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The maximum and minimum gain can be found by differenti-

ating (13) ‘with respect to XW. The resulting quadratic equa-

tion

X332( – MbMcX212 –

+

+

+

can be easily solved to

Mb2X23X31XzJ – X33[– MdXz12

(M, X2, X,,)2 + (M@8x,,)2]

kfdx23x31x21 + ~citfb(x23x31)2

MbMc(R.x2J2 = o (14)

find the desired gain extrema. In this

equation Ma= M.+ MC2.

APPENDIX II

The midband gain sensitivity to variations in pump power

given in (6) and (7) is obtained from the gain expression (5)

where ,S2= O. The factors used in (7) are

Me = (Rg + R.) (Rz + R.) – S12/(@10@20)

Mf = (Rg + R,) (Rl + RJR. + (Rz + RJS12/(CO100J30)

– R..sl’/(cd@l2J

M. = R. – (Rt + R&,0/w30,

APPENDIX III

The parameters for the noise figure given in (10) are

()M. = 1 + ; X,2 X21Rs2 + : [x232 (R, + RJ2
9 9

()+ (X21X13)2+ X13X31X12X21] + 1 + :

9

. [X,3X3,R,(Rg + R.) + X23X32X13X,,]

+ { [(R9 + Rs)(Rz + Rs)R, – (R, + Rs)x23x32

+ (Rz + R~)X13X31 + R~X12X21]2 + [X21X13X32

+ x2&3, x,2]2}/(4R~Rg)

()Mu = 1 + : (X~2x23x3~ + x21x~3x32)
9

— Z(X21X13X32 + X23X31X12) [(~g + ‘S) (Rt + ‘s)

— x,2xM]/(4&&)

()
Mz = 1 + ~ X12X21 + [(R9 + R,)(R1 + R.)

9

– X12X21] 2/(4RgRz).

Differentiating (10) with respect to X33 results in the following

quadratic equation in X33:

O= XSS2[–MVXZ~2+2MZX8~XZdXZ~] +X8s[2Mz(X8&z8)2

+2 MZ(X21R.)Z– 2M.X,lZ] + [Mu(x31x23)2+M, (x21Rs)2

– zMzx2~x3,x23]

which can be easily solved to obtain the noise figure extrema.
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General Field Theory Treatment of H-plane

Waveguide Junction Circulators

M. EZZAT EL-SHANDWILY, AHMAD A. KAMAL, AND ESMAT A. F. ABDALLAH

Abstract—In thk paper an exact field theory treatment for the
wavegnide junction circulators is presented. The treatment is general,
being dependent on neither the geometrical symmetry of the junc-
tion nor the number of ports. The electromagnetic fields in the joining
wavegnides are written in the form of iniidte summation of wave-
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guide modes. The solutions of the wave erluations in the ferrite rod
and in the snrronndmg air are obtained in the form of infiite smn-
mation of cylindrical modes. The fields at the ferrite air interface and
at an imaginary boundary chosen arbitrarily between the air region
and the waveguides are then matched. This process leads to an iu-
finite system of nonhomogeneous equations in the field amplitudes.

Three types of waveguide junction circulators using this tecludque
are analyzed: the simple ferrite-rod Y junction, the simple f errite-rod
T junction, and the latching Y junction.

Point-matching techniques are used to get numerical results for
the field dktributions and the circulator characteristics. Excellent
agreement has been found between the published experimental
measurements and the numerical results obtained by this technique.
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1, INTRODUCTION

A

FTER a comprehensive study of junction circulators, it

has been found that the only theoretical treatment

that exists for the waveguide junction circulator is

that of Davies [1]. In his analysis for a symmetrical N-port

junction circulator he made use of the properties of the scat-

tering matrix and its eigenvalues. Expressions for these eigen-

values in terms of the fields inside the junction are obtained.

This analysis, however, is limited for j unctions that have geo-

metrical symmetry. Also Davies in his numerical computa-

tions considered only the dominant mode in the waveguide

and the center region. This neglect of the higher modes is the

reason for the discrepancy between the numerical results and

the experimental measurements obtained by Davis and Cas-

tillo [2], [3]. This deviation is particularly manifested in the

value of circulation frequency, the isolation at this frequency,

as well as the general shape of the reflection coefficient curve.

The limitations in the analysis by Davies stimulated this

paper, in which an exact field theory treatment for the wave-

guide junction circulator is presented. The treatment is gen-

eral in such a way that it depends on neither the geometrical

symmetry of the junction nor the number of ports.

The circulator consists of N waveguides intersecting as

shown schematically in Fig. 1. The ferrite rod is placed inside

the junction and the dc magnetic field is applied normal to the

plane of the junction. In general, the waveguides need not be

symmetrically located around the junction. The system is

assumed to be free of any losses and excitation by the dom-

inant mode TE1o as only one of the waveguides takes place.

It is further assumed that the output ports are perfectly

matched, and the electromagnetic-field components have a

time dependence in the form exp (J@. Since the ferrite

cylinder is assumed smooth, in the plane of the junction, the

scattered electric fields will be normal to the plane of the

junction. Therefore, only TE~o modes are excited such that

the boundary conditions at the greater sides of the waveguides

are always satisfied. The waveguides are assumed to propa-

gate only the dominant TE1o mode, while all higher modes are

cut off.

Matching of the fields takes place at the ferrite-air inter-

face and at the common boundaries between the junction and

the waveguides. Thus it is possible to obtain the magnitude

and the phase of the electromagnetic-field components at each

point within the junction. By this technique, one can obtain

the circulator characteristics (reflection coefficient, isolation,

and insertion loss) for different operating conditions (ferrite

radius, applied dc magnetic field, saturation magnetization,

etc.).

This technique is applied to the two symmetrical circu-

lators, namely the simple rod Y junction and the latching Y

junction. Since this treatment is general and does not depend

on the symmetry of the junction, it is applied to the T junction,

which does not have the same rotational symmetry.

II. THEORETICAL ANALYSIS OF N-PORT CIRCULATORS

The junction may be considered as divided into three re-

gions, the ferrite rod, the surrounding air region, and the wave-

guides as shown in Fig. 1. The electric field Ey in the ferrite

rod (region I) satisfies the homogeneous Helmholtz equation:

V,2-Ey + hf2Ey = O (1)

where

Vt% the Laplacian operator in the plane of the junction;
kf2 = C#poeokf fef ;
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Fig. 1. Schematic representation of N-port nonsymmetrical waveguide
junction circulator.
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P

p, k diagonal and off-diagonal permeability tensor com-

ponents;

~f relative permittivit y of ferrite material.

The solution of (1) takes the following form:

and from Maxwell’s equations the azimuthal magnetic-field

component is

jrzk
— — J~(kf~) sin (no)

pkfv 1

jnk
-t — Cos (n(j)

pkf~ 1} (3)

where Y“ = <60eJ/POP.ff is the wave admittance in the ferrite.

The dash denotes differentiation with respect to the argument,

and a. and bn are constants. The electric-field component in

the air region surrounding the ferrite post (region II) also

satisfies the wave equation:

Vt2Ey + ko2Ey = O (4)

where

koz = U2W0.

The solution of (4) is

Ey(~, +) = ~ {~n(kOtj [d. Cos (@) +
n-o

+ Vn(ko?) [en Cos (@I)

and the azimuthal magnetic field is

H@(r, ~) =S –j ~a S {Jn’(kor) [dn COS
n=o

-1- Y/(kOr) [en cos (~@)

g. sin (@)J

+ fn sin (m$)] } (.5)

(724) + g. sin (rid)]

-1-f. sin(w@)]] (6)
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where Ya=~eO/pO and d~, gm, %, and j% are constants. The

incident electromagnetic-field componentsin waveguide 1 are

given by

[

(1 + 2x,/a)7r ,_jkl=,
Eyin(q, zJ = sin

2 1 (7)

– kl

[

(1 + 2x,/a)7r ~_,%,zl (8)
Hzin(~l, zl) =~sin

2 1
jn [

(1 + 2~1/a)7r ,-ik,., (9)
Hgqxl,zl) =~ccls

2 1
where

a = waveguide width

kl= ~ko~–~12
yl = 2r/a.

The junction and the ferrite post present a discontinuity

to the incident field, and therefore scattered fields are induced

in all waveguides. The scattered field in waveguide 1 repre-

sents the reflected wave. In general the scattered field in the

ith waveguide can be written as

(1 + 2ti,/a)m7r ~,%~,,
Evi(zi, z~) = ~ A~i sin

m= 1 [ 2 1

H=’(xi, ZJ = ~ 5 A’km sin
[

(1 + 2zt/a)nz7r

Upl) ~=1 2 1

. ~jhmzi

(lo)

(11)

.m

(1 + 2@/a)mf
Hz(xi, ZJ = ~ ~ Amq. Cos

Lopo m=l [ 2 1

where

‘Y.
km
AI1

AI;

Azi, A3i, . . .

xi, z{

= m7r/a, m=l,2,3, ...;
= –j~.yme-koi;

complex reflection coefficient at the input

port;

complex transmission coefficient to the ith

port;

complex amplitudes of the evanscent modes

in the ith waveguide;

rectangular coordinates in waveguide i,

which are obtained by rotating the system

of axes (X1, z1) by an angle $li, as shown in

Fig. 1, in the negative direction of c+.

The different constants in (2)–(12), namely an, dm, gn, efi,fn,

and Am; can be obtained from the continuity conditions of the

tangential field components at the ferrite-air interface and at

an imaginary boundary joining the air region and each wave-

guide. These boundary conditions are

E~(R, +) \ferrite = .G(R 4) lair, o<r$<27r (13)

H+(R, 0) I ferrite = ~#(R, 4) lair, 0< q5 < 27r. (14)

From these two equations, (2) and (6), and the orthogonality

properties of the trigonometric functions, we get

dm = M1.a. + jilfz.b.

e. = M3na. + jM4nbn

f. = –jM,.a. + ikl,~b~

g%= —jM2tta~ + M1ttbn (15)
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Fig. 2. Schematic representation of Y-junction circulator.

where

Mln =
[

—rkoR Yf
~ Yn(koR)Jfi’(k~R)

2a

– Yn’(koR)JJkfR)
1

[

—rkoR nk Yf
M,. = — .— .Jn(kjR) Y&R)

2 pkfR Y. 1

[

rkoR Yf
M$n = — ~ JrJkoR)Jn’(k~R) – Jn(k~R).7n’(koR)

2. 1

zkoR

[

nk Yf
M4n = —

1
— “— .Yn(koR)Jn(kfR) .

2 pkfR Y.

The boundary conditions on the imaginary walls, between the

air surrounding the ferrite post and the waveguides, depend

on the geometry of the junction. In what follows, each of the

junctions is thus treated separately and only the 3-port circu-

lators are considered.

A. The Simple Rod Y-Junction Circulator

The waveguide field expressions in port 1 are valid up to

the straight line AC, and the circular field expressions (region

II) are valid up to the arc ABC. According to the discussion

given by Lewin and Nielsen [4] and Lewin [5] any boundary

in the meniscus region A B C can be used for matching the

fields.

The imaginary wall in this case is chosen to be a cylindri-

cal wall whose axis coincides with the junction axis. From the

geometry shown in Fig. 2, it follows that the radius of the

imaginary wall is a~~~, The boundary conditions on this

wall are for the ith waveguide:

where

i=l,2,3

r = a/d3

xi = a sin 41/43
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Using the previous field expressions together with (16) and

(17), the following set of nonhomogeneous equations in the

infinite unknowns Ami, an, and bn are obtained:

- jj b. {j cos (m+)
7J=0 “F&w’.+‘G$”’J

(18)

where dli is the Kronecker delta.

It is to be noted that since i= 1, 2, and 3, (18) and (19)

represent six nonhomogeneous equations. Since the unknowns

involved in these equations are infinite, an infinite number of

equations is required to obtain an exact solution. In this prob-

lem as in most problems solved by modal methods, a closed-

form exact solution is not possible. However, results to any

II
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1

Fig. 3. Schematic representation of T-junction circulator.

degree of accuracy can be obtained by taking a sufficient

number of waveguide and cylindrical modes into account.

Consider m waveguide modes and n cylindrical modes; the

number of unknowns is (3M+ 2n+ 1). The application of (18)

and (19) at one point on the boundary between each wave-

guide and the air region gives six equations in the unknowns.

However, for g matching points in each waveguide, the num-

ber of equations is 6g. For the number of equations to be equal

to the number of unknowns it is necessary to have

6q=3m+2tz+l, (20)

It should be noted that for any value of q, the values of m and

n that satisfy (20) are not unique.

B. The T-Junction Circulator

The boundary selected for matching the fields of the air

surrounding the ferrite post and the waveguides is a cylindri-

cal wall of radius a/@ as shown in Fig. 3. Another condition

that should be satisfied, in this case, is that the electric field

.Ey(r, +) of region II has a zero value on the metallic wall 1-4

in Fig. 3. It should be noted that this is a valid boundary for

matching the fields since the first singularity in the expansion

of the cylindrical fields in region II appears at a distance a

from the origin and our chosen boundary is inside this region

[4]. The boundary condition can thus be written as follows.

For the ith waveguide:

~y(r, ~) lair = .E~(xiJ zi) Iwaveg.ide i (21)

Ii’$(r, ~) lair = – 11=(%~, z~) sin@

+ ~.(~i, %) cos @i ]wfwe..ide i (22)

where

i=l,2,3

v = a/42

Xi = a sin f#u/@

ZJ = a cos rji/@

@l = 4, 3T/4 < + < 51r/4

42 = 4 + 7r/2, ?r/4 < @ < 3T/4

43 = o + 3TIZ, 57r/4 < @ < 7r/4;

For region II:

Ey(r, $5) 1.,, = O (23)
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Fig.5. Circulator characteristics for Y-junction circulator, using sample
TT2-130, R= O.35 cm and Hti=200 Oe. — Point by point.

----- Experimental. — —Davis and Castillo.

where

~=z 7r/4 <4< 7r/4.
2COS4’

The first two of these three equations are similar to those ob-

tained for the Y-junction circulator. The additional equation

,

891011 12 F GHZ

Fig. 6. Circulator characteristics f or Y-junction circulator, using sample
TT1-109, R= 0.35 cm and Him- 200 Oe. — Point by point.

----- Experimental. — — Davis and Castillo.

(23) results from the additional condition imposed on the

boundary 1-4 in Fig. 3.

For m waveguide modes and n cylindrical modes, the num-

ber of unknowns is still the same as before (3wz+ 2n+ 1).

Hence taking q matching points in each waveguide and 1

points on the conducting boundary, the number of equations

is given by (6q+l). This number of equations should equal

the number of unknowns, thus

6q+l=3m+2n+l. (24)

III. THEORETICAL ANALYSIS OF Y-JUNCTION

LATCHING CIRCULATOR

The stripline latching circulator has been analyzed by

Siekanowicz and Schilling [6]. The analysis of the waveguide

latching circulator shown in Fig. 4 is presented in this section

using the same technique as for the unidirectionally magne-

tized Y-junction circulators. The junction in this case, how-

ever, is divided into five regions, namely the ferrite rod, the

nonmagnetic gap, the ferrite cylinder, the air region, and the

waveguides, as shown in Fig. 4, The field components in the

different regions are written as before in terms of infinite

summations over Bessel’s functions with arbitrary constants

to be determined from the matching conditions at the boun-

daries. These boundary conditions are the equality of the

tangential electric- and magnetic-field components at RI,

Rt, and &

The boundary conditions on the imaginary walls between

the air regions and the waveguides are specified as in the uni-

directional circulators, The relation (20) between the number
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Fig. 7. Circulator characteristics for Y-junction circulator, using sample
G-1OO2, R=O.3 cm, and Hin=200 Oe.

of matching points and the number of cylindrical and wave-

guide modes is also valid in this case.

The six nonhomogeneous equations obtained in the case of

unidirectional and latching Y circulators, and also the seven

equations obtained in the case of T junction are exact. Thus

with an infinite number of matching points between the air

region and the waveguides an exact field distribution within

the junction is known. In the next section, only a finite num-

ber of matching points is used to solve the equations by

numerical techniques.

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section numerical techniques are used to solve the

equations derived in the previous section for the different

types of circulators. With a finite number of matching points

397

.
8 9 10 11 12

- f GEz

Fig. 8. Circulator characteristics for Y-junction circulator, using sample
G-1OO2, R =0.25 cm a,nd Hi.= 200 Oe. — Point by point. -----
Experimental. — –— Davis and Castillo.

chosen for each type of junction, a finite number of simultane-

ous nonhomogeneous equations are solved together with the

aid of a digital computer. The truncation of the infinite series

in the simultaneous equations amounts to taking only a finite

number of waveguide modes and cylindrical modes, on the

assumption that the neglected modes have much smaller am-

plitudes. It should be noted that the point-matching technique

has been used recently in solving the problem of propagation

in waveguides with arbitrary cross sections and scattering

from metallic boundaries of arbitrary shapes [7]-[9].

The two conditions to indicate the accuracy of the results

are as follows.

1) The output power from the three ports, i.e., the summa-

tion of the reflected power from the input port and the output

power from the other two ports, should equal the incident

power,, from which we get

(25)

2) The rapidity of the convergence of the infinite series

representing the fields. This can be indicated by taking a num-

ber of matching points and obtaining the mode amplitudes,

then increasing the matching points and noting the change in

the mode amplitudes previously calculated. When the change

is insignificant, then the original matching points are consid-

ered to be sufficient.
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9.5 10.0 10.5 11.0 11.5 12.0 f GHz

Fig. 9. Frequency of best isolation versus ferrite radius. — Point by
point. ----- Experimental. — — Davis and Castillo.

A. Numerical Resultsoj Simple Rod Y-Junction Circulator

The cases of one, three, and five matching pointson the

imaginary boundary in each waveguide are considered. Ac-

cordingly, one, three, and five waveguide modes and two, six,

and eight cylindrical modes are retained, respectively. In all

three cases the power condition, (25), is satisfied to an accu-

racy of A 10_”. However, the lowest order waveguide and

cylindrical modes varied considerably when taking g = 1 and 3,

while the difference between these modes in the cases of q= 3

and 5 is small, especially when converted to decibels. This

difference is in the order of 0.1 dB. This insignificant difference

does not deserve the much increased computer time (three

times the case of q = 3). Therefore, three matching points in

each waveguide are taken in the following numerical results.

The numerical solution of the Y-junction circulator is di-

vided into two parts: the first considers the circulator charac-

teristics while the second part considers the field- and power-

density distributions inside the junction.

1) Circulator Characteristics: Numerical results are ob-

tained for four different ferrite samples. The internal dc mag-

netic field Hi. used in all the calculations is 200 Oe. The circu-

lator characteristics using the four samples are shown in Figs.

5-8. The experimental results of Davis and Castillo [2], [3]

and their theoretical calculations based on the analysis of

Davies are also indicated in the same figures.

Fig. 5 shows the numerical results using sample TT2-130.

The frequency of best isolation from Davis and Castillo’s

results is found to be 9.7 GHz theoretically, and 10.2 GHz

experimentally. The corresponding result, based on the tech-

nique adopted in this paper, is 10.2 GHz, which is in agree-

ment with the experimental measurements of Castillo and

Davis. Their values for maximum isolation are – 29 dB

theoretically and – 21.5 dB experimentally. The correspond-

ing value determined by the adopted technique is – 19.8 dB,

which is much closer to the experimental value than the the-

oretical value of Davis and Castillo [1].

As has been noticed by Davis and Castillo, the most im-

portant difference between their experimental and theoretical

results is in the general shape of the reflection coefficient,

mainly in the frequency range from 8.5 GHz to 10.0 GHz.

While the experimental measurements show double hump,

their theoretical calculations show continuous decrease in the

reflection coefficient. It is important to note that the adopted

technique of analysis reveals the same double-hump behavior

found experimentally. Also, while the theoretical reflection

coefficient as determined by Davis and Castillo is about 8 dB

smaller than their experimental prediction, that found in this

study differs only by about 3 dB from the published experi-

mental figure. It is therefore conclusive that for the ferrite

sample TT2-130, results using the technique explained in the

previous section are much closer to the experimental measure-

ments than previously determined theoretical figures. Figs.

6-8 also show the same agreement with the experimental

measurements.

The only parameters that can be changed with a particu-

lar ferrite material in a circulator are the applied magnetic

field and the ferrite radius. While the internal dc magnetic

field is kept constant at 200 Oe, the effect of the variation of

the ferrite radius against the frequency of best isolation using

sample G-1OO2 is shown in Fig. 9. The same figure also shows

the corresponding theoretical and experimental results of

Davis and Castillo. It is clear from the figure that as the

radius decreases, the circulation frequency increases almost

linearly. The figure also indicates that results obtained by the

point-by-point matching technique fit the experimental mea-

surements better than those obtained by the previous method

of Davis. and Castillo.

In a recent paper by Castillo and Davis [10], they ex-

tended their analysis to include the first two evanescent wave-

guide modes and up to the fifth cylindrical mode. The results

obtained are in good agreement with the experimental mea-

surements.

2) Field and Power Density Distributions: Once the con-

stants an, . . . , t. are known, the electromagnetic-field com-
ponents at any point (?, O) within the junction are determined.

Figs. 10 and 11 show the electric-field distribution in the fer-

rite rod and the air ring for different values of the radius r as a

parameter when using sample G-1002 at circulation frequency

(11.6 GHz). These figures indicate that the electric field at-

tains almost a minimum value at the isolated waveguide axis.
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Fig. 10. Electric-field distribution inthe ferrite rod using sample G-1oO2, R= O.25 cm and Hin=2000e.
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Fig. 11. Electric-field distribution intheair ring using sample G-1002, R= O.25 cmand Hin=2000e.

At the axes of the input and output ports the electric fields fields inside the junction are due to both

are approximately equal, although their phases are different. scattered fields; at some points they add

It should be noted that with an incident electric field of a max- other points they may subtract.

the incident and

inphase, while at

imum amplitude of unity, the amplitude of the electric field For the ferrite and air regions, the field distributions along

was found toattain higher values than unity at certain points the two arcs opposite to the input and output ports are ap-

inside the junction. The reason for this increase is that the proximate y similar.
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From the electromagnetic-field components, the power-

density flow in theradial direction is given by

P?’ = +Re(z x E“) .a, (26)

where tir is the unit vector in the radial direction. Figs. 12

and 13 show a plot of the power density distribution p, in the

ferrite rod and in the air ring, respectively, with the same

values of r used to determine the field distribution. The

power flow per unit height along an arc opposite to any wave-

guide is given by the area under the curve extending along

that arc multiplied by the value of the arc radius. It is seen

from Figs. 12 and 13 that for the isolated port (port 2), j,
is approximately zero along the axis, and it is of different

signs in the two sides such that the total area under the curve

extending along this port is approximately zero. For the arc

opposite to the input port the power is always positive, while
the power along the arc opposite to the output port (port 3) is

negative, and the two areas are approximately equal. This

difference in sign is due to the fact that the power in the input

port is entering the j unction, while the power in the output

port is leaving the junction. It should be noted that as the

radius increases the power density p, decreases such that the

area under the curve multiplied by the corresponding radius

is constant.

B. Sim@e Rod T- Jmzction Circulator

In this case the characteristics of the junction as a circu-

lator depend on which of the three ports is used as the input

port.

1) Input fvom the Symmetrical Arm: The numerical re-

sults using sample TT2-130 are shown in Fig. 14. Comparing

the results for this sample in the T and Y junction, shown in

Figs. 14 and 5, respectively, the isolation characteristics have

the same general shape. The frequency of best isolation for the

T junction is shifted by about 0,3 GHz with respect to the

Y junction. However, the isolation at this frequency for the

Y junction is better by 6 dB. The general shape of the reflec-

tion coefficient for both junctions differs appreciably, and the

T junction does not show the double hump encountered with

the Y junction. It should be noted, however, that the inser-

tion-loss curves in Y circulator are totally different. It can be

seen that with T circulator another circulation frequency in

the opposite direction takes place at 8.5 GHz. At this circula-

tion frequency, better characteristics are obtained, namely

higher isolation and smaller insertion 10SS with approximately

the same value of reflection coefficient. This indicates that

there are two circulation frequencies with opposite senses of

circulation. The results using sample TT1-109, shown in



EL-SEANDWILY et Ul.: H-PLANE WAVEGUIDE JUNCTION CIRCULATORS 401

20

18

8 9 10 11 12
‘f GHz

Fig. 14. Circulator characteristics for symmetrical T junction using
sample TT2-130, R=0,35 cm and Hin=200 Oe.
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Fig. 15. Circulator characteristics for symmetrical T junction using
sample TT1-109, K= O.35 cm and Hin=200 Oe.
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Fig. 16. Circulator characteristics for nonsymmetrical T junction
(input from port 2) using sample TT1-109, R= 0.35 cm and W,.
= 200 Oe.

Fig. 15, have the same general trends as with sample TT2-

130.

2) Input from the Nonsymmetrical Arm (Port 2): In these

calculations, the input signal is applied through port 2. The

calculations for sample TT2-109 are shown in Fig. 16, with the

value of the dc magnetic field 200 Oe as before.

Comparing this result with the corresponding result of the

symmetrical case shown in Fig. 15; it is clear that circulation

takes place for both cases at 8.5 GHz in the same direction.

This circulation direction is opposite to that of the Y-junction

circulator. At the circulation frequency (8.5 GHz) the per-

formances obtained with the input applied to the nonsym-

metrical port (port 2) are superior to applying the input to the

symmetrical port, since the former has higher isolation and
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Fig. 17. Circulator characteristics for a Y-junction latching circulator
using sample TT1-109, R3=0.35 cm and Rz/Rl=l, 1.1, and 1.3.

lower reflection and insertion loss. Fig. 16 also shows that

another circulation, inthe opposite direction, occurs at around

10 GHz with inferior performance. It has the same direction

and circulation frequency as the Y-junction circulator.

The characteristics of the T circulator lead to its use in the

same applications as the Y circulator. In addition, other ap-

plications are also possible. As an example, when sample

TT1-109 is used, and the junctions excited at 10 GHz from

port 1 and at 8.5 GHz from port 2, the output is added at

port 3. This property may be used in the design of mixers.

C. Latching Y- Jt~nctiotz Circulator

Numerical solutions are made in this case using the ferrite

sample TT1-109. The external radius of the ferrite assembly

is chosen to be 0.35 cm, which is the same as that used in the

simple rod Y-junction circulator. The dielectric constant of

the nonmagnetic gap is assumed to have the same value as the

ferrite material. The characteristics of the latching circulator

are obtained for three different values of the nonmagnetic

gap width. In all the calculations the area of the ferrite post is

taken equal to the area of the ferrite ring. Thus the gap width

is determined by the ratio R.2/Rl and the value of Ra. It is to

be noted that no applied dc field is required in the latching

circulator, hence the value of 17in is zero.

The limiting case of zero nonmagnetic gap (Rz/Rl = 1) is

shown in Fig. 17. Comparing this result with that of the

simple ferrite-rod Y junction of Fig. 6, we see that both junc-

tions have the same circulation frequency. However, the

latching circulator has a degraded performance compared to

the simple rod Y junction. There is almost a complete reflec-

tion at the upper and lower portions of the frequency band.

The bandwidth is also reduced and this behavior is similar to

the stripline latching circulator studied by Siekanowicz and

Schilling [6]. This reduction in bandwidth is attributed to the

opposite direction of dc magnetization in the’ inner and outer

ferrite cylinders.

The effect of the gap width on the circulator performance

is studied by repeating the calculations for two other values

of Rz/Rl which are 1.1 and 1.3, maintaining h constant.

These results are also shown in Fig. 17. It clearly indicates

that only slight differences in the performance are observed in

the studied range of Rz/Rl.

It is important to note that keeping the outer radius R3

constant while increasing the ratio Rz/R1, the volume of the

ferrite decreases as 1/ [1 + (Rz/Rl) 2]. This can be of value to

reduce the dissipation loss once the dielectric-ring material

is made less lossy than the ferrite material. Moreover, the

switching energy which is proportional to the ferrite volume

is reduced by increasing the ratio R2/Rl.

V. CONCLUSION

The numerical results obtained for the symmetrical three

port circulator characteristics are found to be in excellent

agreement with the previously published experimental results

of Davis and Castillo. The agreement includes the frequency

of best isolation, the value of isolation at this frequency, and

also the general shape of the reflection-coefficient character-

istics, since it accounts for the double humps that exist in the

experimental measurements. The power of this technique is

further strengthened by the fact that it reveals information

from which the electromagnetic-field components and the

power-density distributions inside the junction are obtained.

To demonstrate the value of the adopted technique for a

junction with less symmetry, the T junction is taken as an

example. It is shown that two types of excitations are possible

which are the symmetrical and nonsymmetrical excitations.

In general it is found that the general shape of the character-

istic curves depends on the port selected for excitation. Circu-

lation is found to occur at two different frequencies in the two
. .

opposite directions of circulation. The performance of the

junction is not the same at these two frequencies and depends

on the ferrite sample properties used.

The obtained numerical results for the latching Y junction

show that the performance is not affected by the variation of

the gap width up to the calculated values (ratio Rz/Rl = 1.3).

In general it is found that the latching circulator has inferior

performance compared with the unidirectional Y-j unction

circulator, which is the same result as obtained for the strip-

line latching circulator [6],

The method used in this paper could be applied to the

study of the effect of the ferrite-rod dislocation from the junc-

tion axis. The dislocation may be intentional, as for example in

the T junction, in order to seek the best possible performance

unavoidable or due to manufacturing tolerances. The authors
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Equivalent Circuit for Partially Dielectric-Filled

Rectangular-Wave3uide Junctions

C. T. M. CHANG

Abstract—The problem of electromagnetic-wave propagation in
junctions between two symmetrically, partially dielectric-filled wave-
guides was investigated, and the solution is presented in the form of
a two-port equivalent circuit, This equivalent circuit includes an ideal
1:1 transformer, which is connected to transmission limes with imp-
edances equal to those of the two waveguides, in cascade with a T
network. Elements of the T network and the characteristic wave
impedances of these partially dielectric-filled waveguides have been
studied, and the results are presented in graphs for dtierent dielec-
tric constants, slab thicknesses, and operating frequencies.

I. INTRODUCTION

I

N RECENT YEARS there has been growing interest in

waveguide sytems containing sections of partially di-

electric-filled rectangular waveguides. Considerable lit-

erature has been devoted to the study of the different char-

acteristics of partially dielectric-filled waveguides [1 ]– [10]

and their applications to various microwave devices [11 ]–

[15]. In many of these applications, the partially dielectric-

filled waveguides are fed by empty waveguides and are some-

times terminated into another empty waveguide. Therefore,

it is important that the characteristics of the junctions be-

tween the empty and partially dielectric-filled waveguide be

studied so that some impedance-matching techniques [16]

may be developed to minimize reflections at different loca-

tions along the waveguide system.

Earlier, several attempts [4], [17 ]- [19] were made to ob-
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tain the equivalent circuits for a number of empty to partially

dielectric-filled rectangular-waveguide junctions employing

various modified schemes of variational methods developed

by Schwinger [20]. However, only a few crude calculations

using simplified equivalent circuits were presented, and they

were justified by comparing their results to reflection measure-

ments. The reflection from a waveguide junction is caused by

the change of the characteristic wave impedances across the

junction, as well as the junction reactance, which are due to

the stored energy in the nonpropagating modes at the junction.

The reflections given in the examples in these earlier works

were caused primarily by the former. Therefore, it becomes

difficult to extract the small effect due to junction reactance

from the experimental measurements and make an accurate

comparison.

In the present work we report an investigation of dielec-

tric-filled waveguide junctions in six different arrangements.

It is found that despite their differences in geometries, they

can all be represented by the equivalent circuit of Fig. 1(g).

The effects of dielectric constants, thickness of dielectric

slabs, and operating frequencies on various equivalent circuit

parameters were studied and compared so that some general

properties of these junctions could be understood.

Since this work is stimulated by the development of a

microwave discharge chamber [21 ] that is partially dielectric

filled and is operating in the dominant transverse electric

(TE) mode,’ present investigation is limited to junctions in-

1 It should be noted that modes propagating inside a partially dielec-
tric-filled waveguide are, in general, a mixture of regular TE and TM
modes of the rectangular waveguide (see [1]).


