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Radiation and Scattering from Ferrite-Tuned Cavity-
Backed Slot Antennas: Theory and Experiment
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Abstract—A three-dimensional finite-element method hybrid- performed by Pozar [4], [5]. Numerous results were presented
ized with the spectral/spatial domain method of moments is j|justrating the effect of biasing on antenna efficiency, resonant
presented for the analysis of ferrite-tuned cavity-backed slot frequency and input impedance. Using a similar approach
antennas. The cavity, which is partially filled with magnetized . ) . o
ferrite layers, is flush mounted on an infinite ground plane with Yang [6], [7] examined th? eﬁeqts of arbitrary mggnetlzatlon
possible dielectric or magnetic overlay. The antenna operates On the RCS response of microstrip patches on ferrite substrates.
primarily in the ultrahigh-frequency band. The finite-element He also used ferrite superstrates for the design of switchable
method is used to solve for the electric-field distribution inside the antennas. Another similar Study was recent|y pub“shed by
cavity, whereas the spectral-domain approach is used to solve for Lee et al. [8] using in-plane biased ferrite substrates. RCS

the exterior region. An asymptotic extraction of the exponential . b h ized and ized
behavior of the Green’s function followed by a spatial evaluation COMParsons between the magnetized and unmagnetized cases

of the resulting integral is used to improve computational speed. were presented. Analysis of infinite dipole arrays printed on
Radar cross section, input impedance, return loss, gain, and ef- ferrite substrates was carried out by Bugisal. [9]. Emphasis

ficiency of ferrite-tuned cavity-backed slots (CBS) are calculated \y55 concentrated primarily on scan performance and input
for various biasing conditions. Numerical results are compared impedance calculations.

with experimental data. . . . . L
In this paper, ferrites are used as loading materials inside a

Index Terms—Ferrites, hybrid methods, slot antennas. cavity-backed slot (CBS) mounted on an infinite ground plane.
The CBS is considered both as a scatterer and as a radiator.
I. INTRODUCTION Unlike previous work on microstrip antennas using ferrite

substrates, the current study is primarily focused on operating

FERRlTES have been used for many years in microwa fe CBS in the ultrahigh-frequency (UHF) band rather than the

and millimeter-wave devices such as circulators, isolators, - :

. . . . m#crowave band. The cavity, which was chosen to be square,
switches, and phase shifters [1]. The material properties ics) excited using a cylindrical probe in a direction parallel to the

ferrites are controlled by the direction and strength of an gacy P P

. o . ) round plane. A dc magnetic field is applied in the direction
externally applied magnetic field. This unique property L o
. . . S of the probe, although other directions of magnetization may
ferrimagnetic materials has found applications not only

microwave integrated circuits (MIC’s), but also in antennlge considered. The first mode that is excited inside the cavity
! Is the TH,, which exhibits a dominant electric field in the

technology [2]-[9]. The use of magnetized ferrites in antenn . ) T .
design provides desirable features such as tunability, pol |r[ect|0n of the probe. Since the magnetization is oriented
' the direction of the dominant electric field, the resonant

ization diversity, beam steering, radar cross-section (chg fthe T dei ted to shift if the st th
control, surface wave reduction, and gain enhancement. requency of the - & mode is expected to shitit the streng
he bias field is altered. This type of mode is sometimes

Although magnetized ferrites have been extensively usgﬁft dt tostat de attributed to th
to enhance antenna characteristics through altering the Hi%grre 0 as a magnetostalic mode attributed to the presence

field, most of previous work was concentrated mainly offf @ strong extraordinary wave inside the ferrite sample.
. H1 the absence of the bias field, the resonance due to the

RCS evaluation of printed dipoles and microstrip patch an- . : ) ;
netostatic mode totally disappears. This property of ferrites

tennas. The resonant behavior of the antenna element : ilized in the desi t switchabl 7
been thoroughly investigated for various biasing condition$S, ©ten ut 1zed In the design of switchable af_‘“?””as [ ]
A vector finite-element method (FEM) hybridized with the

An important conclusion from these studies is that the bias h ¢ i i th vsis of ferri
field strongly affects the resonant frequency of all modes wi ethod of moments (MoM) is used in t € analysis o er-nte-
dominant electric field in the direction of magnetization. A aded CBS antennas. The FEM, which is based on linear

excellent study on radiation characteristics of patch antenﬁggahedral elements, solves for the electric field distribution

printed on normally biased ferrite substrates was originalljSide the cavity. A spectral-domain MoM is implemented
through the continuity of the tangential magnetic field in

the aperture to solve for the field distribution in the exterior
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extraction of the exponential behavior of the Green'’s function;

the asymptotic part is evaluated using a computationally

efficient spatial-domain integration. The excitation is base®ielectric Coating
on either a plane wave incidence or a coaxial feed model Id
implemented using the FEM. RCS, input impedance, retur —= X
loss, and gain versus frequency are calculated using the
hybrid formulation. Parametric studies in terms of bias field,
linewidth, and saturation magnetization are also performed.
Numerical results are compared with a pure spectral-domain
MoM formulated independently by Kokotoff [10] as well
as experimental data. All experiments were performed in Ferrite-Loaded Cavity
the anechoic chamber of Arizona State University using @0 1 Tyo-dimensional view of a ferrite-loaded CBS.
HP8510 network analyzer. Comparisons between predictions

and measurements illustrate excellent agreement.

where H¢/ is the magnetic field reflected by the coated

II. ANALYSIS : ~
ground plane in the absence of the apert(i#ds the spectral

) dyadic Green'’s function for a coated conducting ground plane
A. FEM/MoM Formulation in the presence of a magnetic current source at the origin and

A two-dimensional (2-D) view of a ferrite-loaded CBSM is the Fourier transform of the magnetic curreRtX a.)
antenna mounted on an infinite ground plane coated witst above the aperture. Substituting (3) into (2) and utilizing
a dielectric layer is depicted in Fig. 1. A vector FEM ighe inverse Fourier transform in conjunction with the definition
implemented for the solution of the source-free HelmholtzihatT = W x 4., the weak form of Helmholtz’'s equation can
equation be expressed as

Vx (] VXE) = E[e]JE=0

/// ([ 7V X E) - (V x W) dQ
inside the cavity volume<), where [¢.] and [n,.] are, re- Q

spectively, the permittivity and permeability tensors of the g2 /// B - W dQ — J/foﬁo //
domain andE is the unknown electric field. Full-tensor rep- ° a

resentation ok, andy,. allows electromagnetic modeling of

frequency-dependent anisotropic materials. Dirichlet boundary - Mk, ky) G(kwv Ky, 210) - T~k —ky) dky dk,
conditions are imposed on all perfectly conducting surfaces, // inc ref
which implies thati x E = 0 on cavity walls. Using this Koo Hin + Hi ) - TdA. @

boundary condition and the well-known Galerkin’'s approach,
the Helmholtz's equation can be written in a weak integral

. The finite-element volume is discretized with tetrahedrons
form given by

and the aperture with triangles. Thus, the electric fidly) (

inside the cavity is expanded in terms of a set of basis
/// ([t ]7'V X E) - (V x W)dV functionsW,’s and the magnetic currenM) in the aperture
& is expanded in terms of another set of basis functi@y's,
— k2 /// &) -E-WdV where i corresponds to a global edge number. The second

type of basis functionsq;'s) were originally proposed by
+jk0770/ H- (Wxa,)dA=0 (2) Raoet al. [11]. These are very similar toV;'s with the
s only difference being the enforcement of normal continuity
where W is the chosen testing functioi, is the free-space rathefr thanf tre]mgent]al CC;”“E““Y facros; quis' Th? Flounzr
propagation constant is the free-space intrinsic impedance;g’:nms [TZT ofthese triangular basis functions is known in close

and S denotes the area of the cavity aperture. he i | he right-hand side of h .
For scattering, a linearly polarized plane wave (denoted ba/T e integral on the right-hand side of (4) represents the exci-

H") is incident on the aperture plane at an an@jewith tation Ver(]:tOTI:hWhICh is elvaluateolI usmgha ?uf{ehspzctrzl do;na:n
respect to the normal vector anf} with respect to ther approach. The spectral integral on the left-hand side of (4)

axis. By imposing the boundary condition that the tangenh%ﬁpresents the admittance matrix for the exterior region of the

magnetic field must be continuous across the aperture plaf@/ity- The latter is evaluated using a mixed spectral/spatial-
one may write omain MoM approach. The exponential behavior of the

governing Green’s function is numerically extracted to im-
prove the computational speed of the spectral integration. The
asymptotic part is evaluated using a spatial integration, which
= is known to be computationally more efficient. Thus, using the
-Gk, ky, z|0)e! (ko tkyy) gf dk, (3) asymptotic extraction, the admittance matrix can be expressed

nc re 1 T~
H=H"+H f+m/_ooM(kw, ky)
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in spectral domain as b (soft)
. =) 2
JkoTo g —yeld ] .
Yij= -7 //_Oo Ti(kz, ky) o, Gt (o Fyo) cos s
= = . gikodcost; T;Z kzs, kys) cos Z—i—T*Z kzs, kys) sin¢;
-{G(/%, ky, 2|0) — G (ka, ky, z|0)} { ( ye) €08 i Lyl Bys) d)(i)
Ty(—ke, —ky) dky dky for hard and soft polarization, respectively;denotes the
3komo i = global number of an edge in the apertuténdicates complex
T 4n? //_Oo Tilka, ky) - Gulkz, by, 2(0) conjugate, and
Tj(—ky, —ky) dk, dk, (5) ks = ko sin 6; cos ¢;
kys = ko sin ; sin ¢;. (20)

where éh is the dyadic Green’s function of a homogeneous ~ ~
space withe, = ¢4 and u, = ¢ (¢ and ¢ referred to The Green's function definitions far’ and G}’ as well as
the dielectric coating), and’; is the Fourier transform of additional details in the derivation of (8) and (9) are provided
the ith basis function. The first integral in (5) denoted ai§ [13] and [14]. _ _

Y;; is evaluated using a pure spectral-domain approach aftefor radiation, the formulation remains the same except for
converting to polar coordinates. The second integral in (3 excitation vector which is formulated in a different way.

denoted a¥;”, is evaluated using a spatial instead of spectrHstead of plane wave incidence, the antenna is now excited

domain MoM using a coaxial feed model that becomes part of the finite-

element domain. The associated formulation for the coaxial

Yf = - 2k2/ T;(r) - [ T,(r') Gp(r, r') dA’} dA feed model and the evaluation of the reflection coefficient at
A; Aj

the coax/cavity interface are explicitly given in [13].

The far-zone radiated and/or scattered fields are calculated
/ ! / /
+ 2/,4. V- Ti(r) /A Gu(r, 1)V T(r) dAT) dA - ging the magnetic current distribution in the aperture. Specif-
' ’ ©) ically, these are given by
. . . . ko cos f eIk
where 4; (A;) is the triangle supporting théth (jth) basis  Es :‘% ;Ggf(kms, kys)z
function, r (1) is the position vector, and,, is the Green’s T ! jeA
function f h di ith = €, d = . =
:,nczlozd or a homogeneous medium with e, an .Ej{—ij(ka, kys)sin ¢ + Ty (kys, kys)cos¢}
Once the unknowns (non-PEC edges) inside the cavity and ' (11)
aperture are assembled, a linear system of equations is form Jkocos @ e=Ikom
i Me/e Mele yE'C ()q %%:T r Gf(k””s’ kw)z
_ jcA
|:Ma/c Ma/a + Ya/a:| |:Ea:| - |:ba:| !

o {T;j(km, kye) €08 § + 175 (Ko, Fiye) sin ¢} (12)

where[M] represents the finite-element matrix given by ) ) _ )
where A is a triangle in the aperture. Knowing the far-zone

M;; = /// (V x W) [] L (V x W) dQ fields, antenna characteristics such as RCS, directivity, gain,
Q and efficiency can be calculated.
2 [[[ Wi-fe) - Wyae ™ | |
Q B. Magnetized Ferrites

and[Y] = [57]+[Y” |; the superscripts anda, which denote A magnetized ferrite slab can support two different type
cavity and aperture, respectively, are used to distinguish figlflwaves known as therdinary and theextraordinarywaves
interactions between the two regions. The rank of mat#® [7], [15]. The ordinary wave is simply the same as the wave
is N. + N, where N, is the number of non-PEC edges insidé¢hat would exist inside a pure dielectric material and polarized
the cavity andXV, is the number of non-PEC edges in thgerpendicular to the direction of the bias field. The propagation
aperture. The rank of matrig’] is N,. characteristics of this type of wave are totally unaffected
The right-hand-side vector, which is nonzero only in thby the magnetization of the ferrite. On the other hand, the
aperture plane and expressed by the surface integral in @jfraordinary wave is polarized along the direction of the bias
can be evaluated very conveniently using the spectral-doméigld, therefore, it is strongly affected by the magnetization.

approach The propagation constant of the extraordinary wave inside the
b2 (hard) ferrite is given by [15], [16]
2 - B, = W\/€lho 13
— ZGM (R, kyy) cosb; : feft (13)
7o with
- ikodcost; T* k’l‘97 k'z s i 7 T* k’l‘97 k'z s 7 2 k2
c { am( J')Slnd)/ yz( J,)COS(f),} /Je[[:N K (14)

(8) p
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Wolm, r - — ‘ S
1= fio <1 + ﬁ) (15) j:
ws —w [ T
Wm .
ﬁzﬂo(ﬂ) (16) 1

where w, = v[H, + j(AH/2)] and w,, = y(47M,)/po;
~ is the gyromagnetic ratio given by 1.76 10" rad/(s -
Oe). In these expressions, the internal to the ferrite samp
magnetic field is denoted d$,, the linewidth asA H, and the
saturation magnetization akrM,. In general, the ordinary
and extraordinary waves are coupled. However, depending i
the polarization of the excitation field and the direction of the [
bias field, the propagating wave inside the ferrite might exhibit ( .
properties of either the extraordinary or the ordinary wave; p=ab
sometimes a combination of the two waves. Also, from (14 - . o .

o . " ig. 2. The ballistic demagnetizing factor of a rectangular prism in a uniform

it is apparent that the effective permeabilitys may become i35 field.

negative for certain values aof, w,, andw,,. In such a case,

the propagation constant becomes imaginary and, therefore, ) o

the wave attenuates rapidly (evanescent wave) as it propag&@lveen zero and one; its definition assumes that the demag-
through the ferrite slab. This phenomenon is usually referré‘&t'z'ng field is in the opposite direction of the bias field; that
to as thecutoff state of the ferrite. The frequency range wher®
leff IS Negative is given by

@llistic demiagnetizing factor

Ho :HG_N(47I-MS)//¢LO' (20)

<w< ) o . .
Wolwo +wm) S w S Wo - wim (17) Although the derivation of the demagnetizing factor for a thin

The permeability of a magnetized ferrite is numericalljnfinite ferrite layer is straightforward and well documented in
modeled using a tensor notation. Depending on the direction'Gious textbooks [15], the same analytical process becomes
the bias field, the structure of the tensor varies. For exampfilite cumbersome for generic shapes. Joseph and@@ehh
when the ferrite is magnetized in thedirection, the complex [17] derived closed-form expressions for the demagnetizing

permeability tensor is expressed as factor of a rectangular ferrite prism in a uniform dc magnetic
field. Their approach is based on solving the Maxwell's
po —jk, 0 equations for a magnetostatic problem.
W= |js, n 0 (18)  According to Joseph [18], in most situations one is interested
0 0, o not in the local variations of the demagnetizing factor inside

where .z and x are explicitly given in (15) and (16). In Casethe ferrite volume, but rather in how th_e sqmple responds in
the direction of magnetization is along theor y a>;is the SOME average sense to the. gxternally bias field. T.hl.js’ one may
ferrite permeability tensor has to be rotated b)§ % ’ sugges_t tyvo different def|n|t|ons.of the de_mggnetlzmg chtor:
' the ballistic and themagnetometricThe ballistic demagnetiz-
o ing factor is defined, according to [18], as the average of the
C. Demagnetization Effects spatially varying demagnetizing factor in a plane perpendicular
When an arbitrary piece of ferrite is placed in a uniforno the direction of the applied field and midway between the
magnetic field, the magnetic dipoles inside the material teeddfaces of the sample. The magnetometric demagnetizing
to align themselves along the direction of the bias fieldactor is defined, according to [18], as the average of the
Thus, the net field inside the ferrite (which is the one thapatially varying demagnetizing factor over the volume of
correctly determines the elements of the permeability tenstine sample. In this paper, the ballistic demagnetizing factor
is a contribution of the external field and the field produceid adopted. The corresponding expressions for a rectangular
by the magnetic dipoles known as the “demagnetizing fieldgrism in a uniform magnetic field can be found in [19].
It is referred to as the demagnetizing field because it acts inThe ballistic demagnetizing factor is plotted in Fig. 2 on
a direction opposite to the bias. In general, the field inside logarithmic scale for various values ¢f (= a/b) and ¢
the ferrite is nonuniform and different from the externally biaé= ¢/b). For a constant value af, the ballistic demagnetizing
field. Also, it depends on the intensity of the bias field, thactor increases with increasinpguntil it eventually reaches a
shape of the ferrite sample, and its orientation with respectn@aximum. This maximum corresponds to the case when one
the bias direction. Thus, the internal field is usually written a&f the horizontal dimensions, in this caseextends to infinity.
_ As ¢ begins to increase, which is equivalent to increasing the
H,=H.-NM (19) vertical dimensiond), the entire graph shifts upward. In that
_ case, the ballistic demagnetizing factor approaches unity.
where V is a 3 x 3 matrix denoted as the demagnetizing Based on this magnetostatic formulation, an appropriate
factor, andM is the magnetization vector. In this paper, theemagnetizing factor will be estimated in this paper in order
demagnetizing factor is considered a scalar number rangilegcompute, in an average sense, the magnetic field inside a
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TABLE |
GEOMETRY AND MATERIAL SPECIFICATIONS OF THE SCATTERER
Material # (i) [ Thickness, 7; (cm) | Permittivity, ¢, Permeability, g,
1 1.065 1 1
2 0.762 13.9 Ferrite: p, = 1, AH =5 Oe,
4w M, = 800 Qe
3 0.737 2.2 1
] 4 1.790 13.9 Ferrite: p, = 1, AH =5 Qe,
claep— AT M, = 800 Oc
2,2 5 0.726 22 1
<1, el, pl /
a
0 T T T T T T
(@) ___ FEM/MoM
Fig. 3. A multilayer ferrite-loaded CBS mounted on an infinite ground plane. ' Kokotoff [10]
(a) Scatterer (without probe). (b) Antenna (with probe). -10 7

rectangular ferrite prism. Rectangular ferrite layers with finiteg -20
thickness are used in this study as loading materials for C@

antennas. 6%_30
[ll. RESULTS 40
A. Scattering ol , /
The FEM, which was fully hybridized with the spectraland ~ *"*  *® %G % omgy P

spatial-domain MoM, was implemented for the analysis of _ _

CBS antennas loaded with magnetized ferrites. The accuri{é}é 4. Monostatic RCS of a ferrite-loaded CBS (scatterer) versus frequency
. . at-hormal incidenceff = ¢; = 0°). The cavity is loaded with layers of

a_nd Va_“d'ty of the code was first evaluated for NUMErOU&rrite that are magnetized along thedirection using an internal magnetic

dielectric-loaded CBS antennas and later for ferrite-loadéeld H, = 400 Oe.

CBS antennas.

Consider the multiferrite layer CBS shown in Fig. 3(a). This

geometry was originally designed and analyzed by Kokotoff | __ H,4000e |
[10] using both experiments and moment method simulations. 10 |-~ 7600 oc AN A ]
The cavity volume is partitioned horizontally into five rect- = Ho=700 Oe AN ;

angular sections. Each section is filled with either dielectric 20
or ferrite material. The material numbering starts in ascendirg 30
order from bottom to top. The dimensions of the cavity aré
a = 2in, b = 2 in and ¢ = 2 in. The infinite ground 540
plane is treated as a perfect electric conductor without overlay.
Material parameters and other dimensions are tabulated in-50
Table I. The monostatic RCS is calculated versus frequency
for a plane wave at normal incidence. The ferrite samples are'Gof |
magnetized in the direction with an internal magnetic field ., A J LA
of H, = 400 Oe. The predicted data{,) using the present b.70 0.75 O'BOFreque(x)ii; (GHZ)"-"O 0.95 1.00
formulation are compared with data obtained by Kokotoff
using pure MoM. As depicted in Fig. 4, the two data sets arefig- 5. Frequency tuning by varying the internal magnetic fieffh X of
excellent agreement. Kokotoff's data, shown as markers in t érlt?igf;yers inside the scatterer. The magnetization is oriented along the
figure, are only plotted up to a frequency of 850 MHz becausg-ec '
the approach implemented in [10] becomes quite unstable at
higher frequencies, possibly due to numerical errors. This cparmeability for the extraordinary wave inside a homogeneous
be thought of as another advantage of using FEM insteadfefrite medium, one can identify three regions of interest: the
MoM to solve for the fields inside the ferrite-loaded cavity. low-frequency regionthe resonant frequencyegion, and the
The ability to effectively tune the ferrite-loaded CBS, showhigh-frequency regionin the low-frequency region, which is
in Fig. 3(a), is illustrated by varying the internal magnetithe region of interest in this study, the effective permeability
field H,. The strength of the magnetic field was constantishifts down to lower values a#l, increases. This means
increased from 400 to 700 Oe. As shown in Fig. 5, théhat the effective aperture of the antenna becomes electri-
resonant frequency of the structure shifts to a higher valgally smaller thereby shifting the magnetostatic resonance to
as H, increases. This frequency tuning is attributed to thiEigher frequencies. In the high-frequency region, where most
extraordinary properties of the ferrite that are controlled bymicrostrip dipole and patch antennas operate, a similar effect is
the entries of the permeability tensor. By plotting the effectivebserved. By increasing,, the effective permeability begins

\
A

/

/ L
|

1

L
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T T T T 0 T T T
—— 47M,=800 G __ AH=50e
—— 47M,=1000 G .. AH=20 Oe
10 Fo-- 4xM,=1200 G NooA -10 F---- AH=40 Oe
-20 -20
§, -30 E -30
[s] o0
I =
o -40 B < -40
s | N
50 -50
60 |- ; -60
70 L L L L i L s v b L L 70 L L 1 L L L L
0.70 0.75 0.80 0.85 0.90 0.95 1.00 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Frequency (GHz) Frequency (GHz)

Fig. 6. The effect of saturation magnetizatiobr{//;) on the monostatic Fig. 7. The effect of linewidth £ H) on the monostatic RCS of a fer-
RCS of a ferrite-loaded CBS (scatterer) at normal incidence. The magnetirige-loaded CBS (scatterer) at normal incidence. The magnetization is oriented
tion is oriented along the direction. along they direction.

TABLE I

to decrease; therefore, the magnetostatic resonance shifts to
GEOMETRY AND MATERIAL SPECIFICATIONS OF THEANTENNA

a higher frequency. In the resonant frequency region, the

effective permeability increases to extreme values before Jgei2l # @ I Thk'kn;s;;: (om) | pcrmit:;ty’ e | Permeaﬁihty’ =
. . . Reb D) .
actually becomes negative, therefore suggesting a highly lossy—3 0762 139 Ferrite: i, = 1, AA = 9 Oe,
ferrite. When lossy, the ferrite can be used as an absorber Ar M. = 800 Oe
. . . . . - 3 1.974 1 i
This property of ferrites finds numerous applications in RCS—; 1790 39 Forrite 7 1. AH =9 Oe.
reduction and switchable antennas. 47 M, = 800 Oe

Besides varying the bias magnetic fieifl,, the saturation
magnetization4r M, is also varied while monitoring the ) ) ) ) . o
resonant frequency of the scatterer. #sM, increases from ferrite and dielectric material are placed horizontally inside
800 to 1200 G (see Fig. 6), the first resonance starts to shift tf'§ Cavity. The dimensions and material specifications are
lower frequency. Increasingr M, results in a larger effective depicted in Table Il. The inserted ferrite layers are magnetized
permeability, which means a lower resonant frequency for tH§IN9 @ pair of permanent magnets; one magnet on each side
magnetostatic mode. This is true only in the low-frequen the CBS antenna. The externally bias field is orlente_d
region; in the high-frequency region, the effect of increasir@dond the length of the probe. To be able to simulate this
47 M, is reversed. A higher value faer M, results in a lower antenna using numerical techniques, the strength of the actual
effective permeability; however, the amount of shift in th@agnetic field inside the ferrite slabs must be known precisely.
resonant frequency of the antenna is almost negligible sin¢® value is found by subtracting the demagnetizing field,
the effectivey, asymptotically approaches unity. which exists inside the rectangular ferrite sample, from the

The RCS of a multilayer ferrite-loaded CBS also depengg(ternally bias field. The appropriate demagnetizing factor
on the linewidthAH of the ferrite. The effect oK on the €an be estimated based on the magnetostatic model briefly
magnetostatic-mode resonance is illustrated in Fig. 7 forsthg®reésented in the previous section. The externally bias field was
polarization. The linewidth is often conceptualized as the los§)£asured using a Gaussmeter at various discrete points inside
term of the ferrite. By increasing the linewidth, the resonafft€ cavity. The dielectric and ferrite layers had been removed
peak of the magnetostatic mode is significantly reduced dff@m the cavity beforehand. Two separate measurements were

to energy dissipation inside the ferrite. However, the resondiftformed: the first using one pair of magnets and the second
frequency remains unaffected. using two pairs of magnets. Three-dimensional plots of the

magnetic field distribution inside the empty cavity are shown
L in Fig. 8(a) and (b) for the cases of one and two pairs of
B. Radiation magnets, respectively. The measurement data were curve-fitted
Consider a similar CBS shown in Fig. 3(b). The structure issing cubic splines. As expected, the field distribution exhibits
now treated as a radiator rather than as a scatterer. It is excgedhe fringing effects. This phenomenon is primarily due to
horizontally using &y directed cylindrical probe with diameterthe cavity walls and the finite dimensions of the magnets.
0.0624 in and length 1.75 in. The probe is soldered to the infdote that the measured field inside the cavity is not the same
conductor of a 532 coaxial cable centered at the midpoinas the field inside the ferrite. To compute the internal field,
of the cavity’'s sidewall. By simulating an empty cavity, ithe demagnetizing field has to be estimated first based on the
was observed that this specific antenna provides a fairly goactual dimensions of the ferrite sample. However, in order for
match at a frequency around 4 GHz. However, the objectigemeone to use the results depicted in Fig. 2, the externally
of this study is to design a tunable CBS antenna that operaléss field has to be uniform. The assumption of a uniform
within the UHF band. With this goal in mind, four layers otias field was introduced in the numerical model by averaging
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900 are two rectangular ferrite layers inside the cavity. Their
dimensions are 5.0& 5.08 x 1.79 cm and 5.08< 5.08 x
0.762 cm. Due to their close proximity, the two samples are

700 treated as a single ferrite sample with effective dimensions
of 5.08 x 5.08 x 2.552 cm. The orientation of the bias
field is along they direction. Using Fig. 2, the corresponding

800

600

Magnetic Field inside Cavity

500 demagnetizing factor is found to be approximately 0.17. Thus,
400 for the two cases of magnetization, the uniform magnetic field
/| (in an average sense) inside the ferrite is given by
300
» H,~H. — N-(4nM,)/po = 375 — 0.17 - 800
=239 Oe for one pair of magnets (21)
10 Ho~H. — N - (4rM,)/p0o = 530 — 0.17 - 800
Oo =444 Oe for two pairs of magnets (22)
‘ 2 LI Itis important to emphasize here that these estimated values of
41%. 2 WL | s s the inj[ernal magnetic field_are subject t_o tolgrances relqted to
s v - 2 3 experimental error and minor assumptions introduced in the

model. Experimental errors were introduced in the analysis
during the process of measuring the magnetic field inside the
@ cavity. Besides tolerances associated with the Gaussmeter and
other instruments, it was observed during the experiment that
the field inside the cavity was quite sensitive to the position
of the magnets. A slight misalignment of the magnets would
result in a minor shift in the resonant frequency. Thus, extra
precautions were taken during the experiment to ensure that
the magnets were perfectly aligned and fixed to their position.
Using the above estimates for the internal field of the
ferrites, the present formulation was implemented to predict
the input impedance of the ferrite-loaded CBS antenna shown
in Fig. 3(b). To the knowledge of the authors, this is the
first paper to present comparisons between measurements and
predictions of ferrite-tunable antennas. A comparison depicting
the input impedance versus frequency, when the antenna is
magnetized in the direction using a single pair of magnets,
is illustrated in Fig. 9. An internal magnetic field &f, = 238
Oe was used for the simulation. The agreement between
measurements and prediction is very good. Note that the

900

800

700

600

500

400

300

200

Magnetic Field inside Cavity

100

__”____,_————”‘“‘“; s existence of the indicated resonance is due to the presence
L 2 3 of an externally bias field. If the magnets are removed from
0 h . ) the sidewalls of the cavity, the magnetostatic resonance totally
y_aX\S (Cm .
disappears.
(b) The main objective of this project, of course, was to achieve

Fig. 8. Measured magnetic field distribution inside the air-filled cavity. Thgequency't_unmg capabllltles within the UHF band. Thus,
magnets are placed on each side of the cavity in such a way that @Bother pair of magnets was placed on top of the old ones.

magnetizati_on is oriented along thedirection. (a) Single pair of magnets. A internal magnetic field ofH, = 445 Oe was used for
(b) Two pairs of magnets. . . .

the simulation. The comparison between measurements and

predictions is shown in the same figure as the previous case
the field distribution shown in Fig. 8(a) and (b). A similafFig. 9). The agreement between the two data sets is excellent.
type of averaging was also introduced by Joseph [18], [19] The hybrid FEM/MoM formulation predicts correctly not only
order to derive the expressions for the ballistic demagnetizitite precise frequency shift of the magnetostatic resonance, but
factor used in this study. For the two cases of magnetizatiaaso the amplitude and shape of the input impedance. Also,
i.e., using one pair and two pairs of magnets, the averagemmparing the two simulations in Fig. 9, it is interesting to
uniform magnetic field was found to be approximately 378bserve that an increase of 200 Oe in the externally bias field
and 580 Oe, respectively. causes the resonant frequency of the magnetostatic mode to

The demagnetizing factor, as noted in the previous sectiahjft by as much as 120 MHz. When the internal magnetic field

is determined by the actual dimensions of the ferrite layers & increases to 1000 Oe, the resonant frequency shifts by 220
well as the orientation of the bias field. Specifically, ther®blHz, whereas wherfd, increases to 2000 Oe the resonant
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Fig. 9. Predicted and measured input impedance versus frequency of Fig 11. Predicted and measured return loss versus frequency of the fer-
ferrite-loaded CBS antenna. One pair of magnets corresponéls te- 238 rite-loaded CBS antenna using one and two pairs of magdéts=£ 238,

Oe; two pairs of magnets correspond i, = 445 Oe. 445 Oe).
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Fig. 10. Predicted input impedance versus frequency of the ferrite-loaded ) ) )
CBS antenna using various biasing fields. Fig. 12. Predicted and measured gain versus frequency of the ferrite-loaded

CBS antenna using various biasing fields golarization).

frequency shifts by almost 300 MHz. The input Impedf"mcﬁolarization) is shown for two different magnetizatiott; =
versus frequency for the last two cases of magnet|zat|on4|z§5 Oe and H, = 2000 Oe. One set of plots repre-
illustrated in Fig. 10. Note that the percentage change in ° L :

. . I sents the gain including the mismatch loss and the other
frequency tuning decreases substantially with increa&ingg . . .

: o . t of plots represents the gain without the mismatch loss.
From these figures, it is apparent that the ferrite-loaded Ci)%viousl when the mismatch loss is accounted for the
antenna is tunable between 700 to 1100 MHz. Assuming the. . Y V t th Cf £ th ;
center frequency of operation is 900 MHz, the percenta N 1S maximum a fe rzs(t)nagl rzeguig?y (t) 842 anT':na.
tuning of the antenna is about 45%. The tuning mechanis IS maximum was found 1o be 2. I a ' Z

can be achieved quite effectively by placing an electromagl?é{d 3.4 dB? _at 1010 MHz. By neglecting the mismatch
in the direction of the probe. loss, the efficiency of the antenna at a frequency of 842.5

The return loss of the antenna for the first two cases BfHz and 1010 MHz is 60% and 90%, respectively. This
magnetization, i.e.H, = 238 Oe andH, = 445 Oe, is Mmeans that more energy is dissipated inside the ferrite when
compared with measurements in Fig. 11. Again, the agreem#ifi magnetization is 445 Oe rather than 2000 Oe. Gain
between the two data sets is excellent. Note that for the lowBfasurements are shown in the graph only for the case of
resonance, the return loss s9 dB, whereas for the higher magnetizing the antenna using two pairs of magnets. The
resonance, the return loss improves-t&7 dB. The coaxial agreement between measurements and predictions is excellent.
cable was chosen to have a 8Characteristic impedance. ForThe small discrepancies observed are attributed to diffractions
better return loss, a custom made coaxial cable is probabljf@m the edges of the finite ground plane (9 ft long in
good choice. Of course, antenna design optimization is alwéfx¢ v direction). Note also that gain improvement can be
another option. achieved at the cost of bandwidth; however, bandwidth is

Besides input impedance and return loss, gain is aleot a major issue in tunable antennas. One way to improve
an important measure to calculate. In Fig. 12, the gain @ain is by placing multiple superstrates on top of the infi-
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nite ground plane [21], [22]. An optimization code can b9 , “Ballistic demagnetizing factors in uniformly magnetized rect-

used to select optimum values for thickness and material 2angular prisms,J. Appl. Phys.yol. 38, pp. 2405-2406, 1967. _
parameters [20] A. C. Polycarpou, M. R. Lyons, J. T. Aberle, and C. A. Balanis,

“Analysis of arbitrary shaped cavity-backed patch antennas using a
hybridization of the finite element and spectral domain methods,” in
IEEE Antennas Propagat. Soc. Int. Symipaltimore, MD, July 1996,

IV. CONCLUSIONS pp. 130-133.
. . [21] X.-H. Shen, G. A. E. Vandenbosch, and V. Antoine, “Study of gain
A hybrid FEM/MoM formulation was presented for the ~ enhancement method for microstrip antennas using moment method,”

analysis of a ferrite-tuned cavity-backed slot antenna with pos- |EEE Trans. Antennas Propagatiol. 43, pp. 227-231, Mar. 1995.
sible dielectric overlay. The antenna under investigation is tulf?! H:-Y- Yang and N. G. Alexopoulos, “Gain enhancement methods for
. ) . printed circuit antennas through multiple superstratéEEE Trans.
able W|t.h|n.the UHF ba_nd through gltgrlng the exte(na.tlly bias  Antennas Propagatyol. AP-35, pp. 860863, July 1987.
magnetic field. Scattering and radiation characteristics were
calculated and compared with measurements and data from
other independent sources. The agreement between predicted
and comparison data was excellent. It was also illustrated in
this paper that tuning capabilities up to 45% can be achieved at
Anastasis C. Polycarpou (S'92) was born in
a (.:emer frquency of 900 .M.HZ' The antenna has. an absol Nicosia, Cyprus, on October 1967. He received the
specific application, design optimization of this antenna ci
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