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Abstract —The characteristics of millimeter-wave radiation in a corm-

gated ferrite slab supported by a grounded dielectric slab are investigated

both theoretically and experimentally. Theoretical analysis is performed by

the perturbation theory combkred with multiple space scales for the

transverse electric mode. A pair of amplitude transport equations are

derived, and the characteristics of the leaky wave are explained in terms of

the radiation angle and the radiation efficiency. Experiments are carried

out by using the layered structure composed of a corrugated polycrystafline

yttrium iron garnet slab and a Teflon slab in the frequency range from 40

to 50 GHz. The experimental results are compared with the theory.

I. INTRODUCTION

L EAKY WAVE PHENOMENA in corrugated wave-

guides find applications in high-resolution radar at

millimeter waves and in grating couplers in integrated

optics [1]. Recently the authors have studied experimen-

tally the radiation characteristics of millimeter waves in a

layered corrugated ferrite slab structure, and observed the

magnetically scannable behavior of the leaky waves [2], [3].

However, rigorous analysis of the leaky waves on a corru-

gated ferrite structure has not yet been carried out. On the

other hand, a perturbation method combined with multiple

space scales has been used recently to analyze the leaky

wave phenomena in corrugated dielectric waveguides

[4]-[6]. This method has the advantage of predicting not

only the radiation angle but also the radiation efficiency.

This paper presents an analysis of the leaky wave in a

corrugated ferrite dielectric slab structure, which may be

useful for the practical design of millimeter-wave antenna.

The perturbation method combined with multiple space

scales is used, and two amplitude transport equations

characterizing the coupling between the guided wave and

the incident and radiated waves are systematically derived.

The radiation efficiency is determined from the character-

istics of the transmitting antenna. The main beam direc-

tion and the radiation efficiency are numerically evaluated

as a function of the bias magnetic field for two different

operating frequencies, and the theoretical results are con-
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firmed in experiments carried out in the millimeter-wave

frequency.

II. THEORY

A. Formulation of the Problem

The geometry of the corrugated ferrite slab structure is

shown in Fig. 1. The weak sinusoidal corrugation repre-

sented by the function x = h(y) is located on a surface of

the ferrite slab, which has the permeability tensor jl. The

ferrite slab is supported by another grounded dielectric

slab with relative permittivity [ ~ and is magnetized in the z

direction. The thicknesses of the ferrite and dielectric slabs

are h and d, respectively. A major part of electromagnetic

energy in the structure of Fig. 1 is concentrated within the

ferrite slab due to its high permittivity, as in an inverted

strip waveguide [7]. The TE mode ( Ez, HX, H,) in a two-

dimensional structure (Fig. 1) is sensitive to the bias mag-

netic field [8]. We will consider the TE mode propagating

in the y direction, possessing no variation in the z direc-

tion, and having the time dependence exp ( – jut). Accord-

ing to the perturbation method with multiple space scales

[4], the sinusoidal function h(y) is given by

x=h(y)= h(l+8qcos Ky), K= 2vr/A (1)

where 8 is the formal expansion parameter, q is the

modulation index, and A is the periodicity of the corruga-

tion. The permeability tensor p of the ferrite slab is given

by

am = W-LoMs

where y, p oM,, and p ~Ho are the gyromagnetic ratio, the

saturation magnetization, and the bias magnetic field, re-

spectively. The phasor amplitude of the electric field EZ

satisfies the differential equation

((32 d2

1

+ crprk2 EZ, = O,
axz + ay2

r=a, f,d. (3)
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Fig. 1. Analytical model of the corrugated ferrite dielectric slab struc-

ture.

We shall identify the quantities corresponding to each

layer by index r; that is, the air (x>h)by a, the ferrite

slab (h > x > O) by ~, and the dielectric slab .(0 > x > – d)

byd, respectively. HXand HYareexpressed intermsof EZ

as

where

Pf=(P2–~2)/P> Kf = K/~, k=uO&.

In the above equations, k is the wavenumber in free space

and c, is the relative permittivity of each layer. For the air

and the dielectric slab, p, = 1 and Kr = O are assumed.

We consider the perturbation up to 82. The chain rule is

applied as [4]

8(3 d

ay
—=—+82—

dy. ay2
(6)

and the expansion of the fields is as follows:

@(x, y)=@~(x, yo, y2)+&q(~!Yo,Y2)

+f32@2(x, Yo!Y2)> O= EZ, HX, HY. (7)

Substituting (6) and (7) into (3) and equating the coeffi-

cients of equal power of 8, we get the following differential

equations for each order 8‘:

rz=o,l; r=a, f,d (8)

(a2 a2

)

d 2E,ro
—+—O(N): ~x2 i- crprk2 Ezrz = –2—

ay; ayOay2’

r=a, f,d. (9)

For simplicity, we will replace the electric field Ezrn by

E,n, and H. and Hy by HX, and H,, for each layer.

The boundary conditions are that E= and H, must be

continuous at x = O, E== O at x = – d. For each order d“,

569

these become

O(bn): E~n=Edn, n=o,l,2 (lo)

;(++’Kf+)Efn=~ ‘=01 ’11)

‘(82)’i[~:+’Kf(%+’2)1=~’12)
at x = O, and

o(d”): Edn=O, n=o,l,2 (13)

at x = – d. From the continuity of the tangential electric

and magnetic fields at x = h(y), one finds that

E.= E~ (14)

dx
HYU + ‘iHX~ = HY~ + —H.j.

dy dy
(15)

Substituting (4) and (5) into (15), expanding E= in Taylor

series about x = h, with the help of (l), (6), and (7), we

obtain two sets of equivalent boundary conditions at x = h

as follows:

‘(’O)’Eo:(:+~Ki)EO:

continuous, r = a, f (16)

0(81): Erl+hlcosK_Y&,

:[(:+’Ki)~+’”(++~’i)(17a)

“(cOsKy%)+h’’’sinKy

“(ii-’KraEro ‘

continuous, r = a, f (17b)

aErl 1 ~a 2Ero
0(82): Er2+hTJ COSKyz+#qcosKY) —

ax2 ‘
(18a)

:[%+’K(~+’1%)

+hq(;+’Kr-&-)(a-Yg)

‘h’KsinKy(ii-’Krd
+;’2,2(:+’’r,;)(cos2KY~)

+ h2q2K sin Ky
(+-”:)

(cosKy~)]: continuous, r = a, f.

(18b)
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B. Zero-Order Fields

The zero-order field EZO is referred to as the guided

wave [4]. From the wave equation (8), we express the

zero-order fields EZO in the waveguide without corrugation

as

Eao = N~AOe–klt’-k)eJ6Y” ~>x>h (19)

[

coskzx sin kzx
E/o = Ng Bo — + co~

)

e JPYO h>x>O
COS kzh sm kzh ‘

(20)

E =N ~ sinh[k~(x+ d)] ~jp,,
do go

O>x>–d
sinh(kqd) ‘

(21)

where

k;=~2–k2, k;= c~p~k2 –~2, k;=~2–cdk2.

(22)

By applying the boundary conditions (10), (11), and (16)

for the zero-order fields (19)-(21), we obtain that

[E][FO]=O (23)

where [F. ] is a 4 x 1 matrix with unknown constants A o,

l?o, Co, and Do, and the elements of the 4x 4 matrix [E]

are given by

~14 = (24 = ‘$g, = t~~ = &I = O

fn=-$12= -t13=t32=l, t21 = ~fk

t22 = k, tank2h + Kffi, ‘$23 = ‘f~ – ‘2c0t ‘2h

<34 = –cosk,h> (42 = – K#, .&= k2cot klh

<~~ = - p~ks coskzh coth(ksd). (24)

With the help of (23), the unknown constants in (20) and

(21) can be replaced by A. in (19) as follows:

B.= # coskzh(Rsink2h + kzcosk2h)Ao (25a)
2

Co= ~ sink2h(k2sink2h – Rcosk2h)Ao (25b)
2

B.
Do=— (25c)

cosk2h

where

R = pfkl – Kf~.

From the condition of the nontrivial solution of (23),

det [ E] = O, we obtain the zero-order dispersion relation

1
— [k; – ~fp(pfkl – K,P)] tank2h tanh(kqd)– kzk~
P/

+ k3(Kf/3 – pfk1)tank2h – k1k2 tanh(kqd) = 0. (26)

In (19)–(21), the normalization constant Ng is chosen in

such a wav that the Dower P.., carried by the guided wave

in the y direction over a unit width in the z direction is

obtained as Pgy = IA. 12. By utilizing the relation given in

(25a) -(25c), Ng can be derived as

[ 14tipopfk1k;k3 1/2
N~ =

u
(27)

where

U= pf/3k;k3 + kl cos2k2h(k~V+ pf~k2S2W)

V=~k2h(S2+ T2)+k2(@&. fk;)/

cos2k2h + S(Kfk2S–~T)

W= cot h(k3d) – k3d/sinh2 (k3d)

S=k2+Rtank2h, T= R–k2tank2h.

C. First-Order Fields

The perturbed first-order fields are caused by the origi-

nally excited wave due to a corrugation. From the boundary

conditions (17a) and (17b), we can find that the propa-

gation constants of the first-order field are ~11 = ~ – K

and ~12 =/3 + K for space harmonics m = +1. The first-

order solution of E,, including the amplitudes of the

incident wave A, and of the radiated wave A,, can be

expressed as a combination of two scattered Floquet modes

PII and l?12 for each region:

Edl y N,[A,e-Jalf’-hj + A,e~%(X-~)] eJ&IYO

+ A1e–%(x-h)eJ&2yo cc)> .x>h (28)

( Cos a~x sina3x

Efl = %1 —+cll~
i

~J&IYo

COS a3h smash

[

Cos (14X sin ahx
+ B12— + c12—

)

eJ~12Y0 , h>xsO
COS cqh sin abh

(29)

sina5(x+d)
E~l = Dll

sina6(x+d)
eJ&IYO + ~12 e J&? YO

sinti~d sinaed

O>x>-d (30)

In (28), the normalization constant N. is chosen in such a

way that the – x and + x components of the Poynting

vectors P _ ~ and P+ ~ associated with the incident and

radiated waves become 1A, 12 and IA, I2, respectively. N, is

deduced as

N,= (2qLo/aJ1’2. (32)

By applying the boundary conditions of the first-order

fields, that is (10), (11), (17a), and (17b), we can, with the

help of (25a) –(25c), express the unknown constants of the
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first-order fields (28)-(30) as

[
Bll = (M1/M) ;hl ( Pl + mdy)iiyo – zjwf~r~, 1

(33a)

[
Cll = (M2/M) #nJ(P1 + @lpf~)~g41 –2Jwf~rJ4z 1

(33b)

Dll = BIJCOS a3/z (33C)

and

A,= ~h~[p+(P, – ~,pfp)(~,+ N2)/3J]~g~o(Sda)

B12 = :hq[(Z’2 – a2@’)~1/@V#o (34b)

Cl* = #z?J[(P2 – a2PfP)lv2/q~g~o (34C)

D12 = B12/cosa4h (34d)

where

P=kl– R

p,= (&k; +k:)+B@-pf)-@(&2K)

P2= (~fk; +k:)–@-pf) -KfR(~+2K)

M = (ascot ash – K#II – jw~)M2

- (a, tana,h + Kfp,, + jCTN~)~I

N= (adcot (xqh – K#12 + ~2P/)~2

- (a,tana,h + Kf&2 - ~21J~)~I

kfl=a~cotagh, M2 = pfa5 cot a~d + Kf~ll

N1 = ixdcot adh, N2 = pf a~ cot aed + Kf&2.

From the boundary conditions of the first-order fields, a

relation between the amplitudes of the principal guided

wave A o, the incident wave A,, and the radiated wave A,

can be derived as

A,= C,gAo+C,,Az (35)

where

E,z in the form

Eaz = $a(x)eJpyo, W>x>h (38)

Efz, = @f(x) eJ~-’0, h>x>O (39)

Ed2 = @~(x) eJpYO, O>x>–d. (40)

Substituting (38)–(40) and (19)–(21) into (9), we obtain

the following differential equations for +,(x):

()132 dAO
— – k; ~a(x) = –’2j~N -—e-k,(X-h)

(3X2
(41)

g JY2

()

a2

(

6’B0 COSk2x
—+k~ of(x) = –2JWg ~-
ax2

JCO sin k2x
+———

dy2 sin k2h )
(42)

() dDo sinh[kq(x+ d)]
~–k~ +~(x) = –2j/lN -—

g ay2 sinh(k~d) “

(43)

Solving (41)–(43), we can obtain the solutions

@ a~o–~l(x–h) + A2e–kl(x–h)
@a(x) = EN —

~ g dy2 ‘e (44)

M ( 6’C0 COSkzx

%(x) = – ~NgX ‘X2X
2 ay2 Cos k2h 6’y2 sin k2h )

COS k2x sin k2x
+ B2— + c2:— (45)

cosk2h sm k2h

.iF cosh[ks(x+ d)]
4%(’) = - ~Ng(x+d)—

3 sinh(k~d)

sinh[k~(x + d)]
+ D2 (46)

sinh(k~d) ‘“

By applying the boundary conditions of the second-order

fields at x = h and x = O, that is, (10), (12), (18a), and

(18b) for the Floquet mode exp ( j13yo), the following ma-

trix equation is obtained:

[E][F2]=IU] (47)

C,g=~hTJIP+(P1+ jalpfp)(M, +~2)/~]Ng/N,
where [ F2] is a 4 X 1 matrix with unknown constants of the

second-order fields A ~, Bz, C2, and Dz of (44)–(46). The
(36) elements of the 4 x 1 matrix [U] of (47) are given as

M*
qr=-–

M“ ’37) u=j~h(j+~)Ng~-( ~-hq~(k~+k~)NgAo

In (36), C,g and C,, are the coupling and reflection coeffi-

cients, respectively, and M* in (37) is the complex con- 1

jugate of M.
+ ~hq[ jalN.(Az – A,)+ a,A1]

D. Second-Order Fields 1

The analysis of the second-order fields clarifies how the
— ~hq[a~(B1l tana~h – Cllcot a3h)

guided mode amplitude and phase change in the corru-

gated waveguide. Here, we assume particular solutions for + a4(B1p, tanaqh – CIJcot ~qh)] (48a)
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+ Kfa#ll(B12 tana~h – C12cot adh)] (48b)

j~d aBo
u3=– —

k;
coth(k3d)Ng—

aY2
(48c)

[{
U4=–jfi ‘+p }1aBo

P
~coth(k~d)+d N —f k~

g ay2

j~ acO
– — cot kzhNg—

k2 ay2”
(48d)

In (47), the 4x 4 matrix [E] is the same as in (23).

Assuming a solution of (47), we may select the following

relation as one of the solvability conditions:

%lul + :21U2 + :311J3 + 541U4 = o (49)

where E.,, n = 1 to 4, are the cofactor for each element of,..
the first row of det [ E ]. These can be obtained as

pfklk;
%1 =

Ssink2h

k:
T—
’21 – Ssink2h

1
T-31 = — —pfk2k~coth(k3d)

sin k2h

kz
T—
’41 – sin k2h “

where

Q1=2Kf~K2+ pfl’[u~-af -2 K2+k1(ja1-a2)]

+ (Pl + jalpfP)G1/M+ (P2 – a2pfP)G2/N

Q2=(p+Kf~)~+ (~,+~2)[(pl+j~lMfp)
+ Kf@K#Il – R + @l~f)]

G1=(Ml + ~2)[CY3–pf~t–~H~(l–P/)+ j~dJ#l 1

+a~(R– KfK)(M1tan~3h –M2c0t~sh)

G2 = (Nl + N2)[a; +Pfa; +B12~(l– Pf)– a2Pfk1]

+a4(R+KfK)(Nl tana4h– N2cota4h).

Other quantities in (52) and (53) are the same parameters

as those given in the previous sections. In (51), Cgg is the

extinction coefficient and the real part Cgg, of Cgg is

defined as the leakage coefficient [4]-[6].

Since the operation of a transmitting antenna is based

on the scattering of a guided wave into a radiated wave

due to the presence of corrugation, the incident wave

amplitude A, is assumed to be zero. Setting Al = O in (51);

the radiation efficiency QO of the leaky wave can be

deduced as [4]

Qc)=- ~(1-e2’~@ (54)
ggr

where L is the corrugation length. The radiation angle 13is

given by

In (48a) –(48d) and (50a) –(50d), R and S are the same

values as those defined in (25) and (27), respectively.

Substituting (48a) -(48d) and (50a) -(50d) into (49), elim-

inating the unknown constants A ~, B2, C2, and D2 from

(49), and with the help of (25a) -(25c) and (33)-(35), we

get an amplitude transport equation as

aAo
— = CggAO + Cg,A,.
aY2

(51)

In the above equation, Cgg and Cg, are defined as

“( )
Cgg = $ :hq 2k1k;k~Q1 (52)

Cg, = &(hq)pfcx1k1k:k3 Q2N, (53)
g

(
&K+ Cgg,

9 = arcsin
k 1

(55)

(50a)
where Cgg, is the imaginary part of Cgg. Since $ is a

function of the bias magnetic field pOHO, 0 can be con-

(50b) trolled b altering P, HO.

III. NUMERICAL CALCULATION

(50C) In order to clarify the radiation characteristics of the

waveguide structure of Fig. 1, the amplitude transport

(50d)
equations (35) and (51) are solved numerically. The material

parameters of the ferrite slab are assumed to be pO’M, =

1730. G, h = 0.925 mm, (f =15.6, q = 0.081, A = 2 mm,

and L = 110 mm (number of periods of the corrugation

N = 55). For the dielectric slab, d = 3.4 mm and cd= 2.1.

The dispersion diagram is obtained numerically from

the zero-order dispersion relation of (26) at a fixed bias

magnetic field 0.8 T and is shown in Fig. 2. In the closed

area between the dotted lines PI= k~ and ~2 = k&

above 25 GHz in the diagram, the electromagnetic fields

distribute hyperbolic functionally in the dielectric slab and
sinusoidally in the ferrite slab regions. In the frequency

range 40 to 50 GHz, both TEO and TEI modes can

propagate, but the TEO mode only lies in the radiation
region, K – k </3 < K + k, which is defined with (55) by

neglecting the small value of Cgg,, and is shown within a

triangular region enclosed by the chained lines in the

figure. An abrupt change of the propagation constant of



ERKIN et al.: CHARACTERISTICS OF MILLIMSTER-WAVE RADIATION 573

100

80

20

0

, \/’f
/ /’ f 2-

~o; // ,>(’ ;

:~

:,/ ,1
/

o 2000 4000 6000 8000

PROPAGATION CONSTANT ~ , m-’

Fig. 2. Dispersion diagram for TE mode in a layered ferrite dielectric
slab structure at a fixed bias magnetic field 0.8 T,

-15 [ I I 1 I I 13 190

pHo =0.8 T
,Pl - 0

-12 - i!

!!

i’
- -3

‘E
- -6 -

b .=

1
G

- -9
-, -, -.-,----

-3 -
- -12

0 -15

35 45 55 65

- 45

u
w
a
$

- 0
Q
,.

m

- -45

. -90

FREQUENCY f , GHz
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coefficient and the radiation angle of the fundamental TE mode as a
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the TEO mode is observed near the

nance frequency ~. = (UO + tO~)/(2T)

pOHo = 0.8 T).

The extinction coefficient C... + .jC.

gyromagnetic reso-
(~0 = 27.2 GHz for

., and the radiation

angle fl are estimated numeri&lly fro~” (52) and (55) as a

function of the frequency, as shown in Fig. 3. It is noted

that both Cg,r and Cgg, depend strongly on the frequency

and have maximum values near 45 GHz. While O varies

monotonically with increasing frequency, and the rate of

its change ( dO/df ) is larger in the lower frequency range

than in the higher one. Since the leakage coefficient Cgg,

also depends upon the thicknesses h and d, the periodicity
of the corrugation A, the saturation magnetization of
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%?
0

. - -10

i6 ;2

1
~ i
t E
i .

,/’ j
-- .-

1,.”
&4 i ~

---- i 0
----------

6
~ - -5
!

3 — Qo I
12 _ ---Cggr

~

m._._ Cggi
I
.V1 Hr

o l; 1 , I ) 1 , 1 I , , I 1 0
0 0.5 1.0 1.5

BIAS MAGNETIC FIELD ~oHo , T

Fig. 4. Variation of the real and imaginary parts of the extinction
coefficient and the radiation efficiency as a function of the bias
magnetic field at a fixed frequency 46.8 GHz.

ferrite p ~~,, and the permittivil.ies c, and c~, with the

exception of j’ and pOHO, we may expect that the radiation

characteristics can be improved by carefully selecting those

structural and physical parameters.

The radiation efficiency QO defined by (54) and Cgg are

shown in Fig. 4 as a function of the bias magnetic field. It

is noted that QO increases with increasing Ho and has a

maximum value of 67.4 percent. But it approaches zero

near the gyromagnetic resonance field poH, = (ti – u~)/y

(PoH, = 1.498 T as ~ = 46.8 GHz).

IV. EXPERIMENTAL RESULTS

Experiments are performed in the frequency range from

40 to 50 GHz. The upper surface of a polycrystallke

yttrium iron garnet (YIG) slab with dimensions of 1.0x

15.0 X 150.0 (,mrn)3 has an array of rectangular grooves.

The width, depth, corrugation spacing, and number of

periods of the ~orrugation are 1.0 mm, 150 pm (hq = 75

pm), A = 2 mm, and ~ = 55, respectively. The corrugated

YIG slab is supported by a Teflorl slab bonded to a copper

plane by low-loss wax as shown in Fig. 1. The width and

the length of Teflon slab are 11.65 mm and 150.0 mm,

respectively.

In order to excite the TE mode in the corrugated struc-

ture, the upper surface of ferrite slab is held parallel to the

electric field of the TEIO mode at the output end of the

rectangular metal waveguide. Both ends of the layered slab

are tapered and one side is coated with a carbon absorber

to avoid the unwanted reflection of the waves. The corru-

gated structure is magnetized in a direction parallel to its

plane by an electromagnet. The radiated signal is detected

through a standard horn at a distance of 106.5 cm from the

center of the corrugated ferrite slab. Here, detailed ex-

planations of the experimental setup used in these experi-
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radiation efficiency (amplitude of the mam beam) versus the bias
magnetic field at a fixed frequency 50.0 GHz.

ments are omitted because they have been given in [2] and

[3].
Figs. 5 and 6 show the measured radiation angle and the

amplitude of the main beam as a function of the bias

magnetic field for different frequencies 46.8 and 50.0 GHz,

respectively. The solid lines of the radiation angle O are

obtained from (55). By increasing the bias magnetic field, a

continuous scanning of the main beam up to – 40.50 is

observed in Fig. 5. The slope scanning rate AO/A(poHo),

increases rapidly as the magnetic field approaches the

gyromagnetic resonance field pOH, = 1.5 T. The maximum
scanning rate can be estimated with 10/200 G. Similar

scanning characteristics of the main beam are obtained at

the frequency 50.0 GHz, as shown in Fig. 6.

The relative values of the main beam amplitude A; are

measured by using a dc voltmeter. At the operating

frequency of 46.8 GHz in Fig. 5, the maximum value of

A;, (A:) ~=, found experimentally is 19 mV, whereas at 50

GHz in Fig. 6 it decreases to 12 mV, as predicted by the

theoretical results on Cgg, (Fig. 3). Because it is difficult to

compare directly the experimental data on A j with the

theoretical results on QO, A j is transformed into decibel

form as 10 log [Aj/(AJ) ~a], which may be considered as

an approximation of the radiation efficiency QO. Here, we

used a square law detector.

The solid lines of the radiation efficiency in the figures

are estimated numerically with (54). In Fig. 5, QO is found

both theoretically and experimentally to decrease rapidly

in the vicinity of the gyromagnetic resonance field.

Through these experiments it is concluded that the ex-

perimental data agree well with the theoretical predictions

within the experimental accuracy.

V. CONCLUSION

The leaky wave phenomena of the corrugated ferrite

slab supported by a grounded dielectric slab are analyzed

using the perturbation method with multiple space scales.

The amplitude transport equations which give the relation

between the guided and the radiated waves are derived.

The radiation efficiency and the angle of radiation are

estimated numerically by solving the amplitude transport

equations.

Experiments were performed in the frequency range 40

to 50 GHz using a corrugated polycrystalline YIG slab

fixed on a grounded Teflon slab. The main beam direction

and the amplitude of the leaky wave were measured as a

function of the bias magnetic field for two different fre-

quencies 46.8 and 50.0 GHz. The main beam direction

could be steered continuously by changing the bias mag-

netic field. The maximum scanning rate was about 10/200

G. These experimental results are in fairly good agreement

with the theory.

The corrugated ferrite dielectric slab waveguide pro-

posed in this paper may be useful for the application of

the electrically scannable leaky wave antenna in the milli-

meter-wave frequency. If we select carefully the structural

parameters of the system, we may develop a mm-wave

antenna having a high resolution and a radiation beam

whose direction can be controlled by changing the bias

magnetic field.
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