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The Use of FDTD for the Analysis of
Magnetoplasma Channel Waveguides
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Abstract—The finite-difference time-domain (FDTD) method AIR

is used for the analysis of magnetoplasma rectangular channel MAGNETOPLASMA

waveguides. Single and parallel-coupled waveguides are consid- o :

ered. The effect of varying the amplitude and the orientation of L }h

the bias magnetic field Bo on the dispersion characteristics of T i

the first modes is examined. However, the FDTD formulation, g
_ . : 0. o SUBSTRATE

does not excite evanescent modes for a sufficiently long time v A

)

e

interval, particularly when in the presence of the propagating ~ Oy
or dynamic modes. As a result, the nonreciprocal properties of i
these structures, primarily associated with the evanescent modes, X

could not be investigated. . . .
9 Fig. 1. Single rectangular channel waveguide.

Index Terms—DPispersion characteristics, FDTD method, mag-

netoplasma channel waveguides. AIR

r MAGNETOPLASMA )
/ \

T T AW -
HE GROWING demand for signal processing at very LTJ - w ‘ ih
high rates has enhanced the interest in the millimeter- Bo F‘”*L(Lf ‘
wave band technology. Dielectric waveguides are particularly SUBSTRATE
attractive for use in this frequency band because of their better
performance than other waveguides, including those contain-
ing metallic elements, such as microstrip lines and finline'§|.g 2. Parallel-coupled rectangular channel waveguide
The possibility of controlling the propagation characteristics™ '
of these waveguides has suggested the use of a plasma-
induced semiconductor, controlled by a magnetic field [1], [2Pebye and Lorentz poles. The complexity of the formulation
Single and parallel-coupled rectangular channel waveguidésuld be even higher if more than one type of carrier were
as shown in Figs. 1 and 2, respectively, were, therefoiggnsidered in the semiconductor. The examples shown here
considered with the dielectric replaced by a semiconductéensider only the case of a lightly dopeN-type GaAs
To keep the losses low, a lightly doped semiconductor wagmiconductor. Therefore, only one type of carrier is sufficient
chosen. for this analysis.
The magnetoplasma was induced by means of a magnetic
field B, applied along a general orientation. To study the effecy|, THg TiME DISCRETIZATION OF MAXWELL'S EQUATIONS
of the amplitude and orientation dB, on the propagation . L .
characteristics along the magnetoplasma rectangular Channé:lor.nqrmallzed electromagne_tlc fields with the’ free-space
waveguide, a finite-difference time-domain (FDTD) formu'—.mrInSIC |mpedapce equal to un!ty, tharl Ma>.<\_/vell S equa-
lation was developed. This formulation is highly comple>&Ions for a medium with a relative permeabilip. = 1 are

I. INTRODUCTION —

)

primarily due to the discretized version of the convolutiof/"'tten as

between the electric susceptibility in the time domaift) aC . JE _ oV x H (1)
and the electric field. This convolution is done by iteration, ot SO

similar to the procedure followed by Luebbeatal. [3]. With O0H _ eV X E 2
the general orientation aof3y, the electric susceptibility is a ot ¢

tensor that may have all nine elements different from zerg . .
" : where C is the convolution vector
In addition, each tensor element may simultaneously have
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The notation introduced by Yee [5] is also used here For magnetization along an arbitrary direction, the suscep-
such that a field vectoW(¢) in an instantt = nét is tibility tensor elements for a given carriérare given by
abbreviated byW™ where ¢t is the time increment between ot
two consecutiveE field samples. The time interval between Xy () = Xy, {1 F Klkuvle + [KQk'tuv cos(we, t)
consecutive samples & and H fields is equal to}t. + K3, sin(we, t)]e™ HU(2),

After time discretization, the following system of equations w,v=xz,yz (A7)

is obtained from Maxwell's equations (1) and (2): _ _ )
where U(¢) is the unit step function and

H /2 =’ - Ry @) v+ w?
C™H e, B = C" 4 £,E" + R /2 (5) Xsppu = (%%dm
whereR.,, andR,, are the auxiliarycurl fields, defined by P <£> v+ wgk
R, = c6tV x E (6) b wi Vit wd
Ry, =cétV x H. @) K, = _< ;/E )w% - wfku
Note thatH"*1/2 is explicitly obtained from (4). Because - wew ) Vie twe,

C"*t! contains terms ilE"*t, E?, E*L,... E! thenE*t! K a7 w2, — wfku
cannot be explicitly obtained from (5). It is necessary, there- Bkww T

2 2
i i +1 +1 Wey ) Vi + Yot
fore, to obtain a relation betwee@™ ™! and E" 1.

br

Following Luebberst al. [3], and because the variation of Xsi,, = (55”5’“)/(/2—12)
E(¢) in comparison withx(¢) in a time intervalét is small, ) ’;‘ Vi T Wy
Vi +w .
then K, = < ket Ck> <Vk Ok, 1)
t wo wz, bkw
cC" = / Xt — 7)E(T)dr 2 2,2
n—1 (m+1)st W, Vi b,
= XT)dr | E"T™ 5. (8) _ M
7;) /mét Ks, = ot foru#wv (18)
The following definitions are made: with the parameters;,,, and b, given by
. b _ .., = —We, Ak, . We, ak... —Ww
X = / X(r)dr (9) e T e e T e e T
0 Ay = Wey, Ok, = Wey, Ak, wcky
—m (m+1)6: _ b, = We, We, — ViWe, b, = We, We, — Vi
X = / X(7)dr (10)
mét k.. =Wey Wer, = ViWey,,  biyo = Wey Wey, + Ve,
= = —m-+1
A" =X" =X (11) bh., = Wey Wer, T VkWey, koo = Wey, Wy, + Vit
—n_ X =m (19)
U= AX"E" (12)
m=0 and with the cyclotron frequenay,, and plasma frequency
The convolution vectoC™ ! may, therefore, be written as™r of the carrierk given by
—0 B 2N 1/2
C'tt =X E"' +C" + V" (13) w,, = BP0, Gk (20)
k m} Ph E0E5T

n+l ici i
From (5) and (13)E is explicitly obtained from where g;, is the chargemj is the effective massy;, is the

E! — (55 +§0)_1(55E" +P" 4 R?+1/2) (14) carrier concentration, ang, is the collision rate of carriek.
_ ' The susceptibility tensok(¢) of the semiconductor with
whereT is the idem factor and-)~! is the inverse matrix of K. type of carriers (electrons and holes from doping, photoin-

(). duced electrons and holes, etc.) is given by
The convolution difference vectak™ may be expressed in K.
terms of its basic components as X(t) = Z;k(t)_ (21)
oy vy, + Oy, + O =
T = e = | Yy Y, YL (15) In order to obtain the iterative calculation of the convolution
yn v, 4 WL, + W difference,x. ., (t) should be an exponential function [3]. This
is accomplished by defining a complex version of (17) as
where follows:

n—1
W= AL wvsaigs (16 Rl = 4Ky o (K, 4 K, ) U
m=0 (22)
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where4, = v, + jw., with j = /-1, such that [ll. 3-D SPACE DISCRETIZATION
Yee’'s cell [5] will be used for the three-dimensional space
Xk (8) = B{Xk., (®)} (23) discretization (3D-FDTD). The general location of each cell in

a Cartesian coordinate system is represented/by/, K) —
R{3} representing the real part gf (Iéz, Jby, Kbz), whereI, J, and K are integer numbers
The discretized version of the convolution difference i€nd bz, by, and 6z are the cell dimensions along, #,
therefore. obtained from and 2, respectively. The notation for any field component
W (z, y, z, t) after time and space discretization is, therefore,

r = B{V} =W, + R{Vc,} (24) Wz, y, 2z, t) X W(lbx, Jéy, Kbz, nét) —» W™(I, J, K).
where For each spatial cell, there are six field components. For
example, for a cell with a locatioff, J, K') these components
S K B are
T}L?,k _ [(X ]iyk 1k)(1 _ e—"/két)Q E" + C_Vkétwrékl (25)
’ 1
_ | Er <I+ 1 K)
\ijgk — [(XSkKQk) —i:j(XSngk)(]_ _ 6—%&)2 Er 2 .
K 1 E;(I,J+§,K)
+ e (26) )
E? <I, J, K + 5)
with 1 1
Hnt1/2 <I, J+5 K+ 5)
n—1
no_ Z (XSkKlk)(l —l/k(St)Q —muy, 6t ) Dkl (27) 1/2 1 1
R, = BT ¢ Hy+Y <I+—,J,K+—>
m=0 2 2
n—1 .
" (xsx K2,) + (000 K, ) nty2(p 1 1
\pck:Z[ k k% k72 Sk HY I+2,J+2,K.
m=0
.(1_6—%6t)26—mw6t} Er—m (28) The six auxiliary curl field components are (29)—(34),
shown at the bottom of the page, where the parameigrs

R.(I,J, K)=15, EQ(I, J+1, K—i—%) — EQ(I, J, K—i—%)} —SZ[EZ’]<I, J—l—%, K—i—l) — E;(I, J—l—%, K)}
' (29)
Rey(I,J,K):SZ £ I+§,J,K+1 —-E I+§,J,K — S, | BT I+1,J,K+§ —E7 I,J,K+§
' (30)
Ri(I, J, K) =S, |E, I+1,J+§,K -E I,J+§,K -5, | By I+§,J+1,K —E7 I+§,J,K
' (31)
R/2 N [ /2 1 1 ntl/2 1 1
hz (Iv J7 K)—Sy Hz I+§7 J+§7K _Hz I+§7 J_QvK
/2 1 1 /2 1 1
-S:|H, I+§,J, K+§ - Hy I+§, J, K—§ (32)
Rn+1/2 _ [ n+1/2 1 1 n+1/2 1 1
Iy (I, J,K)=5.|H, I,J+§,K+§ - H; I,J+§,K—§
n+1/2 1 1 n+1/2 1 1
— Sy | HY I+§,J+§,K - H I—§,J+§,K (33)

n+41/2 I K) = grti2|g 1 K 1 — Hgnti/2 I—l K 1
ha (7J7 ) Sl‘|: Y +27J7 +2 Y 27J7 +2
n+1/2 1 1 n+1/2 1 1
~S,|H" LJ+5, K+3) - H LJ=-5 K+3 (34)
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Sy, and S, are defined by The maximum time incremerdétt,,,... based on the Courant
5t condition for the 2-D FDTD is
C
Sac = Sac(-[ J K) = — (35) Nmin
T o I, J, K Otmax = (47)
28 A bmin)? + (/2
Sy =5, J, K) = 5,(1, J, K) (38)  \here nmin IS the smallest value of refraction index of the
bt materials in the waveguide ant,;, is the smallest space
S5.=5.(I,J, K) = ———= (7) increment used
6Z(Iv J7 K) '

An adequate choice of time increment & = ¢;6t .y,
with ¢; < 1. For¢; > 1, instabilities are usually observed. A
convenient choice is; = 1 because higher dispersion errors

For a uniform waveguide along thedirection, the fields are observed with lower values of [7].
propagate with an amplitude proportional texp(—jf3z), To limit the computational domain, three types of walls are
where 3 is the phase constant of the propagating mode. Ddensidered: electric, magnetic, and absorbing. In the electric
to this exponential dependence enthe derivative of any wall, the tangential component of the electric field is set equal
field component with respect te may be replaced by-j3. to zero, while in the magnetic wall the tangential component
The problem may, therefore, be treated as a two-dimensiog@lthe magnetic field is set equal to zero. In the absorbing
space discretization (2-D FDTD). wall, the first-order Mur's approximation [8] is used. This

The expressions foR? (1, J) and RZ“/Q(I, J) are then approximation is sufficient for the examples considered here.
reduced to (38)-(43), shown at the bottom of the page, where

St bt V. NUMERICAL RESULTS

= — Yy = ———— . =7 . (44
SEnm ) Ty I 4

IV. 2-D SPACE DISCRETIZATION

Single and parallel-coupled rectangular channel waveguides
(as shown in Figs. 1 and 2, respectively), are considered
Note thatS. is a parameter that depends directly of thRere. The core consists of a lightly doped n-type GaAs
phase constant, which is treated as an input parameter fogemiconductor biased by means of a static magnetic field

the 2-D FDTD. o B, along an arbitraryi-direction. A magnetoplasma is thus
Only Gaussian excitations in time and space are considejgeluced in the core.
here, and are expressed by The numerical results shown here were calculated with the
following material and geometrical parameters:
—(t=t1)?/207 _ —(t—t2)*/207
Welz, y, 1) + 2(z, y)le ¢ ] (45) 1) cyclotron frequencyy,. = 10, 30, 60, 90, or 120 GHz
with (Bo = 235, 705, 1411, 2116, or 2822 G);
2) plasma frequencyf, = 30 GHz (N = 9.4 x 10%2
d(z, y) = Woe™ F=w0)7/20% _ o= (y=v0)" /205 (46) cm™3);
3) collision rate:r = 125.7 x 10? collisions/s ¢ = 7.96
The excitation pulséd¥, is truncated at a time = t,, ps);

sufficiently large in order to avoid an abrupt variation in the 4) dielectric constant of the plasma host (GaAs): =
excitation pulse. The values used in most of the simulations 12.0;

were t; = 3.704, to = 2t;, andt; = 3t;. The space 5) dielectric constant of the substratg,;, = 2.25;
distribution of W,(z, y, t) is applied to the center of the 6) effective mass of the carrien:* = 0.07 mg;
waveguide core, with polarization alorgfor the £§; mode, 7) channel heighth = 1.0 mm;

and alongg for the EY, mode. 8) channel widthzw = 2.0 mm;
1
RC(I, J)=S,[EXI, J+1)— EXI, J)]+ S.E} <I, J+ 5) (38)
123 mn 1 " "
RZ,(I, J)=—S.E] <I + 5 J) - SHAEMI+1,J)—EXI, J)] (39)
RN(I,J)=S,|E}(I+1 T+ e (Lo =5, B (14t sr1) B (4l (40)
ez 9 - Mz Yy 9 2 Yy 9 2 Yy xT 27 T 27
" 1 1 1 1 1
RYA(1 ) =S, {HQ“/Q <I + 50+ 5) — HIHL/? <I +50 = 5)} +S.H) 2 <I +5 J) (41)
RV gy = =S HMY2( ] L N e 2T N SR BV g (42)
hy TS T ’ 2 o 2’ 2 # 2’ 2

mre g = s (1 ) i (1L o) s e (o ) < (- 2)] e
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2.0 0.00  0.05 0.0 0.5 020 025
t(ns)
1.5 1 L Fig. 4. Time response oF, (t), for 3 = 6 and 11 rd/mm, showing the
0 100 150 200 strong effect of the gyroresonance on the attenuation of the domiignt
f(GHz) mode.
Fig. 3. Effect of f. on the dispersion characteristics of th¥, and E7;
modes. 3.5
E’:]—XY Plane
9) minimum dimension of space discretizati®p,, = 0.1 40
mm; ’ f,=30GHz
10) spatial width in rms of the excitation pulse; = 0.56 f.=60GHz
mm; T=7.96 ps
11) spatial height in rms of the excitation pulsg: = 0.28 oL ear
. N
mm; o
12) spectral bandwidth of the excitation puldg; = 220 )
. 2.0+ ff
GHz;
13) number of time iterations for each modal pajft w): )
nr = 1001, 1 1 1 1
14) phase constants at which the modal poffitsw) were 15 50 00 150 200
calculated:g = 1.5, 2, 3,---, 14 rad/mm. f(GHz)

. . Fig. 5. Effect of¢, on the dispersion characteristics of th§; mode.
A. Single Rectangular Channel Waveguide

Besides the previously mentioned parameters, the followigg, 3 = 6 rad/mm is due to the resonance. Foe 11 rad/mm
were additionally chosen for the single rectangular channgl attenuation is not as high and it is due to the collision rate

waveguide of Fig. 1: of the carriers in the plasma. The observed mode composition

1) numerical domain widthL, = 6.0 mm; is due to the excitation of a higher order mode. Not only
2) numerical domain heightt,, = 5.0 mm; the transition caused by the plasma resonance, but also the
3) number of cells along the horizontal axis; = 44; excitation of higher order modes makes the calculation of the
4) number of cells along the vertical axis; = 34. wave attenuation very difficult by the FDTD method.

The effect off. on the dispersive characteristics Bf; and The effect of the orientation aB, on the dispersion curves
EY, modes is shown in Fig. 3 for an angle betwdgyt; andz, of the waveguide are shown in Figs. 5 and 6. As may be
given by 6, = 80°. Since theEY, mode has the electric-field observed in Fig. 5, fof,, = 10°, the curve for theE; mode
component nearly aligned with the static magnetic fi8g is practically unaffected by the presence Bf. The effect,
the Lorentz force is very weak such that the dispersion curtilewever, becomes more pronounced whgrincreases and it
is practically unaffected by.. However, for theE{; mode, nearly saturates &, = 65°. Note also, that the transitions are
not only is the electric field nearly perpendicular to the statimore abrupt at the higher values @&f. Fig. 6 shows that the
magnetic field, but also both the electric and static magnegéfect, not only on theZ§; mode, but also on th&?, mode, is
fields are perpendicular to the direction of mode propagatiorery small wherd,, is varied in thezz-plane. Similar results
This situation is known as the Voight-type configuration [Qwere also observed in they-plane.

Note that the effect of the static magnetic field is pronouncedFor the Voight-type configuration, with crossed RF and
and causes gyroresonances, which are essentially dependgnfields, the propagation characteristics may become quite
on f., fp, and§,. These resonances are associated with tbemplex, particularly with strongB, fields, as shown in
transitions observed in Fig. 3. The attenuation caused by tRig. 7. This type of behavior is similar to that described
magnetic resonances is better observed in the time responsdsjoBolle and Talisa [1]. The FDTD algorithm developed
the electric field shown in Fig. 4 fof. = 60 GHz and for two here, however, excites well only the propagating or dynamic
values of3 = 6 and 11 rd/mm. The high attenuation observethodes. The evanescent modes are not excited for a sufficiently
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50 100 150 200 ments.
f(GHz)
35 7
Fig. 6. Effect of6. on the dispersion characteristics of th¥, and E7;
modes.
. /n/«:)
3.5 30 $ Acn H®
CO). ooy B9 : ﬁ\q"
W y. F&)
¥ D(4)
3.0 /
y / E’,-XY Plane 25 / c®
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Fig. 7. Effect of the amplitude aB, on the dispersion characteristics of the 20 40 60 80 100 120 140
E7, mode in a Voight-type configuration. f(GHz)

. . . Fig. 9. Propagation characteristics with the three degrees of numerical
long period of time when they are in the presence of th@?mam reﬁnpen%ents of Fig. 8. 9

dynamic modes. They cannot, therefore, be observed. As a
result, the nonreciprocal effects in magnetoplasma rectangulaFig. 9 shows the dispersion characteristics with the three
waveguides primarily associated with the evanescent moadmve-mentioned refinement degrees. Note that there is only
could not be observed using the FDTD formulation. a very small deviation between solutions. Option c: X484

In order to obtain the results shown here, the numericabs used for the results shown here, for which the numerical
domain was segmented in various regions and the discretidamain discretization consists of 44 cells along the horizontal
tion was done with a concentration at the materials interfacesis x, and 34 cells along the vertical axjs
The waveguide core was uniformly discretized while in other In order to clarify the region of transition caused by the
regions the discretization was gradually done, such that thkesma resonance, consider the poi#s5) and F(6) of
increase in cells dimensions was done in a direction &fg. 9. The numbers 5 and 6 (between parenthesis) are used to
decreasing effective values of the dominant component ioflicate the value ofi, expressed in rd/mm. The electric-field
the electric field. For each material interface side, the celpectra for these values gGfare shown in Fig. 10. Also shown
dimensions were made equal to a valuesgf;,. in this figure (in a heavy solid trace) is the spectrum for an

Fig. 8 shows the behavior of the cells width in millimeterintermediate valu@ = 5.5 rd/mm. In this case, the presence of
along the horizontal axis that passes through the waveguitheth modes is well characterized by the two peaks indicated by
core center of gravity. A similar procedure is followed for @he arrows. In some cases, even three modes may be observed
direction along the vertical axis. In this figure, three refinemesimultaneously, as is the case/& 5.0 rd/mm, shown by the
degrees are shown and are indicated:hy, ande. The values light solid trace of Fig. 10. This effect may be explained by
of 6, are given by 100, 80, and 66m, respectively. The making a correlation with the solutions obtained by Dawées
arrows indicate the materials interfaces. al. [10], particularly with their results shown in Figs. 4 and 5.
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Fig. 10. Electric-field spectra for three values @f
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15 everf " ;j =7.96 ps| E 0dd ex:bl; !
S odd S B,=4E 1.6 > 1 L —L
1 1 tallionai w— 50 100 150 200
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. _ _ o Fig. 13. Effect ofd, on the dispersion characteristics of the even and odd
Fig. 11. Effect off, on the dispersion characteristics of the even and odgﬁ modes forf. = 90 GHz (By == 2116 G). Also shown are curves for
ETI and Ei/l modes. fc = 10 GHz (B() =~ 235 G)

In order to test the validity for using the FDTD method to a The effect of the orientation aB, on the dispersion curves

magnetoplasmg, results were obtained to compare with thase, o o\ an and od&?, and EY, modes is shown in Figs. 11
shown by Harrington [L1] using the moment method for thg,y ;5 ag expected, most of the magnetization impact is

analysis of a metal cavity containing a magnetized plasma'\/%rified in the even and od&?, modes. The effect of,, on
. xr

good agreement between the results from both methods S dispersion characteristics of the even and &éd modes

de_monstr_ated [1.2]' In addition, convergence t_ests were_dolgesma”. In general, the magnetization causes a difference
using various refinement degrees of discretization. The dispgr-, - Y . )
. ) etween theEf, and EY; modes that increases &5 is
sion curves and field spectra were compared among themselves .
Increased. In other words, the Lorentz force increases for the

g};;gﬁ;;goirr;et;g tnhuemr(ra\rci)st dsoar::;z?tory parameters for “Eafl mode and d_ecreases for t#&, mode. This behavior is
better observed in the curves for the evgf) and EY; modes,

shown in Fig. 12. Note that the difference between propagation
characteristics of eveRY{, and EY; modes is smaller fof, =

In addition to the geometrical and material parametesge Forg, = 65°, the phase difference between evgh and
chosen in the beginning of this section, the following paramz¥ modes is larger. In Fig. 13, the effect of orientation of the
eters were also used in the analysis of the parallel-couplg@iic magnetic field on the propagation characteristics of even
rectangular channel waveguide: and oddE{; modes is shown fof. = 90 GHz (By = 2116 G).
Also shown are the curves for even and ddfl modes with
a residual magnetic field of approximately 235 & & 10
GHz). This static magnetic-field level is sufficiently low, such
that its effect on the dispersion curves is negligible. Note that
the effect of the static magnetic-field orientation on the phase

B. Parallel-Coupled Rectangular Channel Waveguide

1) distance between channets= 0.4 mm;

2) numerical domain widthZ, = 4.2 mm;

3) numerical domain heightt., = 5.0 mm;

4) number of cells along the horizontal axis, = 34;
5) number of cells along the vertical axis, = 34.
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difference between these two modes is very small. This i8] G. Mur, “Absorbing boundary conditions for the finite-difference ap-

because the phases of both modes change about the sameproximation of the time-domain electromagnetic-field equatioHsEE
h . . | | I | Trans. Electromag. Compatvol. EMC-23, pp. 377-382, no. 1981.
amount wherd,, is varied. Consequently, only a small contro [9] D. G. SwansonPlasma Waves. New York: Academic, 1989.

of the coupling between waveguides is achieved by varyiritp] L. E. Davies, R. Sloan, and D. K. Paul"'mom modes in transversely
; : ; P magnetized semiconductor-filled coaxial waveguide and parallel plates,”
the orientation of the static magnetic field. Proc. Inst. Elect. Eng.vol. 140, pt. H, no. 3, pp. 211-218, June 1993.
[11] R. F. Harrington,Field Computation by Moments MethodsPiscat-
away, NJ: IEEE Press, 1993, ch. 9.
VI CoNCLUSIONS [12] M. E. V. Segatto, R. G. Farias, and A. J. Giarola, “Electromagnetic wave

An extended version of the FDTD method for the analysis propagation in waveguides with magnetized plasmaJEBE Antennas
of waveguides containing magnetoplasma was presented here. FoPagat. Int. Symp. DigNewport Beach, CA, June 1995, pp. 652-655.
The derivative operator, not only in time, but also in space,
was approximated by finite differences and applied directly

to Mach_ell’s equations [5]. The formulatior_1 was extended Rubem Gongalves Fariaswas born in Afi, PA,
by including the calculation of the convolution between th Brazil, in 1950. He received the B.S.E.E. degree
electric-field intensity and the electric-susceptibility tensc from the Federal University of Pa{UFPA), Bebm,

. oo . Brazil, in 1974, the M.S. degree in electrical en-
using a procedur? swmlar to that descrl_bed by LUEbbem-_ gineering from the Aeronautical Institute of Tech-
[3]. This formulation is, therefore, applicable to waveguide nology (ITA), Sio Jos’ dos Campos, & Paulo,
containing magnetoplasma with a general orientation of ti £ Brazil, in 1983 and the Ph.D. degree from the State

. 9 .g . p 9 ‘ - University of Campinas (UNICAMP), Campinas,
static ma_gnetlc field. _ ! / Sao Paulo, Brazil, in 1996.

Numerical results for single and parallel-coupled magnet _Since 1976, he has been a Professor in the Elec-

plasma rectangular channel waveguides were presented. The trical Engineering Department, UFPA. His main

. . . . interests are with microwave, millimeter-wave and optical-wave devices for
effect of the amplitude and orientation of the static magnetigmmunications. He is a member of the Microwave and Optoelectronics

field on the dispersion characteristics of these waveguidgszilian Society (SBMO).

was carefully examined. The nonreciprocal characteristicsré':"drl-JZt"?‘(;ir?z1 tretﬁii"fgcm‘zl\gg?’%g:nqg':Eésxvard in 1974 for his first-place
however, could not be investigated because the FDTD for- ' '

mulation did not excite (for a sufficiently long time) the
evanescent modes—the ones that are primarily responsible for

this behavior. Attilio José Giarola (M'58-SM'76—LSM’95), was
born in Brazil, in 1930. He received the B.S.E.E.
degree from the University of #® Paulo, Brazil,
in 1954, and the M.S. and Ph.D. degrees from
the University of Washington, Seattle, in 1959 and
1963, respectively.

He taught for several years at the Instituto Tec-
noldgico de Aeroautica (ITA), Brazil, Seattle Uni-

[2] S.H. Talisa and D. M. Bolle, “Performance predictions for isolators al versity, and the University of Washington, prior
differential phase shifters for the near-millimeter wave randEEE to receiving the Ph.D. degree. In 1962, he joined
Trans. Microwave Theory Techvol. MTT-29, pp. 1338-1343, Dec. . the staff of the Boeing Company, Seattle, and was
1981. responsible for research on infrared detectors and microwave devices. He

[3] R. J. Luebbers, F. Hunsberger, and K. Kunz, “A frequency-dependefflS an Associate Professor of electrical engineering at ITA and a Visiting
finite-difference time-domain formulation for transient propagation ifrrofessor at the University ofe®™Paulo, Brazil. During this time, he was
plasma,”|EEE Trans. Antennas Propagavol. 39, pp. 29-34, Jan. 1991. the Program Chairman of the First National Electronics Conference in Brazil

[4] F. Hunsberger, R. J. Luebbers, and K. Kunz, “Finite-difference timeand conducted research in solid-state devices. From 1968 to 1974, he was
domain analysis of gyrotropic media—I: Magnetized plasm&EE an Associate Professor of electrical engineering at Texas A&M University,
Trans. Antennas Propagatvol. 40, pp. 1489-1495, Dec. 1992. College Station, with responsibilities of teaching and conducting research on

[5] K. S. Yee, “Numerical solution of initial boundary value problems in-€lectromagnetics, particularly on electromagnetic susceptibility. In 1975, he
volving Maxwell’s equations in isotropic mediaZEE Trans. Antennas joined the State University of Campinas (UNICAMP), Campinzo 8aulo,
Propagat, vol. AP-14, pp. 302-307, May 1966. Brazil, where he was responsible for the implantation and development of a

[6] A. C. Cangellaris, “Numerical stability and numerical dispersion of #@esearch program in antennas, microwave, and optical devices. From 1975
compact 2D-FDTD method used for the dispersion analysis of wavetp 1987, he was the Dean of Graduate Studies, UNICAMP, and from 1980
uides,” IEEE Microwave Guided Wave Lettol. 3, pp. 3-5, Jan. 1993. to 1982, he was the Vice-President of Academic Affairs, UNICAMP. He is
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