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This report is subdiviied into three parts, each with its own page

numbers, references, etc. These parts are:

I. Phase Shifter Develon:.=nt
by Robert Seckelmann

II. Non-Linear lLosses in Ferrites

by Edward J. McKinney

11, Propagation of TE Modes in Dielectrically Loaded kectangular
Waveguides

ty Ropert Seckelmann

Part I. contains data on the experimental work and general

acknowledgements,

Part II. and Part III. are theoretical studies.



PART I. PHASE SHIFTER DEVELOPMENT

ABSTRACT

The phase shifters discussed are nonreciprocal. They contain circum-
ferentially magnetized ferrite cylinders, which work at remanence. The
differential phase shift is controlled by partial magnetization of the ferrite,
achieved by contrciled flux transfer. Three problems, common to all such

phase shifters are dealt with:

1. The ei.iciency of flux transfer and the possibility to add f'lux bits.

Experimental data and a theoryv in agreement with these data are presented.

2. The determination of r-f magnetic threshold fields above whi:h the
losses of ferrites increase with field strength. The threshold is calculated
from the measured threshold power of guides completely or in part filled

with ferrite.

3. The influence o' waveguide and ferrite dimensions ~n the freqiency
dependence of the differential phase shift, onthe preoportionality betwren
phase shift and transferred flux, and on the peak power handling capability
is investigated experimentally. Slabline and waveguide type devices

have been used.
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I. PRCJECT OUTLINE

The object of the program reported here was to demonstrate the feasa-
bility of: non-reciprocal multibit latched ferrite phase shifters for freq-
uencies in the 4 - 12 GHz range, capable of handling peak powers of 10 KW

and controlled by flux transfer techniques.

Tentative goals were set in ccntract review conferences during the

inivial phase of the development as follows:

Investigate slabline and waveguide type devices

Switch in four bits (180°, 90°, Ls”, 22.5°)

Achieve at least 360°/dB

Lrive with 500 pjoules or less per switching cycle

Allow for a switching cycle approximately 5 usec.

Understand the trade-offs between the various

parameters and formulate design rules

The phase shifter requirements could have been fulfilled by using

four ferrite bits of different lengths along the axis of the device and
switching them between their largest negative remanent magnetization and
some pocitive remanent magnetization smaller than the largest one by means
of controlled flux transfer to secure a phase shift independent of temp-

(1)

encouraged to pursue their idea to achieve several bits of differential

erature. In review conferences, however, the investigators were

phase shift by using only one bit of ferrite alorg the axis of the device
and to control the phase shift by controlling the state of magnetization

of this ferrite. Consequently a device very close to an analogue phacse
shifter has been developed. This second approach requires a mvrch tighter
control of the field distribution in the device and imposes more res-
trictions on the rerrite and guide shape than the first approach would have

done.

Flux transfer circuits have been analyzed tiheoretically and the theory
has been found to be in good agreement with experimental data. Circuits

have been designed to add phaseshift bits by adding flux bits.




The phase shifters and the syst. as using them could be consideruably

simpler, if it were possible to eliminate some of thie switching wires.

This should be posctible by supplying to the phase shifter voltage pulses

of ccnstant height (voltage) and variable length (time). Ideas ror such
circuits - tempprarily called "analogue drivers'" - have been conceived

diring the last phase of the contract, but have not yet been tested. An
electronic driver of very small volume and steered by a computer could be
incorporated ir the phase shifter. Whereas now such a computer has to

s2lect - in the case of a four bit phase shitter - any of 16 bit combinations,
it would then select any of 16 times, during which it would activate the
driver. All phase shifters studied use round ferrite cylinders. The

devices have too complex a gecmetry to be directly dealt with mathematically.
Rectangular waveguides with dielectric slabs parallel to the narrow guide
walls serve as more or less crude analytical models. The propagation of

TE modés in these loaded guides has been studied in detail. Numerical
results for a large range of parameters are given in Part LII of the

report. They will also be publisihed as a G.E., TIS Report. The computer
program 1o obtain these data was financed in part by this contract. The
slabline type phase shifter performance could be explained niceiy in terms
df TE modes in dielectrically loaded rectangular waveguides. The computer
results were also used to evaluate tests to determine the threéﬁold field
strength for the onset of non-linear losses in a rectangular waveguide

containing a ferrite slab.

The differential phase shift versus flux dependence led to a model for
magnetization of ferrite toroids, which irn turn led {to & reciprocal TEM
phase shifter controlled by partial magnetization. This reciprocal phase

shifter has been tested in one of the high power test structures.

The development of high-power ferrites is covered by other ¢ontracts.

Here the influence of the device geometry on the on-set of non-linear losses

was considered. The requirements were met, and results encouraging the develiop-

ment of phase shifters capable to handle higher peak powers, {2y 50-100 KW
were obtained. An effort has been made to understand and predict the onset

of non-linear losses in ferrites of Arbitrary shape. A theoretical study is

2

i | mnmmﬁ;lm

fopar | isrmoe o, AL

S 4l

gl 8

A, i T i

SR s

t ol

A M

Lot




given as part II of this reprrt. This ureatise includes the results
obtained by other workers with more restricted models, At the moment,
however, it cannot be used to its full extent because not all parameters

could be determined in experiment.

Figures of merit of more than 400°/ds have been obtained throughout
the development. Neerly octave bandwidths with only a few percent variation
in differential phase slLift have been obtained in waveguide type phase
shifters. The highest peak power handling capability, the broadest band-
width and proportionelly between differentia. phase shift and flux
transferred have, however, not been obtained simultaneously. Trends have
been found for the optimization of each characteristic, but the trade-offs
are not fully understood. Nearly all parameters are mutually dependent
(e.g. ferrite wall thickness, diameter. wavezuide height and width,
filling factor).

The project was started with three parallel efforts:
to investigate flux transfer circuits
to study the onse. of non-linear losses in ferrites

to develep phase shifters at low powers.

n the second half of the project the flux transfer investigation was
replaced by an effort

to develop driver circuits

Finally, the phase shifters were tested with high peak power pulses. The

different efforts will now be described in the crder given above.




II. CONTROL OF FLUX-TRANSFER

A flux transfer circuit is shown in Figure 1. R is a variable resistor in the
eircuit, Cpe=C;, ..., Cy are n "driver" cores (index D) of various sizes, which are
switched from negative to positive saturation magnetization or the corresponding
remanent magnetization. ¢ is the "microwave" core (no index), which produces the
differential phase shift. For both, the driver and the microwave core the simple BH-
loops of Figure 1 are used to analyze the transfer circuit., B 1s the flux density and H
is the magnetic field strength. i

ol

In an unmagnetized ferrite core the magnetic dipoles are randomly oriented. There
exist domains for any orientation. In a core saturated by sending a etrong current
pulse through the core the ferrite is circumferentialily magnetized. B8ending now an
increas!ag current in opposite direction through the core, orie reverses gradually the
sense of circumferential magnetization. Two models to describe the magnetizing process
may be used, In & "many shells" model the ferrit- may be locked upon as conaisting of
many successive, very thin, laminar layers. A magnetizing current will either not
change the staie of magnetization of a particular shell or drive it tc saturation
magnetization. According to this model, an increasing d.c, current would at first
"switch" the inner ferrite rings, then the outer ones. An a.c, current with decreasing
anplitudes would produce & sejuence of circumferentially magnetized ferrite slells with
alternating directions of magnietization. In a "one sh2ll" model the magnetigation would
be hcmogeneous throughout the ferrite well and can vary from cozplete spin aligmment in
e direction to random spin orientation to complete alignment in the other circum-
ferential direction, depending on the driving conditiona. An a.c. current pulse with
decreasing amplitudes sent through a "switching" wire through the axis of the ferrite
core would demagnetize the ferrite, i.e. randomly orient the spins. It i1s felt that
often a super position of:a "many shells" and a "one sheil" model will offer the best
explanation of effects. Assuming for the ferrite a simplitried BH loop as shown in
Figure 1, the shell thickness would ¢ given approximately by rl'/ra' = H' where
ry', rp' are the radii of the layer switched (with ry € r\' r,' $rpandr), rp the
itnner and outer core radii).

et ot

Dynamic permeabilities'u = dB/AH are defined by
RALES WO R W TC N NS R ¢ 1Y

(1) _ (H) _ |
W (8, - B,)/Hy» by (Brg - Bpu)/Hpg - (1p)
gnd dyamic inductances with the core height h by
L=ag/dl =4 h In (ra'/rl')/Qn (2) '

A' = h(rg' - rl') is the area of a particular core, in which the flux it changed ﬁy

= <Al J =
A% = AB A., with A' = A.
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FIGURE 1.
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Before & switching cycle begins, a reset pulse drives both the driver and the
microwave core to saturation and subsequently to the corresponding remanent state. Let

this be the negative state for both coreg, - Br and -Bp,, respectively,

is now driven to Bps and then falls back to Bp, = BDs - 6B?, the remanent state, It
feeds the transfer circuit with an approximately rectangular voltage pulse of height
(voltagef V, and length (time) T, followed by a pulse with a relatively small negative
peak voltage., T is proportional to the length of the driver core. The available flux is

The driver core

T
&g, = 2By A = 8f, - 8B, b, = I V,(t)at e V)T (3)
o

Let 6¢D << A¢D, (with holding current applied or un(ﬁ, ~ ), so that

N A (4)
The flux transferréd is 00 p

&g, = { V,(tjdt = l Ve(t)dt - &g (5)
6¢ is a relatively small contribution caused by the falling back of the microwave core

from a value By to B, - 8B, With uD(H)av O,the time constant for this fall back

process is given by L(H)/R. Let the microwave core be driven to a value B < B'. The

transferred flux is for a lossy circuit:

oo - o0
48, gl v, (t)at - ‘[ 1(t) Rat (6)
. T T T
8P, + 48 = L v (t)at - l‘i(t)adt - f L(V‘Qééﬁ) dt (1)

80 that

1(t) = (1 - exp(- tR/L(t))) vl/n ~ tVl/L(t) with t & T < < L(t)/R
Initially, during 0 s t € T, < < T, the inductivity

/4
1 of the micrcwave core is L\ﬂ). The
current in the transfer circuit rises fast as

1t) = (1 - exp(-tR/LM)) vi/R v 1) yien ¢ < T <<7 (8a)

)
At t = T, the inductivity becomes L(v) > 2> L(H', &nd the transfer current increases only
slowly a
) = 1T+ (- exp(-(e - 1) B (v, - 1r Ry

MI(Ty) + (b - TV, - I(Tl)R)/L(V) ~ 1(1)) (6b)

with 7, s t s 7 << (V)
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A HP 21LA pulse generator was used to saturate the driver core.
Figure 2 shows the output voltage of the unloaded source, the output
voltage of the driver-core-loaded Lource, the output current of the driver-
ccre~loaded source, the voltage across the secondary side of the driver
core (open transfer circuit), the voltage across the secondary side of the
driver core (with microwave core applied). One recognizes the fast increase
in currant (from the source) due to the small inductivity between - B_ and

Dy
B

Dk ? then the slow increase of current due to the large inductivity between

- BDr and BDs an. the fast increase between BDS and B > BDb' Figure 3 shows
the current ir the transfer circuit (R = 0) and the voltage across the microc-
wave core. The decaying current trail at the end of the current pulse
produces a negative voltage across the microwave core, as indicated in

Figure 1. in Figure 2 it cannot be seen. It follcws the positive voltage

pulse and has a very low peak value. Figure L4 shows the voltage Vl across
the driver core for several driver core sizes (with holding current). The
driver core supplies an approximately rectangular voltage pulse of height
(voltage) vy and a width (time interval) T. In Figure 4 Vl is approximately
constant and T proportiornl to the size of the driver core. It is not
necessary to produce the time voltage ares VlT via a driver ferrite. It

can also be done electronically. As indicated in Figure 1, the flux loss
via olmic losses during the currernt rise time T, is very small comrared

1

with the loss during T, < t < T. With this approximation and T - T, ~T,

1
the transfer efficiency bvecomes

(V))

N = (a8, /6fy) @ 1 - (88/8¢) - (RT,/L (9a)

(v)
(ad

shells" model this means that only a certain fraction of the total numter

As long as tne microwave core is not saturated L A¢D. In the "many

of laminar layers are switched; in the "cne shell" model L(v)is & function

of an effective permeability, which increeses with driving current.

In Figure 5 tle drirer and microwave core sizes have bee varied by

using various numbers (nD and nM) of equal ferrite rings for both, the
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If the two bits are switched at a time, the transferred flux is

A¢t(l’2) = 0g, ¢ 0g, - op (12)
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The difference can be overcome by adding to the n different bits a
crapensation flux bit A¢c = 0. Whenever bits are switched, individually
or several at a time, the extra bit is switched at the same time. The

transferred flux is then

ap, ™) - (ap v 08) - o9 - ag (13)
A¢t(l*2)= (8¢, + 88 ) - 84 + (0f, + 88 ) - bF = bf, + 48,  (14)

00, 0%) < (ap, v 0g, c 0p) - op = o + g, (15)

The transfer circuits of Figure 1 and Figure 8 contain the microwave core,
the active driver core to achieve a certain flux transfer,and some idle
driver cores. The influence of the idle core on the transfer efficiency
has been found to be negligible. 1In a setup as in Figure 1 different
numbers of equal ferrite toroids have been used for microwave, driver and
idle cores to establish this result. The idie cores are, of course, reset
to negétive saturation just as the active driver before flux is transferred.
Thus, their inductivity is close to zero. The results are sumnarized

in Table 1. The flux transferred to both the microwave and the idle

cores .ias been measured. The low efficiency for ¢ = 20% is due to the
fact that rather small cores have been used, so that chmic losses in the

transfer circuit represented a considerable fraction of the total losses.

Active . I Idle Flux Microw. Flux
cores avallable cores Transf. cores transf. ag T
5.32 Vs 0 0 wVs 5 L.46 uvs L4o% 83.7%
2 5.32 " 3 <0.02 " 5 L.hs " Lot 83.6%
i 2.66 " 0 0 5 1.66 " 20% 62.5%
1 2.66 " b <0.03 " 5 1.66 " 20% 62.5%
TABLE 1. Intlucnce of Idle Cores on Transfer Eificiency
15
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ITI. NON-LINEAR LOSSES IN f"RRITES

Noni-linear losses occur when +the rf - magnetic field in the wave-
guide surpasses a threshcld value. Power is then dissipated into the spin
wave spectrum. The dominant mechanism is subharmonic generation, where
spin-waves of half the frequency of the drivin. rf-field are excited. This
is a "first-order" effec” because the spin wave amplitude is prcportional
to the rf-field amplit:de. Via a second mechanism spin-waves can be ex-
cited at the frequency of the driving rf field. This effect is of '"second
order' because the amplitude of these spin waves is proportional to the
square of the rf-field amplitude. Whenever the subharmoni: generation takes
place it occurs at such low rf-field amplitudes that the second order
effect may be neglected. Assuming only subharmonic gmeration, E. McKinney
1ias derived threshold field strengths for ferrites of arbitrary shape at
remanence. This treatise is given fully as Part II of this report. It
includes the i2sults of other workers. McKinney has to normalize the
threshold field strength to a spinwave line width or relaxation time.

Were this line width known, it would be possible to predict the threshold
field Jirengun tor ferrites as a function of frequency, and for devices
where the field distribution is known one could also predict the threshold
power. So far it was not possible to measure the relaxation time accurately
at one frequency only, even less to determine whether the relaxation time

is a function of frequency, ferrite shape, driving field strength or other
parameters.

By testing ferrites of equal size and shape in equal test devices at
6.5 GHz, relative power handling capabilities could ve determined. Two test
series were performed: In the first one a coaxial line was completely
filled with ferrite. The diameters were chosen so that only TEM modes
should propagate. This test device was matched into 50 ohm lines via step
transforme:s at both ends. The VSWR was below 1.5 in all cases, correspending
to a reflection loss « 0.17 dB or a power reflection cof less than 4%. 1In

the second series a ferrite slab was placed in the center plane of o rectangular

17




waveguide parallel to the narrow well and extending over the full height
of the guide. The filling factor was five percent. The ferritc was tapered
at both ends to secure a VSWR <« 1.5. The rf magnetic field amplitude was

calculated under the assumption that the relative ferrite permeability He =1

and the relative ferrite dielectric constant €p = 11, ...15, as given by the
manufacturer, In the coaxial line the strongest rf-magnetic field occurs

at ~che 1nner conductor. With

P = 2I° = 2™ D° ¥ (16)

where P = peak power, I = current In inner conductor, D = diameter of inner

conductor, Z = line impedance, H = rf-magnetic field. One obtains with

ne ~ 10

H _ oD q/BKH (
Alcm cm Z/ohm

In the rectangular waveguide (WR 137) a: the test frequency of 6.5 GHz the
field distribution cuc-side the ferrite slab follows a hyperbolic function

and one obtains with the dimensions sketched below

. w
= (B
Py=§ (Ez X Hx) dA = 2b _([ (B, x Hx)d,x

(18)
- 1-6 o 1
= owb -EQ H2 I j&L§E—? dae + I il (¥ + 8) a9
o) D 1-6 _
X 4
s 7‘: 2w
€
M
(y) & f (X)
18

.t m—— i e e e - = P e e —

sﬂ“—m ;}lw ‘M' i

il

AN S L 2

:
L
4
]




where

k = longitudinal propagastion constant
P/w S transverse propagation constant in empty part of guide
Q/w 2 trensverse propagation in dieleciric
1/0 = relative amplitude in empty part of guide

1 2 relative smplitude in dielectric

6 = aMm
.;p=X/w

The full theory is given as Part III of this report. For the given frequency
and wavegiide (2w = 1.372 inches, b = .622 inches) one obtains finally

E_ . yy/ & (19)
Aem ¢ V kW

where N is & function of iie ferrite dielectric constant

¢ 1 8 : 1

n

1k 16

N .925 - 1.05% 1.1c8 1.130 1.162 1.180

The test results are summarized in Figure 9. The coaxial line test leads
to conslderably higher values for the threshold field than the wave guide
test does. The reason is not yet understood. The spin wave spectra excited

in both test series may not be equal. Other possible explanations are for

the coaxial line test:

The impedance is other than calculated with €p

Several modes exist {pe~tly due to air gaps
petween ferrite and conductors)

The rf-magnetic field strength varies con-
siderably over the ferrite wall thickness.
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The average threshold power in the waveguide test could be determined
accurately, because the non-linear losz/power characteristic 1s a straight
line in a double logarithmic scale as shown in Figure 1C. If the ferrite
wou d not warm up, this line would end abruptly at a maximim power-independent
loss. Such a maximum loss nes been maintained over a large power range
when the ferrite was kept cool. Figure 10 shows a peak in lcss due to the
warming up of the ferrite and the subsequent change in saturation magnetiza-
tion. The onset of non-linear losses in the ccaxial line tests was not sas
well defined. The losses inc.'eased to & small. value over & large power
range before they followed the straight line. Besides the results were not

as reproducible as in the waveguide tests.

Figure 11 shows the input pulse and the deformed ocutput pulse at
various power levels. The reduction in loss at high powers shows up clearly.
To determine the threshold power it has beer assumed that the input pulse
is rectangular and 0.42 psec wide. Assuming an exporential growth of ihe
spin waves it should be possibie to find the relaxation time from the decay

of the high peak of the output pulse.

With the poor input pulse shape, however, this does not yield accurate

results. The spin wave line width appears to be between 0.5 to 2 A/cm.

The resonance frequency has been taken from the manufsacturers data or
from the onset of losses at lower frequencies in a coaxial line filled with
ferrite, as illustrated in Figure 12, or from measuring the flux available
from a toroid. In any case the accuracy may be + 5%. Plotting the threshold
fields versus wm/w, as done in Figure 9 and assuming & linewidth of 1 A/cm,
one finds that the waveguide test data come closer to the theoretical results

than the coaxial line test data do.

In any case the power handling capability increases as the saturation

ma.netization decreases.
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IV. RECIPROCAL TEM MODE PHASE SHIFTER

The "one shell" and the "many shells" model for ihe magnetizaticn of
ferrite Loroids - mentioned under "Control of Flux Transfer'" - leads to
an interesting consequence. Tne "many shells' model forbids, while the
"sme shell" model allcows & recipreocal, latched ferrite phase shifter using
the TEM modes in & cosxial line. According to the "many shells" model
an alternating current with decreasing amplitudes applied to the inner con-
ductor of the coaxial line would produce a sequence of circumferentially
magretized ferrite shells with alternating directions of magnetization.
In any such scquence no microwave interaction between the ferrite and rf
magnetic field of a TEM mode would occur., The effective relative permea-
bility for this mode wculd always be one. In a "one shell" model the mag-
netization would be homogeneous throughout the ferrite wall thickness and
could vary from complete alignment in one direction to random spin orien-
tation tc complete alignment in the other circumferential direction,
depending on the driving conditions. This model allows a reciprocal latched
coaxial phase shifter. The ~lectrical length of the device depends on the
d egree of dipole alignment in the ferrite, not on the circumferential
direction. In a coaxial line filled with ferrite (TTl-lO9/ L = 4 inches,
DO = ,221 inches, Di = .063 inches), a differential phase shift has bteen
measured between a) the demagnetized state, achieved by gending an a.c.
pulse with decreasing amplitude through the center conductor and, b)
the state of partially circumferential magnetization (either direction)

achieved by sending a d.c. pulse through the inner conductor.

The reciprocal phase shift could be controlled by the amplitude of the
d.c. current pulse or by contrclled flux trarsfer. At about 5 GHz the
reciprocal phase shift could bte stepped up to approximately 20, L0, 60,

and 8C degrees. The coaxial line used in this experiment was built tor

ferrite tests at high peak powers at 6.5 GHz. The phase shift experiment

was only a feasibility demonstration. The demagnetization was done at
60 Hz. The switching properties of nonreciprocal phase shifters - investi-
gated under the present contract— indicate that demagnetization at a few

kHz should be possible.
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Stepping up the B-H loop from one state of circumferential magneti-
zation to the demagnetized state to the opposite state of magnetization gave
a smaller maximwn reciprocal phase shift than starting from the a.c.

demangetized state.
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V. DIFFERENTIAL PHASE SHIFTERS

Three types of nonreciprocal phase shifters are shown in Figure 13.
AXl of them use as the nonreciprocal element ferrite toroids, which are
circumferentially magnetized and work at remanence. In all of them the
phase shift is controlled by partial magnetization, achieved through

control’ed flux transfer.

The "ncrmal" helix type phase shifter has been developed and described

by H. A. Hair.(l) The "inverted" helix type phase shifter has been found
)

less effective than the normal one.

The slabline type phase shifter and the waveguide type phase shifter
with Jerrite toroids were urszd in the experiments described further down.

Rectangular ferrite tubes were uUsed in the first waveguide type phase
gu yp

ks Y
shifter by Levey and Silber‘3’ (1)

(5)

and the improved versions by Blevins,

and Tatt and Sweeney.

The direction of magnetization in the phase shifters considered is in
a plane transverse to the direction of propagation. Differential phase
shift can be obtained when circularly polarized rf fields exist in a plane
transverse to the direction of magnetization. Hybrid modes, which do not
occur in empty guides, and TE modes, which have counterparts in empty
guides, fulfill this condition. The tensor permeability of the ferrite
makes the exact computaticon of the propagation constants in “hese guides so

difficult, that sc far no exact solution exists. An analysis has to be

based on more or less crude models. In simple configurations exact solutiorns

imay be found for cielectrically loaded guides. Perturbation calculations

(6)

configuratiors investigated, tie dielectrically loaded waveguide model

can then take care of thin magnetized ferrites. But even in the complex

analyzed in Part III of this report offers pood explanations.

In the phase shifters considered here it has been attempted tc achieve
a proportionality between tue differenti. 1 phase shift and the flux trans-
ferred to the phase shifter. The ferriie was driven betweer its maximum
negative remanent state of magnetiz&tion and various other remanent states
between this one and the maximum positive remanence. All tests were per-

formed with Trens-Tech ferrites.
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V.1 Waveguide Type Phase Shifters

All the phase shifters investigated use round ferrite cylinders.
Previous work dcne in this laboratory indicated, that they should perform
at least as well - as far as figure of merit and bandwidth are ccncerned -

as prhase shifters using rectangular ferrite cylinders.

The first experiments were done witn a TT1-105 ferrite toroid
(Msss 17 uVs/cmz) with  .6A2" outer diameter in a standard WR 137 wave-
guide. With tapered slabs the guide widch was reduced. The final step was
to go to a circular guide of the ferrite diameter. The device is shown in
Figure 14. Other parameters varied wére the ferrite wal’l thickness and the
ore dielectric constant. The results are shown in Figures 15, 16, 17,
(phase shift versus frequency) and Figure 18 (phase shift when stepping up
the B-H loop). The results show that thin wall ferrites with proper di-
electric cores can produce phase shift nearly as large as achieved with thiczk
wall ferrites and that the phase shift versus frequency curve is the flatter
the wider the guide. The '"phase shift per step" characteristic for stepping
up & BH-loop could be improved when the guide cross-section was changed as
shown in Figure 19. The guide heignt is reduced *o less than the ferrite
toroid diameler and the toroid rests in groves in the top and bottom wall

of the guide. The threshold power with this device was .8 XwW.

Since the threchold field strengths fcr ferrites gernerally incresases
with decreasing magnetization the ferrite TT1-1400 Oﬁsﬂle st/cme) was
chosen for further experiments. Figure 20 shows first results with this
ferrite. Reaucing the ferrite diameter reduced the slope of the phase
shift versus frequency charac*eristirc. Essentially, constant differential
phase shift over a bandwidth of 2.5 GHz, centered at ©.2 GHz was achieved
with a filling factor of about 31%. With increasing filling factor the slope
beccmes negative, as seen in the illustrations of this report; with de-
creasing filling factcr the slope becomes positiveS as shown for guides with

(5

factor for constant phase shift over a broad band seems to be in the neighbor-

rectarguiar ferrite toroids by Taft and Sweeney. The optimum filling

hood of 35%. In Figure 22 it is seen that the guide height has no great
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