Vol 14 No 11, November 2005
1009-1963/2005/14(11)/2305-09

Chinese Physics

© 2005 Chin. Phys. Soc.
and IOP Publishing Ltd

Scattering characteristics of conducting cylinder

coated with nonuniform magnetized ferrite’

Hu Bin-Jie(#3#7%)*, Edward Yung Kai-Ning(% 5 5%)Y,
Zhang Jun(3k¢ %)9t, and Toutain Serge?

a) South China University of Technology, Guangzhou 510640, China
b) City University of Hong Kong, Kowloon, Hong Kong SAR, China
©)Sun Yat-Sen University, Guangzhou 510275, China

) University of Nantes, Nantes 44306, France

(Received 4 December 2004; revised manuscript received 27 June 2005)

An analytical technique, referred to as the scattering matrix method (SMM), is developed to analyse the scattering

of a planar wave from a conducting cylinder coated with nonuniform magnetized ferrite. The SMM solution for the

nonuniform ferrite coating can be reduced to the expressions for the scattering and penetrated coefficients in four

particular cases: nonuniform magnetized ferrite cylinder, uniform magnetized ferrite-coated conducting cylinder, uniform

ferrite cylinder as well as homogeneous dielectric-coated conducting cylinder. The resonant condition for the nonuniform

ferrite coating is obtained. The distinctive differences in scattering between the nonuniform ferrite coating and the

nonuniform dielectric coating are demonstrated. The effects of applied magnetic fields and wave frequencies on the

scattering characteristics for two types of the linear profiles are revealed.
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1. Introduction

Electromagnetic wave scatterings from inhomo-
geneous gyroelectric and gyromagnetic objects have
recently received much attention because of their im-
portance in many practical areas.!~% Various prob-
lems of scattering by ferrite cylindrical objects have
been investigated in the past years. These include
the scatterings by a homogeneous magnetized ferrite
cylinderl”™=9! and a finite periodic structure of homo-
geneous ferrite cylinders,'% the scattering by a con-
ducting circular cylinder coated with homogeneous

(11,12] and the scattering by the ferrite post

ferrite,
in a waveguide.l'*=15] However, few researchers have
reported the scattering by nonuniform ferrite-coated

conducting cylinders.

In this paper the scattering of a planar wave from
a conducting cylinder coated with nonuniform mag-
netized ferrite is investigated by a so-called scatter-
ing matrix method originally employed by Helaly and
later by the authors to deal with plasma problems.!*4

In this method, the nonuniform ferrite-coated con-
ducting cylinder is first divided into many layers.
Then each layer can be considered as a uniform one
and its scattering matrix is derived based on the field
continuity condition. Finally the scattering matrix of
the whole nonuniform ferrite-coated conducting cylin-
der can be synthesized using the scattering matrix for
each layer. Since the endocentric recursion technique
is adopted in the approach, the so-derived formulae
for the nonuniform ferrite-coated conducting cylinders
can easily degenerate into the formulae for the nonuni-
form ferrite cylinders. The characteristics of scatter-
ing by ferrite-coated conducting cylinders with linear
profiles are investigated versus applied magnetic fields
and wave frequencies. The distinctive differences be-
tween the ferrite coating and the dielectric coating are

demonstrated.
2.Formulation

Consider the scattering of a TM wave normally
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incident upon a nonuniform ferrite-coated conducting
cylinder as shown in Fig.1, where the nonuniform-

coated ferrite is divided into p layers.

O

Fig.1l. Geometry of the problem.

A magnetic bias field Hy is applied in the z di-

rection, thus the permeability tensor in the mth layer
igl16,17]

pt™ ™0
] = | <™ ™ o (1)
0 0 Ho

with

(m), (m) : (m)
m wyp (wy 7+ jwa
,ug )——,uo(1+ lzfn)( 0. ) )>, (2)
(wg™ + jwalm)2 — w2

(m)
m ww

(wi™ + jwalm)z — w2’

(3)

(m)

where wy

)

= 'y,uOHém is the precession frequency,

Wm = FYNOM(gm)a and w, 79, Mo(m)7 a(

™) and g are

the wave frequency, the gyromagnetic ratio, the sat-
uration magnetization, the damping factor and the
permeability in free space, respectively. It is known
that the electric field of the incident TM wave can be

written in the following form:

Bl = Bge Hhoreere, (4)

5= | e

a2 (kY py)
Y;(l).](l)(n, kgl)pl) Ye(l)H(l)(TL, k((el)pl)

which can be expanded in terms of the Bessel function

J,, as

E; = FE Z (_J.)njn(kop)e_jmpv (5)

n=—oo

where Fj is the amplitude and kg is the wave number
in free space. The scattered electric field in free space

can be written as

+ o0
B =Eo Y An(=j)"HP (kop)e "¢,  (6)

where A,, are coefficients to be determined and HT(LZ)
are the Hankel functions of the second kind. Thus the

total field in the incident region is obtained:

E.=E! +E°
+o0 .
=FE, Z (=1)"[Jn (kop) + A H (kop)le ™.

(7)

In the mth ferrite layer, the total electric field can be

written as/1”]
+oo
E(™ =By (—§)"[BIM I (k™ p)
+ CSMH P (K™ p)e i, (8)
where

RO = wyfe0m (™2 — u§™?) /™ = w\/g(m)“gm)

is an effective wave number in the mth layer, and
B,(Lm)and C,(Lm) are unknown coefficients. For conve-
nience, we define Y;(m) = \/e(m)/uém) as an effective
admittance in the mth layer. Applying the field conti-

nuity condition at p = p; leads to the following matrix

equation:
B A
= [S1] (9)
ctM 1
with
' (@)
Hy™” (kopy) Jn(kop1)

YoH"P (kopr)  YoJl,(kop1)
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where Yy = +/eo/po is a characteristic admittance in

free space, the superscript “’ 7 denotes the deriva-

Similarly, by applying the field continuity condition

at the mth interface, the following matrix equation is

tive operator, and the functions of J(l)(n, z) and  obtained:
H®(n,z) are defined as
(1) B(m) B(m—l)
(1) () F2 " = "
(1) ! “él) n
HY (n,z) = H)(z) — W;Hn(m) (11b) with
H1
|
-1
sy | " om) 1Y (6" )
m Ye(m).](m)(n, kgm)pm) vy g (m) (n, k(gm)pm)
Ta(k" Y pr) HP K"V p,)
x : (13)

where the functions of J(™ (n,z)and H(™ (n,z) are
similar to those in the expressions (1la) and (12b)
by replacing subscript “(1)” by “(m)”. To satisfy the
boundary condition of a vanishing tangential electric
field at p = b, the electric field for the pth layer is

Y'e(mfl)J(m—l)(n’ kgmil)pm) Yé(mfl)H(m—l)(n, kémil)pm)

expressed as

+oo

EP =Ey )

n—oo

B o (kEP)B) HO)(

=P (kPp) "

(_J)nDn |:Jn(ke(ep)p)

k@@%iw, (14)

where D,, are the unknown coefficients. Applying the field continuity condition at the pth interface yields

B‘SLP*]-)
. {Vp} {Dn} (15)
with .
(V) = T, (K" p,) HP (k™ p,)
) =
Ye(P—l)J(pfl)(n’ k‘gp_l)pp) Ye(P—l)H(pfl)(n’ k'gp_l)pp)
() In(KED) (2 ;.(0)
Jn ke 1% = ... tin ke P
( 10) Hg)(ké’b) ( P)
X
Jn(EPb (16)
VP I) (n, k ) = 220 119, )

HP (kPb)

Using Egs.(9) and (12) recursively, Eq.(15) becomes

5] ﬁf — (V,} (D} (a7)

where [Sg] is the global scattering matrix given by

[Sq] = < H [Sm}> [S1].

m=p—1

(18)

To obtain the explicit formulae of the scattering and

penetrating coefficients A,,, D,,, we rewrite Eq.(18) as

n

{8} {552 1] = {,H{D.} . (19)

Hence the scattering and penetrating coefficients A,,,

and D,, can be solved

An

D, =—| {Sa} {-% }] {Sy2}.  (20)
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Formulae (10), (13), (16), (18) and (20) are the SMM
expressions for the scattering and penetrated coef-
ficients of the nonuniform ferrite-coated conducting

cylinder. To obtain SMM formulae for the nonuni-

Jn(k(gp_l)pp)
{Vp} =

Y'e(P—l)J(pfl)(n7 kép_l)p

T (kP py)

Y I0 (n, K py)

X

From the above discussion we can see that the SMM
formulae for the nonuniform ferrite-coated conducting
cylinder and for the nonuniform ferrite cylinder have
the same expressions except for the vector V},, which
is due to the fact that the endocentric recursion tech-
nique is adopted in the approach.

After the scattering coefficients are determined,
we can easily calculate our quantity concerned, the
scattering cross-section (SCS). Using the large argu-
ment approximation of the Hankel function in the ex-
pression (6), the normalized scattering cross-section

(NSCS) can be obtained as follows:[18]

2
3 A

n=—oo

(22)

:m

where ) is the wavelength in free space.
To confirm the correctness of the above-derived
formulae for the ferrite coating, let us consider the

degenerated form of the above formulae for a uni-

form case. If the coated-ferrite is uniform, namely
(m) _  (m-1) _  _ (1) (m) _ (m-1) _
Hq Hy - M1y Ho Ho
. = /,Lgl), thus k(m) = k™Y = = kY and
Yé(m) = Yé(m Do = Ye(l). Substituting these re-
lations into the expressions (13), (16) and (18), we
have
1 0
[Sm] = ’
0 1
v} 1 5,1 = 151]
rJy = 2 gl — 1
Tu (ke b) /HIP (kD)
(23)
|
Tn(koa)én (ke a,

form ferrite cylinder, we only let the inner radius b
of the conducting cylinder approach to zero, then the

expression (16) reduces tol*!

H? (k"™ py)

) Y;(P—l)H(P*I)(,r% kép—l)pp)

(21)

kM) —

After some mathematic manipulations, the expression

(20) can be simplified as follows:

1
Ay = LT 0K 1) T (o)

— T} (kop1) Tn (kY p1) Yo
T, (k$Vb)

_ynite 7 H® (L)
Hﬁlz)(kél) )[ (kOpl) (ks p1)Yo

— HO (1, kM p1) T (kop1) Y1)} (24a)
and
—1/( 2jY,
Dp=—\—— 24b
A (Wkof’l) (24b)
with

A =H"? (kop1) Tu (kP p1)Yo
— HP (kop1)JM (n, kY py )Y
T (kM)
H(Q) (k(l)b)
- H( )(kopl) ¢ )(k((el)Pl)Yo]- (25)

[HY (n, k" p1) HP (kop1) Y

By defining the following function:

_ Ye(l) (1) H(l)(n,w)
gn(xay) - YO J (n,x) - H,,(f)(y) Jn(y) (26&)
()
nn(xay) = Jn(x) - H,(lz) (y) Jn(y) (26b)

and noting p; = a, the expression (24a) is transformed

into

J! (koa)nn (kM a, k)

T

HP (kga)én (kM a, kb)

— H'® (kga)n, (kM a, kMb)
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For comparison with Yokota’s formulae (21) and (22)
given for a multi-pole field,'2) we must first derive
the relationship between Tokota’s and ours. Compar-
ing the expressions (10) and (13) in Ref. [12] with the

expressions (5) and (6), one has

Bme™? = (=j)" Eoe "%, (28)
Ced™ = A, (—j)"Epe "¢. (29)

Dividing the expression (29) by the expression (28)

leads to
Cm

" B
Substitution of expressions (21) and (22) in Ref.[12]

into the expression (30) results in

A, = — Im(kaz)C — J, (kaz)n (31)

H (kas)¢ — H'® (kag)n

A, (30)

with
Ym(k1a2)
N = Jm(kra2) — Yy (Fray) Im(k1ay), (32a)
Dm(k1a2
¢ = Dy (kra2) — Y, (kra) Jm(k1a1), (32b)

J! (koa) (k1) Yo — JD (n, kla)Jn (koa) Yo

and

Do(kras) = —— P17 (kyap) = £ (kvan)
m\Rk1a2 _Meffk 142 ,uklag m\r1a2) |,
(33a)

Do (kras) = 2 L1V (krag) = ™ v, (kyas)

m (K142 _/Jeffk mk1a2 ,uk1a2 m\Rk1a2
(33b)

1k vV (1) (1)
Not S by =k bk =ko, k= — 7
oeueﬂk Yo’ 1 0, K 122 /Ho

H= /‘gl)/ﬂo, ay = a, a; = b, and replace m and the
Neumann function Y,,(z) in Yokota’s results by n and
the Hankel function H,(L2)(ac), respectively, then the
scattering coefficient (31) given by Yokota will turn
to the expression (27).

It is interesting to consider further two particular
cases, i.e. homogeneous magnetized ferrite cylinder
and homogeneous dielectric-coated conducting cylin-
der. In the first case, we let the inner radius b of
the conducting cylinder approach to zero. This leads
Jn(k.gl)b)/H,(f) (ké”b) to vanish. Hence, the expression
(24a) reduces to

which coincides with Eggimann’s.[®!

If the ferrite is not magnetized and the magnetic
bias field is zero, the ferrite acts as an isotropic dielec-

tric with the permeability u = po. In this case, the

where k1 = kg/e,-, and &, is the relative dielectric con-
stant. This result coincides with Ruch’s in the case of

the permeability pq = pio.1*9

3. Numerical results and discus-

— : (34)
~H'® (ko) Jo (kP a) Yo + HP (kga) O (n, kY a) vV
expression (24a) reduces to
Jn(koa) — Z,(k1a, k1b)J), (k
A — - (2)( 04) (k1a, k1b)J;, (koa) (35)
H (koa) — Zn(kya, kib) H'® (koa)
with
|
Yy Jo(kra)HS (kyb) — J, (ki b)HP (k
Zn(kya, kib) = 20 (kya) (2)( 1b) (k1b) ( 1“)’ (36)
Yi 7, (kya) Hy? (kyb) — T, (kab) H''P) (kya)
linear profiles
H2 p—>
—_ = —_— r = t t, 37
u1(p) ﬁl—}—ala_b, €, = constan (37)
and
-b
er(p) =02+ Oézp , M2 _ constant. (38)
a—b 231

sion

In the following discussion, the SMM solution
is applied to simulate the electromagnetic scattering

from the ferrite-coated conducting cylinder with two

The parameters of two profiles above are chosen from
Refs.[8] and [17]. When the parameter po/py is equal
to zero, the profile (38) presents the general inhomo-
geneous dielectric coating. For convenience, we refer

to the profiles with a; 9 > 0 as the linear increasing
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profiles and the profiles with a9 < 0 as the linear
decreasing profiles.

Figure 2 shows the normalized backscattering
cross section (NBSCS) as a function of the preces-
The pa-
rameters are the operating frequency f = 9GHz, the
linewidths AH = 10.0 x 1073T, the coating thickness
d(=a —0b) = 0.33cm, B, = 1.5, &, = 11, and three
values a; = 0, —0.3, and 0.3. Also shown in this fig-
ure is the NBSCS for a dielectric-coated conducting
cylinder with ¢, = 11 and p, = 1 which is denoted by

sion frequency for the linear profile (37).

dotted line (similarly in the following figures). Figure
2(a) is for the inner radius b = 2 cm and Fig.2(b) is
for the inner radius b = 10cm. It is clear that the min-

imum value of the NBSCS occurs at different applied

16
15|,

14
13"
12

11

ol > o

9 . . . .
1.0 1.3 1.6 1.9 2.2 2.5

Normalized scattering cross section/dB

Precession frequency /wave frequency

magnetic fields for the different linear profiles. We no-
tice that the differences in NBSCS between the ferrite
coating and the dielectric coating in Fig.2(a) are big-
ger than those in the Fig.2(b), which results from the
fact that in the first case their differences are brought
about by the absorption of the ferrite and the larger
power scattering in other directions, and that in the
second case, we have Ay > b. So the backscatter-
ing characteristics for the ferrite coating and for the
dielectric coating are similar to the characteristics of
power reflection coefficients for the flat plates covered
by the same material of the same thickness, respec-
tively. Therefore, the differences in NBSCS between
two coatings are mainly brought about by the absorp-

tion of the ferrite.

26

(b)

1.0 1.3 1.6 1.9 2.2 2.5

23

Normalized scattering cross section/dB

Precession frequency /wave frequency

Fig.2. NBSCS against the precession frequency for the linear profile (37), f=9GHz, AH = 10.0 x
1073T, d = 0.33cm; &, = 11, $; = 1.5: solid line for a; = 0, dashed line for a; = —0.3, dotted line

for a3 = 0.3. (a) b = 2cm, (b) b = 10cm.

Figures 3 and 4 show NBSCS as a function of
the operating frequency for the coating thickness d =

0.33cm, the inner radius b = 2.23cm, the preces-
sion frequency wg = 88.22GHz, the linewidths AH =
10.0 x 1073T. Figure 3 is for the linear profile (37)
with the parameters ¢, = 11, 8; = 1.5, and two values
a; = 0.3 and —0.3. Figure 4 is for the linear profile
(38) with the parameters 85 = 11, two values as = 5,
and -5, as well as po/p; = 1.5 for the Fig.4(a) while
po/p1 = 0 for the Fig.4(b). We see that the resonant
frequency for the ferrite coating is less than that for
the dielectric coating and it is a decreasing function
for the ferrite parameter ps/pq. This phenomenon
can be explained by the following discussion. Since
the ferrite has a higher relative dielectric constant,
its surface is approximately considered as a magnetic
wall. The resonant condition can be obtained by let-

ting the magnetic field be equal to zero at the ferrite

surface p = a. Hence,

Tn(a) HP (2) = Jn(2)H'S)

K2 T (2) (2) -

B2 g (az) HO (2) — J,(2)H =0, (39

B2 1 () P (a) = Ja(e) HD )] = 0, (39
where z = ke(;l)b and o = a/b.

If the ferrite is not magnetized and the magnetic
bias field is zero, we have ps/pu; = 0. Then Eq.(39)
reduces to

Jo(az)H? (2) — J.()H'® = 0. (40)

Equation (40) is the resonant condition for the dielec-
tric coating, which has a higher dielectric constant
the same as that for the ferrite coating. Comparing
Eq.(39) with Eq.(40), we see that for n = 0 both coat-
ings have the same roots. For n # 0 their roots are no
long the same and the roots are decreasing functions
for the parameter ps/p1. These results lead the reso-

nant frequency to be a decreasing function for us/p.
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Fig.3. NBSCS against the operating frequency for
the linear profile (37), wg = 88.22GHz, AH = 10.0 X
1073T, d = 0.33cm, b = 2.23cm; e, = 11, 1 = 1.5:
dashed line for vy = —0.3, and dotted line for a1 =
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Fig.4. NBSCS against the operating frequency for
the linear profile (38), wg = 88.22GHz, AH = 10.0 X
1073T, d = 0.33cm, b = 2.23cm; B2 = 11: dashed
line for ag = —5, and dotted line for ay = 5. (a)
pz2/pr = 1.5, (b) p2/p1 = 0.

The other plots of the NBSCS are displayed in
Fig. 5 for the nonuniform profiles (37) and (38) with
the coating thickness d = 0.33cm, the linewidth AH =

10.0 x 1073T, the processing frequency wgy = 88.2GHz,
the operating frequency f = 9GHz, and the inner ra-
dius b = 2cm. Figure 5(a) is for the linear profile (37)
with the parameters §; = 1.5, ¢, = 11 and two val-
ues a; = 0.3 and -0.3. Figure 5(b) is for the linear
profile (38) with the parameters By = 11, as = 5,
and two values puy/p; = 0 and 1.5, while Fig.5(c) with
B2 =11, ay = =5, and two values p5/p; = 0 and 1.5.
These figures show that the far-field distributions for
the inhomogeneous dielectric coating remain symmet-
rical in pattern, while the far-field distributions for
the nonuniform ferrite coating remain unsymmetrical
in pattern, particularly for the linear increasing pro-
files. These differences between the two coatings are
easy to explain by the SMM formulae. To see those

clearly, we rewrite expression (6) as

ES :EO{AOHSQ) (kop)

£S5 () HS (kop) [(An + A_y) cos(n)
(At A Sin(mp)]} | (41)

For the dielectric coating, we have J()(—n,z) =
(=1)"Jn(z) and HO(—n,z) = (—1)"H? (). From
the Bessel function identity and the matrix theory we
know that the matrices [S1], [Sm], [Sy] and the vector
{V,} are even functions of the integer n. These results
lead the scattering coefficient A_,, to equal A,, and the
sine term in the expression (41) to vanish. Then the
expression (41) reduces to

ES =E, {AOHSQ)(kOp)
+ 37 (i) H (kop) (An + A_y) cos(ng) |- (42)

This shows that the scattering field is an even func-
tion of ¢. Therefore, the far-field distribution for
the dielectric coating remains symmetrical in pattern.
For the ferrite coating, we find that J®(—n,z) #
(-1)"JO(n,z) and HO(—n,z) # (—~1)"HY (n,z).
These lead to the conclusion that the matrices [S1],
[Sim], [Sg] and the vector {V,} are not even functions
of the integer n. So the scattering coefficient A_,, is
unequal to A,, and the sine term in (41) no long van-
ishes. The scattering field is the sum of the sine and
cosine terms. The far-field distribution for the ferrite

coating remains unsymmetrical in pattern.
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Fig.5. NBSCS against the scattering angle, b = 2cm, d = 0.33cm. (a) for the linear profile (37) with the same
parameters as those of Fig.2(b) and Fig.2(c) for the linear profiles (38): dashed line / dotted line for the linear
decreasing / increasing profiles with the same parameters as those of Fig.4(a), thick dashed line / thick dotted line

for the linear decreasing / increasing profiles with the same parameters as those of Fig.4(b).

4. Conclusions

The so-called scattering matrix method is devel-
oped to analyse the scattering of the planar wave
from the nonuniform magnetized ferrite-coated con-
The analysis shows that the ob-
tained SMM solution for the nonuniform ferrite coat-

ducting cylinders.

ing can be reduced to the expressions for the scatter-
ing and penetrated coefficients in four particular cases:
nonuniform magnetized ferrite cylinder, uniform mag-
netized ferrite-coated conducting cylinder, uniform
ferrite cylinder as well as homogeneous dielectric-
coated conducting cylinder. The resonant condition
for the nonuniform ferrite coating is obtained. The
characteristics of backscattering and the far-field dis-
tributions for the ferrite-coated conducting cylinder

with two types of the linear profiles defined by expres-

sions (37) and (38) are investigated versus the applied
magnetic field and the wave frequency. The distinc-
tive differences in scattering between the nonuniform
ferrite coating and the nonuniform dielectric coating
are demonstrated. The numerical results show that
the variations of the NBSCS with the scattering angle
for inhomogeneous dielectric coated conducting cylin-
ders are slower than those for homogeneous dielectric
coated conducting cylinders, while the variations of
the NBSCS with the scattering angle for nonuniform
magnetized ferrite coated conducting cylinders depend
on the shapes of the nonuniform ferrite profiles. In
view of decreasing NBSCS of the ferrite coating, an
optimum nonuniform ferrite profile and an appropri-
ate coating thickness as well as the inner radius are
needed.
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