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Abstract

In this paper, radiation characteristics of dipole sources located in a grounded and perpendicularly
magnetized ferrite slab are investigated. Beam scanning ot millimeter-wave frequencies is obtained
by varying a DC magnetic field at suitable conditions. The problem is formulated in the form of
transversal field equations with respect to the direction of the DC magnetic filed. The asymmetrical coupled
transmission line representation is used to solve the Fourier transformed transversal field equations in the
ferrite slab. Far fields are evaluated using the method of steepest descent. This method can easily be applied
to radiation problems in stratified anisotropic and isotropic media, which are magnetized perpendicularly.
Radiation patterns of an Hertzian magnetic dipole in a grounded ferrite slab are obtained at 22-35 GHz.
Effects of the magnitude of the DC bias field, the thickness of the ferrite slab, and the frequency on
radiation patterns are examined. It is observed that approzimately + 35 degrees continuous beamn steering
can be obtained by varying the DC bias field.

Keywords: Propagation in anisotropic media, ferrite loaded antennas.

1. Introduction

In recent years, electronically scanning antennas are widely used in various applications, especially in
millimeter-wave radars, since mechanically scanned millimeter-wave radar antennas lack the rapid scanning
capability. This paper, deals with the radiation from dipole sources in a transversely unbounded, perpen-
dicularly magnetized ferrite slab on a ground plane. It is shown that, this structure has a beam steering
feature controlled by an applied DC magnetic field at millimeter-wave frequencies.

Ferrite materials have been used in a large number of microwave devices for many years, but only
recently they have been considered for use with planar antenna systems. When a large, constant and uniform
magnetic field is applied to a ferrite slab, it exhibits tensor permeability. This enables control of various
radiation characteristics of the antenna by adjusting an externally applied DC magnetic field.

The electromagnetic waves radiated by dipoles in an infinitely extended gyrotropic medium have been
examined by many authors, [1]-[4]. There have been some solutions to the radiation problems of sources in
stratified systems with anisotropic media, [5]-[10]. In [7], fourth order partial differential equations have been
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obtained from Maxwell equations, but this procedure is complex and numerically difficult to handle. As an
alternative approach, Fourier transformed matrix method has been used in [8]. In this method transversal
field components are evaluated using complex matrices. In both papers, electromagnetic fields are obtained
using the method of moments (Galerkin approach). In [9] and [10], to obtain Green’s function, Maxwell’s
equations are arranged into a compact matrix form in the spectral domain and are solved in terms of
exponential matrix functions characteristic of each region. The same procedure is modified so that isotropic
layers can also be included in the analysis, [11]. These methods are cumbersome and lengthy. However, circuit
modelling based on transverse equivalent transmission line modelling [12] is a more systematic approach and
is straightforwardly adaptable to computer aided analysis for such layered structures. Furthermore, it gives
a physical insight into the radiation problem. It also seems that matching of the field at the interfaces and
at the source could more easily be achieved by the network procedure presented in this paper.

Equivalent transmission line formulation has been applied only to isotropic multilayer structures to
find spectral domain Green’s function, [12], [13]. In this paper, using the formulation given in Section 2,
the solution of Maxwell field ‘equations in stratified media including perpendicularly magnetized anisotropic
media has been reduced to the solution of asymmetric coupled transmission line equations in anisotropic
media, subject to the required continuity conditions at the interfaces and to the specified boundary condi-
tions. First, far fields of an infinitesimally small magnetic dipole positioned in a grounded ferrite slab are
evaluated asymptotically by the method of steepest descent. Radiation patterns are presented in Section
3.1, at different frequencies. Then, the results are generalized for the two layer structure in Section 3.2.
Dependence of patterns on DC magnetic field, thickness of the ferrite slab and frequency are examined.

2. Formulation

The geometry of the problem under investigation is shown in Figure 1. The ferrite slab with thickness d
is placed on a perfect conductor. The structure is assumed to be infinite in the transverse direction. An
external, uniform DC magnetic field By is applied to the slab perpendicularly. The source is an infinitesimally
small magnetic dipole at z = 2’. The free space extends beyond the ferrite slab to infinity. Sinusoidal
excitation and lossless media are assumed throughout the analysis.

Figure 1. Physical structure of the problem for an excitation by an Hertzian magnetic dipole

Ferrite medium in the presence of a steady external magnetic field By along the z-axis can be characterized
by a scalar permittivity € and a tensor permeability

>

B =iz +32 0, (la)
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where
WoWm W
X = ’wg—_w_ja K= w, wWm = YoM, wo = vBo, (1c)

where M, is the saturation magnetization constant of the ferrite, w is the angular applied frequency, 7y is
the gyromagnetic ratio (ratio of the magnetic moment to the angular momentum), w, (resonance frequency
of a ferrite) is the vector precession angular velocity directed along By, [14].

Maxwell’s equations in ferrite media in the presence of both electric current j and magnetic current

-
M sources are

V x E=~jw(ﬁ0§)— ]\_/.;, (2a)
VXxH=jweE+ 7. (2b)

By taking scalar and vector products of (2) with the unit vector Z, following equations for the transverse

(to z) field components are obtained

I VA VA

_—c’?—z E‘; = jwpo ™ + 2 . (ﬁt x2)+ ]\Zte xZ, (3a)
"?% H, = jwe | 1, +V£2vt o (3% By) + 5% Joo (3b)
where
k2 = w?uoeg, k% = kie, (3¢)
and f; represents the transverse unit dyadic and
My x5 =M, x5 + ]—j; Vil (3d)
Bx Joy = jwlﬂo M, M, + 5% T, . (3¢)

Longitudinal (z) components in terms of the tangential fields and excitation sources are

1 — —
Ez = (Vt X Ht o — Jz) ) (4&)
jwe
1 —_ — .
Hz=— " (Vt XEt .Z+Mz). (4b)
JwWho

Two dimensional Fourier transformation

~ Rt x - A
E(kt,z) = / E: (p,z)e’**" dp, (5a)
— 0 — 00
ke = koo + kyd, P=zd +yg, (5b)
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is applied to equations (3.a) and (3.b) to derive the following linear differential equation system:

8~ . kb oo

_—a—zEt = Jwio (%' — ?‘ ° (Ht X Z) + Mte X z, (6&)
Op _ (v Bk oo

_a—th = Jwe (1t —Tz—) [ ] (Z X Et) + 2z Jte~ (6b)

We can represent transverse electromagnetic fields as a superposition of orthogonal transverse vector mode
fields, by decomposing E;, Hy, J;. and M,. into 15t and k;t X £ components

By = E'ky + E"(ly x %), (7a)
Hy = H'(3 x k) + H"k, (7b)
Joe = JLRs + T (B x 2), (7c)
Mie = ML(5 X k) + MK, (7d)

The above expressions (7) are substituted into set of equations given in (6) and the following transmission
line type of equations are obtained

d _ Z1 Zm ’06
V= [ Z. 7 }I+ [ ol | (8a)
E —H'
V=I:E//:|’ Izl:H" ]’ (8b)
: A .
Zy = —jwpo {1+ x — E) v L2 =jwpe(l+X), Zm =wwk (8¢c)

System of homogeneous equations for voltages on the asymmetric coupled lines are solved (e 7X* variation
| is used for voltages and currents). Solution of the resulting eigenvalue problem leads to the propagation
} constants K. and K, which correspond to in-phase and anti-phase waves respectively

4
Ken= i\/kz(l +x)—(1+ %)kf + \/le%t + k2k2(k2 - k). (9)

Relationships between voltages (i.e. transversal field components) are given as

Uy _ K2 +a1 i2 _ bl

Vi o b]_ ’ ’il - K2.+ a2’ (10&)
o = —k*(1+x) + &, (10b)
by = ju(k?* — k7), (10c)

az = ~(1+X)(K — ¥). (10d)
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Thus, perpendicularly magnetized ferrite slab can be represented by asymmetric coupled lines in the network
model. However, in the isotropic case Z,, = 0, so free space can be modelled by transmission lines with

characteristic impedances of the TE and TM modes.
Let us reconsider the geometry in Figure 1. The excitation source is an Hertzian magnetic dipole with

a magnetic current distribution

M= I"dz8(P)8(2) (11)

where 6(.) is Dirac’s é-function.

v, (2) I,V v V) A Ze(TM)
; [ +: I; 1
: v, VvV, V! Zc(TE)
i I (B
,l vz(z) 3 : Vo : 2 3 :
z=0 z:z- z=z+ z=d
<€ r >

Figure 2. Associated network model of the problem

The equivalent network model of this structure is as shown in Figure 2. In the model voltage sources
represent magnetic dipole with values

; ke

’Ul = -1 mdil)——y, 'U” =I"dz . 12
0 0
kt kt

Using the impedance or admittance matrices of asymmetric coupled lines given in [15], fields at the ferrite-air

boundary can be found in terms of excitation

ow@ | [ PR Q) v)
[vz(d) ]“ Pk Q' (k) ] [ ] 42

where P',P",Q',Q" are evaluated from transmission line relations [16] and are given in the Appendix.
To find the Green’s function in far zone of the antenna method of steepest descent can be used 117].
This allows the far fields to be calculated directly. from the Green’s function

E, ~0, (14a)
'Imdm e—jkﬂr e]‘F(a)
E0(97 ¢) ~ =] 9T ko

Ey(0,8) ~ — im0k T O ok, — @ (ku)ka) (14¢)
s I T tand £y t/he ) ¢

(P'(k)ky — Q' (Kt )kz) , (14b)

T sind

where k; is evaluated at the saddle point k; = ko sin 0.
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3. Results and Discussion

3.1. Single Ferrite Slab On A Ground Plane

Far field patterns of an Hertzian magnetic dipole antenna in a grounded ferrite slab for different parameters
of ferrite are presented in this section. In the given examples the dipole is located on a ground plane so
that radiation from slot antenna or other aperture type antennas mounted on a ground plane could be easily
found . The orientation of the dipole is in x-direction. It is assumed that the ferrite slab is fully saturated.

As seen from (1), elements of the permeability tensor of ferrite are changed with saturation magne-
tization constant, the operating frequency and the applied magnetic field. Thus, radiation patterns can be
controlled by changing these parameters. Due to magnetized ferrite slab, beam splitting occurs, compared
to one main beam in isotropic case. Mostly beam splits into two, but as seen in Figure 5 beam splits into
four when suitable conditions are met. It is observed that radiation patterns are symmetric with respect to
6 = 0 (z-axis). Thus, only one half of them has been plotted. The symmetry in radiation patterns is due
to the fact that ferrite is magnetized perpendicularly. It is shown in [11] that for different orientations of
magnetization, the symmetry does not hold.

The most important result of this analysis is that continuous beam steering occurs at millimeter-wave
frequencies when the applied DC magnetic field is changed. The mechanism of scanning can be explained
qualitatively by the fact that the phase velocity of the individual spectrum of plane waves making up the
field, varies with the DC magnetic field.

It is seen from Figure 3 that 20 GHz antenna possesses scanning in a 35 degree angular range with
a ferrite of poM, = 0.3 Tesla, and ferrite thickness d = 7mm when By changes from 0.07 Tesla to 0.095
Tesla. At 26.5 GHz, right beam moves from 30 to 0 degrees (while the symmetric one moves from -30 to
0 degrees) with the change of DC magnetic field from 0.04 Tesla to 0.065 Tesla, as shown in Figure 4. As
seen from Figure 5, the shape of the pattern changes and the beam steers with the variation of the bias field
at 35 GHz, with a ferrite slab of poM,; = 0.48 Tesla and d = Tmm. Pattern with four beams is observed
when By is 0.265 Tesla, but as By increases, the pattern acquires a double-lobed shape. The other effect
observed in Figures 3, 4, 5 is that directivity increases with increasing By. Beam steering is also obtained
by frequency variation. In Figure 6, for a ferrite slab of poM; = 0.3 Tesla and d = Tmm, beam moves from
50 (-50) to 15 (-15) degrees when frequency changes from 19.8GHz to 20.2GHz.

40

30

20

10

[}

AMPLITUDE (dB)

~10

-20

~30-trrrrrrT
0

T T T T O T T O T T T O T T T T N T T
10 30
ANGLE {degrees)
—— Bo=0.070T ----- Bo=0.075 T —— Bo==0.080T
s Bo=0.085T ---- Bo=0.090T === Bo=0.086T

Figure 3. Radiation patterns for various By at f=20GHz, d=7mm, poM, = 0.3T, ;=1
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Figure 6. Radiation patterns for different frequencies when By = 0.07T, d = Tmm, uoM; =0.3T, €5 =1

Change in the thickness of the ferrite slab causes the movement of the beam. An example is given
in Figure 7. Obviously, in order to steer the beam, changing the slab thickness is not a practical solution,
but these results can be used to find the optimum thickness for the required scanning region and power
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considerations. Also note that, radiated power changes as the direction of the main beam changes.
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Figure 7. Radiation patterns for different d values at f = 26.5GHz, Bg = 0.046T, poM, = 0.3T, €5 =1

To operate at high frequencies, ferrites with high saturation magnetization values are required. For
instance, although scanning does not occur at 35 GHz where ferrite saturation magnetization is 0.3 Tesla,
it is seen from Figure 5 that the beam steers with a ferrite of saturation magnetization 0.48 Tesla. This
is due to the fact that for very high frequencies, wg/w can be very small and permeability cannot change
significantly with By. However, when the ferrite saturation magnetization is large, a larger field can be
applied, if possible, so that wg/w is in a region where permeability varies.

Permeability of ferrite decreases with an increase in the applied DC magnetic field, [18]. Hence, phase
velocity increases and refractive index decreases with an increase in bias. As a result, beams approach to
the perpendicular axis when DC field gets larger. It is observed that beam steering occurs at those regions
where the permeability varies most rapidly with wg/w. For frequencies between 18-35 GHz beam steering
is best achieved in the resonance region (wg/w > 1).

3.2. Two Layer (Dielectric-Ferrite) Structure
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Figure 8. Dielectric-ferrite double layer structure

The method developed is used to analyze the grounded two layer (dielectric-ferrite) structure shown
in Figure 8. Associated network model of this structure is-shown in Figure 9. Right half of the symmetric
patterns are plotted for 3 different thicknesses of dielectric layer at 26.5 GHz in Figure 10.
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Figure 9. Network model of the structure shown in Figure 8
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Ferrite thickness of 6 mm is kept constant. It is observed that, beams move from 6 = 30(—30) degrees to
20 (-20) degrees with a By from 0.225 Tesla to 0.2425 Tesla when dielectric thickness is 2 mm in Figure
10.a, whereas in Figure 10.b dielectric thickness is 2.3 mm and beams steer from 45 (-45) degrees to 35
(-35) degrees with By from 0.2 Tesla to 0.2175 Tesla. Increase in dielectric thickness does not affect the
shape of the beam. The only effect is that different sectors can be scanned by using dielectrics with different
thickness. Hence this structure provides more control on the radiation pattern and scanning of the main
beam.

4. Conclusion

In this paper, a method to find the radiation of a planar source in a stratified system including perpendicularly
magnetized ferrite media has been developed. For the first time in the literature, asymmetric coupled
transmission line is used to represent perpendicularly magnetized ferrite slab. Network model of the layered
structure with gyrotropic media is solved by using transmission line techniques.

The method has been applied to two geometries. First, far fields of a grounded ferrite slab excited
by an Hertzian magnetic dipole have been evaluated. Secondly, a dielectric layer has been placed between
ground and the ferrite slab to provide more control on the radiation pattern. The effects of changing
applied magnetic field, frequency, and thickness of the layers have been examined. It is concluded that with
such a conformal and planar antenna electronic scanning and beam shaping can be practically obtained at
millimeter-wave frequencies by changing the applied DC magnetic field. Furthermore, this method can be
used to analyze microstrip antennas with anisotropic slab and can be used in monolithic antenna design.
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Appendix
P'(kt), P"(kt), Q' (kt), Q" (k:) are found using the asymmetric coupled transmission line equations in
[15] :
Q"(kt) P”(kt) ’ -1/ 0 T -
=—-B(d—-2)e[Y, [ (Z)+ A (d-7 ! 15
[ O PO (A=) o [Y:2(2)) + AT(d = ) (15)
Yss Y-
Y.0=|.> 2 (162)
Yizs Yau
where
. Y cot K.l Y, cot K1
Y I Ci c _ s kiy
®= IR - BB R0 - Ra/R)’ (160)
. chotKl Y1C0tKl
Y — Y — [+ c w ™ 1
34 43 ]Rﬂ'(l_RC/R‘]r) +JRC(1_R'A-/R¢)’ ( 6C)
. Y. cot K.l . Y. cot Kl
Y = — -
44 J (1 — Rc/Rﬂ') J (1 — R"/Rc), (16d)
1 we 1 we
Y. =Y = — = ——.
ol ch Kc S Z7r1 K7r (163)
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a1l a1z b1 bio
A(l) = , B(l) = , 17a
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Z VA 7 Z
an = Z1 — %512 - Z—lflbzz, a1z = Z1g — Z—1,,3b11 - Z—1,4521, (17b)
Z 7 Z. 7.
a1 = Z12 — %512 - 31,31722, Q32 = Zyp — %bll - —Zz—,4b21, (17¢)
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b1 = p [22301 - lzz, 12 ] , big = p [ZISCI - 1;, 14] ) (17d)
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where Z; and Z: are the TM and TE case characteristic impedances, respectively.
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Dikey Manyetize Edilmisg Dielektrik Kaph Ferit Dilimle
Elektronik Tarama Yapabilen Milimetre Dalga Antenleri

Ozlem AYDIN, Altunkan HIZAL

Elektrik, Elektronik Mihendisligi Bolimdi,
Orta Dogu Teknik Universitesi, 06531, Ankara, Tirkiye

Ozet

Bu makalede, dik olarak manyetize edilmis, iletken tabaka tzerindeki bir ferit dilim iginde yer alan
dipollerin wgvma Szelliklers incelenmigtir. Ferit dilime uygulanan DC manyetik alan: dedistirerek, milimet-
rik dalga frekanslarinda siirekli bir tarama elde edilebilecedfi gésterilmistir. Problem, DC mangyetik alan
yénine dik alan denklemleriyle formile edilmigtir. Fourier donigimi uygulanmas alan denklemlerini
¢Gzmek igin, ferit dilim, asimetrik kuplajh iletim hatte ile modellenmigtir. Igvma alanlar, en dik azalma
yéntems (steepest descent method) kullamalarak bulunmustur. Geligtirilen yontem, izotropik ve dik man-
yetize edilmig izotropik olmayan ortamlar iceren ¢ok katmanh sistemlerin 1guma problemlerine kolaylikla
uygulanabilir. Topraklanmag ferit dilim icindeki Hertz manyetik dipolu icin 22-35 GHz frekanslarinda
wsma oriintilers elde edilmigtir. DC alanan biiyikliginin, ferit dilimin kahnhinin ve frekansin Srintiler
dzerindeki etkileri incelenmigtir. DC besleme alans dedistirilerek, & 35 derecelik 1gin demeti taramas: elde
edilebilecedi gézlenmigtir.
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