284 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 2, FEBRUARY 1997

Coupling of Edge-Element and Mode-Matching for
Multistep Dielectric Discontinuity in Guiding Structures

Shanjia Xu and Xinquing Sheng

Abstract—A new approach is proposed for dielectric multistep dis-
continuity in guiding structures which combines edge-element analysis
with the mode-matching method and multimode network theory. It
is demonstrated that the approach has the generality of the edge-
element analysis and the simplicity of the multimode network method,
while retaining the high accuracy of the mode-matching method. The
calculations for different multistep discontinuities verify the effectiveness
and suitability of the approach for analysis of three-dimensional (3-D)
lossy dielectric discontinuity problem.

I. INTRODUCTION

The dielectric discontinuity problem is one of most basic practical
problems in microwave engineering [1]—-[4]. Of various discontinuity
problems, multistep discontinuity has been recognized as a basic #ig: 1. Multistep discontinuity in guiding structure.
continuity problem in guiding structures. It is not only because most
discontinuities in the planar circuit belong to this kind of problem,
but also that many discontinuity problems can be approximated to/,
this category with staircase approximation [5]. W

Many methods, such as the mode-matching method, the multimode
network method, and the three-dimensional (3-D) finite element
method have been developed to treat this kind of discontinuity
problem [5]-[12]. It is well known that the mode-matching method
is accurate, but it becomes very cumbersome for complicated dis-
continuity problems; it often suffers from the convergence problem
due to truncated modal expansions [6]. To overcome this difficulty,
an approach combining multimode network theory with the mode-
matching method has been developed [7]-[9]. However, searching
roots of the complex transcendental equation makes it inconvenient
for solving lossy dielectric discontinuity problems. In recent years,
the 3-D finite element method has been successfully used for solving
discontinuity problems in guidance structures [10]-[13], but long
computer time and large storage requirements limit its applicationtid- 2. Triangular edge element.

A new approach is proposed in this paper for multistep dielectric
discontinuity in guiding structures which combines edge-elemeglge element method; and 2) calculate the scattering characteristics
analysis with the mode-matching method and multimode netwogf ihe whole discontinuity in the longitudinal direction with the mode-

theory. It is demonstrated that the approach has the generality of Fhﬁtching method combining with the multimode network theory.
edge-element analysis and the simplicity of the multimode network

treatment while retaining the high accuracy of the mode-matchill\g
method. The calculations of the scattering characteristics for lossy ) )
dielectric block partially filled in the waveguide, and the semicon- tis well known that the eigenvalue problem of guided wave struc-

ductor sample insert in the waveguide, verify the effectiveness amges_ can be equivalent to the variational problem of the following
suitability of the approach. functional:

F(H) = / / (V% H) - ([pIV x H) — E[qH" - H] dedy (1)

v
by

Analysis of Eigenvalue Problem with Edge-Element Method

Il. THEORETICAL ANALYSIS

As an example of multistep dielectric discontinuity without losingvhere ko is the vacuum wavenumbefp] and [¢] are described in
generality, Fig. 1 presents a structure of this kind of discontinuigetail in [14].
with a complex dielectric constant of every segment. The solution The full vector H is interpolated by the triangular edge element
procedure of the proposed approach could be divided into two stepBown in Fig. 2 as

1) analyze the eigenvalue problems of two waveguides at the two g — {U}T{Hf}e )

sides of each discontinuity in the transverse cross section with the HI _ V}’T{H’}e 3)
Manuscript received June 11, 1995; revised October 18, 1996. Z { 7 ! .

The authors are with the Department of Electronic Engineering and Informa- HZ =j{N} {H.} (4)

tion Science, University of Science and Technology of China, Hefei, 230027 . X

China. whereT stands for transpose amdndicates the-th element,{ H;}*
Publisher Item Identifier S 0018-9480(97)00837-5. and {H.}° are, respectively, composed of three side tangential

0018-9480/97$10.00 1997 IEEE



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 2, FEBRUARY 1997 285

unknownsH1—H:3, and three nodal axial unknowis.—H .5, and — —
{U}, {V}, {N} are the shape function vectors, which are defined zia'l 0 Zi Zi oA 2
all the same with those in [14]. Do Do

Substituting (2)—(4) into (1), from variational principle, we ob-

tain the following algebraic eigenvalue equations from which the __,_l__—f—
propagation constant can be directly obtained: : [Zo:) T

[Aul{H:} = 5°[Bu]{H:} 5)

where[A4] and[By] are the same with those given in [14].

After obtaining theith eigenvalued; and the corresponding trans-
verse componentH, }; from (5), the transverse magnetic eigenfunc-
tion of theith mode can be expressed as B. Impedance Transform Formulas

Fig. 3. The longitudinal section of a multistep discontinuity.

The transverse electric and magnetic fields in the waveguide on
Hi = A;,Z[{U}T{Hf}fex +{V}T{H} ey (6) the left-hand .s.ide of the discontinuity can be expressed in terms of
- the superposition of the complete setegf, h;, as

i . . E; = iU; 14
The longitudinal componenfH. }; of the ith eigenvector can be ! Zet (14)
determined b

y H; =) hul;. (15)

(H.}i = AIK .7 (K { ) @ o l

Similarly, we have

Then, according to the Maxwell equations, the transverse electric E. = Zétfi (16)

component can be written as g
Hi=> hul,. 17)

E: = 1 |:Pr <ai - aI-Iy)ex +Py <8Hx - ai)Ey:| (8)

Jweo dy 0z 0z dx Here, the quantities with superbar indicate those on the right-hand

side of the discontinuity. At the discontinuity plane, the tangential

namely: field components must be continuous. From (14) to (17), we obtain
opo oH. > Uiew =3 Uiew (18)
Et:Tm Px 8—1/‘1']/3Hy €ex i i
Bogk 1 -
’ . S Lhi = Y Lha. (19)
+py <—,;,de ~ S )ey} 9) ‘ :

Cross multiplying (18) byh¢; from right and (19) bye; from left,
then intergrating the resultant equations by invoking the orthonormal

and the transverse electric eigenfunction of tite mode can be ) g
relation (13), we obtain

defined as
Ui=) QiU; 20
" oH. > QT (20)
€ti :? Pz ay +),Ji-Hyi €x J
. OH.. > Qi =T, (21)
+2, <—]ﬂiﬂm - —“)ey}. (10)
ox .
with
The above formulation can be discretized as Qi; = //En x hy; - ds. (22)
e = AAZ Z[pr({Ny}T{HZ}E + ,ﬁ’i{V}T{Ht}f)ex Equations (20) and (21) may be written in matrix form as
? o {U} = [QKT} (23)
= py({NF {H:} + 8AUY {Hi})ey]. (11) Q{1 = {T}. (24)
Here, {N,} = %{N}./ (N} = %{N}. According to the definition of the impedance of the multimode
According to the above definition of the transverse electric eigeR€WOrk, we have
function, the characteristic impedance of thie mode is determined {U}y =241} {U} =[Z{T} (25)

b
y and the following impedance transform formula [5]:

Zi= "5 (12) 2] = [QUIZ)[Q):- (26)

The amplitudeA; of theith eigenfunction can be obtained from theC' Scattering Analysis of MultiStep Discontinuity

following orthonormal relation: Fig. 3 shows the longitudinal section of a multistep discontinuity. It

is known that the reflection coefficient matfi®(z;, )] at thez = =,
plane looking to the right can easily be obtained as

/eti X htj-dS=5i]'. (13) - _ 1 .
s LI =(2GED+[Za)) (12(z0)] = 1Za])  (27)
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COMPARISONS OF THETRANSMISSION CHARACTERISTICS FOR AS—ZAMEHEEWIITH DIFFERENT GAPS BETWEEN DIFFERENT ANALYSIS METHODS
g S21 Sz1
mm multi-mode network method{11] present method
|s21 1db ¢, degree ‘Sﬂ Idb #,,degree

0.2 -2.68 -59.92 -2.78 -62.43
04 -2.45 -59.71 -2.48 -61.02
0.6 -2.29 -58.70 -2.28 -59.91
0.8 -2.15 -58.26 -2.16 -59.03
1.0 -2.03 -57.84 -2.05 -58.39
2.0 -1.60 -55.87 -1.58 -54.87
3.0 -1.27 -53.90 -1.23 -52.30
4.0 -1.01 -51.71 -0.92 -49.43

5.0 -0.78 _-49.10 -0.74 -47.35
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Fig. 4. Rectangular dielectric scattering obstacle in a waveguide. | P
1 &=(60,00)
where[Z(z; )] is the input impedance matrix at the= ;" plane, P2 a=(6008)
determined by (26), anfZ.;] is the characteristic impedance matrix 3 :’;E:'z’:?g
of theith step discontinuity. Then, the input impedance matrix at the s 6'=(6:0’_20)
z = z;_, plane looking to the right is determined by the impedance '
transform technique as [5] ;
Z(zE )] = [Zo| (1] + [H[D ()] [ H: 0 e e e e
(201 = 12 (1] + (DGO L5 ) 55

() = [H]TOIHED ™ (28)

where[H;] is the phase matrix of thih step discontinuity{Z,;] and _ o _ _ .
[H,] are all diagonal matrices, and their elements are, respectiveijg- 5 Reflection characteristics of a dielectric-loaded waveguide.
given as

Kob

[Zoi]mn = Smnwpt/Bin (29) as previously had [7]. The reflection coefficient for each guided mode
[Hilwn = Smm exp (—j Binli ). (30) at thg syn_1metnca| plane is 1.0 for the OC _blsecuor_)—(_ir.o for the
SC bisection. LetR,] and[R:] be the reflection coefficient matrices
Here,3;., is the propagation constant of théh mode in the dielectric at the incident plane for the OC and the SC bisection, respectively;
waveguide of theith section. Thus, the total reflection coefficienthe guided mode reflection coefficient matif¥ and the transmission
matrix of the multistep discontinuity can be determined by usingatrix [7] of the entire symmetrical structure are then given by
(26)—(30) several times.

[R] = ([Ro] + [Rs])/2 1)

D. Symmetrical Consideration of the Structure .
[T] = ([Ro] = [R.])/2. (32

For a symmetrical discontinuity structure in the longitudinal direc-
tion, the scattering of a guided mode may be analyzed in terms of
the symmetrical and antisymmetrical excitations for which we have For the dominant mode, the scattering parame$eis= S» and
the open-circuit (OC) and short-circuit (SC) bisection, respectivelg;, = S2- are determined from the first row and first column of the
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Fig. 6. Cross section of the stratified lossy dielectric block in the rectangular waveguide.
[R] and [T] matrices, respectively, as matching method and multimode network theory. Our practice reveals
1 that the approach has the generality of the edge-element analysis and
Si1=R(1,1)= §[R0(1, 1)+ Rs(1, 1)] (33) the simplicity of the multimode network technique, while retaining
1 the high accuracy of the mode-matching method. The calculations of
S =T(1,1) = 5[Ro(1,1) = R«(1, 1)]. (34) the scattering properties for lossy dielectric block partially filled in the

waveguide, and the semiconductor segment with mounting structure
places in the waveguide, verify the effectiveness and the accuracy of

. ) the present approach.
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