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Abstract

This paper presents radiation characteristics of a finite pe-
riodic slot array in a parallel plate waveguide filled with a
transversely magnetized ferrite. The characteristics are ana-
lyzed by using the moment method and estimated numerically
under the condition that the fundamental TE1 mode is only
the propagating mode in the unperturbed parallel plate waveg-
uide. It is theoretically explained how the chacteristics can be
tuned and the radiation patterns can be controlled by varying
the dc magnetic field applied to the ferrite.

1. INTRODUCTION

Recently, research on RF electronic controllable high fre-
quency devices and circuits has been paid attention to [1].
Research on microwave ferrite devices is a kind of the research
on the RF controllable electronic high frequency devices.
Until now, the vigorous development and research on the
microwave ferrite devices such as isolators, circulators, phase
shifter, delay lines, magnetically tunable resonators has been
carried out by using anisotropy and frequency dependence
of the permeability of ferrite that can easily be controlled
by an external dc magnetic field [2]-[4]. On the other hand,
research on antenna applications of ferrite materials has not
been carried out extensively.

As research on antenna applications using ferrites, electronic
scanning of the radiation pattern of an open-ended retangular
waveguide filled with ferrite [5],[6], electronic scanning of
an antenna loaded with circularly arrayed ferrite bars [7],
electronic scan of a millimeter-wave leaky wave antenna with
a periodic structure loaded with ferrite [8]-[11], and microstrip
antennas on a ferrite substrate [12]-[18] have been researched.
Of these, the periodic ferrite structure can work not only
as a leaky-wave antenna but also as a magnetically tunable
Bragg reflection filter. So, reseach on propagation in the
periodic ferrite structure is very interesting. The Bragg reflec-
tion characteristics and leaky-wave antenna characteristics of
the infinite periodic ferrite structures have been characterized
theoretically by means of the improved perturbation method
[8], the singular perturbation method [11], and spectral domain
method [19], [20]. As long as the author knows, the analytical
research on ferrite waveguides with a finite periodic structure
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Fig. 1: A finite periodic slot array in a parallel plate waveguide filled with
a transversely magnetized ferrite.

has been carried out little. So, the author have theoretically
explained the radiation characteristics of a slotted parallel
plate waveguide filled with a transversely magnetized ferrite
by means of the method of moments. Then, the author have
discussed the magnetic tunability of the radiation frequency
band of the slotted parallel plate waveguide filled with ferrite
and radiation pattern control by an applied dc magnetic field
[21].

In this paper, radiation characteristics of a finite periodic slot
array installed in a upper plate of a parallel plate waveguide
filled with a transversely magnetized ferrite are analyzed by
means of the method of the moments [21]-[24] in the case
which only the TE1 mode propagates in the unperturbed
parallel plate waveguide. At millimeter-wave frequencies, the
dependence of the characteristics of the periodically slotted
parallel plate waveguide on the applied dc magnetic field
is estimated numerically. It is theoretically explained how
the chacteristics can be tuned and the radiation patterns can
be controlled by varying the dc magnetic field applied to
the ferrite from the viewpoint of the leaky wave antenna
application.

2. THEORETICAL ANALYSIS

Let us consider a periodically slotted parallel plate waveguide
shown in Fig. 1 consisting of a finie periodic slot array formed
in the upper plate of a parallel plate waveguide that is filled
with ferrite magnetized in the z direction. In Fig. 1,b, D, L
and 2a show the height, the periodicity, the number of the
slots and the slot width of the periodically slotted parallel
plate waveguide, respectively. In Fig. 1, it is assumed that
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Fig. 2: Equivalent analytical model.

the electromagnetic field is uniform in the z direction (so
that ∂

∂z
= 0) and the time dependence isejωt. The relative

permittivity of the ferrite isεr. It is assumed that there is no
loss in the ferreite used in the periodically slotted parallel plate
waveguide. Then, the relative permeability tensorµ̂ is given
by

µ̂ =


 µ jκ 0

−jκ µ 0
0 0 1


 , µ = 1 + ωhωm

ω2
h − ω2 , κ = ωωm

ω2
h − ω2 ,

(1)

ωh = γµ0H0, ωm = γµ0Ms.

where µ0 is the free space permeability,ω is the angular
frequency,µ0H0 is the applied dc magnetic field,γ is the
gyromagnetic ratio (= 1.76 × 1011rad/T/sec) and µ0Ms is
the saturation magnetization of the ferrite. For the dielectric-
filled slotted parallel plate waveguide in [22],[23], the cases
in which both the permittivity and permeability are isotropic
are analyzed. In the present paper, the case in which only the
permeability is expressed with an anisotropic tensor is ana-
lyzed. In this paper, not only the magnetostatic mode obtained
under the magnetostatic condition neglecting the electric field
components, but also the electromagnetic modes containing
the electric field components are rigorously analyzed.

Let us assume the case in which only theTE1 mode
propagates in the parallel plate waveguide filled with ferrite
as shown in Fig. 1. The slot regionsSβ(β = 1, · · · , L)) are
defined as{Sβ : |x − (β − 1)D| ≤ a, y = 0} in Fig. 1. The
analysis is carried out with the equivalent analytical model in
Fig. 2, in which each slots is replaced with equivalent magnetic
current M

(β)
x (x). In this case, the incident electromagnetic

field(Einc
zII , H inc

xII , H inc
yII ), the scattered electromagnetic field in

Region I(Es
zI , Hs

xI , Hs
yI ) , and the scattered electromagnetic

field in RegionII (Es
zII,H

s
xII,H

s
yII) are given as follows:

Einc
zII = sin(π

b
y)e−jkx1x,

Hinc
xII = − 1

jωµ0µeff
{π

b
cos(

π

b
y) +

κ

µ
kx1 sin(

π

b
y)}e−jkx1x,

Hinc
yII = − 1

ωµ0µeff
{kx1 sin(π

b
y) + κ

µ
π
b

cos(π
b
y)}e−jkx1x,

(2)

Es
zI =

j
4

L∑
β=1

∫
Sβ

M
(β)
x (x′) ∂

∂y
{H(2)

0 (k0R
−)

+H
(2)
0 (k0R

+)}|y′=0+dx′

Hs
xI = 1

4k0Z0

L∑
β=1

∫
Sβ

M
(β)
x (x′)(k2

0 + ∂2

∂x2 )

{H(2)
0 (k0R

−) + H
(2)
0 (k0R

+)}|y′=0+dx′,

Hs
yI = 1

4k0Z0

L∑
β=1

∫
Sβ

M
(β)
x (x′) ∂2

∂x∂y

{H(2)
0 (k0R

−) + H
(2)
0 (k0R

+)}|y′=0+dx′,

(3)

R± =
√

(x − x′)2 + (y ∓ y′)2.

Es
zII =

L∑
β=1

∫
Sβ

M
(β)
x (x′)G(x, y; x′, y′)|y′=0−dx′,

Hs
xII = − 1

jωµeffµ0

L∑
β=1

∫
Sβ

M
(β)
x (x′)

·{∂G(x, y; x′, y′)
∂y

+j κ
µ

∂G(x, y; x′, y′)
∂x

}|y′=0−dx′,

Hs
yII = 1

jωµeffµ0

L∑
β=1

∫
Sβ

M
(β)
x (x′)

·{∂G(x, y; x′, y′)
∂x

+j κ
µ

∂G(x, y; x′, y′)
∂y

}|y′=0−dx′,

(4)

G(x, y; x′, y′) =
j
b

∞∑
q=1

1
kxq

{q π
b

cos(qπ
y′

b
)

+
(x − x′)
|x − x′| kxq

κ
µ sin(qπ

y′

b
)}

· sin(qπ
y
b )e−jkxq |x−x′|.

(5)

kxq =
√

εrµeffk2
0 − (

qπ
b )2, µeff =

µ2 − κ2

µ ,

k0 = ω
√

ε0µ0, Z0 =
√

µ0
ε0

.

Here,ε0 is the free space permittivity andH (2)
0 (·) is zeroth-

order Hankel function of the second kind. From the condition
that the tangential components of the magnetic field in Region
I and II are continuous over each slot regionSβ , namely,

Hs
xI |y=0+ = H inc

xII |y=0−
+ Hs

xII|y=0−
,

over Sβ(β = 1, 2, · · · , L)
(6)

the integral equation on the equivalent surface magnetic cur-
rentM (β)

x (x) over theβth slot can be obtained. All slot regions
Sβ are equally divided intoN segments and each equivalent
surface magnetic currentM (β)

x (x) is expanded in terms of the
piecewise sinusoidal functionΦ(β)

nβ
(x) (nβ = 1, · · · , N − 1)
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as

M
(β)
x (x) =

N−1∑
nβ=1

V
(β)
nβ

Φ
(β)
nβ

(x)

V
(β)
nβ

: unknown coefficients.

Φ
(β)
nβ

(x) =
Ψ(β)

nβ
(x)

sin k0h
Ψ

(β)
nβ

(x) = sin k0(x − x
(β)
nβ−1)P

(β)
nβ−1(x)

+ sin k0(x
(β)
nβ+1 − x)P

(β)
nβ

(x)

P
(β)
nβ−1(x) =

{
1 x

(β)
nβ−1 ≤ x ≤ x

(β)
nβ

0 other

x
(β)
nβ−1 = −a + (β − 1)D + (nβ − 1)h,

x
(β)
nβ = −a + (β − 1)D + nβh,

h = 2a
N .

(7)

When both sides of Eq. (6) are multiplied byΨ(α)
mα(x) =

sin k0hΦ
(α)
mα(x) (mα = 1, 2, · · · , N −1, h = 2a

N
) and are inte-

grated overSα (α = 1, 2, · · · , L), then the above mentioned
integral equation is reduced to the followind equations as

[Y αβ
mαnβ

][V (β)
nβ

] = [I(α)
mα

] (8)

Y αβ
mαnβ

= Y αβ
1mαnβ

+ Y αβ
2mαnβ

(9)

Y αβ
1mαnβ

= 1
j2 sin k0h

k0S
αβ
mαnβ

(10)

k0S
αβ
mαnβ

= 2 cosk0hk0F
αβ
mαnβ

− k0F
αβ
mαnβ+1

−k0F
αβ
mαnβ−1

k0F
αβ
mαnβ

= 2k0r
αβ
mαnβ

H
(2)
1 (k0r

αβ
mαnβ

) cos k0h

−k0r
αβ
mα+1nβ

H
(2)
1 (k0r

αβ
mα+1nβ

)

−k0r
αβ
mα−1nβ

H
(2)
1 (k0r

αβ
mα−1nβ

)

rαβ
mαnβ

= |x(α)
mα − x

(β)
nβ

|
Y αβ

2mαnβ
= 1

µeff sin k0h
[{B0δmαnβ

+B1(δmαnβ+1 + δmαnβ−1)}δαβ

+ k0b
jπ2

∞∑
q=1

k0
kxq

C2
q

q2 T αβ
mαnβ

(q)]

(11)

B0 = −(k0b sin 2k0h)U

− W
2k0b

(2k0h − sin 2k0h)

B1 = (k0b sin k0h)U

+ W
2k0b

(k0h cosk0h − sin k0h)

U = −cot
√

εrµeff − 1k0b

2
√

εrµeff − 1k0b
+ 1

2cosec2
√

εrµeff − 1k0b

W =
√

εrµeff − 1k0b cot
√

εrµeff − 1k0b

Cq = 1

1 − (εrµeff − 1)(
k0b

qπ
)2

T αβ
mαnβ

(q) = Qαβ
mαnβ+1(q) + Qαβ

mαnβ−1(q)

−2 cosk0hQαβ
mαnβ

(q)

Qαβ
mαnβ

(q) = e
−jkxqr

αβ

mα+1nβ + e
−jkxqr

αβ

mα−1nβ

−2 cosk0he
−jkxqrαβ

mαnβ

I(α)
mα

=
2πk0e

−jkx1x(α)
mα

µeff b(k2
0 − k2

x1)
(cos kx1h − cos k0h). (12)

In the above,H(2)
1 (·) denotes the first-order Hankel function

of the second kind. From the undetermined coefficientsV
(β)
nβ

obtained by solving the above mentioned matrix equation (8)
and Eqs. (7), (3) and (4), the equivalent surface magnetic
currents and the scattered electromagnetic fields at each region
can be determined.

The far field expression for the electric fieldEzI(ρ, φ) due
to the equivalent magnetic current source is

EzI(ρ, φ) =

√
2

πk0ρ
e−j(k0ρ−π

4 )

· {cos(k0 sin φh) − cos k0h}
sin k0h cosφ

·
L∑

β=1

N−1∑
nβ=1

V
(β)
nβ

e
jk0 sin φx(β)

nβ

(13)

The incident power per unit length in the z direction in this
parallel plate waveguidePinc, the Poynting power in theρ
direction ps(ρ, φ), the radiated powerPrad and the radiation
efficiencyηrad are given by

Pinc = −1

2
Re{

∫ 0

−b

Einc
zII H∗inc

yII dy} (14)

ps(ρ, φ) =
1

2
Re{EzI(ρ, φ)H∗

φI(ρ, φ)}, (15)

Prad =

∫ π
2

−π
2

ps(ρ, φ)ρdφ, (16)

ηrad =
Prad

Pinc

. (17)

The radiation pattern is defined as

Grad(φ) = 10 log10{2πρ
ps(ρ, φ)

Pinc

}. (18)

3. NUMERICAL RESULT

In the numerical calculations, the relative permittivityεr and
satuation magnetizationµ0Ms of the ferrite and the numeber
of the slotsL, the slot width2a, the periodicityD and heightb
of the periodically slotted parallel plate waveguide filled with
ferrite are

εr = 12.5 µ0Ms = 0.5T [25] − [27].

L = 60 2a = 1.0mm D = 3.0mm b = 1.5mm.

In the numerical calculation, ferrite is assumed to be lossless.
The number of divisions of the slot regionN is fixed toN = 40
so that the width of the divided slot regionh can be smaller
than 1

50 of the wavelength. The order of the trancated terms
Ntr in the inifinite series in Eq.(5) is fixed to Ntr = 200.
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Also, it is confirmed that the numerical results satisfy the
energy conservation law within an error of10−3%.

Fig. 3 shows the frequency dependent characteristic of the
radiation efficiencyηrad at 40 to 50GHz for different values
of the applied dc magnetic field. In the case ofµ0H0 =
0.05T , the maximum radiation efficiency is about 0.9, and
the frequency band for a radiation efficiency of less than
0.1 is caused by the Bragg reflection near 42GHz. If the
applied dc magnetic field is changed fromµ0H0 = 0.05T
to µ0H0 = 0.5T , it is found that the radiation range is
tuned by about 3GHz, while the maximum radiation efficiency
and the radiation bandwidth do not essentially change. From
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41GHz.
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the above results, it is found that the operating frequency
can be varied by simply changing the applied dc magnetic
field without changing the physical dimensions. Therefore,
there is possibility of constructing antenna suitable for various
millimeter-wave systems.

Fig. 4 shows the frequency characteristics of the maximum
beam directionφm of the radiated wave in the range of 40 to
50GHz, dependent on the applied dc magnetic field. From Fig.
4 it is found that the maximum beam directionφm show the
marked frequency beam-scanning characteristics. Specially, in
the case ofµ0H0 = 0.05T , the maximum beam directionφm

changes from−12.8◦ to 55.8◦ in the range of 40 to 50GHz and
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the Bragg reflection band with the bandwidth of about 1GHz
is caused in the range of 41 to 43GHz. Also, if the applied dc
magnetic field is varied fromµ0H0 = 0.05T to µ0H0 = 0.5T ,
the frequency dependence of the maxinum beam directionφm

is tuned by about 3GHz.
Figs. 5 and 6 show the dependence of the radiation pattern

Grad(φ) on the applied dc magnetic field at 41GHz and the
dependence of the the radiation patternGrad(φ) on the applied
dc magnetic field at 47GHz. In the case ofµ0H0 = 0.05T , The
maximum beam directionsφm of Fig. 5 and Fig. 6 are−2.92◦

and 32.1◦, respectively. From this, too, it is found that the
maximum beam directionφm shows the marked frequecncy
beam-scanning characteristic. Also, as the applied dc maga-
netic fieldµ0H0 is varied from 0.05T to 0.5T, the maximum
beam directionφm is scanned from−2.92◦ to −38.3◦ in Fig.
5 and from32.1◦ to 15.1◦ in Fig. 6. Further, it is found that
the intensity of the radiated power is changed with the beam
scan by the applied dc magnetic field, because the beam scan
is caused with the tune of the radiation frequency band by the
applied dc magnetic field.

4. CONCLUSION

Radiation characteristics of a finite periodic slot array in a up-
per plate of a parallel plate waveguide filled with a transversely
magnetized ferrite is analyzed by the method of moments
in the case which only theTE1 mode propagates in the
unperturbed parallel plate waveguide. Under the assumption
that ferrite loss is noexistent, it is theoretically explained
how the frequency denpendent characteristic of the radiation
efficiency and the frequency scanning characteristic of the ra-
diated wave are controlled by varying the applied dc magnetic
field. From numerical results, it is found that the frequency
dependent characteristic of the radiation efficiencyηrad and
the frequency dependent characteristic of the maximum beam
direction φm are tuned to higher frequency band without
significantly changing the maximum radiation efficiency and
the radiation frequency bandwidth by varying the applied dc
magnetic field. Also, it is explained that the beam scanning
of the radiation patterns are caused with the tuning of the
frequency dependence of the maximum beam direction by
changing the applied dc magnetic field.
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