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Characterized by Analytic Dielectric field in ©,” we mean that the electric and magnetic fields can be
developed in multiple power series in a neighborhood of every point
belonging to{2.
S. Caorsi and M. Raffetto Theorem Let 2 be an open region ifz*. Moreover, letE and
H be twice continuously differentiable vector fields fn (i.e.,
E € [C*(Q)]* andH € [C*(Q)]?), such that
Abstract—In this paper, the analyticity of time-harmonic electromag- {T x E(r) = —jwu(r)H(r). in Q

Parameters and Analytic Sources

gﬁgrzyggllelljr;crgsglr)sn;r((:)r\llirr?ctenzed by analytic dielectric parameters and V x H(r) = 3(r) + jwe(r)E(r), in Q Q)
wherew is the angular frequency (assumed to be strictly positive),
e(r) andu(r) are complex scalar fields analytictih andJ(r), which
represents the source of the electromagnetic field, is a complex vector
I. INTRODUCTION field analytic in (2.
The knowledge of the analytic behavior of the electromagnetic field Then E and H are analytic vector fields ifi.

is of fundamental importance for the solutions of some theoretical Proof: By combining both equations appearing in (1), we obtain
electromagnetic problems—typically, uniqueness problems. Thus, forv r 1

pi(r)

Index Terms—Electromagnetic theory, theoretical electromagnetics.

V x E(r)} =—jwV x H(r)
Manuscript received September 27, 1996; revised June 20, 1997.

S. Caorsi was with the Department of Electronics, University of Pavia, =—jwI(r)+ w’e(r)E(r), in .
1-27100 Pavia, Italy. He is now with DIBE—University of Genoa, 16145 @)
Genoa, Italy.

M. Raffetto is with the Department of Biophysical and Electronic EngiBy using the vector identity
neering, University of Genoa, I-16145 Genoa, Italy.
Publisher Item Identifier S 0018-9480(97)07116-0. VX (uV)=VuxV+uV xV (3)

0018-9480/97$10.00 1997 IEEE



1806

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 10, OCTOBER 1997

we can obtain an equivalent expression for the left-hand side (LH@yen by the sum of the coefficients of the second-order derivatives
term (it is important to note that the indicated transformation is valié® E, /dx;0xm, [, m = 1, 2, 3, in theith equation, multiplied by the

as a consequence of the hypothéBis [C?(Q)]*):

|1 , I o
v L(—r)} x [V x E(r)] + u(r)v x [V x E(r)]. 4)
By virtue of the other vector identity
Vx(VxV)=V(V-V)-VV (5)
the LHS term of (2) can be written as follows:
[ 1] 1 1
\Y VXxE ——VI[V-E(r)] - V°E
molk [V x E(r)] + o) [V - E(r)] () (r)
6
and (2) becomes
M1 ] 1 1
V| — | x[VXE + —VI[V-E - V°E
I R T A AT
= —jwl(r) + w’e(r)E(r), in Q. )
By using the well-known property
V-(VxV)=0 (8)

for any twice continuously differentiable vector fielH (€ [C*(2)]*
is important in this case), we obtain the following from (1):

JwV - EMEr)] = -V - I() ©)
and, by virtue of the vector identity
V- -(uV)=Vu-V+uV-V (10)
we obtain
JwB(r)- Ve(r) + jws(r)V - E(r) = =V - J(r) (11)
which is equivalent to
V. E(r) = —jwE(r)-Ve(r) = V- J(r) (12)

jwe(r)

where the denominator is different from zero, sincehas been
assumed to be strictly positive and at least the real pat(of is
strictly positive.

real second-order polynomialg ., whereX;, A,, and Xz are real
parameters [9]. Thus for example, assuming a system of Cartesian
coordinates, i.eq1 =z, z2 =y, @3 = z, E1 = E,, E; = E,, and

E3 = E., system (14) is characterized by

3 3
4411 = Z Z Aim )\l>\m

=1 m=1

(15)

wherea,,,, is the coefficient 08> E, /dz;dx., in the first equation
of system (14). Then

A= AT+ A3 4+ A3 (16)
Analogously,
Aso = Az =] + 23+ 23 17)
and
Arg= Ay = Aoy = Aoy = Agy = Aza =0 (18)
i.e.,
AT+ A3+ A3 0 0
A= 0 AT+ A3+ 23 0 (19)
0 0 A4+ A
and the characteristic determinant is
B, A2, As) = (0] 4+ A3 + A% (20)

According to [9], system (14) is called uniformly elliptic in the
domain 2 if we can indicate nonzero constars and k; of the
same sign, such that

koA 422 +A5)7 < R(A1, Aoy A3) S k(AT + A3 4+23)7 (21)

everywhere inf2.

By using (20), we can obviously conclude that system (14) is
uniformly elliptic in 2 and in particular, elliptic irC2 [9] (see also
[7]). Moreover, as a consequence of the hypotheses on the analyticity
in 2 of the dielectric parameters and sources, (14) is characterized
by analytic coefficients (if2) and by an analytic known term (i2).
Then, according to [7], any twice continuously differentiable solution
of (14) is analytic in(2, i.e., E is analytic in€.

By substituting the right-hand side (RHS) term of (12) for the By using an analogous procedure, we could also prove the

divergence of the electric field in (7), we obtain

—JwE(r) - Ve(r) =V -J(x)| 1 2
V{ Joe(r) } ary” )
= —jwl(r) + W 2e(r)E(r), inQ. (13)

analyticity of the magnetic field. However, this result can also
be obtained by using
H(r) = \_X—E(r)
—jwpu(r)
and the analyticity of and in © (having assumed > 0).

As a final remark, it could be important to note that
J(r)=0Vr e is a vector-field analytic inf2. Then, the

(22)

By moving all the unknown terms to the LHS and all the “sourcetheorem also holds in this case and, consequently, we can conclude

terms to the RHS, we obtain
E(r)- Ve(r)
g(r)
[V xE(r)] xV |:L:| + wie(r)pu(r)E(r)
p(r)
V-J(r)
jwe(r)

VQE(r)—i—V{ }—l—u(r)

= juu(r)I(r) — v[ } in €. (14)

that any twice continuously differentiable solution of the source-free
problem
in Q

V x E(r) = —jwp(r)H(r),
{ in Q2 (23)

V x H(r) = jwe(r)E(r),

is analytic inf2.

I1l. CONCLUSIONS

This is a linear system of second-order partial differential equa- A proof of the analytic behavior of time-harmonic electromagnetic
tions. Systems of partial differential equations are classified by tydlds in open regions characterized by analytic dielectric parameters
according to the properties of the characteristic determinant [9]. Thiad analytic sources has been presented. This result can be of some

is, for the particular case of system (14), the determinant ofa3
matrix, A, whose element in théth row andjth column, 4;;, is

importance for theoretical questions in electromagnetics, typically in
proving uniqueness theorems.
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57.3 ‘2.2

Effect of Finite Metallization and Inhomogeneous

Dopings on Slow-Wave-Mode Propagation metal-insulator-semiconductor (MIS) structures with arbitrarily
doped substrates based upon the finite-element method (FEM).
Jakub J. Kucera and Ronald J. Gutmann Since the propagating modes within an inhomogeneous structure

are hybrid, quasi-static approaches can only be used in limited

cases. In particular, when dealing with arbitrary substrate dopings,

Abstract— A finite-element simulation has been implemented a quasi-static approach is insufficient and a full-wave analysis is
to evaluate the slow-wave-mode propagation characteristics in required. With our FEM simulator, the advantages of lateral doping
metal—lnsulator—sem|conduct0r (MIS) waveguiding structures. Pa(tmular_ profiles on propagation characteristics of coplanar waveguide (CPW)
emphasis has been placed on coplanar waveguides compatible with truct h b luated. The infl £ li t
silicon integrated circuits (IC’s), with an objective of evaluating the effect structures a_v¢_3 een eya L_’a ed. en uencg or line par.ar_ne ers
of inhomogeneous doping on propagation characteristics. The simulator SUch as the finite metallization on the propagation characteristics of
has been successfully benchmarked against a number of cases presentethe slow-wave mode is presented, and upper bounds of achievable

in the literature, including MIS coplanar waveguides. The effect of transmission-line quality factors are discussed.
inhomogeneous doping and finite metallization in maintaining a large

slowing factor while reducing the attenuation constant and increasing
transmission-line ) is presented, and constraints on slow-wave-mode |l. EFFECT OFFINITE METALLIZATION AND INHOMOGENEOUSDOPINGS
passive components are discussed. The effect of quantities such as center strip or slot width, oxide
Index Terms—Coplanar waveguides, slow-wave mode. thickness, and substrate resistivity on the slow-wave-mode propa-
gation in MIS CPW's has been extensively studies [3], [5], [7],
but the effect of imperfect conductors generally has been neglected.
While the finite thickness of the metallization has a minor effect, the
There is continued interest in slow-wave-mode propagation donductivity is of great importance. It is known that with decreasing
silicon integrated circuits (IC’s), both in preventing such propagatidimnewidth, the metal conductor losses increase and can constitute
in digital IC’s and in utilizing such propagation in microwave-analoghe dominant loss mechanism [4]. In the lower gigahertz range, the
IC's for passive components. In the latter application, maintainingstowing factor is also affected to a large extent since the current
high slowing factor and achieving a low attenuation factor are criticglenetrates deep into the metal surface so that the metal behaves like
Work to date indicates that adjusting dimensional and electricalvery lossy dielectric. The surface-impedance approach based on the
parameters with uniform semiconductor doping does not result sikin depth becomes questionable, because the effect of the lossy metall
propagation characteristics useful for passive components [1]-[8h the slowing factor is ignored and the current is not necessarily
although simulation results obtained with nonuniform doping profilesonfined to the surface of the conductor. In our FEM approach
indicate that more attractive characteristics can be obtained [5], [#he metal losses and the field penetration within the conductor are
In this paper, a two-dimensional (2-D) electromagnetic simulatprecisely handled by treating the metal layers as lossy dielectrics
is developed to determine the propagation characteristics with a dielectric constant of unity. We estimate the contribution of
_ ' _ _ the metal losses to the overall losses for a particular waveguide
su';\aﬂp?c?rltjesgnbpt ﬁ;ﬁ;}vi‘:n“é'ﬁé’aﬁ“ls &ﬁiz?l_r:gf%?oﬂi“ege égérlc%]?f7l\-ﬂ;2§rwl\?{(k WB$ calculating the attenuation for both a perfect and a lossy metal
The authoyrs are with the Center for Integrated Iélectronics and E'Iectr.onﬁ:gnducmr' The metal lOSS?S dominate the overall losses at 1 GHz
Manufacturing, Rensselaer Polytechnic Institute, Troy, NY 12180-3590 UsRven for a wide center strip (100m), and even at 10 GHz they
Publisher Item Identifier S 0018-9480(97)07117-2. cannot be neglected for narrow strips, as shown in Table I.
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