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General Field Theory Treatment of E-Plane
Waveguide Junction Circulators—Part I:
Full-Height Ferrite Configuration

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

Abstract—In this paper an exact field theory treatment for the
N-port E-plane full-height ferrite rod junction circulators is pre-
sented. Field expressions are written in each region of the junction in
the form of infinite modes. Matching of the fields at the common
boundaries is used to get a set of infinite nonhomogeneous equations
in these mode amplitudes.

The point matching technique is used to obtain an approximate
solution for the field amplitudes by taking a finite number of modes in
each region. Three types of junctions have been analyzed by this
technique. These junctions are the symmetrical Y junction and two
types of T junctions. Experimental measurements have been carried
out to verify the obtained numerical results.

I. INTRODUCTION

HE H-PLANE waveguide junction circulator, which

has been extensively studied by many investigators, is
not capable of handling large powers. To meet the require-
ments of high-power radar systems, E-plane junction circu-
lators have to be used.

A number of authors have made brief investigations of the
E-plane junction circulators [1]-[8], such references are of
an experimental nature. A theoretical treatment of this
structure appears to be exceedingly complex since the RF
field varies along the direction of the applied static magnetic
field. As a result most waveguide single-junction circulators
are of the H-plane type, and, therefore, much more design
information and practical knowledge are available for this
type. However, as the high-peak-power requirements
increase, the problem of RF high-voltage breakdown be-
comes a critical factor, since the location of the ferrite
material in the H-plane configuration is at the point of
maximum electric field intensity. In the E-plane
configuration the ferrite is not located near this point of
maximum intensity, which decreases the tendency for RF
high-power breakdown. In addition, RF losses caused by the
dielectric properties of both the ferrite and any dielectric
loading materials will be smaller, thereby reducing the
heating effects.

It is the aim of this paper to present, for the first time, a
field theory treatment of full-height E-plane waveguide
junction circulators. It is the authors’ belief that this novel
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Fig. 1. Schematic representation of an E-plane nonsymmetrical wave-
guide junction circulator.

work will have an important impact on the design of these
types of circulators.

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 dominant TE;, mode 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 of exp (jwt). Since the
electromagnetic fields are variable along the normal to the
junction (the z axis) all the TE,;, and TM,, waveguide
modes will be excited such that the boundary conditions are
always satisfied.

Matching of the fields takes place at the ferrite-air
interface and at the common boundaries between the junc-
tion and the waveguides. Thus it is possible to obtain the
magnitudes and phases of the electromagnetic field compo-
nents at each point within the junction. By this technique,
one can obtain the circulator characteristics (reflection
coefficient, isolation, and insertion loss) for different operat-
ing conditions (ferrite radius, applied dc magnetic field, and
physical properties of ferrite materials used).

This technique has been applied successfully by the
authors for the analysis of the H-plane waveguide junction
circulators [9].

II. THEORETICAL ANALYSIS OF N-PORT
CIRCULATORS
To write complete expressions for the electromagnetic
field components in the ferrite rod (region 1, see Fig. 1), itis
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assumed that the field components have exp (—jfz) depen-
dence for waves propagating upwards. Since there is a
perfect conductor at the upper and lower ends of the ferrite
rod, there will be another wave reflected downwards and the
field components have exp (jfz) dependence.

The coupled wave equations in the ferrite rod can be
written as [10]

VZ4E! + aEf + bH] =0 (1a)
V2,H! + cH! + dEf =0 (1b)
where
2 __ KZ
a= —p*+ weoes o ('u—;;—)
b = jpop K/p
1
¢ = (=B + @i
d = —jBoeoe,K/p
and

1u,K diagonal and off-diagonal permeability tensor com-
ponents, respectively,
g,  relative permittivity of ferrite material.

When solving (1a,b) using Kale’s theorem [10] one gets
Eill = [Anl‘In(Kcl r) + AnZJn(KCZ r)]

~exp [j(n6 — pz)] (2a)
H{|I =D, AnIJn(Kcl ") + DzAann(Kcz 7')]
- exp [j(nf — pz)] (2b)

where the subscript I denotes a wave propagating in the
positive Z direction and the superscript f denotes the ferrite
material, and

u

D=t K3, +p
1255 oK a2t B

- CO2503f#0(#2 — K?)/u]
1 1
Ki .= 5 [_ﬂz (1 + ll)

+ w?eo ot (u® — K2)/p + wzuososf}

o)

12
+ %o poe(u — K?)u — wzﬂogong

1/2

+ fPw’eoe fuo(K/u)Z; ()

where
Ap1,An complex amplitudes,

J(K.,r) Bessels function of the first kind and order n
with n real integers.

Since the longitudinal components Ef|; and Hf|, are now
known the transverse components are found from
Mazxwell’s equations.
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The perfect conductor, at z =0 and z = q, represents a
short circuit to the propagating waves, therefore, there is
another wave, wave II, propagating downwards in the —Z
direction and which has exp (jfz) dependence. The longitu-
dinal field components for this wave may be obtained from
(2a,b) by using —f instead of .

The tangential electric ficld components should have a
value of zero on the common perfect conducting walls of the
junction. To satisfy these boundary conditions, the propaga-
tion constant B in the ferrite rod in the Z direction should
have the following values:

m=0,1,2-,

(5)

which depends only on the dimension a of the waveguide.
The resulting field distribution in the ferrite rod takes the
following form:

Ezf(rﬂ,z) = 2 Z Z [Am.nIJn(Kcl V)

m=0 n=-—w

+ Apna (K 27)]e™ cos T?

H{(r,@,z) = - 2] Z Z [Dl Am,nl Jn(Kcl r)

m=0 n=—w

+ Dy Ay ya I (K r)]e™ sin i
a

El(r0.2)=2 Y 3

m=0 n=—w

{Am,nl [Q_Kcl J;(Kcl r)

inG
- & n(Kcl r) + SDl KCIJ;t(Kcl r)

o R" h
_ %DlJ,,(KCI r)J
_ inG
+ Am,nZ [QKCZ J;l(KCZ V) - Mrj— Jn(KCZ 7‘)

+ SD, K J (K2 7)

- -tzJn(Kczr)J:ej"" sin zn_gi

o0 o0

:Am,nl [ - UKcl J;l(Kcl r)

o i
+ 2250, (Kear) = 0D Koy JofK )

jnG

+ TDlJn(Kcl r)J

inT
+ Am.nZ [— UKch:I(KCZ r) + % Jn(KCZ V)

- 0D,;K,, J;(Kcz r)

. G ] .
+ J—';-DZJ,,(KC2 r)“e’"" cos —nt:iz
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where

G = —jB(—B? + 0’popeoes)A™!

0 = Bo’eoe ugKA™!

R = —wu,Kp*A~1!

S = —jo[—popp® + o’ (1 — K*)eoesJA™
T = w’delpo KA™?
U = jo[ —epe; > + w?e5edpou]A™"
A=[-B*+ o?eoeppo(n + K)]

[ B + wPeoespo(p — K]

When a similar procedure is followed in the air region
(region 2), one obtains the following electromagnetic field
distributions:

EZ(V,H,Z) =2 Z Z [Fm.nlJn(Ka 7‘)
m=0 n=-ow
+ F 2 Yo(K,r)]e™ cos %Z— (10)
HYr0,z) = —2j Z Z [Hopn1 J(K,F)
m=0 n=—ow
+ Hyp V(K)o sin = (11)
Ga
Eo(rOZ = _'2] Z Z mnl ‘I(K r)
m=0 n=—w
jnG, ,
+ Fm n2 - Y(K r) m,nlSaKaJn(Kar)
- H, .»5.K, Y;(Kar)} e/ sin (12)
7‘ 9 Z =2 Z z :_Fm,nl UaKaJ;t(Kar)
m=0 n=—w
jnG,
- Fm‘nZ UaKa Y;(Kar) + Hm,nl —;_ Jn(Ka 1’)
nG, 10 mnz
+ H,, .2 Y (K,r); e cos . (13)
where
K,f = C0280#0 - /33
mn
ﬁa = 7
Ga = _jﬁa/Kg
Sa = —Jw:U'O/K:?
U, = jweo/K?
and
FrntsFmpzHuni-Hpuny complex constants to be
determined.

The other two components, namely E? and Hé, are not
written because they are not needed.
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Up to now, all the expressions for the field distributions
inside the ferrite rod (region 1) and the air ring surrounding
the ferrite rod (region 2) have been written. The complex
amplitudes F,, ,1, Fp n2s H 1, and H,, ,, can be obtained in
terms of 4, ,; and 4, ,, from the continuity conditions of
the tangential electromagnetic field components at the
ferrite—air interface. The resulting expressions are very long
and for the sake of brevity they will not be written here.

Assume the junction to be excited by the dominant TE
mode from waveguide 1, Fig. 1, which is the only propagat-
ing mode assumed. The incident electromagnetic field com-
ponents are given by

Hi(x,,z) = K, sin E;exp (—jKaxy) (14)
. nz ,
Ei(x,z) = K K10 sin —exp (—jKsx;)  (15)
J a
, —jK?
Hi(x,,2) = —%='%cos “exp (~jKuxs)  (16)
d
where
KlO = TC/a

Ks=+ *poeo — Ko

The junction and the ferrite post represent a discontinuity
to the incident field on port 1, and therefore scattered fields
are introduced in all waveguides. Since the incident electro-
magnetic field components vary along the Z direction, the
scattered fields are represented by both transverse electric
and transverse magnetic waveguide modes. The scattered
field in waveguide 1 represents the reflected wave, while the
scattered field in any other waveguide represents the trans-
mission to this waveguide. The scattered ﬁeld in waveguide 1
can be written as follows.

For TM,,, Modes:

Ez(xi’ybz) =

(17)

prz
Ey(x 1Y 1,2)

- Z Z apqysm

p=1g=1

7 b
- cos [% (yl + E)J el rext

[oe} e o]

Y Ya ]wsoqn.

ra
p=14g=1 r

qr (- ll [ pgx1
4% +z)}e

[+2] o0

WE T
Hy(xlaYDZ): - Z Z J ° p

p=1q=1 rpq

qn IZ Fpgx1
T3]

(18)

pnz
H xlayb -

* cos (19)

§ Pz
a a

- sin
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W

E(xpynz)= =, Y a,="sin prz 9:7/3
r=14=1 qu a
: b ’ Tpgx1
sin %= | 1 +§ el e (21)
Hx(xl aylvz) = 0. (22)
Port 1
For TE,, Modes: ‘—L—
8=n
Region 1
w© © Input i
Hz(xl’yl’z) = Z Z bF‘I ESin ﬁ Waeegu/de T
p=04=0 a a
qn b T pgx
“oos |-\t e pa¥l (23)
Port 3
© o qn pnz 8= 5173 ‘
H y(xlsy 1,2 ) = p;o q;o b rq 7008 a Fig. 2. Schematic representation of an E-plane Y-junction circulator.
sin |7 (y, +2) | errecs (24) .
b 2 Up to this point the analysis is general and it neither
depends on the number of ports nor the junction symmetry.
- Jjopo gn pnz In order to match the fields in the air surrounding the ferrite
E.(xyy1.2) = p;o q;o by r, b cos =, rod and the waveguide fields, a boundary between both
b regions should be chosen. This imaginary boundary
-sin [T* (y1 + _) } P (25) depends on the geometry of the junction. Thus each of the
b 2 junctions should be treated separately. The Y junction is
o _ chosen as an example of the symmetrical junctions, while the
Ef(xy,ypz)==3 X b JOHo PTt ) P12 T junction is chosen as an example of the nonsymmetrical
y r=o4=0 T, a a junctions.
qn b T pgx1
' COs b y1+ 51 1€ (26) 4. The F ull-Height Y-Junction Circulator
The waveguide equations hold up to the line AC, Fig. 2,
S e K%,  pnz while the field distribution in region 2 holds up to the arc
H(x1.y1,2) = ~ p;o quO boa T ABC. They have a common area, in the shape of a segment of

™ a circle (the same is true for ports 2 and 3), bounded by AC

. COS [q_n (Y1 +2)Jer"qx1 (27) and ABC in whicI} both representations are valid and
b 2 complete. Any arbitrary boundary in this region, shown
shaded in Fig. 2, may be chosen for convenience for field

E.(x1y12) =0 (28) matching. It may be the surface AC, the surfacer = b/\/g, or
where any other surface in between. But outside the segment only
5 ) , one or the other representation is valid, so the matching
Iy = Kpg — @70 jto must be done in the prescribed segment [11].
pr\? gm\? In this problem, the imaginary wall between region 2 and
K= (—) + (?) the waveguides is chosen to be a cylindrical wall [9]. The axis
of this cylindrical surface coincides with the junction axis
and and its radius is b/\/§ as shown by the dotted line in Fig. 2.
Between each waveguide and region 2 there are four
bio complex reflection coefficient at the input port, boundary conditions; namely:
b, complex amplitudes of the evanescent modes for
gllg;;:n::seg.::t;?;ifleuc and transverse eleCtrlc Ez(r’e’z) 1region 2= Ez('xi’yisz) lwaveguidei (29)
HZ(T,G,Z) lregion 2= Hz(xbyinz) Iwaveguide i (30)

For the other waveguides, the same cxprcssioﬁs arc used for
the electromagnetic field components, except that (x 5,y ,,2),
(x35¥3,2), **, (Xn,Yw»2) 1s written instead of (x ,y,z). These — E(x:,y5,2) 810 0| yaveguige:  (31)
new axes result from rotating the previous axes (x,y,z) by
angles Y15, W3, ", ¥ 1y, Which are the angles between the
input waveguide and the other waveguides. — H(x;5,2) $in 0] aveguige:  (32)

Ee(”ﬁ,Z) ‘regionZ = Ey(xi’yiaz) cos ei

HG(FDG’Z) |region 2= Hy(xi’yuz) Cos 01’
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where
i=123
r=>b//3
x; = b cos 0,-/\/3
yi=bsin 0,//3
. 2n 2 4
9,-=0—(l—1)—3~, T<(‘)l_3

For the input waveguide (waveguide 1), substitute
(10)-(13) and (17)—(28) into the four boundary conditions
(29)-(32). Then using the orthogonality properties of the
exponential and trigonometric functions the following equa-
tions are obtained:

2 Foaidi|Ko—=) + Fpa Y, | K,—=] | exp (jn0

[t ) ¢ s ) for 0

S | _joro, ar sin 1Y
+ 3 : b qn ( 7 + 2)J

mqb

qn(s-‘%%)J}

- exp (I'p,b cos 0/\/5) =0 (33)

Thy 4 b

sin 0 1
" (ﬁ -3
mnb sinf 1
+7 mg COS |gn ?+§) }
- exp (I, b cos O/ﬁ)
= O1m [-Zexp (—jK b cos 0/\/5)}

{Fm,nl [JnGa

> o5 (K%)J

re e )
— Hyo [s K,J, (K %)j

L Joto bmqmn { (ln 0 1) cos 8
| .
- exp ([ynyb cos 0/./3)
=0, [a;g “cos 0 exp (—jK b cos 0/\/3)}
d

(35)

2 £ [ (s G

—Fp o [U K,Y, (

vl
i %50, (. 7)|
7

+ Hpna []nG ( ”exp (jnB)

b3 "

- | G MT
—;{ F a

- sin [qn( I)Jcose
qr ) sin§ 1Y
+ b by sin |gm (\/§ + 2)Jcos 0
7sin9+l | sin 0
mq 1— qn \/§ 2
- exp (I, b cos 9/\/3)

. 2 -
=01m [Jiwsin 0 exp (—jK b cos 9/\/5)}
d

(30)

where &,,, is the Kronecker delta, which is equal to unity
when m = 1 and zero for any other value of m. The right-
hand-side term exists only for the input waveguide since it
represents the incident TE,, wave on port 1.

For waveguide 2, in the boundary conditions substitute
(29)-(32) when i =2 with (10)}-(13) and (17)-(28) to get
equations (33)-(36); a,,,is replaced by a;,.; b,,g, by b/, and 6,
by (0 + 2r/3). Similar equations are derived for waveguide
3, by replacing gy, by dmg; by, by birys and 0, by (6 + 4n/3).
The right-hand side is always zero in these equations since
there are no incident waves on ports 2 and 3.

One now has 12 infinite equations in the infinite number
of unknowns a,.5, bigs Gngs Dmgs Gmgs Omgs Amn1, and A, .o
(Fonts Fmnzs H mn1,and H,, ., have been obtained in terms of
Apn1 and A4, ,,). For any value of m other than one, these
equations represent a system of homogeneous equations.
Since the determinant of their coefficient is not equal to zero,
then there is only the trivial solution; i.e., all the complex
amplitudes a,.5, Dugs Gmgs Dmgs Gmas Dmas Amn1s and A4, 5 are
equal to zero. For m = 1, the above equations constitute a
system of nonhomogeneous equations in these infinite un-
knowns and should have a unique solution. This result is
expected since the incident TE;, mode excites only modes
having the same type of variation with the Z direction due to
the uniformity of the structure in this direction.

In order to have numerical results, use the point matching
technique. Truncation in the eight infinite summations
appearing in the above 12 equations should be done.
Consider N cylindrical modes, Q transverse electric wave-
guide modes, and L transverse magnetic waveguide modes.
For p matching points in each waveguide, the number of

+ by K2y ——c0s
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equations is 12p. For the number of equations to be equal to
the number of unknowns, the foliowing equation should be
fulfilled:

12p= 22N + 1)+ 3(Q + 1) + 3L (37)

It should be noted that for any value of p there are 2p
possible solutions for (37).

B. The Full-Height T-Junction Circulator

Two types of T junctions have been studied. In the first
type, shown in Fig. 3, the metallic boundary 1-4 is a plane
surface. In the second type, Fig. 4, the metallic boundary 1-4
is a segment of a cylindrical wall. The imaginary boundary
chosen for matching in both cases is a cylindrical surface of
radius b/, /2 [9]. Another condition that should be satisfied
in both types of T junctions is that the tangential electric
field E,(r,0,z) and Er,0,z) on the conducting surface 1-4
should be equal to zero. The boundary conditions for both
types of T junctions are written as in (29)-(32) except that

r=b//2

x; = b cos Hi/\/i
y; = b sin 6, /ﬁ
0; =0, 3n/4 <0 < 5m/4
0,=0+mn/2, /4 <0 <3n/4
0; =8+ 3n/2, Sn/4 < 0 < Tr/b.
For region 2 (boundary 1-4, Figs. 3 and 4),
E.(r0,2)=0 (38)
Eyr0,z2)=0 (39)
where, for the first type of T junction,
r = b/2 cos 0, Tn/4 < 6 < w/4

and, for the second type of T junction,
r=b.J/2 TRA<O<n/

Applying the same technique as in the case of the Y-
junction circulator, one gets a system of 14 nonhomoge-
neous equations. The number of unknowns is still the same
as in the case of the Y junction. Assume p matching points
in each waveguide and ¢ matching points on the boundary
1-4, the number of equations is (12p + 2¢). In order to have
a solution, the number of equations should be equal to the
number of unknowns:

12p +2¢=2(2N + 1)+ 3(Q + 1) + 3L.

It should be noted that if the number of equations
resulting from the matching points on the perfect conductor
is taken to be equal to the number of cylindrical complex
amplitudes, i.c., 2q = 2(2N + 1), then a set of 2¢q homoge-
neous equations results. The only solution for this set of
equations is the trivial one, namely, 4,, ,; = Ap2 = 0. The
transmission to the output ports, ports 2 and 3, is zero and
complete reflection takes place from the input port. This of
course is a wrong result, which is due to the incorrect choice
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Fig. 3. Schematic representation of an E-plane T-junction circulator

(first type).

Port 2
8= T2

31 - Region 1

Region 2

~
Input T2 N~
Waveguide
Port 3
o= 3N/2

Fig. 4. Schematic representation of an E-plane T-junction circulator
(second type).

of the number of matching points on each boundary and the
number of unknowns to be determined. Similar conclusions
have been reported by several investigators [12]-[14].

III. RESULTS AND DISCUSSIONS

In Section II, a system of infinite equations, with eight
infinite unknowns, is obtained by applying the boundary
conditions at all discontinuity surfaces as well as a chosen
imaginary boundary whose shape is determined by the
geometry of the junction. With a finite number of matching
points chosen for each type of junction on the imaginary
surface and truncation of the infinite summation, a system of
nonhomogeneous linear equations is found. The simulta-
neous solution of these equations, using a digital computer,
yields the circulator characteristics, namely, the reflection
coefficient, isolation, and insertion loss.

The numerical calculations and experimental measure-
ments have been carried out for the X-band frequency range
and for two commercially available materials, the properties
of which are given in Table I. The internal dc magnetic field
used is 200 Oe. When this value was changed to 600 Oe the
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TABLE 1
Material ~ 4zM, Gauss  AH Oersted &, tan o
Y13A 1700 55 16.6 0.0003
M3A 2150 520 13.5 0.002

change in the circulator characteristics was small, a slight
increase in circulation frequency occurred.

A. Simple Rod Y-Junction Circulator

The numerical test for the accuracy of the results is the
same as has been discussed in a previous paper [9]. It is
found that four cylindrical modes in regions 1 and 2, four TE
waveguide modes, and two TM waveguide modes give
reasonably accurate results.

1) Circulator Characteristics: Fig. 5 shows the circulator
characteristics obtained by the numerical method using the
point matching technique. Also shown in the same figure are
the experimental results obtained using ferrite material
Y13A with the following dimensions: 0.15-in radius and
0.9-in height. It is clear from this figure that the general
shapes of both characteristic curves obtained by both
methods are nearly the same. The numerical and experimen-
tal results of the reflection coefficient characteristic are very
close and the difference between them is of the order of 1 dB
or less. The maximum difference between the numerical and
experimental results in both the isolation and insertion loss
curves is of the order of 1.5 and 2 dB and takes place at 10
and 10.5 GHz, respectively; still the general shapes of the
curves are the same which confirms the correctness of the
analysis and the correct choice of the number of modes in
each region. It should be noticed that there is no circulation
in the entire X band because the ferrite rod radius is too
large. The frequencies 9.25 and 12.0 GHz have minimum
reflection but do not represent points of circulation because
the output power is divided between the other two ports.
There is approximately a complete reflection at 11.0 GHz.

Fig. 6 shows the computed circulator characteristics when
using ferrite with a radius of 0.1 in. In this case, the
circulation frequency occurs at 10.6 GHz, while the mini-
mum insertion loss and minimum reflection take place at
10.8 GHz. The value of isolation at the circulation frequency
is about 12 dB, while the reflection and insertion loss are 12.5
and 0.495 dB, respectively. At the upper end of the frequency
band another point of very poor circulation appears in the
same direction, while at 12.0 GHz a large part of the incident
power is reflected back from the input port (reflection
coefficient equals 3.176 dB, i.e., 0.4813 in ratio).

Davis and Longely [3] stated that “a single broadband
mode of circulation can be found using ferrite posts,
provided that the diameter is less than 0.2 inch.” From the
numerical results, it is observed that a simple mode of
circulation may occur when the ferrite diameter is greater
than 0.16 in and less than or equal to 0.24 in. When
increasing the ferrite diameter above this value complicated
characteristics are obtained and circulation may not take
place.
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Fig. 5. Circulator characteristics for the Y-junction circulator, R = 0.15
in.

The variation of the circulation frequency (the frequency
of maximum isolation) with the ferrite radius, for a constant
dc magnetic field (200 Oe) using both ferrite materials Y13A
and M3A, is shown in Fig. 7. It is clear from this figure that
when the ferrite radius is increased, the circulation frequency
decreases, approximately linearly. This statement holds for
both ferrite materials. This behavior is the same as that of the
H-plane circulator [9].

This result can be explained physically as follows: The
magnetic field for the TE,, mode in the XY plane can be
considered approximately circularly polarized with a differ-
ent sense of polarization in each side of the X axis. The effect
of the ferrite rod is to increase the wavelength of the wave in
one side and to decrease the wavelength in the other side of
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the X axis. Therefore, the wavefront after passing through
the ferrite rod will not be perpendicular to the X axis, but
will be tilted through an angle. Circulation will take place
when this angle is 2r/3. When the ferrite radius increases the
same angle of rotation for the phase front is obtained at a
lower frequency.

On the basis of the results shown in Fig. 7 it is possible to
design X-band E-plane circulators theoretically.

2) Power Density Distributions in Regions 1 and 2: One of
the most important advantages of the point matching
technique is that it enables one to know the fields and
consequently the power density distributions inside the
junction. Once the set of inhomogeneous equations is solved
by the digital computer, the complex amplitudes in the
ferrite rod 4,,,, and 4, ,, are known and, consequently,
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Fonts Frunzo Hyny, and Hy, 5 are obtained. The fields and
consequently the power density distributions at any point
(r,0,2) can be obtained from the field expressions (6)-(9)and
(10)-(13).

Fig. 8 shows the power density distribution in the ferrite
rod, for the case of R = 0.1 in at a circulation frequency of
10.6 GHz. The radial power flow along a cylindrical shell
opposite any waveguide is given by the area under the curve
extending along that arc multiplied by the arc radius. From
the figure it is seen that P, is zero near the axis of the isolated
port, while the net area along the isolated port is approxi-
mately zero since the positive partis approximately equal to
the negative part. The area under the curve along the arc
opposite the input port is approximately equal to the area
under the curve along the arc opposite the output port, but
with a different sign as has been mentioned in [9]. The reason
for this is that the power in the input port is incident to the
junction, while the power in the output port is leaving the
junction.

From Fig. 8, it can be seen that as the ferrite radius
increases, P, is reduced in order to keep the area under the
curve multiplied by the corresponding radius constant.

It should be noted that when the power density distribu-
tion is plotted for the frequency of minimum insertion loss
(10.8 GHz), the area under the curve opposite the input and
output ports increases. This happens because of the fact that
when the insertion loss is minimum, almost all the input
power comes out from the output port with minimum
reflection from the input port.

B. Simple Rod T-Junction Circulator

Numerical results for both types of T-junctions are pre-
sented in this section. In the first type (Fig. 3) the imaginary
boundary (cylindrical boundary) is not complete since it is
cut by the perfect conductor 1-4. This reduces the accuracy
of the results greatly [11] as compared with the excellent
accuracy obtained in the case of the Y-junction circulator.
Another factor which causes a reduction in the accuracy of
the results for both types of T junction, when using the point
matching technique in solving the problem, is the lack of
axial symmetry in the T-junction circulator compared with
the Y-junction circulator.

The circulator characteristics for the first type of T
junction have been obtained numerically using the Y13A
ferrite material and different ferrite rod radii. The case of
R =0.11 in is shown in Fig. 9. A very sharp circulation is
observed at 11.95 GHz, and a large reflection takes place at
the lower and upper ends of the frequency band (7.5and 12.5
GHz) and also at 9.0 GHz. The circulator characteristics
have also been obtained for the second type of T junction
using the ferrite materials Y13A and M3A with different
ferrite rod radii. The case of R = 0.11 in using the first ferrite
material is shown in Fig. 10. It is observed that in the case of
T junctions circulation takes place at a higher frequency
than in the case of Y junctions. Also, it is found that the
circulator characteristics inrboth cases are completely differ-
ent. However, the general shape of the characteristic curves
of both types of T junction are alike, except for a shift
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toward the lower frequency in the case of the second type of
T junction.

Fig. 11 shows the variation of the ferrite radius with the
frequency of maximum isolation, for both types of T junc-
tion when the internal dc magnetic field is 200 Oe. The
results shown in this figure are a useful guide for
the theoretical design of X-band T-junction circulators.

IV. CONCLUSIONS

The point matching technique has been used successfully
to obtain the circulator characteristics for three types of
E-plane junctions. It is found that the circulation frequency
for the T junction in which the perfect conducting surfaceis a
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Fig. 10. Circulator characteristics for the T-junction circulator (second
type), R = 0.11 in.

plane (first type) is higher than that for the T junction in
which the perfect conducting surface is cylindrical (second
type). The circulation frequency for the second type of T
junction is higher than that for the Y junction when using the
same ferrite material and the same ferrite rod radius. For the
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three different types of junctions, the circulation frequency
decreases with increases in the ferrite radius.

No single mode of circulation is found for the Y-junction
circulator when the ferrite diameter increases above 0.24 in,
but rather complicated characteristics are found. When the
ferrite diameter is reduced below 0.16 in, no circulation
occurs and the characteristics become flat.

The power density distributions, in the ferrite rod and the
air ring surrounding it, have been obtained and plotted.
These curves indicate the distribution of the incident power
among the different ports.

Experimental measurements have been carried out for
one sample of ferrite and show good agreement with the
corresponding numerical results. The bandwidth obtained is
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very narrow which is expected, since no provision has been
made for bandwidth enlargement. It is expected that dielec-
tric loading can be used effectively to increase the
bandwidth.
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