes of
the ferrite loaded guide are classified,
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The interference peaks for 8200 Mc/s are larger than for the thinner
B2 rod at 9500 Mc/s. More interesting, however, is the behaviour of
the insertion loss at 9100 Mc/s. At this frequency no high insertion
loss peaks occur except at small applied fields. The insertion loss
curve is very similar to that for the rod alone, shown in figure
2.8(a). Thus at this frequency the rf energy seems to be so much
concentrated in the ferrite that even a closely fitting metal tube
has little influence on the propagation, particularly at the higher
applied field strengths, This effect appears to be a signal for the
beginning of Faraday rotator type behaviour of the structure, which
was noticed at this frequency for this rod in sections 2.3 and 2.5

Figures 2,12 and 2.13 show propagation through the ferrite
loaded metal tube as a function of the steady magnetic field intensity.
The calculated cut-off frequencies for the normal Hll 1imit-mode in
these tubes are as follows: '

+249" dia, tube filled with B2 (E;‘-’u.u) = 8200 Mc/s.

«313" dia. tube filled with RL (ﬁf 13.6) = 6000 Mc/s.
The isotropic permeability of the ummagnetised ferrite has been assumed
the same as for free space. For the Rl rod, therefore, all the
curves represent conditions well above cut-off for the normal dominant
mode, In the case of the B2 rod, behaviour below cut«off was also
recorded.

Figure 2,13 shows that increasing propagation takes place through
the Rl rod as it is magnetised, At 8500 Mc/s there is little loss

except at very low fields. At lower frequencies the insertion loss,
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which begins at a very high value, falls off quipkly as the ferrite
saturates, This variation in insertion loss can, in this case, be
only due to a high degree of increasing rf energy concentration in the
rod as the applied field strength is increased. That this effect is
due to energy concentration, is brought out by the fact that the loss
falls off quicker the higher the frequency of the wave. Energy con-
centration is an accepted result of increasing frequency in dielectric—
rod-waveguide theory. The possibility that the cut-off point of the
propagating mode depends on the magnitude of the steady field was re-
jected because of the absence of any sharp point of low-loss propsga=-
tion, as the applied field was increased, Also, for the unmagnetised
ferrite the mode would have to be the normal one, with no cut-off at
this tube~diameters Low-~loss propagation would thus have resulted at
zero applied field, for all the freguencies,

It is to be noted that the mode responsible for the effect is the
same as that occurs in the reciprocal phase shifter configuration,
set up in the uncovered part of the rod at the input. This energy
concentration would account for theilarge incremental phase delay ob~
tained in the structure. Such a high degree of energy concentration
agrees with Wiss!s prediction of the negative elliptically polarized
character of the propagating mode., Only for an anticlockwise polarized
mode would the effective permesbility increase with increased steady
field intensity (sece inset in figure 2.3) and energy concentration
OCCUY,

The large loss peak at 8500 Mc/s i.s most probably due to the fact
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that the ferrite was initially slightly magnetised in the reverse
direction., The application of a small field demagnetised it completely,
when the large loss occurred, The fluctuation at the lower frequencies
are probably due to phase change of the portion of the rod inside the
metal tube, At 8500 Mc/s, however, the wave hardly "sees" the tube
at all, as noted earlier for 9100 Mc/s, The curves of figure 2,13
suggest the fabrication of a high speed, high-power, wide band, reflecting
switchs A helical magnetising winding could replace the copper tube
and a biasing current could be provided for changing the operating
frequency of the switch.

Figure 2.12 shows gimilar behaviour for the B2 rod, As expected,
there is very little propagation when the frequency goes down to 8200
Mc/s, due to cut-off condition of the tube.  Surprisingly, however,
the insertion loss comes down to relatively low values again at 7200
Mc/s for high magnetising field values, This is attributed to the
anomalous propagation of positive circularly polarized waves through

(39,%0) | me propagatisn takes

narrow tubes, studied by many authors
place when the effective permeability of the ferrite for positive cirm=
cular polarization becomes negative. This effect was investigated
further, as described in the next chapter, and eventually utilised in
the recognition of the sense of polarization in the reciprocal phase
shifter configuration.

It may be pointed out that such relatively low-loss propagation

of the anomalous mode as shown in Figure 2,12 indicate that the mode

set up in the uncovered portion of the ferrite rod at these values of
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the steady field is well matched to the aﬁomalous mode, A further
deduction would be that the phase shift in the reciprocal phase shifter
and the anomalous propagation are due to similar modes under different
operating conditions, This point will be discussed in greater detail

in Chapter Four.

2,7 Bllipticity of Polarization

From the preliminary investigations described so far it would
appear that the phenomenological model éroposed by Weiss possibly
represents the various characteristics of the reciprocal phase shifter
most closely, Before settling this gquestion finally, however, it was
decided to investigate the elliptical polarization aspect of the model
in greater detail., As described in section 1.3, various authors have
dealt with this point before., It was felt necessary to supplement
their conclusion with more detailed results and the following experiments

were therefore performed.

247.1 The sharply twisted junction

The arrangement for this experiment is shown schematically in

- figure 2.14(a). Rizzi and Gatlin(7) had previously measured the
insertion loss of such an arrangement as a function of 6 for one
particular intensity of Hdé’ In the present experiment, as distinct
from their work, a relatively large rod-diameter for the operating

frequency was used and the measurements were taken over an extended
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range of applied field strength.

The oquipmone layout and the measurement procedure were the
same as described in section 2.5, The rotating joint shown in
figure 2.14(a) was made by removing the keys from the loacting ring
of the waveguide flanges, The rod was centrally placed in the junction
and protruded cqually on both sides, The angles were measured by
noting the inclinations of the input and output rectangular sections
with respect to a reference surface, These values are estimated to
be accurate to + 2°,  Up to a twist of 40° the insertion loss pattern
was very similar to the straight guide case shown in figure 2.8(a)a
This is not unexpected, as even without the rod the insertion loss of
the junction for 6 = 4OY was measured to be only 0.48 4B, The resgults
for 6 = 50° onwards, however, showed some interesting features and
are plotted in figure 2,14(b). The curves have been drawn dis-
continuously at low field strengths as they do not show all the small

fluctuations that occur there,

Discussions

From the curves of figure 2.14(b) the insertion loss appears to
be independent of the angle of twist for all values of the applied
field, except for one peak of loss corresponding to each value of 8
for which the measurements were taken. It appears to be necessary for
the ferrite to be only very slightly magnetised for the full propagation
to take place, The constant coupling from the input guide to the

output under such extensively varying conditions seem to be only
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possible if the propagating mode is elliptically polarized,

Romnant magnetisation of the ferrite was found to introduce
conslderable uncertainty in the values of the insertion loss at zero
applied field. Very careful demagnetisation of the specimen was
found to be necessary each time, This would appear to be a serious
problem in the practical utilisation of Weiss's "Tetrahedral Junction!
described in section 1.2, which is based on a similar arrangement.,

The insertion loss peaks shown in figure 2,14(b) seemed to be
related to the peaks shown in figure 1.2, It must be noted, however,
that at this frequency the peaks do not occur in a straight guide for
this rod (see figure 2,8(a) )o In fact the peaks were very sensitive
to the angle of the twist, occurring at different values of Hdc and in
different magnitudés, as © was varied. They were also sensitive to
reflections from anywhere in the waveguide system, The positions of
the peak varied if slight changes ocecurred at the junction, or even far
away in the output section, Repeating of results, that is, getting the
peaks at the same field strength every time, proved very difficult due
to the number of variables affecting the phenomeron, The sudden appear~
ance of the peaks at a particular field strength and for a particular
angle of twist could not be accounted for by normal Faraday rotation.
The peculiar characteristics exhibited by the peaks appeared intriguing
enough to warrant thelr further investigation. This is described in

section 2,8,
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2472 The discontinuous waveguide system

To get an idea of the degree of independence from the wavegulde
boundary of the propagating mode, experiments were performed on a
system where the rectangular guide was discontinuous in the central
region. A sketch of the arrangement used is shown in figure 2,15,

As described in secfion 1.3, Neckenblirger carried out investi=-
gations on a similar arrangement, In the present experiments the in-
tention was to verify the ellipticity of the mode under such conditions.
The transmission through the structure was therefore measured for various
twists of the output section with respect to the input. Another differ-
ence with Neckenblirgerts arrangement was that the open ends of the wave~
guides were covered by metal diaphragms to introduce further impediment
to the wave propagation, and so that there was no sfray pick-up by the
output section,

The equipment layout of figure 2.7 was used for these measurements,
Thé metal bobbin of the magnetising coil (see section Al.2) was not
expected to influence the propagation by reflections, as previous
results showed that the rf energy sticks very close to the ferrite rod.
Insertion loss as a function of the steady field strength was measured
for 0°, 60° and 90° twist of the output section. The results are shown

in figure 2,15,

Discussions
The curves show that, excep’ at zero applied field, the insertion

loss patterns are very similar to the continuous guide case of figure
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2.,8(a). If anything, the losses are appreciably lower in this case,
particularly for 0° and 60° twist, It should be noted that no sharp
peaks of loss are present for the twisted guides.

These results emphasize the degree of rf energy concentration
in the ferrite rod and the ellipticity of the modes of propagation,
The remarkable ability of the modes to couple into the empty waveguide
without much reflection under such conditions, shows that the Hol mode
of the empty waveguide converts moburally into the mode propagating in
the loaded region without much modification, It also suggests a single

mode of propagation in the ferrite loaded region,

2,8 Investigations of the Insertion Loss Peaks

The 1arée peaks of insertion loss in sharply twisted guides dis-
covered during the experiments described in section 2.7.1, at first
appeared to be a further complication in an already puzzling phenomenon.
They were so prominent that a definite mechanism was thought to be
needed to produce them. 4As this mechanism could be an important aspect
of the phase shifter configuration, these inéertion loss peaks were
studied in detail using the same specimen and the same experimental

set up as described in that section.

28,1 Direction of the steady magnetic field

As a first step, the direction of the steady field applied to a

60° clockwise twist was reversced to see if the phenomenon resembled
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Faraday rotation in being non~-reciprocal., This was found to be the
case, as shown in figure 2,16(a)., Inctead of a peak, a dip in the loss
was noticed around the same steady field strength for the reversed
direction. Measurements were also taken with the ferrite rod ended in
the matching tapers described in section 2,6, to cut down the reflection
due to impedance variation. The results, plotted in figure 2.16(b),
show the loss peak to be still present, though reduced in magnitude,

The reflections at the ends of the rod of the normal Ho1 wave can there-
fore be taken to play only a very small part in the phenomenon.

From figure 2,16(b) the nonw-reciprccal behaviour of the structure
can be seen not to be limited to the one high peak. Non-reciprocal
peaks occur from the lowest applied field strengths., The high initial
losses at zero applied field in the curves for reversed direction of
Hy, in figures 2.16(a) and (b) were most probably due to the romnent
magnetisation of the ferrite slightly shifting the point of occurrence
of the pesak.

Figure 2,16(b) also shows a plot of the input voltage standing wave
ratio of the configuration., Corresponding to the loss peak the VSWR
shows a dip, indicating that the energy is trapped and absorbed rather
than reflected. This, of course, has to be the case from thermo-
dynemic considerations, due to the non=reciprocal nature of the structure.
A combination of high non-reciprocal peak of loss with a low VSWR there»‘
fore appears to be the trade mark of this phenomenon. According to
this criterion, the structure experimented with can be seen from figure

2,16(b) to behave in a similar manner also near zero zad at 42 and 74
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oersteds intensities of the steady field, applied in the direction of
the source.

It was also found that for the reversed direction of the applied
field the loss peak reappears for an equal twist of the output guide in
the opposite direction., Corresponding angles of twist for the two
directions of Hdc were measured to be within + 1° of each others In
the present case the loss peaks at the high field strengths occurred
for a clockwise twist of the output section with respect to the

direction of H This would appear to be opposite to what would

de*
be expected from the direction of normal Faraday rotation in an infinite
medium.

The peak of loss was reciprocal with respect to the direction
of the applied field for a twist angle of 900. No large peaks were
noticed below 49° of twlst; perhaps because the discontinuity became
negligible at such low values of twist with the ferrite rod in the
junetion, |

The dependence of the peaks on the direction of thc applied field

would secem to indicate that some form of Faraday rotation must be

mainly responsible for the occurrence of the phenomenon.

2¢8.2 Importance of the junction discontinuity

Some experiments were carried out at 9100 Mc/s to find out how
important the exact shape of the junction was to the production of the
insertion loss peaks, In one experiment a metal diaphragm was in-

troduced into the rotating junction, fitting the ferrite rod closely
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and blocking—-off the rest of the guide. All other conditions were the
same as before. With this arrangement the peak was not detected for
any angle of twist of the output section, The insertion loss pattern
was always very similar to the case of the straight guide without
obstruction, shown in figure 2.8(a) for 9100 Mc/s.

This result shows that the exact nature of the discontinuity
and thus the form and phase of the reflected wave is very important.

It also shows that the effect is not due to the wave becoming linear
and cross-polarized with respect to thé oﬁtput gulide. If this was the
case, the peaks would not disappear when the diaphragm was introduced.
It would thus appear that some effect in addition to Faraday rotation
is necessary for the peaks. This effect could be the exact phase
relationship between the incident and the scattered waves,

The waveguide was aiso opened up at the rotating junction to see
the effect on the insertion loss. Various values of the gap up to 1"
was checked for a twist angle of 60°, No peaks were noticed and the
loss pattern remained the same as in a straight continuous guide.

To prove conclusively that the loss peaks were not due to the
wave becoming linear and cross-polarized at a particular point in the
structure, the ferrite rod was put into a rectangular waveguide
gradually twisted by 90° over a 6" length. This structure was checked
over the whole range of applied magnetic field for various lengths |
of the rod in the twisted region. A twist of the output plane with
respect to the input from 0° to 75° (the rod being 5" long) was thus

checkeds No high peaks were detected.
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The importance of the polarization of the wave at the output end
of the rod was investigated by putting the rod completely in the inpub
section of the rotating junction with its output end flush with the
junction. The output guide was twisted 90° with respect to the input.
The insertion loss of this arrangement as a function of the applied
field was found to decrease as the steady field intensity increased and
at the same time show the familiar osecillatory form. It finally settled
down to the same form as shown in figure 2,8(a), though the loss |
magnitude was about double., There was Fnolarge peak of insertion
loss again, showing that the output end polarization is not the im=
poriant consideration in this phenomenon. This experiment also indicated
the gradual increase of cross=—polarized component up to the limit of
the magnetising field strength (1100 oersted) used. This point was

confirmed in later experiments described in chapter three,

2.8.3 Effects of rod displacement

The two basic phenomena likely to be responsible for tke insertion
loss peaks, phase change and Faraday rotation, are both proportional
to the length of the specimen, It was therefore decided to determine
the effect on the insertion loss peaks of displacing the ferfite rod
longitudinally with respect to the twistejunction.

Measurements were taken for some spot displacements of the rod for
a twist angle of 60° at 9100 Mc/s. The insertion loss peak was obtained
with slight variations, in all the cases.

These results, however, could not be taken to be conclusive, and a
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continuous variation of rod position was attempteds The rod was
supported centrally by two thin paxylin spiders near the two ends.
Two pieces of silk threads (.006" diameter) were tied at the two ends
of the rod and taken out of the waveguide through the slots in the VSWR
indicator and the output detector tuning probe assembly (figure 2.7).
These threads were used to displace the rod in either direction by
up to 2.6 cm. The limit of 2,6 cm was imposed by considerations of
uniformity of the applied magnetic field, the ferrite rod being
12,65 cm long (see figure Al.3)., The insertion loss pesk was located
with the centre of the rod coinciding with the junction plane, Then,
keeping the applied field constant the insertion loss was recorded as a
function of rod displacement, Slight variations of the applied field,
however, did occur during the course of the experiment.

The results for a twist angle of 52.4° are shown in figure 2,17.
It can be seen that though the peak magnitude fluctuates with rod
position,the essential characters of it, that is, the non-reciprocity
and the low VSWR, are maintained for the total displacement of the rod
by 5.2 cme Only when the displacement became too large, so that the
average Hdc over the specimen was no longer constant, did the insertion
loss fall off. Even then the peak was found to reappear when the inw-
tensity of Hdc was increased., Also, peaks at other values of Hdc were
noticed for the largely displaced rod,

These results show clearly that the whole length of the rod is
involved in producing the phenomenon rather than one part of it on

either side of the junction., If either the input or the output section
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was only responsible, and assuming that either phase shift or Faraday
rotation or some combination of these two must be causing the effect,
then the phenomenon would have had to disappear and reappear with the
rod displacement, It would seem that the part played by the abruptly
twisted junction is confined to a very small region around the junction,
The results rule out conventional length dependent Faraday rotation,
which was strongly indicated as the main cause of the loss peaks by

the results of section 2.8.,1. The phenomenon appears to be an end-
to=end effect involving the whole rod, on which the non-reciprocal
character of the magnetised ferrite is impressed through the abrupi

junction.

2.8.4 TFreguency dependence

The effect of variation of the wave=frequency on the insertion
loss peaks was also investigated. The equipment used was the same
as shown in figure 2,7. For large variations of the operating fre=
quency all the equipment and the output detector in particuler, woro
carefully retuned, However, for amall frequency variations, such as
when recording the frequency response of one peak, this was not con=-
sidered necessary,

From measurements at spot frequencies, high peaks for a 60° twist
angle were detected from 9000 Mc/s upwards for the Rl rod of ,313"
diameters In later experiments, to be detailed in chapter Five, the
peaks were detected down to 8850 Mc/s for a shorter length of rod

passing through two twists. The lower frequencies, however, were not
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thoroughly investigated and a lower limit cannot be set for the
occurrence of these peaks.

The steady field strength required to produce a loss peak, as
a function of frequency, is shown in figure 2.18 for a twist angle of
64°, The field requirement can be seen to decrease with decreasing
frequency. In subsequent experiments with the double twist the fiéld
requirement was found to increase with decreasing frequency. The
field intengity in that c¢ase was one order lower, This would indicate
a correlation with the phase shift behaviour of the ferrite, which
decreases with increasing field strength in the former case and in-
creases in the later,

The frequency response of a 5095o twisted junction, for a value
of Hdc for which the loss peak occurs, is shown in figure 2,19 for
both directions of the applied field, It can be seen that, under the
conditions of the loss peak, the system behaves like a highly selective,
nonwreciprocal, absorption cavity. The bandwidth at points where the
loss is down by 20 dB is 1ess than 9 Mc for a centre frequency of 9099
Mc/s. It was found in later experiments that the selectivity is
lowered for shorter lengths of the ferrite rod.

| Of all the causes that may be contributing to the production of
the loss peaks, only the phase shift of the wave can be responsible
for the degree of frequency sensitivity indicated above, Such a high
Q@ 1o possible if the wave is suffering repeated reflections in the

system in the process of getting trapped and if exact phase relationships
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are necessary for the reflections to occur. These points will be
discussed further in Chapter Four,

The characteristics of the twisted junction revealed during
these investigations suggested the development of a novel device,
It was realised that a very narrow band tunable isolator could be
fabricated based on this structure, Some work was carried out in

this direction and will be described in Chapter Five.
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CHAPTER THREE

THE MODE PATTERN

3.1 Introduction

The investigations described in Chapter Two confirmed that the
perturbation analysis, as detailed in section 1,4.3, is not applicable
to the case of a thick ferrite rod inside a rectangular waveguide. It
was also found that none of the behaviours of the system violates the
predictions of the phenomenological model of Weiss, In this chapter
the detaiied work carried out to recognise the modes of propagation of
electromagnetic waves in the configuration is described., It was found
by direct measurements that, in the phase shifter range of rod-diameter
or frequency, the behaviour of the system differs considerably from
that of an elliptical Faraday rotator, which it resembles. The
dominant and the first higher order modes of the system predicted by
the phenomenological theory were identified. The results les us to
the conclusion that the phenomenological model qualitatively describes

the reciprocal ferrite phase shifter very well indeed.

302 Wave Polarization

24201 The structure as an elliptical Faradeay rotator

The phenomenological model predicts that, in the useful region

of operation, the reciprocal ferrite phase shifter configuration has a
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single elliptically polarized normal mode,” with its sense of polare
ization anticlockwise with respect to the longitudinally applied steady
magnetic field. The mode experiences a scalar permittivity and per-
meability in the structure (see section 1l.h4.4) and propagates without
rotation or change of form, The picture differs from an ordinary
Faraday rotator, which has two, in general elliptically polarized,
oppositely running normal modes, possessing different phase velocities,
Faraday rotation effects can be thought to be due to the beating
between these two modes, as they progress along the structure.

At first sight, the single normzld mode prediction of the phen-
omenological theory would appear to be wrong. As pointed out by
Rizzi and Gatlin(7), in the range of fregquency and rod diameter of
interest, the ferrite rod would propagate energy in the Ell Limit-mode,
even if completely enclosed by a metal sheath, It would seem, there-
fore, entircly reasonzble to assume that when such a rod is placed
inside the rectangular waveguide, a H11 type limit-mode wovld be able
to exist in any orientation in the system. Variations of the steady

magnetic field would not affect this conclusion, as the cut-off point

* A "normal mode" is defined(Ez) as having a unique distribution of
transverse electric and magnetic field components, independent of
frequency and position along the waveguide, For a given frequency,
normal modes have unique phase velocitlies, except for degenerate pairs,
which have the same phase velocity, The normal modes of a clrcularly
symmetric Faraday rotator are the positive and negative circularly
polarized modes. If two waveguides, each of which allow propagation
in a certain mode, are coupled together continuously, then the combined
system will have two normal modes,; in gencral different from the
original modes,
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of this mode is independent of the magnetisation of the ferrite.(38)

In that case the structure would appear to be analogous to an elliptical
Faraday rotator,

Perhaps the best way to visualize the behaviour of a Faraday
rotation device in a non-circular waveguide is through the coupled
mode approach,x This method is based on the theory of coupled waves

(27), and uses two orthogonal linearly polarized

developed by Miller
modes continuously coupled through the off-diagonal component of the
permeability tensor. Power cycles back and forth between these two
modes as the wave travels along the waveguide. The form of polariza~
tion at any transverse section is dependent on the respective amplitudes
and phases of the two modes at that point, and is always linear in the
case of a circular waveguide., In a non-circular guide complete
transfer of power from one mode to the other does not take place and
the phase of one mode changes with respect to the other as they travel
along the guide, The wawe polarization at a transverse plane is
therefore elliptical in general, The normal mode and the coupled mode
explanations of Faraday rotation are completely equivalent (421

With the help of Miller's results it can be shown that the wave
polarization in a Faraday rotator, composed of a non-circular metal
wavegttide and an axial ferrite rod, changes froallnearto elliptical and

back to linear again, as the wave progresses along the waveguide. The

ellipticity is due to the difference in the phase velocities of the two

%
See, for example, reference (41),
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orthogonal linear coupled modes. Simultaneously, the axes of the
polarization ellipse will suffer rotation. The amount and the direction
of the rotation at any transverse plane will depend upon the amplitudeg
and the phases of the two coupled waves at that plane, In general

the rotation would first be clockwise with respect to the steady field
direction, At some point along the waveguide the major axis will

turn back and return to zero rotation when the coupled waves are 90o
out of phase with respect to each other, Only if at this plane the
two waves are also of equal amplitude, will the wave-polarization be
circulars, As the wave travels further, the rotatlon will become anti-
clockwise with respect to the steady field direction,

If the linearly polarized input wave is initially launched in the
orientation which has the lesser phase velocity (parallel to the narrower
dimension of the waveguide), then the sense of the elliptical polarization
will be anticlockwise with respect to the steady field direction, as
long as the phase difference between the two coupled waves do not exceed
180°,  The phase difference seldom exceeds 180° in the cases when the
phase velocities in the two orthogonal directions are near enough for
appreciable transfer of power from one mode to the other to take place

(i.e.,for appreciable ellipticity).

b
According to Miller's theory of distributed wave coupling, complete

transfer of power can only take place if the phase velocities of the two

coupled modes are equal. The proportion of maximum power transferred

decreases as the ratio between the phase constant difference and the

coupling constant increases from zeroe. When this ratio, Bl - ﬁa 3

equals 2, only half the power can te transferred, -

The maximum phase difference between the waves in

this case is 1807,
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Some of the behaviour of the elliptical Faraday rotator des-
cribed zbove had already been noticed in the reciprocal phase shifter
structurece Thus it had been seen that the ferrite rod concentrates
most of the rf energy within itself and behaves like a waveguide,

That the propagating mode is elliptically polarized in an anticlockwise
sense with respect to the steady field, had been suggested by previous
workers and indications found in the experiments described in Chapier
Two.  The non-reciprocal character of the system, noticed during the
invesfigations on the insertion loss peaks described in section 2.8.1,
also suggest a strong resemblance to a Faraday rvotation device.

Neckenbiirger!s measurements of the output wave~polarization
from the reciprocal phase shifter configuration, as mentioned in section
1,3, would seem to provide a direct answer to this quesfion of whether
the structure behaves like a Faraday rotator or not, His results,
however, contained some uncertainties. The results showed considerable
rotation of the major axis of the polarization ellipse. Also, circular
polarization was found at very low applied field intensities (18 to 43
oersteds). According to the phenomenological model circular polar—
ization in a non-circular wawcguide would only occur when p = k in the
hypothetical tensor permeability (1.4), Though these hypothetical
components are modified forms of the actual tensor components of the
ferrite material, they cannot be imagined to satisfy the p = k relation
at such low fields for the frequencies used by him,

The anomalies in Neckenblirger!s results could be due to the fact

that he had a part of his ferrite rod specimen projecting into the
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circular waveguide used to check the output polarization. It was,
however, necessary to be certain about this matter in view of the
considerable arguments in favour of a Faraday rotation explanation.
Moreoever, Neckenblirger had not ascertained whether the output polar-
ization depends on the length of the specimen or not,”™ The single
normal mode of the phenomenological theory would necessitate lengthe
independence, whereas, Faraday rotation would make the polarization
vary with the length of the specimen. For these recasons measurement
of the output polarization was carried out in a manner similar to

Neckerblirger, but with some modifications.

34 2.2 Experimental investigations

The changes made for this experiment to the equipment described
in section 2,5, is shown in figure 3.1(a). The only difference in
the arrangement shown there with Neckenblirgeris are the dielectric
tapers used for end-matching instead of the rod itself being tapered
to a point. The use of dielectric taper to match into the circular
guide prevented any Faraday rotation in that portion from masking the
actual results,

The rotating juncgggiisgegrdinary waveguide flanges rotating with
respect to each other. An annular shim of .003" thick phosphor-bronze
with serrated inmer edge (internal diameter 1", same as the circular

guide) was used to maintain good contact as the circular guide was

rotated. The angle of rotation was measured by a fixed protractor

Private correspondence.,
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on the circular guide.

Without the specimen in and with a rectangular-to-circular trans-
former at the rotating junction the difference between signal strengths
with the probe parallel to the narrow dimension of the rectangular
guide (Ev) and with it parallel to the broad dimension (EH), was always
greater than 35 dB, The input VSWR in this case for all rotations
of the circular guide was between 1,12:1 and 1,13:1,

EV and EH were measured for different specimen lengths and
diameters. The positions of the major axes of the polarization-
ellipses were also recorded. The rotations of the axes were found
to be very small (maximum 12°), A bracketirg technique had to be
adopted to measure them exactlya The ongles cu cither side, when the
probe reéponse was down by about 10% from the maximum, were noted and
their mean taken as the inclination of the major axis. Some measurements
were made along the complete aximuth to make sure that the wave polar-
ization was really elliptical and not just_linear with an inclination to
the vertical, By changing the direction of Hdc it was ascertained that
these rotations of the axes were non=reciprocal, The variations in
the length of the specimens were achieved by sticking small additional
lengths of ferrites, by a polystyrene-base glue, to the original
length. All rcadings were tzken relative to the case of the unmag-—
netised ferrite, The results are shown in figures 3,1 and 3.2.

Uncertainties in the measured values were infroduced due to the
following canses:?

(a) Need to place the specimen exactly central everytime.
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(b) The dielectric taper at the output was slightly eccentric.

(¢) Angle indicating mechanism could be read only up to
# 0,5%

(d) Variatiors inE%,and Ey due to remaining uncertainty of
contact at the rotating junction.

(e) The rotational axis of the Jjunction may have been eccentric
by a small amount.

(£f) TFinite thickness of the probe,

(g) Reflection from discontinuitics,

It is estimated that the signal strergtih readings can be taken to be

0
correct to * T% and the angle mecasurcments to +27,

Discussions

The results of figures 3.1(b) and (c) are for the .28Ll"-diameter
Rl rod, which at the frequencies used, do not show the energy trapping
effects discussed in section 2.5, when used in the reciprocal phasc
shifter configuration, Figure 2.1(d) is for the »313"~diameter rod,
which shows some fluctuating absorption of energy at 9000 Mc/s.

It can be seen from the figure that some rotation of the polar-
ization ellipse occur for both the specimens and at all frequencics.
The amounts of rotation are in general compatible with the magnitude
of EH excited. Both clockwise and anticlockwise rotations are obtained,
as predicted by the theory of coupled modes in elliptical Faraday rotators.
The frequency dependence of the rotation found, can also be explained

by this theory. The phase velocity difference (and so _E; - By
Cc
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would be expected to vary as the frequency changes. This will result
in variations in the phases and amplitudes of Ev and EH and thus
variation in the rotation.

The EH excited increases nearly monotonically as the applied
steady magnetic field intensity is increased. It increases gquicker
for the thicker diameter specimen , glthough this was seen earlier in
section 2.3 to have lesser phase shift, From this it is concluded that
the phase shift is not directly related to the magnitude of the cross-—
polarized component excited, but is governed more by the propertics
of the material, It can be seen from Tigure 3,1l and 3.2 that at no
point is the wave completely circularly polarized, us opposed to
Neckenbllrger's results, This is contrary also to conjectures of
many previocus workers, as surveyed in Chapter Onebb The frequency
dependence of the cross-polarized components excited can be seen to be
small for the wide range of frequsneies checked, The elliptical wave
wave polarization of figure 3.1 would agree well with the explanation
of this system both by the phenomenological model and as an elliptical
Faraday rotator.e Hence, to distinguish between these two theories,
the length~dependence of the polarization also had to be investigated.

The specimen more likely to show Faraday rotation, the ,313"~
diameter Rl rod at 9000 Mc/s, was used for this part of’the experiment.
The amouﬁt of Faraday rotation to be expected in a saturated infinite
medium of this material is about 115°/cm, for a saturation magnetisation
of 1790 gauss: From the view point of the theory of coupled modes

thls means that the crossw-polarized mode would increase from zero to



91
a maximum and back to zero in a distance of gbout 1,57 cm. In the
present case, where the phase velocities of the two coupled modes
would be unequal, the theory predicts the cycling of EH to occur
over a much shorter distance, if the magnitude of the coupling between
the waves remain the same, The output polarization form was therefore
recorded for a variation of the length of the speecimen up to 1.4 em.

The results are shown in figure 3.2. It can be seen that the
expected fluctuations in EH could not be detected over the length
investigated. There are some fluctuations at very low fields, which
could partly be due to experimental errors, in view of the smallness
of the value of EH measured. At higher appiiled fields there is
hardly any fluctuation that cannot be accounted for by experimental
errors, The greater the value of Hdc’ the greater is EH and the less
is the fluctuation in it. This is completely contrary to the behaviour
expected from a Faraday rotator.

The rotations of the major axis, in figure 3.2, can perhaps be
said to be fluctuating around the zero value. In this respect the
structure may be behaving like an elliptical Faraday rotator. These
small rotations probably cannot be accounted for by the approximate
theories on the system‘at present in existence,

One is thus led to the conclusion that the system has only one
elliptically polariged normal mode, as predicted by the phenomenological
model, The ellipse does not alter significantly as the wave progresses
along the system, but the axes of the ellipse possibly suffer limited

rotation. The rotation most probably decreases for thinner rods and
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lower frequencies, The cross=polarized mode of the coupled-mode theory
appears from the results not %to be able to exist in the system, except
perhaps at very low fields for this thick roda

That normal Faraday rotation does not také place in the structure;
would seem to mean that the normal mode of this system is basically
different from a combination of two cross~polarized Hil limit-modes
that would exist with such a rod in space or when completely enclosed
by a metal sheath, With this rod in a square waveguide, whose sidos .
are equal to the narrow dimension of the rectangular guide, complete
Faraday rotation of the linearly polarized wave would obviously take
place. It is surprising that increasing one of the dimensions of the
square waveguide causes the positive circularly polarized normal mode
of the system to go to cut-off and warps the negative to elliptical
polarization. This cut-off behaviour is reminiscent of anowalous
cut-off of positive circularly polarized waves in very thin ferrite

(39)

filled metal tubes, studied by Taompson and others. The first

(40) propagates through infinitely thin

hranch of this anomalous mode
tubes, but goes to cut-off when the tube diameter exceeds the value
where the normal dominant mode can propagate. There would thus appear
to be some connection of the present system with a system propagating
the anomalous mode. This was also pointed out earlier in section
2,6 and will be further discussed in the next chapter.

The above results combined with Neckenbﬂrger‘s(B), show that a

(13)

switchable circular polarizer as suggested by Clarricoats can be

easily fabricated using this configuration. The ferrite rod will have



94

to be tapered into a circular guide to permit some coupling into the
cross~polarized component, A variable magnetising current will ensble
exact circular polarization to be obtained over a large bandwidth. This

(32)

polarizer will be easler to manufacture than similar devices already

available,

3+3 Modal Regions

With the validity of the phenomenological model established, it
was necessary to investigate the predictions of the theory in detail.
As a fifst step it was decided t§ investigate the regions of occéurreace
of the different modes of the system ii the frequency domaine

6) and Neckenbﬁrger(B)

Weiss had taken the insertion loss pesks
shown in figure 1,2 as the indication of the breaking out of the
higher order mode., This procedure was considered unsatisfactory in
view of the fact that similar peaks can be induced at much lower fre-
quencies by certain discontinuities, as has been seen in sections 2.7
and 2,8, It was thought that a cavity formed by a section of the
reciprocal phase shifter configuration would perhaps give a clearer
indication of the division between the regions.

The cavity was formed by attaching by polystyrene glue, two .003"
thick ccpper discs of the same diameter, to the ends of the .313'"=
diameter Rl ferrite rod. The coupling by this arrangement had

previously been found to be small enough (see section 2,5) for the

system to behave like a cavity, It had also been found that this
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discontinuity does not alter the essential characteristics of the
system, The insertion loss and the input VSWR of this system were
measured for the frequency range of 8,000 to 10,100 Mc/s for a
longitudinally applied steady magnetic field intensity of 112.5
oersteds, The field strength was a convenient value, chosen to
approximately saturate the ferrite material, but still be low enough
to be within the rising portion of the phase shift curve for this
rod.

The experimental set up was the same as shown in figure 2.7;
To cover such a wide frequency band accurately, the equipment had %o
be retuned and a reference readiag taken for each frequency of measure=
ment, Readings were taken at every 25 M¢ in general %Yo accurately

record the sharp fluctuations in the indsertion lossa. The results

are shown plotted in figure 3.3,

Discussions

Up to about 8700 Mc/s the system can be seen to behave like a
very long cavity, with resonance at approximately every 170 Mc. Up
to this point the system can be taken to possess a single mode only.

Beyond 9200 Mc/s the loss curve scems to have lost any regular
pattern. The VSWR was found to be generally low in this region. At
these frequencies, most probably, the posiﬁive elliptically polarized
mode can also propagate through the system, The system thus shows
spurious responses as well as effects of Faraday rotation. The gradual

rise in the level of insertion loss in this region is most probably due
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to variations in coupling into and out of the fofrite loaded region.,
In between 8700 and 9200 Mc/s the insertion loss of the system
rises to very high level. The VSWR was not found to be corres-
pondingly high in general and came down to fairly low values at some
points, The character of the insertion loss curve in this region
does not indicate that a second mode is in existence. Increased
energy concentration in the ferrite with increasing frequency, and
variation in the coupling must be playing a part to produce this high
loss. DIven below 8700 Mc/s the maximum loss can be seen to increase
with frequency. However, the main cause of the high loss is thought
to be energy trapping effects that occur at these frequencies even for
the rod alone, as seen previously in section 2,5, The rotation of
the polarization ellipse noticed in the previous section combined with
the right amount of phase shift could cause this effect in a similar

manner to Weiss's explanation of the insertion loss peaks of figure l.2.

The energy trapping effect can also be seen around 8200 Mc/s, but
to a much lesser magnitudes. From this and from the results of the
previous section it is deduced that for thinner rods and lower fre-
quencies the loss peaks,; when they occur, will progressively decrease

in magnitude, due to less »f energy concentration and less rotationa
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344  The Dominant Mode

After cbtaining an approximate knowledge of the regions of
operation of the different modes of the structure, the next step was
to identify these modes and compare them with the modes of propagation
of the phenomenological model., From the experiments described so
far, the elliptically polarized character of the mode can be taken to
have been well established, As to the sense of the polarization, no
direct experimental verification had been attempted by previous workers
to establish that the dominant mode is polarized in an anticlockwise
sense with re5pect to the longitudinal steady magneiic field. The
investigations of Chapter Two, and particularly of sections 2.3 and 2.6,
brought out characteristics of the structure that suggested a negatively
polarized mode. However, this point is perhaps the most important
aspect of the phenomenoclogical theory and needed direct experimental
confirmation. The following experiments were performed with a view to
establishing the sense of polarization of the dominant mode in the

reciprocal phase shifter configuration.

2.4.1 Selective propagation of circularly polarized waves

If the dominant normal mode had a negative sense of polarization,:
then it was thought that the system should show a marked preference for
a negative circularly polarigzed input as compared to a positive one.

So a circularly polarized Hll ~ mode wave was fed into the system as
shown in figure 3.4(a). The sense of the polarization was altered

oy changing the direction of the steady field Hdc‘ The insertioun loss
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of this system relative to an empty section of Hol—mode rectangular
waveguide was measured as a function of the intensity of Hdc'

The arrangement of the rest of the equipment was the same as
described in section 2.5, except that a rectangular to circular
adapter and a quarter-wave plate was used immediately before the
arrangement shown in figure 3.4(a) to circularly polarize the wave.
The measurements were taken at 8200 Mc/s. At this frequency, the
results of section 3.3 showed that propagation in only the dominant
mode can be expected for the ,313"~diameter Rl rod. The circular
polarizer had been originally designed for higher frequencies and had
to be modified to obtain a good circularity of polarization. This
was dong by introducing a thin polyethylene slab (1" x 1" x %";
dielectric constant =2 2,3) into the polarizer, which consisted of a
section of circular waveguide with a metal vane ioading at an angle
of 45° with the vertical. The position of polyethylene slab was
adjusted by trial and error for the best result. . The output from
this polarizer was tested by a rotatable probe, as used in section
3s2y  The moximum variation of signal strength for all azimuthal
positions of the probe was 1.85 dB and the input VSWR to the polarizer
was less than 1,9:1.

In the experimental arrangement a portion of the Rl rod was
left projecting into the circular woveguide to obtain a good match,
This small length was not expected to introduce any errors due to
Faraday rotation from the roprant linearity of the input wave, With=

out the specimen put in, the abrupt junction gave an insertion loss of
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1.97 dB for circularly polarized input, With the specimen,the insertion
losses for the two directions of Hdc were as shown in figure 3.4(b) and
(e). The input VSWR's were found to be generally low =~ never greater
than 3.5:1, This is attributed to energy trapping by the circular
polarizer which would convert the reflected energy to a cross-polarized

WOVE,

Discussions

From figure 3.4(b} and (c) it is obvious that the system accepts
negative circular polarization much more readily than it does the
positive one, The insertion loss for the positive circular polériza~
tion can be scen to show a marked upward trend as the intensity of
the steady field is increased from zero, vhereas, that for the negative
circular polarization goes dowi, The difference in the insertion
losses for the two directions of Hdc increases to over 7.5 dB at a
field strength where the specimen is approximately saturated, With

further increase in H c the difference decreases slowly, but remains

d
appreciable up to quite high field strengths.

The superimposed fluctuations in the curves are very similar to
that obtained with the rod in a rectangular waveguide, without the
matching tapers. They are attributed to variations in the phases of
the waves scattered from different points in the system. The
fluctuations are the zsame for both the senses of polarization, which

would indicate that the mode propagating in the structure is the same

for hoth the inputs. The negative circular polarization is able to
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excite this mode more readily and is thus better matched to the system.
These results suggest a strong correlation of the dominant mode,

with negative circular polarization. However, there is a point

of doubt here in that, the negative circular polarization is in~

herently better able to propagate through the abrupt junction. This

arises from the fact that, for negative circular polarization, the

(%)

energy is mostly concentrated inside the magnetised ferrite rod and
passes through the junction without much reflection., For the positive
circularly polarized wave the energy is mostly outside the rod and

suffers much greater reflection at the junction.

Z,4.2 Recognition by the anomalous mode waveguide

The previous experiment still left some ambiguity in the inter-
pretation of the dominant mode, and some experiment had to be deviced
for a positive recognition of the sense of the polarization of the
wave, In section 2,6 an anomalous propagation had been noticed
through a ferrite filled metal tube, too narrow to allow normal

40)

propagation. It is well known(39’ that such anomalous propagations
occur only in the positive circularly polarized mode. It was thought
that this anomalous-mode-waveguide could be used to recognise the
polarization of the wave at the output of the reciprocal phase shiftera
At first it was necessary to construct a suitable polarization
detectors It was decided to use a small length of the same B2 ferrite
rod that showed the anomalous propagation at 7200 Mc/s, recorded ir

figure 2,12. The length of the detector had to be kept small so that
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encugh power would be available at the output for measurements, as the
propagation in this mode is very lossy. A 0.47'" (1,2 cm) length of
the rod was introduced inte a closely fitting hole at the centre of a
copper block of the same length, This block was then fitted inside a
circular waveguide of 1" internal diameter, conducting silver paint
being applied at the joints for good contact.

This device was then tested by feeding it with a linear Hl1 wave
at 7200 Mc/s. The output from the polarization-detector was tested
for circularity by a probe rotatable in the azimuth. The probe
assembly was similar to that shown in figure 3.1(a), Measurements
were taken with the matched load after the probe as shown, and also
with a short circuit replacing the matched load. This was done %o
inerease the signal strenglih at the probe by creating a standing wave,
The energy transmitted through the polarization detector was too small
for the short circuit to have any effect at the input end,

Figure 3,5 shows the output from the polarization detector for
the linear input. The zerc level in figure 3.5 indicates the limit
of detectability. Compared toc this level, the probe response with
the polarization-detector removed and with the matched load at the end,
was 68 dB with the probe parallel to the E-vector and 44 dB with it
perpendicular, The difference is rather low and is attributed to the
fact that the probe used had to be very long, reaching nearly to the
centre of the waveguide, to detect the small output of the polarization
detectors  The probe may also not have been perfectly radial. Appre~
ciable propagation through the polarization detector tock place only

for a longitudinally applied steady magnetic field (Ha) of 970 oers.
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At this field strength the anomalous-mode guide was most probably a
multiple of half—guide—wavelengtho(qo)

From the curves of figure 3,5 the device would appear to be a
very efficient detector of positive circular polarization, For the
linecar input the output appears to be perfectly circularly polarized
with very 1little difference in transmission for the two directions

.of Ha. A1l these measurements were taken with the help of the rotary
attenuator of figure 2.7 It was found that though the signal strength
was very low the measurement could be done very accurately, a variation
of + 1% in the attenuation setting being appreciable. The output
from the device could perhaps be increased by designing it so that it
was a multiple of half wavelength at a ficld strength where the trans-
mission loss, as shown by figure 2,12, is a minimum. This was not
attempted as the present one was found quite suitable for the purposes

This polarization-detector was fhen used in the arrangement shown
in figure 3.6 to measure the proportion of negative circular polariza-
tion in the output wave from the reciprocal ferrite phasc shifter, The
rest of the equipment was the same as shown in figure 2.7, except that
a separate dc supply was used for H2' For this experiment the output
detector (figure 2.7) was tuned for maximum sensitivity and not for the
best VSWR.,  The section of coll used to magnetise the polarization
detector (Ha) required 1,75 amp to produce the necessary 970 oers,

(sce Table Al.1). As the coil was not designed for such a high

current, its supply had to be switched off after cvery reading to

prevent overheating.



105

A magnetic shield, made of iron sheets, was placed between the
two colls as shown, so that H2 would not affect the magnetisation of
the specimens. The minimum distance between the coil centres was 133"
(343 cm), for the shortest specimen. From Table Al,1 in the Appendix
it can be seen that, a field variation of considerably less than 28 oers.
would occur at the centre of the specimen as the direction of H2 vias
reversed, without the magnetic shield. With the shield, the effect
of the detector coil on the specimen was considered negligible,

Various Rl specimens, noted on figure 3.6, werec testeds The
procedure was to keep the direction of Hl fixed and reverse the dircction
of H2’ to obtain the differential transmissisin. If the proportion
of negative circular polarization was more in the wave rcaching the
polarization detector, then the output detector response would be

greater when the directions of H1 and H, were opposite. The results

2

are plotted in figure 3.6 as a function of the intensity of Hla In~
vestigations were also carried out with Hl reversed, when similar
results were obtained. The individual output from the polarization

detector, for H, and H2 opposite, actually increased as Hl was in-

1

creased; while, that for Hy and H, in the some direction decreased,
but less sharply. Beyond HlleKK)oers. both outputs decrcased but
their difference continued to increase for much higher values of Hl’

as shown in figure 3.6,

Discussions
From the curves of figure 3.6 i% can be seen that the proportion

of negative circular polarization is always greater in the output from
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the reciprocal phase shifter when the ferrite is magnetised, This
means that the output and thus the mode of propagation at 7200 Mc/s is
negative elliptically polarized for the cases studied, For Hl = 0 the
mode can be seen to be linear, and becomes increasingly negative
elliptical in character as H1 is increaseds Even at such a low fre=
quency, considerable ellipticity is achieved for the tﬁicker rod at
large values of Hj. For the .281L"=diameter rod the ellipticity is
much less at this frequency, which is as expected according to re-
lation (1,10) for ellipticity discussed in section l.4.4. The
negative éiy in the expression would be expected to increase and
positive fax to decrcase for the thinmer rod, whereas, the ratio %
would change very little., This would result in a more linear wave.
The length dependence of the ellipticity in the case of the ,281''-
diameter specimens can most probably be attributed to greater de=
magnetisation for the shorter specimen, in view of the large differ-
ence in their lengths.

The mode identified here must be the same as that responsible
for the large phase shift. It was scen in section 2.3 that the same
form of incremental phase delay persists down to 7000 Mc/s at least,
even for the thinner (,281"~diameter) rods That this is the dominant
mode of the structure is evident from the low frequency at which the
measurcments were taken, More extensive studies of the structure at
other frequencies can be carried out with anomalous-~mode waveguides of
different diameters, 1f required,

"
The sudden peak in ellipticity in the case of the 3 %% long,
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»281"~diameter rod was checked several times and the result is an
average of all the readings. The peak is most probably a result of
the way the different properiies of the material, on which the
ellipticity depends, vary with theimagnetisation of the ferrite,
Similar sharp fluctuations of the cross=-polarized component was noticed
for this rod (figure 3,1(c) ) in the experiments described in section
2elnls That intrinsic properties of the material mre responsible
for the peak is also borne out by the fact that similar variations,
though much less in amplitude, can be seen in the other two curves
also. If we examine expression (1,30) for the eilipticity given by
the phenomenological theory, it can be seen that variations of inter~
dependent terms k, p, E 5 and 8 v with applied field may combine »to
give such sharp fluctuations in the ellipticity. Quantitative
comparison is, however, not possible due to the hypothetical nature

of the components.

3s5 The Higher Order Mode

The definite identification of the dominant mode was very con-
vincing as to the qualitative applicability of the phenomenological
model to the reciprocal ferrite phase shifter. This led us to the
investigation of another important aspect of the theory, As described
in section 1.4.4, the model predicts a positive elliptically polarized
higher order mode for the system, whose cut-off point depends on the

ferrite rod diameter and the frequency of the wave. It can propagate
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when these parameters make fiy positive, That the mode has a cut-off
point different from the negative polarization is the main distinction
of this system from a Faraday rotator. The present section describes
the identification of this higher order mode by cavity resonance
techniques, |

The cavity was formed of a small length of the .313"-diameter
ferrite rod, with copper diaphragms at both ends. The arrangement
.and the dimensions are shown as an inset in figure 3.7(b). Prom the
experiment described in section 3.3 the frequency at which the higher
order mode was expected to btegin to propagate for this specimen was
known, The length of the ferrite was so chosen that the highest
frequency at which a cavity formed of it would be xg/? long (at zero
applied field) was slightly below the frequency at which the higher
order mode could pr0pégate. The shortest possibie length was chosen
so that other resonances might not complicate the situation. 1In
choosing this length, help was taken of results of Reggla and Spencerca),
who had determined the guide~wavelengths with unmagnetised ferrite rods,
as a function of the rod diameter, The final length was arrived at
by trial and error. The diaphragms consisted of .4'" x .9" rectangular
pleces with .210" dia. central coupling holes, The process of deter-~
mining the optimum method of coupling into and out of the cavity will
be described in Chapter Five. The joints between the diaphragms and the
waveguide walls were painted over by conducting silver paint for good
contact. The diaphragms were stuck to the ferrite by polystyrene glue,

The responses of this cavity at different frequencies were obtainred



by keeping the frequency fixed and varying the longitudinal steady
magnetic field, The cquipment layout and the procedure for the
measurements were the same as described in'section‘2°5. The results
are shown in figure 3.7, where the insertion loss of the cavity is
plotted as a function of the steady field intensity, with the fre=~

guency as a parameter,

Discussions

Figure 3.7(a) shows the resonance of the cavity in the dominant
mode, The resonance frequency decreases as the applied field is ia-
creased, as would be expected from the phase shift measurements obtained
in section 2.3. The phenomenological theory predicts a similar be~
haviour for the negative elliptically polariéed mode (see (1,7) section
1.h.4) if we remember that the diagonal component p of the permeability
tensor increases as the ferritc gets saturated.

Figure 3,7(b) shows a range of frequencies, just above the highest
frequency of figure 3.7(a), where the cavity shows no resonance, In
this range the cavity is too long for resonance in the negatively
polarized mode and the positive elliptical polarization, expected in
a Faraday rotator, is cut-off in this system. The reason for the very
high isolation obtained just after the cavity stops resonating in the
deminant mode, is not clearly understood. It could be an energy
trapping effect, similar to that noticed in the frequency response
of the long rod, in section 3,3, Indeed, the VSWR!s corresponding

to these high peaks were quite low and were unable to account for the
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amount of loss obtained.

The response of the cavity in the mode of present interest is
shown in figure 3.7(c). The cavity begins to resonate again as the
frequency is increased above that of figure 3.7(b), at a comparatively
high applied field. As the frequency is further increased the steady
field strength has to be increased to obtain the resonance. The
movement of the resonance point with increasing frequency is marked
in figure 3.7(a) and (c). The behaviour of the cavity is very similar

(43)

to the resonance splitting noticed by van Trier in a cavity formed
of a circular waveguide containing a ferrite rod along the axis. van
Trier used the phenomenon to accurately measure Faraday rotation in
the structure.

In the present system the difference from van Trier's case is
that, the mode whose roaonanaeffequency increases with increased mag-
netisation of the ferrite, cannot propagate below a certain frequency,
and there is a discontinuity in the splitting, The mode of figure
3.7(c) is therefore identified as onc containing predominantly positive
circular polarization. The phasc advance obtained for this mode with
increased steady field intensity is as predicted by expression (1.7)
of Weiss's theory, for the positive elliptically polarized higher order
modes  With the advent of this higher order mode the system begins to
behave just like an elliptical Faraday rotator.

It would thus appear that the main characteristics of the

reciprocal ferrite phase shifter configuration are guite correctly

described by the phenomenological model..  Some minor features, like
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the small rotation of the polarization ellipse found in section
3. does not seem to be covered by the theory, This will have to
await a more rigorous analysis of the system for its explanation.
However, the surprising accuracy of the very approximate model of
Weiss justifies some investigations into the extent of its
applicability. A limited investigation was carried out and is

“described in the next chapter.
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CHAPTER FOUR

THEORETICAL. CONSIDERATIONS

4,1  Introduction

In this chapter the conclusions drawn on the experimentszl findings
of Chapter Two and Three are summarised, Some suggestions are put
forward on aspects of the reciprocal ferrite phase shifter character-
istics which are not completely understood. The phenomenological
model of Welss is investigated for various assumed Houndary conditions,
with the help of the theory detajled in Chapter One, A clearer picture
is thus obtained of the way in which the novel modes predicted by the
model fit in with modes which are already well established, Some
new features that came to light during these investigations are also

discussed.

4.2 Synopsis of Conclusions

4,2,1 The phase shift

The previous two chapters detailed the experimental verification of
themode pattern in the reciprocal phase shifter configuration, It
was seen that under certain conditions the structure supports only one
elliptical mode with its sense of polarization anticlockwise with
respect to the direction of the steady magnetic field, It was found

that a high proportion of the rf emergy concentrates increasingly into
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the ferrite as it gets saturated, This energy concentration was con-~
cluded to be mainly responsible for the large phase shift obtainable
from this device, in combination with the increase in the component p
of the permeability tensor that occurs as the ferrite material
saturates,

In the phenomenological theory (detailed in section l.k.k),
the energy concentration could be represented by an increase of the
component éi.x of the hypothetical permittivity tensor, Weiss in his
interpretation of the theory assumed that the only quantity that
physically increases is the compoment p. It is felt that this is
wrong, and that gx also increases separately with the application
of the steady field. The percentage increase in pu obtained in practice
cannot alone account for the degree of increasing energy concentration
noticed in section 2,6, Neither can it completely account for the
incremental phase delaysobserved experimentally, if we use expression
(L.7) of the phenomenological theory to obtain this phase shift,
This is true even if we neglect the term containing k, which tends to
reduce the phase shift when E:y_is negative. In fact, increase of up
to 80% is needed in E:x to account for the experimentally observed
incremental phase ghifts.

It is felt that the energy concentration that causes é:x to
increase, is due to the resemblance of the propagating mode to a negative

circularly polarized mode,” This is brought out by the resemblance

® Energy concentration in the ferrite is a well known effect of

negative circular polarization., See, for example, refcerence (4).
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of the phase shift curves shown in figure 2,3 to the respective

(u' + k') curves, The experiments of sections 3.2 and 3.4 show that
the resemblance to negative circular polarization increases with in-

creased steady field intensity. This increasing resemblauce is most
probably the main factor that causes the large percentage increase in

Ex’ necessary to account for the phase shift,

4,2,2 The modes of the structure

The dominant negative elliptically polarized mode of the structure
has been well confirmed by the experiments of sections 3,2 and 3.4
The single-mode propagation of the structure in the phase shifter
region of operation enables very good match with empty waveguides to
be obtained, if the ferrite rod is gradually tapered to a point. The
H01 mode of the empty waveguide is slowly warped into the normal

mode of the ferrite loaded region. A single permitted mode at each

cross~sectlon enables the taper length to be comparatively short.

The small fluc-

tuations in the insertion loss of the system remaining even with the

(2)

tapered rod can most probably be attributed Lo the small rotations
of the axes of the polarization ellipse found during the measurements
of section 3.2, The phenomenological model appears not %o be able

to account for these rotations.



117

The other mode of the system has been shown in section 3.5 to
be cut-off below a certain frequency, as predicted by the phenomen—
ological theory, When propagating, this mode has been shown to
possess the characteristics of the positive circular polarization.
From the similarity of the structure to an elliptical Faraday rotator
when both modes can propagate, it is deduced that the higher order

mode is elliptically rather than circularly polarized.

4,23 The negative permittivity

The phenomendlogical theory assumes that in the structure a
wave cannot propagate with its E~vector parailelto the broad walls of
the waveguide, and attributes a negative permittivity in this direction
to the hypothetical medium of propagation, This means that any wave
exicted with its polarization parallel to the broad walls is ex~
ponentially attenuated, However, there is also a coupling mechanism
through the off-diagonal component k'of the permeability tensor, which
causes a wave to be continuously excited in this orientation for an H01
inputse The combination of these two effects can be thought to produce
the component of the elliptically polarized wave parallel to the broad
valls.

It is difficult to see why a wave polarized parallel to the broad
walls will not be able to propagate in the system when the zame wave
can propagate through the ferrite rod enclosed by a closely fitting
metal sheath. The constraint is obviously imposed by the anisotropy

of the metal boundary. The degree of this constraint, represented by
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the negative magnitude of Eiy in the phenomenological model, must
depend on

(a) the aspect ratio of the metal waveguide,

(b) the ratio of the ferrite rod cross-section to the

metal guide cross—section, and

(c) the frequency of the wave,

The constraint also depends on the state of magnetisation of the
ferrite as can be seen from the results of section 3.2, The decrease
in fluctuations of the cross-polarized field with large increase of
steady field intensity (when p decreases) may indicate that the
influence of the walls is increasings This is inspite of the fact
that the coupling to the cross—-polarization must be quite large due

to increase in k.

Perhaps the constraint could be physicaliy looked at from an
electrostatic point of view. The electric lines of force naturally
like to line up parallel to the narrower dimension. The presence
of the ferrite rod accentuates this bias, By concentrating the HO1
input within itself it further reduces the influence of the far walls
and in effect increases the influence of the nearer walls., A cross=
polarized wave under such circumstances would probably have its fields
too distorted by the nearer walls to remain a Hol~type mode any more

and would thus be unable to propagate.

Le3 The Insertion Loss Peaks

The sharp dips in transmission investigated in section 2.8 can
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most probably be attributed to;comparatively small;scattering suffered
by the elliptically polarized wave, enhanced by re-reflections due to
favourable phasing conditions, The process ultimately traps most of
the rf energy in the ferrite loaded section and large, sharp peaks of
insertion loss occure The mechanism of the formation of the peaks
is thought to be‘very similarto the peaks observed in the straight
guide at higher frequencies and to the interference effect of Weiss,
mentioned in section Loh.b.  Suil and Walker''?) analybically
predicted similar interference and enhanced Faraday rotation for the
case of a semi~infinite ferrite slab magnetised in the direction of
propagation.

In the simple system treated by Weiss(26) (see section 1.4.4)
the interference effect that occurs even for small rotations can be
explained physically as foilows. The vertically polarized (parallel
to marrow dimensions of input/output rectangular guides) input wave
suffers some rotation in the ferrite loaded circular waveguldes
At the output of the circular section it can be resclved into a ver=-
tically and a horizontally polarized component.  The horizontal com=
ponent is totally reflected backs This reflected wave suffers further
rotation in the same direction and may be resolved again into vertical
and horizontal components at the input end,

Now, 1f the electrical length of the ferrite loaded section is

»®
E%E then the backward travelling horizontal component after re-reflection

* This includes the phase change introduced by reflection at the end,

Note that the case being considered here is for Hdc applied in
the direction of propagation.
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will be in phase with the vertical input wave. The new input will
be continuously decreased up to the output end due to
(a) Faraday rotation, its horizontally polarized component
going to strengthen the trapped horizontal wave, and
(b) interference, caused by the horizontal wave suffering
rotation and producing a vertical compoment in anti-
phase,
This process will continue until, for small amounts of Faraday rotation,
most of the input energy is trapped in the ferrite loaded section as
a horizontally polarized wave. Under these circumstances this
section would behave just like a resonant absorption cavity.x
The present case is complicated by the fact that the input and
output to the system cannot be treated zs simple polarizer and analyser,
and also because the wave is elliptically pclarized. Scattering
occurs at three points instead of two of the simpler system =~ the two
ends and the abruptly twisted junction., However, the results of ine-
vestigations of section 2.8 suggest that the phenomenon depends on
the same factors responsible for the simpler case discussed above,
Thus, many evidences were found to the effect that correct
phasing of the scattered waves was very important for the phenomenon,
The very high~Q cavity like behaviour of the structure also suggested
phase shift dependence and re~reflection of energy, The energy

trapping effect is brought out by the low VSWR, That the abrupt twist

(26)

* Weiss's results s however, do not show the input VSWR's for his

device,
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plays the most important part in the trapping of the energy, is brought
out by the absence of any major effect of matching the ends of the
ferrite rod. This also suggests that the trapped wave must have such
a polarization that it camnot couple to the empty guide at the end of
the loaded section even if the rod ends are well matched, The non-
reciprocal nature of the system with respect to steady field direction,
except for a twist angle of 900, also suggests that the scattering at
the twist junction is mainly responsible for trapping the wave. The
non-reciprocity connects the phenomenon to some sort of Faraday rotation.
That the ferrite rod as a whole is behaving like a resonant length is
brought out by the absence of any effect of displaéing the rod with
respect to the junction., It was found in later experiments that the
effect depends very much on the total length of the ferrite rod.

Figure 4,1 gives the end views of some arrangements of systems in
vhich the insertion loss peaks occur . The arrangement (a) shows a
system in which the output guide is twisted in a clockwise direction
by 60° with respect to the input. Looking at the system as a whole it
can he seen that there is a plane AA in which maximum energy can be
stored, Waves with their E-vector polarized along this plane will
suffer maximum reflection at both ends of the rod. Similarly a wave
with its E-vector along the plane BB will encounter least discontinuity
in the system and wlll propagate most freely through i%, It is believed
that when conditions are suitable, energy is scattered into and trapped

in the plane AA, The small non-reciprocal rotations of the polarization

ellipse noticed in section 3.2 helps in the trapping process. It
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should be noted that the rotations of the major axes are in a direction
as to be accentuated by the twist of the output section (see figure
3.2)s As these rotations have been noticed for thinner rods and at
much lower frequencies, it is felt that this phenomenon may occur more
extensively than is brought out by the present investigations;

Considering the two orthogonal planes of symmetry of the system,
AA and BB, we can identify them with the horizontal and vertical planes
of the simpler system discussed earlier. The non-reciprocity of the
present system arises from the fact that the input polarization is
not along the plane BB, At a twist angle of 90° both the planes
are equally capable of trapping the rf wave and the system is reci=-
procal, If under the condition of an insertion loss peak the steady
field direction is reversed, the wave should be scattered along a
plane which makes an equal angle in the opposite direction with the
input polarization., The non=~coincidence of this plane with BB is
thought to be the reason why the dips in the inéertion loss in figure
2.16 do not occur at the same field strength as the peaksa

The resonant length of the structure gives the inherently small
VSWR's noticed, The magnitude of waves scattered by the abrupt
junction into the plane AA depends on the wave polarization at the
juncfion. This perhaps causes the fluctuations in the insertion loss
shown in figure 2.17 as the rod is displaced with respect to the
junction. The fluctuations are comparatively small, as the curves of
figure 3,2 show that the change of rotation along the length is small,

Figure 4,1(b) shows the condition that is considered best for
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the trapping effect. 1In this case the diagonals of the two wave-
guides coincide and they are twisted at an angle 47054‘ with respect
to each other. The dimension of the rhombic system along AA is now
the largest possible. This interpretation is borne out by the fact
that the loss peaks are largest and strongest at the smaller angles,
as can be seen from figure 2,14, though the discontinuity is smaller
for small twists. Below 47054‘ the system does not possess two
orthogonal planes of symmetry any more (except at 0°) and the mechanism
of energy trapping discussed above does not apply. The twist
discontinuity also becomes too small for appreciable power to be
scattered by it for the small rotations, It should be noted that
during the investigations of section 2.8, the loss peaks have never

been noticed below 49° of twist,

4.4 Mode Spectrum of the Phenomenological Model

The results of the work described so far show that the phenomen-
ological theory described in section l.4.4 very accurately predicts
the novel negative elliptically polarized mode in which the rf wave
propagates through the reciprocal ferrite phase shifter. Neckenbﬂrger(B)
has shown that if the boundary conditions are changed by giving an
equal. positive value to 81{ and (Sy, then the theory predicts the
two oppositely running circularly polarized modes of the infinite

(or, circularly symmetric) ferrite medium, It would be intcresting

to see what other modes are predicted by the model for an extensive
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varlation of boundary conditions and how the mode of the phase shifter
fits into this spectrum of modes.

With this idea, propagation constants and field components were
caleculated with the help of expressions (1.7) and (1.10) after assign-
ing appropriate values to Eax and E:y to represent different boundary
conditions, These values accounted for the different phase velocities
of the wave produced by the metal boundary in the two coordinate
directions, In general an anisotropic boundary was consi@ered and
values of E:x and Ezy were gradually taken towards negative direction
to stimulate decreasing freguency., Alternatively, the decreasing
values of é;x and €iy simulated the decrease in the dimensions of
the metal boﬁndary.

Dependence on the steady magnetic ficld intensity was studied
by assigning various values to the ratio k/p. It must be remembered
that the k and p considered here arc components of the tensor per-
meability as modified by the ratio of the ferrité cross~-section to the
waveguide boundary.  They can, however, be taken to vary in a similar
manner with applied field as does the intrinsic p and k of the ferrlte
material, () Only p» O has been considered, as for p & O an infinite
number of incipient modes can exist in the ferrite medium, The
results arc tabulated in Appendix Two. The propagation coustants for
the various boundary conditions investigated have been plotted in
figure 4.2, and are discussed in the following paragraphs. The values

of figure 4.2 are in units of 2 /Jif]  and, in addition to the
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variations shown, they also vary according to the magnitude of p.

Case 1. (Figure 4,2(a) ):8x = + 155 s 61 = +£ .

In this case the metal boundary allows wave propagation ir both
orientations. It is thus representative of the elliptical Faraday
rotator, or the phase shifter configuration under conditions such that
the higher order mode discussed in section 3,5 can propagate. For
this case, and for all others considered, the phenomenoclogical model
predicts two normal modes. The phase constants of the two modes can
be seen to start from separate points even at zero intensity of the

steady field, H, (though, at zero H . the n-mode does not exist).

d
This separation agrees with the prediction of more rigorous analysis
of wave propagation subjected to two anisotropies, carried out by
Lyubimov(s). For all the cases of anisotropic boundaries considered
here, the propagation constants of the two modes of the model were
found to be separated out at zero Hdc’

With an increase of H, the phase constant of the p-mode in-

de
creases® and that of the n-mode goes down towards O, The p-mode

does not show any interesting behaviour and keeps on propagating until
p = 0s The n-mode however goes to cut~off at k = g, With further
increase of Hdc an exponentially attenuating solution is obtained for
this mode, the attenuation constant increasing with an increase of

H The behaviour of the two modes with variations of Hdc is therefore

de*

® Note that this "increase" does not take into account variations in p ,
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similar to the circularly polarized normal modes of the infinite ferrite
medium.

The form of the modes, however, change with the applied field,
unlike those of the infinite mediums The p-mode which begins
linear (parallel to the smaller dimension of the metal boundary) at
.H = 0, becomes negative elliptically polarilzed at small values of

dec

H It gradually changes to circular polarization at k = p, Beyond

de*
this point the polarization again becomes ¢lliptical, but with the
major axis now parallel to the larger dimension of the metal boundary.
The n-mode is positive elliptically polarized and begins as a very
thin ellipse parallel to the larger dimension. With an increase

of I c the minor axis parallel to the narrow dimension grows, but

d
the ellipse remains oriented parallel to the larger dimension for

the highest values of Hdc considered,

Case 2 § _ -2 &, Ey = 0.

With a decrease of the permittivity components, the n-mode
goes nearer and nearer to cut-off but still cuts off at the same
value of H, (i.ec k = p),  The phase constant of the p-mode also
decreases to some extent. When é;y = 0 the n-mode remains at the
cut-off point for all values of Hdc' The negative elliptically
polarized p-mode has the same phase constant for all Hdc’ but changes

from linear to circular and back to elliptical as before.
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Case 3: (Figure 4,2(b) ): 8 x =H10 E ’ Ey = "E-

With further decrease in the components, Ey becomes negative,
This is the condition of operation of the reciprocal phase shifter,
The n-mode now begins below cut--off and moves towards the cut-off
point as Hdc is increased., Beyond k = g its propagation constant
becomes imaginary and the mode begins to propagate., Its phase con~
stant now increases with further increase of Hdc' The phase cone
stant of the p-mode decreases” with the increase of Hdc and at a
certain value of Hdc’ appropriate to the ascribed boundary conditions,
the phase constants of the p and the n modes become equal. Then
onwards the model agein has only a single mode of propagation,

Another point of interest is that both the p and the n modés
are now negative elliptically polarized, as pointed out by Weiss(6)a
The p-mode begins with its major axis parallel to the narrow dimension
and the n-mode has its major axis parallel to the broad dimension.
Beyond the point k = p both modes have their major axes parallel to
the broad dimension, as in case 1,

At the point k = 1,739 u for this case the two modes coincide.
Beyond this point the theory predicts the same negative elliptical
polarization for both the modes. It also predicts a linear component
for each mode, The linear componentsof the two modes are, however,

180° out of phase with respect to each other and can be thought to

»
The decrecase is due to contributions from k, This is negligible

at low fields, where the large phase delays are obtained from this

system.
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cancel out. Two complex propagation constants are predicted as shown

in the figure, one exponentially increasing and the other attenuating

Case 4 (Figure 4.2(c) ): fx =+ 65, €y= —2&.

As gx and Sy goes further towards the negative direction, the
behaviour of the modes remain much the same as in case 3, as long as
;E&!';> 'E%A . TFor the present case the phase constant of the p-
mode begins from a smaller value, The two modes coincide for a value

of Hdc wvhen k = 1,150 p,

Case 5 (Figure ’+¢2(d) ):EX =4+ 5 5: ay = - 560

This is the case when the absolute magnitudes of the permittivity
components are equal. Only the p-mode can now propagate in the
system, At the transition point k = y the p-mode also gnes to
cut~off and the two modes coincide, being both negative circularly
polarized at that point, Beyond this point there is no propagating
(mode for the systems |

The solutions for the p-mode in the quadrant (~x, +B), for values
of Hdc greater than required for k = p, have been adopted, This has
been done to fit in with the other cases and particularly with figure

4,2(e), which had to be drawn as shown to avoid a solution giving
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exponential gain in the passive systema  The selutions beyond k = p

indicate an exponential attenuation,

eoeulihbwpaunigthiien, The system thus bchaves like a conventional

cut-off waveguide beyond this point, The mode remains negative
elliptically polarized, with the major axis parallel to the broad

dimension,

Case 6 (Figure Le2(e) ): Ex = 4+ 11-8 s Ey = - 86.

As the permittivity components go further down the point of
coincidence occur on the ~a axis at a value of Hdc greater than that
requifed for k = ps  For this particular boundary condition the
coincidence occur at k = 1,061 p, The p-mode still cuts off at k = p
though it starts from a lower phase coefficient value at Hy, = Oe

At cut-off, the p-mode is still negative elliptically polarized
with the major axis along the narrow dimension, The cut-off n-mode

is now negative circularly polarized at k = p.

Case 7 @ £x= o, 8y= -125.

With Ex going to zero the p-mode also cuts off, remaining
linear and at the cutwoff point (0} for all values of H dc* The

n~mode does not exist under this condition,

Case 8 (Figure 4,2(f) ): Ex == 1,5 C‘: ,(C,\y = - 158-

) -
If negative values are assigned to both Ex and C,y the propagation

constants for both the modes begin on the ~x axdis at H de = 0, The
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p-mode now changes its sense of polarization and hecomes pocitive
while the n-mode remains negative elliptically polarized,

With the increase of Hdc the n-mode moves further along the ~a
axiss The p-mode, however, moves towards the cut-off point and
reaches it at k = Us Beyond this value of H . this mode posscsses
an imaginary propagation constants The solutions on the +8 axis
have been adopted for the forward travelling mode, again to fit in
with the previous cases. This phase advance solution is also cone

(39,40)

firmed by the backward wave nature of the anomalous mode in
a thin guide discussed in Chapter Three,
The p-mode how is very similar to the anomalous mode except
that it is elliptically polarized, The phase constant increases
with Hdc until the mode is again cut-off at p = 0. The major axis
of the ellipse remains parallel to the narrow dimension of the boundary
for 211 values of Hdc’ but the minor axis grows as Hdc is increased,
The cut-off n-mode begins with its major axis parallel to the larger

dimension, becomes circular at k = p and then on has its major axis

parallel to the narrow dimension,

Case 9 (Figure 4.2(g) )‘.fgx = - 208 =€y’

This is the case of the circularly symmetric guide, too narrow
to allow ordinary wave propagation, filled completely or partially
with longitudinally magnetised ferrites We see that the phenomen-
ological model predicts all the characteristics of anomalous pro~

pagation under such circumstances wvery accurately.
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Two oppositely running circularly polarized modes are predicted
vhich, due to the symmetry, start at the same point on the =a axis
for Hdc = 0, With the increase of Hdc the modes bechave similarly
to the previous case., Beyond k = p the positive circularly polar-
ized p-mode begins to propagate, the phase constant increasing with
the increase of Hdc° The corresponding phase constants are higher
than the previous case, They become very high for infinitely thin
tubes, represented by high negative values of the permittivity com=
ponents, This behaviour of the anomalous mode is also predicted
by more exact analysis.

The present case was also investigated for p £ 0. It appears
that there is nof much change in the behaviour of the p-mode, but the
n-mode becomes able to propagate beyond the point k = -, Thus a

linearly polarized incipient Hllwtype mode is predicted.

Conclusions

From the foregoing discussion of the mode spectrum of the
phenomenological model it would appear that the negative elliptically
polarized normal mode of the elliptical Faraday rotator converts into
the phase shifter mode under the constraint that wave propagation
cannot take place orikented in one of the transverse coordinate
directions, When normal wave propagation is prevented along both
transverse coordinates, the mode converts into the anomalous mode
and propagates when k> p :> 0.

For the phase shifter arrangement, the theory predicts single
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mode operation except for a small range of Hdc that satisfies the

following conditions, derived from relation (1,7):
12 ' )2 12 .0 £y 2
i (8x+5y) > (Gu (cf'x (:y) +Ex€yk) >0 (4.1)

Under the conditions of expression (4.1) two negative elliptically
polarized propagating modes arc predicted with their major axes
parallel to the larger dimension of the metal boundary. In that
case the wave-polarization would again vary with distance and some
rotation of the major axis occur, as these two modes beat with each
other,

At a lower frequency or for R smalier waveguide (but still
large enough to permit normal propagation along one transverse
coordinate) cases 5 and 6 predict that wave propagation will take
place only for valuesof Hdc below that for which k = p. The negative
elliptically polarized mode in these cases behave exactly like the
positive circular mode of the infinite ferrite medium.

The anomalous propagation predicted by the model appears not
to be limited to completely filled narrow circular waveguides, The
model y a5 we have scen, applies equally well to waveguides filled
partially with gyromagnetic semiconductors. Case 8 predicts anomalous
elliptically polarized mode in non-circularly symmetric waveguides,
completely or partially filled with longitudinally magnetised ferrite.
The occurrence of this type of propagation thus appears to be more
extensive than have been investigated up to the present.

For the constrained propagations, the phase delay of the p~mode
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is decreased by contributions from the k component of the permeability
tensor. Thus the k component advances the phase of the phase shifter
mode, as well as the anomalous mode, same as it does for the positive
circular mode in the infinite medium., This would appear to indicate
a fundamental connection of the phase shifter mode with the normal
positive circular polarization. The connection appears to increase
as the wave is more and more constrained, as has been seen from
Cases 5 and 6, It seems that at moderately high fields {when k is
important) the interaction of these two modes with the spinning
electrons of the gyromagnetic medium may be similar.

The above investigation with the help of the phenomenological
model has given us a better understanding of the mode pattern in
small waveguides containing longitudinally magnetised ferrite,
Future attempts at solution of the problem by numerical methods may
possibly be helped by the mode spectrum presented here,  There
appears to be many novel and interesting features of these modes
to justify further investigations both theoretically as well as

experimentally,
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CHAPTER FIVE

DEVICES

5.1 Introduction

One aim of the present investigations was the development of
useful microwave devices based on the phase shifter configuration.
This aim was always kept in view when carrying out experimental investi~
gations on the structure. During these investigations some behaviours
of the structure were noticed which were thought suitable for the
development of devices. Notable among these are;

(2) the sapability of a cavity based on this structure of being
tuned by the variation of the steady megnetic field, and

(b) the non-reciprocal insertion loss peaks.
The use of these characteristics in developing a tunable in-line band-
pass filter and a tunable narrow-band isclator are described in this
chapter. Some other characteristics, also suitable for the development
of new devices, have already been remarked upon in relevant sections of

Chapters Two and Three.

5.2 Development of a Tunable Cavity

The large phase shift properties of the present structure auto-
matically suggests its use in resonant lengths to produce a tunable
filter., Such a filter would be expected to provide a large tuning range,
as we have seen that the decrease in maximum phase shift with tle decrease

in frequency is small. Results of measurements of wavelengtls in the
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ferrite loaded region (not included in this thesis) indicate that with
the .313" dia. specimen an incremental phase deley of over 50% is obtained
at 9100 Mq/s. Experiments ofbsection 2.5 indicate thet for the sane
specimeﬁ, if the frequency is lowered by 9.9 % the phase shift drops by
about 25%. Thus a tuning range of at least 10% could be expected from
a cavity using this sample, assuming that the initial phase constant
also drops by the same amount. Insertion loss at resonance should not
be too high if a low-loss ferrite like R1 is used, provided that the
number of resonant sections can be kept small.

A simple in=line electrically tunable filter of moderate band-
width would be very useful in microwave communication systems. The
tunable YIG filters at present available are inherently narrow band
devices. TFilters tuned by transversely magnetised ferrite have Leen

(46) (&7)

developed by Chitre and Reggia s, which are suitable for system

use. The resonant structure in Chitre's filter consists of a thick

iris loaded at one side by 2 sliver of ferrite. Reggia used a cavity
formed by silvering the sides of a rectangular block of ferrite. Both
these structures suffer from the defect of not being easily adjustable,
thus imposing severe manufacturing and tuning field tolerances if the fil-
ter is compoged of more than one section. The prémise of an easily

manufacturable and adjustable filter of good performance and small size

was therefore felt worthy of further investigations.

5,2.1 TForm of Obstacle

The first step in obtaining a resonant cavity from the phase shifter

structure was to determine the bestform of obstacle to be used and the
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optimum way of coupling into ané out of the cavity. The full-length
313" dia. rod was used for the firat part of this experiment. The
behaviour of this rod with seme diameter copper discs at ends has
already been shown in Figure 2.8(b). Results for some othar end pieces
are plotted in Figure 5.1. None of the obstaclesshovm made electrical
contact with the surrounding metal walls.

it can be seen that a small hole in the upper disc reduces the
meximum an¢ minimum losses considerablr. Ain increase of the disc
diameter together with a simulbaneous increase of the central hole
appears to keep the minimum losses more or less the same, while
increasing the maximum losses achievable, With the big rectangular
end pieces, the minimum losses are much higher, as would be expected.
However, the fluctuations are more regular and do not show the
large increase with field intensity as do the disc cases .
This is more like the behaviour one would expect from a resonating
cavity., It was therefore concluded that the conventional diaphragm
with a central coupling hole would probably be the most suitable form
of obstacle to place at the ends of the rod to form the cavity.,
The next step was to determine the optimum size of the hole
that would give critical coupling. This was again done by trial
and error for a small length of the ,313" dia, Rl rod, The length
was chosen in a manner similar to that described in section 3.5,
to form a Kg/z cavity resonant in the dominant mode, The arrange-
ment of the cavity was similar to that shown in figure 3.7(b),
except that this cavity was slightly longer. Various coupling

hole diameters were tried and the results are shown in figure 5.2,
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Best results werc obtedined for a coupling hole diameter of .220",

This result formed the bhasis of caleunlations for determining
the sigzes of coupling holes for other cavities, in later experiments,
The calculations were based on relations given by Wheeler (48)
of the coupling co-efficient in terms of the ratio of effective
volumes of the coupling hole, the cavity and the waveguide.x
By proportionately varying the size of the hole with the help of
these relations it was found that optimum coupling could be obtained
in all cases to a first approximation.

The cavity shown in figure 3.7 was then formed and its
behaviour at various frequencles checked, as recorded in the
figure, Over 10 percent tuning range was obtained with this
cavity resonating in the dominant w:ode. However, the insertion
losses and input VSWR's at resonance veried considerably with
frequency. Another‘was attributed to the variation of coupling with
frequency, Another disadvantage of this arrangement was the
large d.c. magnetic field required for tuning.

Sels2 Arrangement to reduce coupling variations

By tuning the cavity described in the previous sub-section

the resonater volume could be thought to be lept approximately

# The coupling between a resonant cavity and a waveguide has becen

expressed by Wheeler for end wall cgupling as H
The loading power factor = Vc
(5.1)
16 Vr Vg
where Vc = Effective volume of coupling hole (g (hole dia,);).
V- = Effective volume of resonator ( o (physical volume)).

Effective volume of waveguide ( & (guide wavelength)).

oy
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constant over the whole tuning range. However, it could not
change the effective volume of the waveguide coupling into the
cavity. Thus, from expression (5,1) the coupling coofficient would
be expected to vary with frequency. It was thought that if the
electrical length of the waveguide was also made to vary as Hdc was
varied, then a more constant coupling should result,

The arrangement to accomplish this is ehown in figure 5.3,
where the ferrite rod extends on both sides of the cavity., The length

were
of the input and the output sections, detcrmined for this experiment

A (48)

from considerations of coupling elone. Wheeler shows that the

Ag
2n
(one radian length). The input and output sections were made

wavegulde length affecting the coupling can be token to be

considerably longer than this. The length of the cavity was kept the
same as in figure 5,2,

The coupling hole diameter was obtained with tho holp of
expression (5,1) and the results of figure 5,2, After allowing for
the fact that the coupling hole is now loaded by dic¢lectriec on
both sides instead of only one, the result for coupling hole diameter
obtained was ,152",s The results recorded in figure 5.3 indicaote that
this gave nearly optimum coupling, especially at the higher cnd of
the tuning ronge. The junctions of tho diaphragms and the guide
walls were again painted over by conducting paint.

The results of figure 5.3 show that a large tuning range
has been achieved by this arrangement and that the inscrtion losscs
at resonaonce are substantially lower, This cavity resonated at

about 8700 Mc/s for Hdc = 0, The tuning ronge was thus approximately
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15 percent of the mid-renge frequency. At the lower end of the
tuning range largc VSWR's at resononce (about 1031 at 7500 Mc/s)
indicated that the coupling was less than optimume This is
perhaps because of the fact that in the expression (5,1) both
Vg and Vr must have increased due to the cnergy not being as
effectively bound to the ferrite rod as at higher frequencies,
The relatively high insertion loss at resonance for 8,000 Mc/s
could have been due to errors of mecasurement., The input VSWR
was low for this casc,

It can be scen that the vhole tuning range was covered for
Hde intensities less than 400 cers, This was a considerable
improvement on the case of figure 3.7 vhere a maximum of over

800 cers was required.

5:2.3 Frequency response

Figure 5.4 shows the frequency responsc of an arrangement
similar to that of section 5,2.2 using .281" dia, RL rod,
The length of the cavity was chosen to give a similar performance.
to that shown in figure 5.3. Some adjustment to the length wes
nade so that the cavity rescnated at a slightly higher frequency
at Hdc = 0, This was done, as it was intended to incorporate this
cavity in the firal design where it was wished to cover a tuning
range of about 8200 to 9200 Mc/s. Due to the use of the
smaller diameter rod it was expected that the unwanted response
of the cavity (sce figure 3.7) in the higher order mode would be
quite a bit removed from the upper ond of this tuning range.

The length of the input and cutput feeders was made long

encugh so that in the final 2-scetion filter the cavities and the
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15/4 coupling scction would be wniformly magnetised. This should

reduce the steady field requirement and give a better tining
characteristic and performance., The limit on the length was
imposed by the requirement of providing a uniform Hdc over the
whole filter, aﬁd by the consideration of making the final
length as small as possible.

The coupling holc diameter was colculated as before to be
about .140", This size was used for this prcliminary cxperiment
to get an idea of the adjustment, if any, that would be required
for the finol design.

The responsc of this cavity was reccorded over a frequency
range of 7,000 to 11,500 Mc/s at a steady field intensity of
75 oers., The insertion loss at resonance was found to be quite
low for this opproximately calculated sizc of the coupling hole,

Tt was found that the cavity could be tuned over a range of about
10 percent of the mid-band frequency. This was lower than that
obtained with the ,313" dia., rod in the previous section, though
the measurcments of section 2.3 showed that the ,281" dia. specimen
gives a higher phase shift, From this it is concluded that the

rod Miameter is the most important factor for determing the tuning ‘
range.

The curves of figure 5.4 show that the nearest spurious
response for this arrongement is around 9700 Mc/s. This is thought
to be due to the response of the cavity in the higher order mode.
The low insertion loss at 10,900 Mc/s is most probably due to the

cavity becoming equal to Ag, The cavity is very much over coupled
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at these frequencies due to the dielectric effect of the ferrite
rod. The deterioration of performance at the high freguency end

of this cavity indicates that filters tised on this structure will
have to be used in conjunction with a low pass filter if this

roange is of interest.

In the low frequency end, progressively high isolation was
obtained. However, an ocnomalous absorption was noticed at 7,800
Mc/s as indicated by the low VSWR in the figure. Although there
was an accompanying dip in the insertion loss, it remained quite
high, This absorption pheucomenon was investigated in greater
detail and is described in the next subwscction,

S.2s4 The anomalous absorption

The obsorption effect of the arrangement of the previous
section was investigated at neighbouring frequencies to determine
its charscteristics. The results arc shown in figure 5.5,
Measurements of the inscrtion losses ond the VSWR's were taken
scparately as there was little correlation between their fluctuations.
The variations in the VSWR's as Hdc was varied were follcwed
continuously in this case and the minimum points were located
accurately., The effect was found to occur for this cavity from
7800 Mc/s up to 8200 Mc/s, as shown., Frequencies below 7800 Mc/s
were also checked, but no evidence of the absorption was noticeds

Figure 5,5 shows that the absorption occurs ovér a wide range

of H o intensity, the required mognitude incrceosing as the frequency

d
is roised, Corresponding to the minima in the VSWR the insertion

loss showed peaks or dips but remained quite high., The steady ficld
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had to be varied by a large cmount {over 800 oers). to retain
the effect, for a rclatively smoll variation of frequency
(400 Mc)., The system was 2lso checked at 7800 Me/s after
removing the input and output sections. The coavity by itsclf
did not show the absorption effect. It should be noted,
however, that the coupling was much decreased in this casc
due to the removal of the ferrite fceder sections,

One ex@lanation of the phenomenon would be that the covity
was resonating in a mode with a high phase constant, which
decreosed with the increasc of Hdc’ The obsorption is due to
the dieclectric and mognetic losses of the ferrite in the
resonator. At the frequencies concernmed, however, the RL
specimen was not found to be very lossys Also, thc mode spectrum
discussed in section 4.4 does not predict such a mode under
these conditions, However, the phenomenological model does
predict two negative elliptically polarizdl modes for this

system, for values of H, greater thon that for which k = B,

de
This critical volue of Hdc may be quite low for these

frequencies due to the transverse demagnetisction of the long rod.
If the two modes arce sble to propegate they could couse heating
and cnergy trapping effects in the same way as hoppens due to

Faraday rotation.

5e2¢5 Arrongements for od justing the eagzﬁg

In order to fecilitate lining up of the asscmbled filter it
was necessary to provide an easy meoms of adjusting each resonont
element. The use of resonant cavities in this design was fortunate

in that, conventional tuning scrcws could be used for these
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adjustments., Holes were therefore tapped for 10 BA (l% dia. )

screws at the centre of the two norrow sides and one broad side

of the cavity of section 5.2.3¢ It was thought that scrows
projecting from the narrow walls should have the some effect on

the resonant frequency as the capacitive screws projecting from the
broad walls, becausc we were dealing with elliptiecally polarized
waves, The screws from the sides were expected to brovide a finer
control over the resonant frequency.

The results of introducing the screws into the cavity are
shown in figurc 5.6. All the screws appear tc affect the cavity
in the soame way, except that much more penetration is necessary fourr
the screws from the narrow sides, as expected. The results shown
are for a frequency below the tuning ronge of the cavity. The
minimum insertion loss can be scen to be graduslly reduced as
more screws are iﬁirnfueoda At frequencies vhere the original
cavity could rcsonate, the screws decreased the value of Hdc
reguired for resonance. Effect of introducing more thon one screw
from the sides was olso checked, It was found that this disturbed
the fields too much and increased the insertion loss at resonance.
In fact it was found that the moximum allowable penetration for the
single pair of side screws was ,225", Even for this penetration
the inscrtion loss at resonance for Hdc values slightly above zero
was found to have incrcased considerably, % The top screw (on the

broadwall) was found not to affect the resonance insertion loss

# Note that the resononce insertion losses of all the filters
described here were found to be maximum when the ferrites were
very slightly magnetised,
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appreciably even when nearly touching the ferrite rod in the
cavity.

The resonant frequencies at or near Hdc = 0 were not

very much affected by the side screws, because of the linear
ﬁature of the mode at low fields. This feature appeared to be
very suitable for the tracking of the multi-section filter,

The cavities would be lined up at low Hdc by the side screws."
The side screws were also expected to increase the tuning

range by extending the low frequency end of it without
affecting the high frequency end. However, as we have seen

above, the amount of increase would be small due to the limit

imposed on screw penetration,

5.3 Electrically Tunable Two-Section Bandpass Filters.

5.3.1 Untunable guarter-wavelength coupling.

The first attempt at a two-section filter was to combine

two cavities similar to the one shown in figure 3.7, through
an empty rectangular waveguide quarter-wévelength section.
The quarter-wave coupling was chosen because of its
suitability for this, comparatively narrow band, filter,
Each cavity could thus be individually made and tested, and
the final adjustment of the filter proved much easier.

The length of the quarter-wavelength section was chosen to
correspond to approximately the middle of the tuning range.
A section of the filter through the narrow sides of the
rectangular guide is shown in figure 5.7. The cavities were
individually assembled in sections of rectangular wavegulde
and then finally put together inside 2 closely fitting slecve

of internal dimensions 1" x %" (not shown here). The sleeve
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was made from conveniently available British X-band guilde
which just fits on the outside of the WG-16 used. This
method of assembly is similar to that used by Chitre (46).
Conducting silver paint was used to provide good connection
between the diaphragms forming the cavities and the guide-
walls. Only one adjusting screw, as shown, was used to line
up the cavities.

Figure 5.7 shows the frequency response of this filter
at approximately the middle of the tuning range. The insertion
los in the pass band is rather high., It was found to be even
higher (= 12 dB) at the low frequency end of the tuning range
and for very swmall values of Hdc' This is attributed to
manufacturing defects and to the use of lossy silver paint in
the cavities. The assymetry of the insertion loss in the pass
band is attributed to non-optimum length of the coupling section
(49). At the high freqﬁency end of thetuning range the pass
band was symmetrical. The tuning range of 700 Mc is lower
than expected. This also could most probably be improved by
carefully manufacturing the cavities to have nearly equal
resonant frequencies independent of the adjusting screws.

It is thought that with better manufacturing techniques,
reasonable performance could be obtainable from the filter.
The advantage of this design over that of figure 5.3 is that,
this filter is not limited, by Faraday rotation considerations,
to operation in the dominant mode only. If both modes of 'igure

3,7 were used, the filter could be tuned over a much larger

frequency range. This would of course be at the cost of having
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two responses for the same value of Hdc’ and a low/high

pass filter would have to be used in conjunction, The axial
steady magnetic field intensity required for tuning this
filter is high compared to the alternative design mentioned
earlier,

5.%.,2 Tunable quarter-wavelength coupling.

The high field strength required for tuning, and the
non-optimum length of the coupling section of the filter
described in the previous section prompted us to investigate
the possibility of using a quarter-wavelength section of the
same ferrite loaded waveguide as formed the cavities.

Ferrite rods would also be used at the input and output of
the cavities, as described in section 5.2.2. It was thought
that such an arrangement should have the following advantages:-
as. Variation of coupling with frequency will be
less,
b. Much lawer %teady field intensity would be required.
c. The coupling section will always be of optimum
length; non-symmetric pass bands should not occur.
d. Due to the arrangement being like a continuous rod,
the ferrite will be more uniformly magnetised.
Tracking the two cavities should thus be casier.

A sectional view of the arrangement, based on that of
section 5.2,3, is shown in figure 5.8. The coupling holes
were slightly longer in this case to compensate for the

effect of the adjusting screws, Screws were also provided
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at the centres of one broad side for the 15/4 - section, as
well as for the cavities, The advantage of the dielectric
matching tapers used, compared to tapering the ferrite rods
themselves, is that the steady magnetic field is required over
a much shorter length in the former case.

The filter was assembled in sections of WG-16 waveguide
of appropriate lengths. The use of silver paint was avoided
by making the diaphragms extend up to the outer edges of the
guide-walls (their size was 1" x %"}, The whole asseubly was
then pressed together to make good contact. All the waveguide
sections had to be very carefully manufactured and ground flat
by hand so that good connection was made all round. The
ferrite sections were also cut and ground very carefully, so
that the two cavities were equal in length up to the figures
shown on the diagram.

An external view of the assembled filter and the mechanism
for pressing the sections together are shown in figure 5.9.

The square flanges shown were hard-soldered on to the wave-
guide so that they would not slip when the nuts were tightened.
Slots were cut on the sleeve holding the filter sections

together, for the introduction of the adjusting screws.

Though six side screws per cavity are shown, only the central
one on each side was used for adjusting the filter. One central
screw on the far side cannot be seen because it has been screwed
in. Of the top screws, the central one was for the adjustment

of the Xg/h-section.
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It was attempted as far as possible to make the resonant
frequencies of the two cavities same, without the aid of the
screws. The procedure was to slightly grind down the rod of the
cavity that had the lower frequency of resonance. This was

found difficult as ‘dismantling and reassembling the filter

changed the resonant frequencies of the cavities in an

unpredictable manner, By carefully removing only the section
that requirei_grinding, leaving @2ll the others in position the
resonant frequencies were brcught fairly close to esch other at
the end. )

This enabled the screws from the narrow sides to be used
meinly to increase the tuning range, as discussed in section
5.2.5. The alignment procedure for the filter was as follcws,
The centralkside screws were introduced to the maximum
permissible limit and the filter was tuned by them for maximum

transmission, at the lower frequency end of the tuning range.
Then it was readjusted at the higher frequency end by the top
screws of the cavities. The procedure was repeated until
no further improvement was obtained in the transmission,
Then the 18/4 was adjusted at the mid-tuning-range frequency.
The filter was then checked over the whole tuning range and
slightly readjusted for best performance. Results indicated
that better characteristics could probably be obtained by meking
the coupling section slightly longer.

The frequency response of the filter at the two extremities
of the tunings band and at about mid-band are shown in figure
5.8. On the low frequency side the cufves did not come down

again, and isolations of over 70 dB were always obtained.
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On the high frequency side the performance can be seen to
have deteriorated beyond 9500 Mc/s, as expected from the
frequency response of figure 5.4 The anomolous absorption
discussed in section 5.2.% was also noticed here for the
response of Hie = 300 oers, at 8000 Mc/s. The insertion loss
of the device was higher at and near HdC = 0. The performance
of the filter over the whole tuning range is recorded in
figure 5.10. It can be secen that a very uniform performance
was obtained except at the extreme top end., The maximum

H,. required was 300 oers., and about 80 percent of the
tuning range could be covered by only about a quarter of

that field strength.

Figure 5.8 also indicates the 3 dB bandwidths of the
response curves. As can be seen, thers was a2 rather large
variation in the bandwidth. It was thought that this could
partly be dﬁe to the adjusting screws. At high Hdc values the
frequency sensitivity of the effect of the side screws was
added to the normal Q of the cavity. The 3 d3 bandwidth
thus became narrow. At low values of Hdc the linearly
polarized mode made the side screws ineffective and the
bandwidth was broader, Torcheck this hypothesis, frequency
responses of the filter weremeasured with the side and top
screws mostly removed. The results are shown in figure 5,11,

The variation in the bandwidth was subatontially reduced
by the withdrawal of the screws. Insertion losses in the pass-
band were also found to have been lowered, the most marked

improvement being at the high freguency end. With the screws
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in, the worst response was that at Hdc = 5,25 oers,, where
the insertion loss wae high and the 3 dB bandwidth was as
large as 135 MC. In the case of figure 5.11 the responses
for Hdc = O and 5.25 oers. are much more regular. One
disadvantage in this case is that the tuning range has been
slightly reduced.

The performance of this filter is quite suitable for
system applications. Used in conjunction with a2 low pass
filter, isolation in the stopbands oi over 70 dB can be
easily obtained., The insertion loss in the pass band is
moderate and can be furﬁher decreased by using better
ferrite materials., The tuning range could be increased by
using a thicker diameter rod, as shown by the results of
sedtion 5.2.2. Problemsof Faraday rotation in the input and
output members in thiscase could be covercome by slightly

reducing the waveguide height in those regions.

5.4 Narrow-band Tunable Isolator.

As poiﬁted out in section 2.8, the characteristics of the
insertion loss peaks obtained with an abruptly twisted junction
of rectangular waveguides containing an axial ferrite rod,
are suitable for the development of a very narrow band isolator.,
In this section results of attempts at obtaining a higher
forward to reverse loss ratio are described. Performance data
of a prototype isolator are also presented.

A 3 7/8" length of the .313" dia. Rl specimen was used

o
for this investigation. The insertion loss of a 52
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twisted junction with this rod placed centrally 2long the
axis is shown in figure 5.12 (a). The large peaks obtained
with the longer rod (see section 2.8) seems to have
disappeared, The best non-reciprocal behaviour can be seen

to be around H = 20 oers. The rod was then passed through

de
two twists in the same direction, of 52° ¢ach. The central
waveguide section was 1 7/8" long and the rod protruded 1"
on each side of this ssction. The insertion loss of this
arrangement as a function of steady field intensity is shown
in figure 5.12(b). A very high non reciprocal peak can be
seen to have been obtained at HdC - 18 oers.

The freguency response of this peak is shown in figure
5.12 (¢). The bandwidth at points where the loss falls 20
dB below the peak is 12.25 MC. This is about 30 percent larger
than that obtained with the 5" long rod in section 2.8.4,
So it appears that thefrequency selectivity of the arrange-

ment could be increased if needed by increasing the length

of the rod,

It was found that, by varying the twist of the output
section and the st.ady field intensity, the loss peak could be
tuned over more than 200 Mc in the X-band. These results are
shown in figure'5.13. It is expected that if both twist angles
as well the steady field are varied a larger tuning range can

be obtained.

This device could be used in comrunication systems to
tune out unwanted signals. It could also be used as a high—

speed, matched input switch in narrow band applications.,
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However, since no important applications for the device
could be envisaged, further efforts werenot exerted in

perfecting it for system use.
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APPENDIX ONE

STATIC MAGNETIC FIELDS

During the course of this work various dc magnetic fields had to
be used to magnetise the ferrite specimens. Field intensity require=
ments varied from over 2000 ocersteds to a fraction of an occrsted.
Arrangements for obtaining these fieids are described in the following

sections.

Al.l Magnetic Field used for Preliminary Experiments

Two coils, each of length 11,2 cm., internal diameter 13.0 cm.
and extcrnal diameter 28.3% cm. were available. These were used side
by side, thus giving an effective coil length of 22.5 cm. The field
strength along the axis of this system for a current of 0.5 amp (maximum
allowable) flowing through cach coil is shown in Figure Al.l, The
field values were obtained with the hclp of a calibrated fluxmeter and
a search coil and are estimated to be accurate to within 1%. From
the graph following data were calculated for future use:

Average field intensity over 12.65 cm.

I

for 0.5 amp. coil current 700 oers. + 1%

1}

13, %%

Variation of field over 12,65 cm.

The length 12.65 was considered, os this was the maximum length

of the ferritec specimens used. For shorter samples one coil only was
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sometimes used. The maximum length of ferrite samples in this case
was 3,57 cm., and over this length the average magnetic force was

estimated to be 450 ocers. + 1% for a coil current of 0,5 ampa

Als2 Magnetic Field used for Later Investigations

The dec ficld described in section Al.1l was judged to be un-
sultable for more sophisticated experiments where
it was nceccssary to be sure of a constant ficld over the whole length
of the specimen, It was also necessary to extend the investigations
to higher ficlds than achievable by these coils. A 28 cm. long
coii was thercefore designed, with a continuous current rating of 1
amp., suitable for use with a 500 volt, 4 amp. dc power supply. The
coil was divided into threc scparate sections and wound on brass
bobbins for bectter heat dissipation and easier handling., The inner
diameter of the bobbin was determined by the flange-dimension of
standard X-band waveguides. This in its turn, in combination with
the maximum length over which a steady field was required, determined
the total length of the coil,

A plot of the field strength along the longitudinal axis of the
coil is shown in figure Al.2. With a current of 1 amp. flowing
through the three sections, connected in series and bolted together,

the following results were obtained:

Average field intensity over 14 cm, 750 oers. + 1%

Variation of ficld over 14 cm, = 7.7%
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To obtain a more uniform field, measurements were made with

reduced current flowing through the central scction, with the following

results:
Field variation with 0.95 amp. through central section = 6,3%%
Field variation with 0,90 amp. through central section = 5,8%

The field strength, however, dropped considerably as can be seen from
figure Al,Z2.

Attempt at getting a more uniform field was also made by putting
air-gaps between the scctions., Extended plotting of field strength
along the axis of one of the sections was carried out. The result
is shown tabulated in Table Al,l, Field distributions for the com=
bination were then calculated for various air-gaps, assuming the
sections to be identical. Minimum field variation was obtained with
airegaps of 1 mm., but this was only 0.5% lower than that obtained with
no gaps. The improvement is thus even less than by the previous
method.  These improvements were not considered worthwhile and it
was decided to use the sections bolted together with the same current

flowing through all of them.

Al,3? Magnetic Field used for Resonance Investigations

Field strengths of up to 2500 oers. were required for the deter-
mination of saturation magnetisation from the resonance absorption of
the ferrite specimens., This wns achieved by a coil wound on a

circular waveguide of 1" internal diameter, which was then placed
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> field in
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e 21 : 8037
« 20 8.65
- 18 10.60
- 17 11.44
- 16 13.67
- 15 16.18
- 14 18.69
- 13 22.60
- 12 27.62
faad 11 32009
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- 3 170.19
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in cm.|oers. %1%
+4661 555.21
+ 5| 553.54
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+ T} 495.23%
+ 81 438,59
+ 9 37%.86
+ 10 204 .67
Y 243,85
+ 12 188.88
13 145.08
+ 14 112.16
+ 15 88.44
+ 16 T70.31
+ 17 57.75
+.18 47,99
+. 16 40,46
+ 20 3%.48
+ 217 2?&9@
+ 22 22.88
+ 23 19.5%
+ 24 16.74
+ 25 14.51
+ 26 13.11
+ 27 11.44
+ 28 10.32
+ 29 8.93

able Al.1. Average axial field intensity of one section
of the coil of figure Al1.2 for a current of one ampere.
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inside the coils described in section Al,1, The arrangement and
the dimensions of the coll combination are shown in figure A. 1.3,
Plots of field intensities available at the centre and 23" away from
the centre along the longitudinal exis of the system are also shown,
for o constant current of 0.5 amp. flowing through each of the outer
coils.

The lower line in figure Al.3 represents the mihimum field
intensities on a 12.65 cm. long specimen, It can be seen that over
such a length the field variation changes from 14% at low fields to
over 30% for the highest field strengths. This was considered good
enough for the requirements of the experiments carried out. For
current values higher than 1 amp. through the inner coil it was found
necessary to switch off immediately after taking a reading, to prevent

.overheating.
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APPENDIX TWO

CALCULATION OF PROPAGATION CONSTANTS

The propagation constants and the ratios of field components
in a bounded ferrite rod, ms a function of the magnetisation of the
ferrite, were calculated with the help of expressions (1,7) and (1.10),
respectively, of the phenomenological theory. Various boundary con=
ditions were represented by varying the components E;x and {;y of the
permittivity tensor. The results are tabulated below,

In these tables the propagation constant ¥y is obtained by the

relation

¥ = % /n (42.1)

Only positive values of pu and k have geherally been considered, andé:,‘lc
and f;y have been represented as multiples of a small scalar quantity
E;. The term NE in the columns for ratio of the field components

indicate that both components are non-existent.

Case 1

)

Assumed parameters: = + 15£ and Ey = + E- .

o~
™

X

A 8u6 * /49u2£2+15k2£2
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p~mode

n-mode

N
in‘p' X+in'p€' Ypin% ] Ex/'Ey

x_inlpﬁl Ynin%/'pgl

Ex/Ey

0 +15,00 +3 2.87 oo +1,00 +j 1.00 NE
0.5 +15.52 +3 3,94 -j 1L.9%% +0,48 +3 0,69 +3 0,069
0.9 +15.82 +j 3,98 -j 1.10 +0,18 +3 0,42 +3 0.061
1.0 +16,00  +j 4,00 =3 1.00 0 0 +5 0,067
2.0 +18.L+L+ +j 4.29 —j 0158 —2.44 + 1.56 +j 0012
10,0 +47,36 +3j 6,88 ~j 0,31  =31,3%  + 5,60 + 0,22
Cage 2
Assumed parameters: ex =+ 12F  and Ey = 0,
Con: o= 6p o+ f36%°
p-mode n-mode
k
. . . W - . )
1nig. AAnp g Yplng/‘ual Ex/ny AAn gl yping/|uE) Ex/Ey
0 +12.00 +j 3.46 o0 0 0 NE
0.9 +12,00 +3 3,46 -3 1,11 0 0 0
1,0 +12,00 +j 3,46 -j 1,00 0 0 0
10,0 +12,00 +§ 3.46 ~j 0.10 0 0 0




Case 3

Assumed pararﬁeters: Ex =

+ 10&

and E‘y = ~§
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p=mode n=mode
inTL| 2in jugl ypinf/]ﬁif Ex/Ey A_in Jugl yninf/jﬁij Ex/Ey
0 +10.00 +j 3,16 e ~1,00 +1,00 NE
0.5  +9.77 +3 3,13 =j 2,15 =0.77 +0,88 ~j 0,046
0.9 +9,21 +j 3.03 -j 1.12 =0.21 +0. 46 ~j 0,088
1.0 +9,00 +j 3,00 -j 1.00 0 0 -3j 0,100
1.1 +8,76 +j 2.9 -j 0.89 +0,24 +3 0.49 -j 0,11
1.5  +7.28 +3 2,70 -j 0.55 +1,72 +j 1,31 -j 0,18
1.739 +4,50 +j 2.12 -j 0.%2 +4,50 +j 2.12 -j 0.3
2.0  +4.50 +  -0,70 + +5,50 + +4,50 ~ +0.70 + +5,50 =~
J 3.2 j 2.23 j3.12 3312 §2.23 j 3.12
+j 20,00 +j 20,00
10,0 +4.50 + 3,67 + +5,50 + 44,50 - 43,67 + +5.50 -
j 31 14§ L2k i 31,14 j 3L.14  j h.2k i 31,1k
+j 100,00 +3 100,00
Assumed parameters: € = + 6€  and E‘y = - 2€

Cooa, = 2uf ¢ 164562 -12 k€2

<+
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p-mode n-mode
k -
. R ) . LW
in i A in tpe‘ Yoitg |RE] Ex/Ey ?\_:Ln'p.a' Y ing/ Ju€) Ex/Ey
0 +6.00 +j 2.45 o0 ~2.00 +1.41 NE
0.9 +l+-50 +j 2.12 —j 1-20 _0050 +O.71 "‘j 0028
1.0 +l,00 +j 2,00 -J 1.00 o} (o] =3 033
1.1 +3,22 +3 1.79 -j 0.79 +0.78 +j 0,88 -j O.h2
2,0 +2,00 + 1,41 + +4,00 + +2,00 =  +1,41 + +4,00 -
3 5.66 j 2.00 i 5.66 j 5.66 j 2,00 i 5.66
+3 12,00 ' +3j 12,00
10,0 +2,00 + -4,03 + +4,00 + +2,00 =  +4,0% + +4,00 -
j 34.42 j k.27

j 34.42 5 34,42 L.27
+3 60,00

J 3hk.b2
+j 60,00

Case 5

Assumed parameters: ﬁx

S, =j-_/ 25 PE% - 25182

—

+ 5€ and5y=~56.

~0
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p-mode n-mode
k
injpl  Adnfeg] Ypin%/}pﬁ! E/E,  Ainjug ¥ 10/ Tug] E /B
0 +5.00 +3 2.24 o0 -5, 00 +2.24 NE
009 +2418 +j 1048 "‘j 1060 "'2418 +10)+8 -'j 0.63
1.0 0 o) ~§ 1.00 o) 0 -3 1.00
1.1 4§ 2,29 +1.07 - +5,00 + =j 2,29 +1,07 + +5.00 -
j 1.07 j2.29 j 1.07 j 2.29
3 5.50 j 5.50
2.0 +j 8,66 +2.06 - +5.,00 + =j 8,66 +2,06 + +5,00 -
j 2.06 j 8,66 j 2.06 j 8,66
3 10.00 7 10.00
10,0 +j 49,75  +4,98 - +5,00 + =3 49,75 +4,98 + +5,00 -
J 4.98 3 49.75 i .98 ] 49.75
3 50.00 3 50.00

Case 6

Assumed parameters: ax

ooa 7\3_- = - 2 [J.g, t /36 p2£2 - 32 kaaa

+ 4E and éy = - 8&.
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p-mode - n-mode

o) ndnfgl vied/lEl B/B ainleel vl B/E

X

0 +4,00 +3 2,00 el -8.00 +2,8% NE
0.9  +1,18 +j 1,08 ~j 2,55 =5.,176  +2,27 -3 0.98
1.0 0 0 -3 2i00 =4,00 +2.00 -j 1.00
1,061 -2,00 +1. 41 -3 l.42 =2,00  +1.41 =5 l.42
2,0 -2.00 + +2_.68 - 6,00 + -2,00 - 42,68 + +6,00 -
3 9.60 j 2.18 +j3 ?6go J 9.60  j 2:18 . J;%:gg
10.0 -2.,00 + +5,40 - +6,00 + =2,00 = 45,40 + +6.00 -
j 56.24 j 5.20 ] 56,24 56424 j 5.20 i 56.24
+j 40,00 +3 40,00

Case 7

Assumed pérameters: Ex =0 and é.y = -12€

- 2
eTe N =6 wE /361462

p-mode - n-mode

k pe— - —
inf  Mnlg] vin/PE B/B injug) vind/ g B/

0 0 0 '<¥s) -12,0 +3, 46 NE
0.9 0 0 O 12,0 +3.46 NE
1.0 ) 0 O -12,0 +3.46 NE
10,0 0 0 00 12,0 +3, 46 NE




Case 8
Assumed parameters: E’x = - l.5£ and Ey = - 15£, .
Con, ==825uf # / u5.568%2 + 22,5 €22

+
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: p-mode n-mode

k —
inff  Mdnjug) Ypin%)/ rp_{i E x/Ey v')»_in €} Ynin%)/'pﬂ Ex/Ey
0 -1,50 +1,23 (o¥ar ~15.00 +3,87 NE
0.9 -0.30 +0,55 +j 10,89 =16,20 +4,03 -j 0,89
1,0 0 0 +j 10.00 -16,50 +4,06 -j 1,00
1.1 +0,29 -j 0,53 +j 9,26 =16,80 +4,10 -j 1.09
2.0 - 43,39 -5 1.84 +j 6.13 =19.90 +4,.46 -j 1,65

~j 6,30 +3j 3.64 -56.20 +7.50 ~j 2.74

10.0 439,66

Case 9

Assumed parameters:&x = - 205. and f’y = - 20¢ .

u.o )\. ="'20 !J-E i

+

/ 100 k2 €2
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p~mode n—modé
k _
. . ’ . W T . i L W
1n}pf h+1nipc4 Yplnc/,péj Ex/Ey X_;nlpf] Ynlng/’péq Ex/Ey
0 -20.00 +h, L7 NE -20.00  +L.47 NE
0.5  =10,00 - +3,16 +j 1.00 =30.00  +5.48 -3 1,00
0.9 -2,00 +1.41 +j 1.00 ~38,00 +6,16 -j 1.00
1.0 0 0 +j 1.00 =40.00  +6.32 -3 1,00
1.1 +2.00 -3 1.41 +j 1.00 =44, 00  +6.63 -3 1.00
2.0  +20.00 -3 b b7 +j 1.00 =60.00  +7.75 -3 1.00
~10.0 +220,00 -j 14,83 +j 1,00 =180.00 +13,42 ~-j 1.00
-2.o§l +60,00 =3 7.75 +j 1.00 =20,00  +4. 47 -j 1,00
B4
-1.o§3 +40,00 -5 6,32 +3 1.00 0 0 -3 1,00
~0.5 2 +30,00 -3 5,48 +j 1.00 +10.00  =j 3.16 -j 1,00
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