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Operation of the Field Displacement

in Rectangular Waveguide*

R. L. COMSTOCK~, STUDENT MEMBER, IRE, AND C. E. FAY~,

Isolator

FELLOW, lRE

Summary—A field displacement isolator in WR-159 rectangular

waveguide consisting of a full height ferrite slab having a resistive

film on one face is treated analytically. The resultant transcendental

equation was programmed for a computer and values of the propaga-

tion constant found in the frequency range 5.9o to 6.45 kMc for vari-
ous film resistivities. Two TE modes are found to exist whose relative

behavior depends on the resistivity of the film.
Reasonably close experimental verification of the results was ob-

tained. for the total attenuation and for the predicted E-field distribu-
tions “by -E-field probe tests. Additional attenuation above that pre-
dicted by the theory for a single mode is observed as a result of an
interference at the end of the ferrite.

A partial height ferrite slab isolator was subjected to E-field probe

tests. The field dktributions were found to be similar to the full
height case. Here, also, additional attenuation is obtained at some

frequencies as a result of an interference.

INTRODUCTION

T

I HE field displacement isolator has proved to be a

valuable device in microwave transmission sys-
J

terns where low attenuation in the forward direc-

tion of transmission and high attenuation in the reverse

direction are desired. In rectangular waveguide it has

usually taken the form of an off-center slab of ferrite

haviug a resistance sheet on the side nearer the center

of the waveguide as shown iu Fig. 1 (a). The best per-

formance so far has been obtained with “partial height”

ferrites, where there is an air gap between all [aces of

the ferrite and the waveguide walls [Fig. 1 (b)].

This type of isolator has been made to have reverse

to forward attenuation ratios as high as 150 to 1 db

over an 8 per cent bandwidth at 6 kMc. Such a device

was first described by Fox, Miller, and Weiss.l A more

complete treatment was given by Weisbaum and Seidel.2

More recently, Button3 has given an analysis which is

quite useful in a preliminary determination of the

thickness of the ferrite slab and its spacing from the

sidewall for the “full height” case of Fig. 1 (a). Other

authors have treated the problem of propagation in

ferrite-loaded waveguide but none has, t.o the best of

our knowledge, considered the case of the field displace-

ment isolator with resistance sheet, or the case of the
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Fig. l—Field displ?cem~ut isolator configurations and dimensions.
(a) Full height Isolator. (b) Partial height isolator.

“partial height” ferrite. The “partial height” case

would be very difficult to treat analytically.

W. J. Crowe’ has calculated modes in ferrite-loaded

rectangular waveguide with consideration of the effect

of magnetic losses in the ferrite. We have treated a simi-

lar problem in which magnetic loss is neglected and a

resistive sheet is introduced on the face of the ferrite.

Anal ysis of the “full height” case ir-1 WR- 1.59 wave-

guide has been carried out for different loss film resis-

tivities over the 500-Mc frequency baucl centered at

6.175 khlc.

The experimental work has consisted of measurement

of attenuation and electric field patterns of isolators of

both “full height” and “partial height” configurations.

A quite powerful experimental tool for this work is the

E-field probe. one of the authors5 had considerable ex-

perience in its use prior to this work. More recently,

other papers dealing with field probe experiments on

ferrite-loaded waveguide have appeared .6!7 One of these7
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fornia, Berkeley, Engrg. Res. Ser. No. 60, Issue No. 186; ] uly 16,
n.. ,
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gives some data on a field displacement isolator which

are qualitatively consistent with some of our results.

The ferrite used in this experimental work was Gen-

eral Ceramics Corporation’s Ferramic RI, a magnesium

manganese ferrite having a saturation magnetization of

2175 gauss. This had been found to make good isolators

at 6 kMc. In preliminary experiments the thickness of

the ferrite slab and its position in the waveguide had

been varied until a situation was achieved where the

minimum forward loss and a reasonably high reverse

loss occurred at the same applied biasing field at a

frequency of 6.175 khlc. This was done to provide a

starting point for theoretical and experimental work

which would be near a useful operating condition. The

dimensions chosen for the ferrite bar were: length 5

inches, width 0.795 inch (equal to the narrow dimension

of the waveguide), thickness 0.120 inch.

The waveguide used was WR-159 rectangular wave-

guide having transverse internal dimensions 1.590 inches

by 0,795 inch, and the spacing of the ferrite from the

waveguide sidewall was 0.065 inch.

THEORETICAL CONSIDER~TIOiNS

The Boundayy Value Problem

It is desired to find the solution to the boundary

value problem of a lossless ferrite slab, with a resistance

sheet on one face, in rectangular TE mode waveguide

[Fig. l(a)]. The electric fields in the three regions shown

in the figure are given by the following expressions:

.RegioiL

I E. =

II E,, =

III E. =

where r = a+jfl is the complex propagation constant.

The transverse wave numbers are:

Regio?z Tvamverse Wave ~Vwnbev

I, III
d

ka= ~~, + r’

II

where e is the relative dielectric constant and p. is the

effective permeability y, or p,= (,LP— kz) /p, in which p

and k are the diagonal and off-diagonal components of

the Polder tensor8 which describes the ferrite permeabil-

ity. To evaluate r it is not necessary to solve the

boundary value problem completely and evaluate the

constants ~, (B, (!? and D. H. Seidelg has developed a

s D. Polder, “On the theory of ferromagnetic resonance, ” Phil.
Msg., vol. 40, pp. 99–115; January, 1949.

g H. Seidel, “Ferrite slabs in transverse electric mode waveguide, ”
J. A@l. Phys., vol. 28, pp. 218-226; February, 1957.

method for the determination of 17 for structures of this

type. Briefly, the method consists in representing the

ferrite slab, resistance sheet, empty waveguide and

any other region in the laminated waveguide cross-

section by a transverse matrix operator. The particular

operator chosen was the AB CD matrix which transfers

the vector

E.

[1H,

from one vertical longitudinal plane to another, i.e..

where subscripts 1 and 2 denote longitudinal planes in

the waveguide.

Once the operators for each region are determined,

they are multiplied to give an over-all matrix for the

structure. From the above relation we obtain

E,l = AE., +BHU,. If we choose planes 1 and 2 to be the

waveguide sidewalls, then E, ~= E., = O. This requires

that B = O. Putting B = O results in a transcendental

equation from which the propagation constant r can be

found as will be shown.

The relation involving the individual operators is as

follows :

(region I)

(re~~~ce)

[.

cos9—vsin O ~{ sin O

1
“ f(l+vz)sintl cos O+vsin O1

(ferrite–-region II)

“[ 1[1cos ~ j sin # Ez

j’ sin # Cos * H, 2,

(1)
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Performing the indicated multiplication and setting the

B term of the over-all matrix equal to zero results in the

following equation:

j sin V sin @
sin (lb + Q) +

z’

[
+vtan6’ sin(@–~)–~sin~ sin@ I

[+tan O fcos*cOs @+3~cos~ sin@

30

25

1

1)+ (TEIO)

20
~ —-.y.—

15 f=6 175 KMC \

4rM=2175 GAUSS
[0

30L
[

sin @ sin ~ 1 r
ka=o

—
q, ‘-’’y-+-.(1+ v’) = 0. (4 ::

.?

An ‘[ BM 704 electronic data processing machine was

used to find the roots of (2).

Solutiom of the Characteristic Equation

The first set of solutions of (2) was obtained for the

case studied by Button ,3 that is, with no resistance

sheet (Rs = ~). The ferrite and its position in the wave-

guide used in the calculations are described in the

introduction and all calculations use the parameters

give n there. The solutions for this case are shown by the

solid curves in Fig. 2. The propagation constants ~ +

and ~ — are given as functions of the internal applied

biasing field, EI~, for a frequency of 6.175 kMc. It is

seen that there are two propagating modes. The one

labeled “TEIQ” is the dominant mode and is the one

discussed by Button and others. When ~fA is less than

215 oersteds, another mode labeled ‘(TE20” can propa-

gate. These modes have the general properties of their

empty waveguide equivalents but are in this case dis-

torted by the asymmetrically placed ferrite slab. The

quotation marks are used to indicate the distorted

modes in the ferrite-loaded waveguide as distinguished

frorr~ the empty waveguide modes of similar designa-

tion. It should be noted that the problem of determin-

ing the proportion of the energy scattered into each of

these modes was not attempted. However, experimental

work has shown that generally both will be excited in

sign ,ficant amounts. As soon as appreciable loss is

introduced, the situation in regard to TE.zo changes

mar kedly. The dotted curve of Fig. 2 shows that with

Rs clf 5000 ohms per square, a relatively high value, the

TEZI mode can now propagate over the entire range

of applied field shown. The solutions for the ‘[forward”

direction (~+) are seen to remain essential y independ-

ent of H.* over the interval shown, a conclusion also

reached by Weisbaum and Seidel.2 These solutions cor-

respond closely to the value of (3 (and hence k.) re-

quired by k~a = m for the condition that the electric field

is zero at the face of the ferrite. The computed value of

11A which results in a true null at the face of the ferrite

for this frequency is 440 oersteds (internal biasing field).

F lg. 3 is a plot of solutions to (2) for a large range of

HA- OERSTEDS

Fig. 2—Propagation constants for ferrite sl,~b-loaded
waveguide of Fig. 1(a).
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Fig, 3—Propagation constants for “reverse” direction with re-
sistive sheet of the configuration shown in Fig. 1(a).

resistivities of the 10SS film. Values of a and ~ are shown

for a biasing field of 440 oersteds and a frequency of

6.175 khlc. These are for the “reverse” or high attenua-

tion direction of propagation under the same conditions

that produced the null at the face of the ferrite and

hence theoretically no 10SS for the “forwa,rd” direction.

For extremely low values of Rs the TEIO mode is highly

attenuated and all propagation is in the TE20 n Lode or

possibly higher modes. For Rs = O the system is just

a waveguide of width a (Fig. 1), and is reciprocal. For

all values of Rs, at least one of the modles propagates

with a value of a <8.6 db per inch (Fig. 3). This then

represents the maximum attenuation to be ex petted

for this bias and frequency since, as will be shown in the

experimental results, the energy seems to propagate

principally in the mode with the lowest loss.

Fig. 4 is a plot in the complex r plane of solution

curves with frequency as a parameter. The solutions

are given for three representative values of resistivity:

1<s = 670, 1000 and 2.500 ohms per square. Several things

should be noted about the character c~f these solutions.
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First, in contrast to unloaded waveguide solutions, it is

difficult to determine when a given mode is truly cut off.

The reason for this is inherent in problems involving

waveguides loaded with ferromagnetic media-the non-

reciprocity of the medium is manifested in the charac-

teristic equations by a linear term in r. Because of the

presence of this term, the propagation constants of the

modes, which in the absence of loss would be cut off, are

complex. However, if a given mode has a large value of

a, e.g., a >15 db per inch, the mode can be regarded

as nonpropagating regardless of the value of ~.

A second point of interest regarding these curves is the

ambiguity in labeling them consistently. For example,

if the resistivity of the loss sheet were increased from

670 ohms per square, at the lower frequencies the

TEZO mode would change into a TEIO mode, while at

the higher frequencies it would relmain a TEzO mode.

W. “J. Crowe4 has discussed this problem in relation

to the TE mode solutions in magnetically lossy slabs

in waveguides and has shown that it results from the

existence of singular points at which the left side of

the characteristic equation, e.g., (2), and its partial

derivative with respect to r, are zero simultaneously.

Such a point is observed in Fig. 4 and is labeled “A”. At

this point the two modes become degenerate at one

frequency and changes in resistivity near this critical

point result in the TE1o mode becoming a TEZO mode and

vice versa.

The case of the double slab isolator having two ferrite

slabs symmetrically disposed with respect to the center

of the waveguide but having oppositely polarized

biasing’ fields was not considered. One can see in-

tuitively that the field distribution for this case must be

either even or odd with respect to the center plane of the

waveguide. Advantage of this could be taken in the

analysis in that it would only be necessary to use the

half-circuit transverse matrix operator. Lax, Button

and Rothla have considered this structure without resis-

tive sheets on the ferrites and have found the expected

symmetries in the field configurations. Weisbaum and

Boyetll have shown results on a partial height isolator

of this type built for a commercial application.

EXPERIMENTAL RESULTS

A@pavatus and Procedure

The E-field probe used in these experiments was a

transverse traveling probe inserted in a broad face of a

length of W R- 159 waveguide. The probe itself was a

fine wire extending about 3/32 inch into the waveguide.

The wire passed through a copper sleeve and terminated

on a type N coaxial fitting to which a tuned crystal

detector mount was attached. A reference level of out-

10B, Lax, K, J. Button and L. M. Roth, ((Ferrite phase ~hifter~ in

rectangular waveguide, ” 1. Ap@l. I’kys., vol. 2.5, pp. 1413–1421;
November, 1954.

n S. Weisbaum and H. Bovet, “Field disdacernent isolators for

put of this crystal was established, usually the reading

at the center of empty waveguide. All fields were meas-

ured by adjusting a precision attenuator to bring the

crystal output to this reference level. Total attenuatioli

of the isolator is given in db with respect to the same

length of empty waveguide. Transverse field distribu-

tions were taken by varying the position of the probe,

usually in 0.1 inch increments across the waveguide.

Unfortunately it was not possible to probe closer than

about 0.1 inch from the ferrite as capacitance loading of

the probe when in close proximity to the ferrite caused

inaccuracies. Variation of longitudinal position was ob-

tained by sliding the ferrite, along with its biasing mag-

net, past the probe.

The Full Height IsolatoY

The first arrangement investigated was the full

height slab of Fig. 1(a). The loss sheet was a coating of

Aquadag covering the full width of the flat face of the

slab leaving a ~ inch uncoated margin at each end. Thus

the coated area was 4.5 inches by 0.795 inch.

A series of measurements of attenuation in the “re-

verse)’ direction over the frequency band was made at a

constant applied biasing field using three different re-

24
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sistivities of the loss sheet; namely, 670, 1000 and 2500

ohms per square. The results of these measurements are

compared with the calculated attenuations for these

cases in Fig. 5. In addition, transverse field distributions

at the center of the slab are plotted along with calcu-

lated distributions in Fig. 6. Here transverse distribu-

tions were measured at both the low and high frequency

ends of the band for each lOSS sheet. The comparisons

are made on a relative shape basis, zero db being taken

as the peak value in each case. In general, good agree-

ment with the calculated distribution is obtained. With

the lowest sheet resistivity, 670 ohms per square, the

I Rs =670 OHMS/SQ,

o

1,:, ~1
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DISTANCE FROM WAVE GUIDE CENTER-INCHES

TEZO mode predominates throughout the frec~uency

band, while with the two higher resistivities the TEIO

mode predominates at the low frequencies and the

TEZO mode at the high frequencies.

Longitudinal variations of the E field are shown in

Fig. 7 at the midband frequency of 6.1.75 kMc for the

resistivity of 1000 ohms per square. Four transverse

positions of the probe are represented in these curves.

The curve marked O represents the probe at the center

of the waveguide, – 0.3 inch and – 0.5 inch represent

distance toward the ferrite and + 0.3 inch represents

distance away from the ferrite measureal from the ,center

of the waveguide. The signal level at the center of empty

waveguide before it reaches the ferrite is the reference

level, O db. In empty waveguide the +0.3 inch and

– 0.3 inch positions are normally 1.6 db c[own aud the

– 0.5 inch position is 5.1 db down. In Fig. 5, we see that

at this frequency the attenuations of TE1O ancl TE20

are comparable so that no matter which mode is favored,

the attenuation will be high. There is also the possibility

of an interference of fields due to each at some points in

the waveguide. If one of these points comes near the

center of the waveguide and near the end of the ferrite,

there usually results an increased attenuation. This is

probably due to a difficulty in scattering back into the

TEIO empty waveguide mode from such a field con-

figuration. Although this interference condition would

be reactive, the wave reflected in the “forward” direc-

tion is evidently highly attenuated since no pronounced

ripple in the longitudinal distribution i~; found.

The sharp peak of attenuation of Fig. 5 for the 1000

ohms per square case is thus explained in Fig. 7, where

we see an interference which produces a 1ow field spot

at the center of the waveguide near the end of the lferrite.

Without this interference we would expect an attenua-

tion of about 31 db for this case if the T EIO mode carried

most of the energy. The transverse distribution for the

REVERSE LOSS =52!db
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Fig. 6-–Ca1cu]ated and measured transverse distributions of the E Fig. 7—Measured longitudinal distributions of the E field for the full
field for the full height isolator with sheet resistivities of 67o, height isolator at a frequency of 6.17.5 kMc fo~ ? sheet resistivity
1000, and 2500 ohms per square. Solid lines indicate measured of 1000 ohms per square. Four transverse pc}sltlons of the probe
values. are used.
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first four inches of the ferrite in Fig. 7 is seen to be

exponential-like, that is, high field nearest the ferrite

and dropping rapidly away. This is most indicative of

a predominant TILO mode, with the presence of the

other mode being apparent only near the output end of

the isolator.

The Partial Height Isolator

A partial height isolator of a design developed for a

commercial application was subjected to a field probe

test. The dimensional arrangement was maintained as in

the regular isolator, but some mechanical details had to

be changed to allow use of the probe. The attenuation

of this isolator across the frequency band is shown in

Fig. 8. This curve shows two peaks of attenuation. Probe

measurements were made at five frequencies: one at the

low frequency end of the band, .5.92.5 kMc; one at the

first peak of attenuation, 5.958 kMc; one in the low

center region at 6.10 kMc; one at the second peak 6.25

kMc; and one near the high frequency end of the band

at 6.40 kMc. The results are shown on the longitudinal

plots of Fig. 9.

The 5.925-kMc plot, Fig. 9(a), shows a fairly uniform

attenuation with a transverse field distribution indica-

tive of a TEIO type mode. The 5.958-kMc plot, Fig.

9(b), shows much the same type distribution, as might

be expected since the frequency is little changed. How-

ever, at the end of the ferrite a peculiar situation exists

and a sudden increase in attenuation is found. This is

probably a result of an interference taking place at a

position such that scatter into the normal TE1O mode is

difficult. The 6.10-kMc plot, Fig. 9(c), shows an inter-

ference taking place before the end of the ferrite such

that it has little effect on the total attenuation. The

6.25-kMc curves, Fig. 9(d), show two interferences. One

in the middle of the ferrite-loaded section has little net

effect, but another at the end results again in increased

attenuation. The 6.40-k Mc plot, Fig. 9(e), also shows

two interferences, both within the ferrite-loaded por-

tion, and the start of another at the end but the total

attenuation is the least of the five cases. The first four

of these field curves start out with TE1o type distribu-

tions at the l-inch transverse plane for example. How-

w

2
r 10I %,.FORWARD

I

o!
“~9 ‘ 6,0 6.1 6.2 6.3 6.4 6.5

10

FR,EQUENCY-KMC

Fig. 8—Attenuation of the partial height isolator
as a function of frequency.

ever, Fig. 9(e) does not show this distribution, indicating

that some other mode is of magnitude comparable to

TEIO from the beginning.

DISCUSSION AND CONCLUSIONS

It is apparent from Fig. 4 that not much attenua-

tion is possible at the low frequencies if both TE1o and

TEZO can be excited since one of these modes will have

fairly low attenuation no matter what the resistivity of

the loss sheet. The transverse distributions for the low

frequencies in Fig. 6 are all not markedly different from

the empty waveguide TE1O sinusoid and hence should be
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Fig. 9—Longitudinal distributions of the E field in the partial height
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sentative frequencies. Four transverse positions of the probe are
used.
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easily excited. It would seem, therefore, that the most

useful isolator would have its lowest frequ~ency and re-

sistivity corresponding to the region of point il in Fig. 4.

Going from this point to higher frequencies, the at-

tenuation of TEIO holds up well. EIowever, that of

TEZO drops so it appears the device is not inherently

very broadband. An interference arranged to occur at a

suitable frequency would help to increase the bandwidth

somewhat. If some means could be found to discourage

the excitation of TEZO without increasing the recip-

rocal loss appreciably, the bandwidth could be im-

proved. The optimum resistivity of the loss sheet for

the case considered here seems, from Fig. 3, to be about

900 ohms per square. The nearest to optimum perform-

ance was obtained in the case of the resistivity of 1000

ohms per square as shown in Fig. 5. Here the agreement

between theory and experiment is quite good except in

the region of the interference which the calculations do

not take into account,

A single-mode concept of operation seems obviously

inadequate to account for the observed performance.

The effect of the resistance sheet in the case for optimum

attenuation is a critical factor in determining the field

distributions and cannot be regarded as a small per-

turbation of the field. The role of the interference in

providing peaks of attenuation seems to be well estab-

lished. This was first noted and discussed by H. Seidel.’z

Although the partial height isolator has not been

treatsd analytically, the behavior is sufficiently similar

to that of the full height isolator that a general under-

standing of its operation is obtainable. Since fairly good

attenuations are obtained at the low frequency end of its

band it WOUIC1 seem that this corresponds to operation in

the vicinity of the equivalent of point A of Fig. 4. It is

also possible that the TEZO mode is not propagated as

1’ FI. Seidel, “Anomalous propagation in ferrite loaded wave-
guide, ” PROC. IRE, vol. 44, pp. 1410-1414; October, 1956.

easily in this structure and that its attenuation does

not drop so rapidly with frequency. The field configura-

tions obtained seem consistent with the hypothesis that

basically the TEIO mixes with enough of another mode

to cause two useful interferences in its operating fre-

quency band. Here, of course, the narrower coating of

lower resistivi t y, approximate y 150 ohms per square,

is used. The effect of the peculiar than ges in wic[th of

the pattern is not understood, but it is !-mown they have

an effect on the position of the interferences in the fre-

quency response curve. The partial height of the ferrite

and the resistive coating would permit z-dependent

modes such as described by Seidell~ and by Seidel and

Fletcher13 to be excited in this structure. These may

indeed provide some of the attenuation. If they were

responsible for the major part of the to,tal attenuation,

one would expect that the TE fields, particularly those

away from the ferrite, would practically disappear near

the beginning of the ferrite-loaded waveguide ad then

reappear suitably attenuated at the end, but this is not

observed.

The combination of an analytical approach and ex-

perimental verification involving field mapping has pro-

vided an insight into the operation of a field displace-

ment isolator in one rather narrow frequency range. We

believe this has resulted in a sufficient knowledge of

the device to provide a qualitative guide to the design

of similar devices at other frequencies.
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