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Electrodynamic Analysis of Combined Microstrip
and Coplanar/Slotline Structures with 3-D
Components Based on a Surface/Volume

Integral-Equation Approach

Thomas Vaupel and Volkert Hansekember, IEEE

Abstract—This paper deals with the electrodynamic analysis microstrip/stripline and coplanar/slotline components seems to
of structures embedded in multilayered media, which consist pe the best way to meet the specifications of novel concepts,
of both microstrip/stripline and coplanar/slotline components especially at high frequencies. Thus, slot antennas embedded

also comprising three-dimensional components like vertical in- . | . tri . truct I ited
terconnects, finite dielectric fillings, or coatings. The analysis in-coplanar or MICrostrip - Mixer-Structlires “are weil suite

is based on a surface/volume integral-equation method using a for frequenCieS up to the terahertz re_@lior} due to thelwgak
magnetic surface current description for the slot areas, electric excitation of surface waves. The realization of monolithic-
surface currents for the planar microstrip/stripline structures, microwave integrated circuits (MMIC’s) in coplanar tech-

and electric or polarization volume currents for the descrip-  igyes offers the designer much more flexibility regarding
tion of vertical interconnects and finite dielectric regions. The . .
layout and component integration.

current discretization is performed by rectangular subdomain X o
basis functions with asymmetric segmentations and correspond-  FOr the electrodynamic characterization of such structures,

ing volume current functions on arbitrary nonuniform meshes. powerful simulation tools are necessary for a reliable and
For the effective and accurate evaluation of the system matrix, effective design process. However, only a small number of
we apply a general asymptotic subtraction technique combined commercial software tools with a full support of coplanar
with complete analytical solutions of all dominant asymptotic . .

system matrix entries. Furthermore, we use adaptive database structures is available. From these t_°0|5' the HP Momentum
techniques employed to the remaining numerical integrations Prograntand the computer-aided design (CAD) tool COPLAN
and identity search algorithms for an optimized redundancy [1] have found a larger popularity. The HP Momentum pro-
reduction. The method was applied to a large class of different gram is based on a surface integral-equation method modeling
structures comprising customary microstrip components, copla- the slot areas with the duality principle [2], whereas the

nar bandstop filters, and metal-insulation—-metal capacitances . R . .
and a new class of submillimeter-wave receivers. The results are tool COPLAN is based on a circuit library combined with a

in good agreement with experimental data or with results of finite-  quasi-static finite-difference circuit analysis. Since a general
difference approaches, where, however, the latter require much full-wave analysis of coplanar components based on local

more computational and storage effort. methods like finite-difference time domain (FDTD) or finite-
Index Terms—Convergence acceleration, planar 3-D analysis, difference frequency domain (FDFD) [3] is very storage and
redundancy reduction, surface/volume integral equation. time consuming, integral-equation-based methods seem to be

most appropriate and versatile for the characterization of
combined structures consisting of both coplanar/slotline and
microstrip/stripline circuits and antennas.

N THE LAST years, a further increase of the complexity Due to the lack of appropriate commercial software pack-
and package density of multilayer microwave circuits fosges and the fact that their flexibility is often not sufficient for
applications in mobile communication, navigation, remotgpecial problems and expanded simulations, we have devel-
sensing systems, etc. can be observed. Besides the masjed a concept based on a surface/volume integral-equation
lithic integrated circuits with operating frequencies of somgystem. By using a combined formulation of an electric-field
tens of gigahertz, submillimeter-wave applications like negyrface integral equation for planar metallizations, a magnetic-
receiver concepts in the radio-astronomy and satellite-basRdd surface integral equation for planes with slot areas and a
earth observation programs have also recently gained growiilume integral equation for vertical metallizations as well as
interest. finite dielectric areas, each circuit component can be modeled
Whereas the microstrip technology still dominates the fielgith a minimum of discretization effort. In contrast to uniform
of multilayer microwave circuits, a combined employment dfiiscretization concepts like [4], the structure discretization in

our approach is performed by rectangular subdomain basis
Manuscript received February 1999; revised June 1999, functions with arbitrary asymmetric segmentations and cor-

The authors are with the LehrstuliirfTheoretische Elektrotechnik, Bergis- '€Sponding volume current basis functions allowing a very
che Universiat-Gesamthochschule Wuppertal, 42097 Wuppertal, Germany.

Publisher Item Identifier S 0018-9480(99)07166-5. IMomentum, Hewlett-Packard Company (HP Eesof) Westlake Village, CA.

I. INTRODUCTION

0018-9480/99$10.0Q1 1999 IEEE



VAUPEL AND HANSEN: ANALYSIS OF COMBINED MICROSTRIP AND COPLANAR/SLOTLINE STRUCTURES 1789

flexible nonuniform meshing. Optionally, different approx- reflectar(optional)
imations transverse to current flow concerning the planar

[ ]

currents are possible [5]. Another flexible analysis strategies 2 S W
with volume currents, but only for microstrip structures with = Zr 1
vertical metallization parts, are given in [6] and [7]. - G et /71/ Mo

The computation of the system matrix elements is performed Bt 10— Zrer s
in the spectral domain after the analytical evaluation of all Ziw e 2
space-domain integrations concerning the vertical structure L w
components. Afterwards, the remaining spectral-domain inte- /Tle\fgﬂw
grations are performed using a general asymptotic subtraction — Zpe-s
technique splitting the integrals into fast and slow converg- o1 _
ing parts. For the efficient solution of the slow converging My -
parts, which contain the asymptotic integrand representations, . My,

numerous methods have been presented in the literature.

Many contributions, e.g., [4], [8], and especially commercial
software tool& 3 for two-and-one-half dimensional (2.5-D)F'9- 1. General structure modeling.
analysis, deal with the use of fast Fourier transform (FFT) al-
gorit_hms. Howgyer, .the appli(?ation of sugh techniques I""rg.eﬁ:/etization scheme with the basis functions used. Afterwards,
requires the utilization of uniform meshing techniques wit

only simple symmetric rooftop functions, which significantly, e general asymptotic subtraction technique is outlined in
limits the modeling flexibility. The procedure in [9] is base-gome detail. Subsequently, the principles of the database

reflector{optional)

ical int i " Cartesi dinat but t trategies and redundancy reduction are briefly described. The
on numerical integrafions n t.artesian coordinates, but g ,q ey results, which are finally presented, comprise a large

computations remain very time consuming. Other Cc’nt“bldlass of different structures and field problems starting from

tions deal with approximate solutions of these integrals in t@eD microstrip components over symmetric coplanar/slotline
space domain or with partly analytical solutions [10] based %’Eructures to combined microstrip/coplanar circuits.
an integral transform technique, but thus far, only for simple

planar microstrip geometries with uniform meshing.

In order to overcome all drawbacks of the methods men-
tioned above, we apply a technique allowing the determinationThe considered structures can consist of an arbitrary number
of complete analytical solutions for the slowly convergingf planes containing slot areas within an infinite ground metal-
integrals forming the asymptotic system matrix. lization and planes with planar microstrip/stripline components

This technique is based on the partly analytical proceduggbedded in a multilayered environment. Fig. 1 shows a
we have already presented in [11] and [14] in context witRossible arrangement of the metallization planes and 3-D
planar microstrip structures, but it tends to numerical inst&aterial distributions modeled by volume current ardgs
bilities in context with large structures. The decisive progresthe layer interfacesi;, indicating the »-coordinate of the
the development of a procedure to determine complete clos@@ttom interface of a layer:;” are not explicitly outlined.
form solutions for all dominant asymptotic spectral integraihe microstrip/stripline components in the planes= z.
we finally could present in [15], mainly applied to microstrigare described by electric surface currenfs and the slot
structures comprising three-dimensional (3-D) componentsareas within the planes = z; are modeled by magnetic

Due to the fast convergence of the remaining spectigirface currentsiZy,. Furthermore, volume current areds
integrals combined with the exact solution for the asymptotkan be arbitrarily arranged between the metallization planes.
system matrix, only a small number of sampling points arhe bottom and top planes of the different volume current
necessary for the remaining numerical integrations. The&keas are designated as, 2,11, etc. With the use of electric
circumstances allow the employment of adaptive databaggume currents, vertical interconnects can be described, and
algorithms based on the storage and multiple use of Fourggditional bounded dielectric inhomogeneities like fillings or
transforms, exponential shift factors, and generalized Greefigatings are modeled with polarization volume currents.
function components. For solving the corresponding field problem of the structure,

Furthermore, we use a redundancy-reduction algorithm fen one hand, we have to fulfill the surface impedance boundary
the search of identities within the system matrix. First agondition
proaches have also been presented in [11] and [14], and ha _ 7 Simp
recently been extended and improved for the combined coplﬁ(x’ Y 2te)han = Zion(2,9, 21T (34 21) + ™ iam (1)
nar/microstrip structure analysis, thus, redundant computati@sthe planes = 2. carrying microstrip/stripline components,
are now completely suppressed. whereZ,.; is a space-varying surface or line impedang&:»

In what follows, the formulation of the surface/volumecomprising the excitation bs-gap voltage sources or external
integral-equation system is presented, followed by the dields and, on the other hand, we have to fulfill the continuity

condition for the magnetic field

(ﬁ+($’ Y, Zlb) - -E_i_ (.’L’, Y, Zlb)) |tan = _8z X j;nnu (2)

Il. FORMULATION

2So0nnet Software, Liverpool, NY.
3Microwave Explorer, Compact Software, Paterson, NJ.
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on the ground planeg = z; with the slot areasfimp

are impressed electric currents, atfit and H— are the
magnetic fields above and below the slot plane, respectively.
Additionally, we have to fulfill the condition for the electric
field within the areas of vertical interconnects and finite
dielectric regions

7, 77
A
LR e

e

- Ty (7)
E(r) =
)= ot = i —a
7 € volume current areas (3)

wheree(#) and x(7) describe the space-varying permittivity
and conductivity of these areas,is the permittivity of the
surrounding dielectric layer wherein the areas with polarizatidzﬁg'
currentsfv are embedded.

With the conditions (1)—(3), we can formulate a system @fvo further basis functions are additionally shown, which
coupled surface/volume integral equations, which is solveflow a piecewise linear description transverse to the current

2. Applied basis functions.

with the Galerkin method of moments. flow if two basis functions of this kind are composed instead
To get an overview of the integral-equation system, we hawg one function of Fig. 2(a). These functions are especially

to fulfill well suited for the resolution of edge current effects [14] and
L L L. L other high current variations, but their application is combined

|:H+(Mlb)—H_(Mlb)—H+(Mlb+1)—H_(Mlb—1) with a corresponding higher numerical effort.

In Fig. 2(c), the basis function for vertical volume currents,
.==,.tan arranged on the mesh of the planar current functions, is
4) outlined. The description in the space domain reads

+H (Ji) B (Jiey) B (J) =B Tie )]

o
o
= —€z X Jimp, z=zp

for the tangential magnetic fields above and below the Slftm(z,y, z) = rect(glj a:m> rect(y ym>
planez;, with respect to Fig. 1, wheré *+(,,) denotes the Wam /2 wym /2
magnetic field above the slot plang, stemming from the -rect(z_ Az/2 = Z’Um) z. (6)
magnetic currentsdy,, etc. (see, e.g., [16]) and Az[2

- g g S S and
| B(ie)+ E(Tiey) + E(Jy) + BE(n)— E(Minys )]

Z=2Ze, tan

= _ : Wem : Wym
tan (5) -Fl'vrn(kaca kya Z) = WzmSl (ka; T)wyrnSl (ky 2 )

) Z = A2/2 — Zlum FkeTom TkyYm =
for the tangential electric fields in the plane= 7. We have 'leCt<T/2>C et e,
to formulate similar equations for the fields in the other planes )
and the volume current areas forming the overall integral-

equation system for all unknown electric and magnetic surfagehe spectral domain. The divergence of this basis function

currents as well as volume currents. shows two associated constant charge cells on the bottom and

top faces, which fully corresponds to the divergence within

a segment of a planar basis function [see Fig. 2(a)]. Due to
For the current discretization, we apply the basis functionisis property, the volume current basis functions can represent

given in Fig. 2. Fig. 2(a) shows the standard basis functi@generalized polarization current in the vicinity of metallic

(here, with the current im-direction) for electric and magnetic conductors described by the basis functions [see Fig. 2(a)]

surface currents with arbitrary segmentation lengths and with the definition

w,. In the initial approaches, we introduced a piecewise . .

sinusoidal approximation in the current direction [5], [11], as Jyv (7)) = jw(e(F) — jr(7F)/w —FE (8)

it is still shown in the figure, but typically we need a current

resolution, where the sinusoidal distribution largely changegeree denotes the permittivity of the dielectric layer sur-

into a piecewise linear approximation, thus, the advantagerofinding the volume current aregs") and (") represent a

the sinusoidal description becomes negligible. As outlined laggossible variation of the permittivity and conductivity within

on, this linear approximation is also of decisive importanabe volume current area, respectively [see also (3)]. If we

for the applicability of analytical techniques. Therefore, wase thin volume current basis functions (small,, or wy,,)

now use a piecewise linear description in current flow. Sineembined with a strongly asymmetric segmentation of the

the space- and spectral-domain descriptions of these basisresponding planar basis functions, we can also apply a

functions are quite simple, they are omitted here. In Fig. 2(ljuasi-surface current description in thelirection.

= Ztot (.’L’, Y, Zle)Jle + Eimp, 2=z

A. Current Discretization
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With the introduced basis functions, we get the overallhere G‘}flb denotes the Green'’s function, e.g., for regions
current above the slot plan&, see also Fig. 1, and analogously for
the case of two magnetic basis functions in the same plgne

L Nie e L Nic+N, e
j; L= i zl:-[l flern _’_EB: li—: v leb flbrn 1 -
= T e, G A bibm Yo (I, 10) = — /k /k G comp (ks Koy, 215, 210)
Lv N - @ ‘y
+§é EZ:I Juk (g Fipn(ka ky)  Fp (ko ky)
l'vkalvk . 7b L 1]} vy dkm dky (13)
v &k W, m n

where N;. is the number of unknown planar electric current obtained, where
amplitudes in the plank and L g is the total number of planes _,

with planar electric currents, analogously for planar magneﬁ%ﬂ comp Kz by, 26, 215)
currents and volume currents. The coefficiehts, and by,
correspond to the width of the basis functions [see Fig. 2(a)],
ay,, corresponds to the area of the bottom faces of the VOI“'?%ethe composite Green’s function of the magnetic-field con-
current basis functions. By introducing these coefficients, Webutions from above and below the slot plane.

g(_et pure current and voltage e_lmphtudkgn, Tior, and Uy, The coupling case of a planar basis function with a volume
within the current representation (9). basis function leads to

> >
H H
= Gup (ke by, 20, 218) + Gy, 1 (R by, 200, 218)

B. System Matrix Structure Zpm(lv,1e’) = # / / / 8§lb(kx,ky,z,zle)
The discretized integral-equation system is solved with the R he Thy I .
Galerkin method of moments obtaining the linear system of _Fle’m(kkay) . Fr Ry by, 2) dz dh. dk
equations bierm Aton B
(14)
Zicie]l [ZYiew] [Ziei] [iem [Ulimp
(ZYwi] [Dwwnl [ZYww] | - | Uem | = | iop Finally, we get, in the case of two volume current basis
Ziviel [ZYww]  [Ziww] [{iw 0 functions, the integral representation
(10) 1 -
Znm (v, 1) = — / / / / GY o (ky key, 2, 2')
where [Zie ], [Zic 1], [Zivie). and [Z, 1] are impedance A= o Iy Sx S
submatrices of self and mutual couplings between planar E,U/k(km,ky,z’) E’;n(km,ky,z)
electric currents and volume currensy, ;] is an admittance ’ ALk ’ Alon
submatrix related to self and mutual couplings of magnetic sur- dz d7 dk, dky (15)

face currents, an@ZYi. 1], [ZYuw ie], [ZY0 0], @and [ZY5, 1]

are submatrices related to the mutual couplings of magnetibere £,,,,, Fy,,,, and F},,, are the Fourier transforms of the
surface currents with electric and volume currents. Since theéh basis function in the corresponding plangs z;, andzy,,
elements of these submatrices have no dimension, they mrspectively &;.,, denotes the width of the basis functiarin
indicated as ZY.” One of the crucial points of the methodplanelc anda;,, denotes the cross-section area of the volume
of moments lies in the effective and accurate evaluati@urrentn on the plandv). An overview of the components
of the system matrix entries. In order to demonstrate tl¢ the different spectral-domain Green's functions are given
procedures in our approach, we exemplarily consider tie[12], [13], [17], and the Appendix.

couplings between planar electric currents and volume currentShe space-domain integrals within (14) and (15), concerning
and the couplings of planar magnetic currents under each othie variabler and~’, can be evaluated analytically. In the case
With the definition of the spectral-domain Green’s functiorof (14), we get

for the electric field (superscripk)) from electric currents

(index J) IEHVmZ(kzza Zle, Zl'v)
Zlo41
- S Rl = GE (ki e, 2) d7
E'(x7y7 z) = / / / G?(km,ky,z,z’) /sz sz( { )
z! —o0 —o0 . _ Jk'r 1
J(ky, ky,2") dk, dk, dz" (11) T 2weikz; 1 — DIMPTM e—j2ke; (dioi—d)
we get for the case of two planar electric basis functions in . {f“;fM [eihei(Fo=2diatzie) _ pikes (o =2dimi+z0)]

the planesz;.r and z;. the matrix entries + DTV [eihei(2dimzty =210) _ ibni(2dimzte—21011)]

1 < TMPTM [ jkei (2d; —2d; _1 £ 2. F2
/ E Gk (2d; —2d; 1tz F2io41)
Zum(le,1) = G (ks by, 210, 210r) + MM e

ke Jk,

_ ejk:i(Qdi_Qdi—liZle:FZlu)]

Ll m(kz, ky) . ten (R ky)dkx dk, (12) + eFikei(z—ae) _ eijk;i(zlz,—zle)} (16)

ble’rn len
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where *+” is valid for the casez,. > 2,41 and “=" for the leads to a fast decaying integrand, thus, the integral becomes
casez.. < z,,. FOrIEHV ., only k&, in the first fraction has to well suited for a numerical integration; for the second integral,
be exchanged againkj,. In the case of two volume currents,called the asymptotic part, complete analytical solutions can be
we have to solve determined. For further numerical and analytical treatment, it
is important to mention that (19) is modified by four different
IVV(k.i, 210, 2107) symmetry relations leading to a reduction of the integration

_ = B2 N dy interval to[0, w/2] regarding the outer integral [11].
I (keiy 2,27 dz The asymptotic representation f6t7, . andGY%,, reads
21wl 41 et GE,A:GE ) N
+ / GYo5 (ke 2, 7) dz’} dz.  (17) s = Gounli >t .
: =Gl @k + G0 1 (20)
4

In the most important case in which the volume currents
are located on the same corresponding plane= 7./, by where G5:™ *(y) and G5 T # () are given in the Ap-
carefully consideration of thé-function in the components pendix (see, e.g., [9] and [10]) The superscripts TM and TE
G%__ (see the Appendix) and utilizing the separation conditiostem from the subdivision of the Green’s functions into TM
k2 + k§ + k%, = kZ, we finally get and TE parts. The asymptotic representations of the composite

Green’s function in (13) are also given in the Appendix.
IVV (ke 210 = 2107) The analysis of (16) exhibits the following constant asymp-

ki K24k, 1 totic representations:
T weik.pe (Ztor41 — 2107) — ki’z we; R COSY ama g
1 [EHVE. (ste = zro1) = 5 — 77 = 1)
1 — TTMPTM =2k (dir—ds) [TV A _ Gl & 21)
) {Frhri [ejk;i@di—zlv,ﬂ—zlv,) ! €i—1+¢6
' IEHVA (21 = 210) = o (1 - TTM 4y
_ eI2kei(di—zy, i) ej?k;i(difzzz,r)] wz\Fle = Zlu) = 2we; v
+ fwiTM [e—jk;;(2d7'71 — 2y 41— 2 ) F?M7 A = 4?—'—1 _T_ ? . (22)
L eIk =) _ —i2kei(di1—2y,0) R
4 PTMPTM I:e_ij:i(di—l_di) The given asymptotic refection factBtfF M4 must only be

considered if the plane;,, lies in the interface of two di-
electric layers with permittivities; ; ande;, correspondingly
L1 e_jk:;(zlvlﬂ—zlu,)}. (18) for the reflection factoi’ ™. The analysis of (17) provides
the asymptotic representation
Thus, the element$EHV,.., IEHV,., and IVV can be , i oA g
treated as modified representationsJof the Green's functiodVV " (21 = 217) = ZkJWF (2_F;FM7A_F;FM7A) (23)
component&?? |, GE andGE__.[17]. From similar expres- e

sions, derived from the components?,. and G¥, _, we get with the same considerations for the reflection factors as in

reactions of volume currents with magnetic currents, denotf¢ (22)- It should be noted that (23) only comprises the
asIMHV,. and IMHV .. dominant asymptotic contribution of (17). The reasons for not

By introducing polar coordinates with, = /A2 + k2, nguijner&?g tgzpcec;mplete contribution in this case are outlined

¢ = arctan(k,/k,), we can represent all matrix elements
of (10), shown in (19), at the bottom of this page, where tk@_ Analytical Integration

IG denote the generalized Green’s functions containing the

_ e—jk:i@(diﬂ —di)+”‘zv’—”‘zv’+1)]

- N The analytical integration of the asymptotic parts may be
modified elementsEHV ., IVV, andIMHV .. The IG* are  exemplarily demonstrated for planar electric basis functions

asymptotic representations €. which we obtain fork, > in a schematic way. Although the first part of the analytical
k;. Subtracting these representations in the first integral of (liijegration was partly shown in [11], a brief repetition of it

1 27 k/—HA — — N -
Vi = 1 / / (IG (yrp) — IG* bk 0)) - Eollprp) - (ko) db dip
0 0

NG,

~
numerical integration

1 27 [ ST . .y
g [ ] 16 ) Polhno) - By diy d (19

-~

complete analytical integration
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may be essential for the illustration of the complete analytical The partly analytical solutions of (28) have already been
solution method. used in [11], but the calculation of (28) leads to numerical

It can be generally shown that all occurring integrals witthstabilities in the case of large structures with fine discretiza-
the asymptotic representations given above have the structsgs.

VA (o ) Therefore, the following steps, leading to complete analyti-
nm cal solutions of all dominant asymptotic parts, are of decisive
ZA cos “u +ZB sin(b k sin(b, (¢)k,) importance for the efficiency and accuracy of the overall

approach.

By sketching the following steps, we may emphasize the
coupling of two z-directed basis functions [see Fig. 2(a)].
For this case, after performing the inner integration and an
where the coefficientsi,, and B, still depend ony since appropriate collection of coefficients and terms, we get the
they contain the corresponding asymptotic representatigns. €xpression
andb, depend on basis function parameters as well ag.on

int(k )

cdk,,  with 4j €L, 4] (24)

Afterwards, we can write the indefinite integral wift(%,) in o, A _ =/2 752, A1)
the following form: nmo =) () dep
9 4
Illt o T ™ r—1
= BKiL Y S ()
/mt . =1 v=1
J 1, Wi T
in(b : : Dg - IXX 29
)k/’) B Sln(bq((p)k/?) <2w6i (14 + 2J 6 pw) ( )
Z sz 1 "‘Z rzT
P q

where the part integraldXX )" stemming from the TM

Tising(ke) Green’s functions are related to the integral
+ D AuDaiSi(a, (0)k,)an ™ (o) _
a IXXPT™ — / (ay cos g + b, sin g)®
-7 CN\R25—2 P pry T 2 .2
+ ZB,,ng_lsl(b,,(<p)k,,)bl, (), i, €([1l,---,4] cos? psin® @
v -sgn(ay, cos ¢ + b, sin @) de
(25) N / (a, cosp — b, sinp)?

cos? gsin? ¢

obtained by multiple integrations by part, whéresing(k,) is _
a very lengthy expression with modified coefficients, B,. -sgn(ay, cos p — by sin ) dp. (30)
D,; and D,;_, are constants without a dimension. We obvi-
ously get the definite integral in regard to thg integration The coefficientsC',,, K77, Ds, Dg, anda, and b, are
by evaluating the limit value process given in the Appendix.

- We can now derive for the integrands in (30) without the

/ int(k,) dk, = khm Int(k,) — khm Int(k,). (26) sgn-functions the indefinite integrals
0 p OO Sp

. 3
Due to the singular behavior of the termdlirtsing(k,,) for IXXID[#H] ™ () = / (ay, cos ¢ + by sin <P)3d _ %
pny

k, — 0, a particular analysis of the latter limit value process cos? psin’ ¢ sin ¢
must be performed. With a multiple use of L'Hospital’s rule + 3aiby In(csc ¢ — cot )
and due to the existence of all coupling integrals, we can prove B3
that + 3a,,b% In(sec ¢ + tan @) & —2—.
COSs @
lim Intsing(k,) =0 (27) (31)

¢p—

holds in any case. Thus, we get very compact analytlcalln context with the determination of the definite integral,

solutions for the inner integrals with the schematic structurd’® have to consider that one of thgn functions in (30)
changes its sign ap,, = arctan(a,/b,). Introducing the

/ int(k,) dk, = lim Int(k,) abbreviations
0 Cp 200
T N D | |
=5 > AuDy; sen(au(e))ar () IXXIDL ! (¢) = IXXID[+] 2 () + IXXID[-] 1M ()

I3

v = 2o
+§ ZBVDijl sgn(b, ()b (), and

i,jel, 4. (28)  IXXIDU,}(p) = IXXID[+]}) () — IXXID[-]%)(¢)
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and considering the subdivision of the integration interval IXXIDUEVE(@
[0, 7/2] due to thesgn functions, we get the contribution of

16 .
the definite integral ofXXP )" with the help of the relation =g hicosp - 10a,,b, cos ¢

2 b5 sin®
+40a%b3 cosp + = L—"
IXX =sgn(a,,) [IXXIDLE},“@W) — lim IXXIDLE},“(@} w P73 coste
v b2 sin® P
—sgn(b,) [ lim/ IXXIDUB’I((p) - ZW — 2b, sin” g cos ¢
p—r/2
/ 8 - a2b3 sin*
— IXXIDU ()] (32) — 2b3sin? peos g + 202 T P
3 Cos @

233 2.2
However, it must be noted that the limit values in (32) do not + 20a),b,, sin” ¢ cos ¢.

exist if they are considered individually since their integrands
have no integrable singularities @t= 0 andy = « /2, which
also becomes visible in (31).

However, we can prove that

(38)

In a similar way, we can derive complete analytical solu-
tions for couplings of basis functions with different current
directions and for the other asymptotic parts of the coupling
elements in the submatricd%;. ;.], [Z, 1], and [Yi w]-

The consideration of asymptotic parts related to couplings of
basis functions in different planes is not necessary because
4 the corresponding integrands already show an exponential
_ 1 _1y—1 TM/ y _ decay. However, we have also not considered an asymptotic
o 592133/2 ; Cu ;_1 (=17 IXXIDU,, () = 0 representation related to the first term in (17) and a contribu-
33) tion in context with the coupling of magnetic currents with
volume currents, which do not show an exponential decay.
must hold for the overall limit value processes in any casle have omitted these terms because we cannot trace back
with a similar line of reasons as for (27). Consequently, tiBeir corresponding asymptotic parts on integrals with the
contributions ofIXXE,\'I to the overall integral read structure of (24); thus, we cannot derive analytical solutions
for them. However, on the other hand, numerical investigations
XX, have shown that the asymptotic parts of these cases only
243 contribute in a nondominant way to the system matrix. Thus,
= sgn(a,,) [_Sin N the omission of the asymptotic subtraction technique for
P these cases has only a negligible influence on the overall
convergence properties of the present approach. In this context
it is further remarkable that only the chosen set of basis
functions in Fig. 2, but with linear approximation in current
flow for the functions shown in Fig. 2(a) and (b), leads
The solution for the TE parts is based on the integral {5 asymptotic parts with the presented complete analytical
solutions; if we choose, e.g., a surface current description

IXXID[£] 7 () =/ in the z-direction like in [17], we get dominant asymptotic

parts without an analytical solution. Thus, the surface/volume

whose quite extensive analytical solution can be found widurrent description is also the optimum choice in this respect.
computer algebra systerfiS With an analogous procedure as

for the TM parts, we can find

v=1

9 4
. _ v—1 TM
liny ;:1: C1 Y (~1)7 HIXXIDLY (o)

9

+ 6aubl2, In(sec ¢, + tan (pu,,)‘|

3
—sgn(b,) |: 20,

COS @y,

+ 6aib,, In(csc ¢, — cot wuy)} .
(34)

(a, cosg % b, sinp)® do

(35)

cost @

D. Numerical Integration

IXX) = sen(a,) - IXXIDL ) (9,) On the other hand, it could be shown that, in most cases, the

—sgn(b,,)IXXIDUEE(sOW) (36) considered dominant asymptotic parts contribute over 90% to
the absolute value of a coupling element. Since the accuracy
of the asymptotic parts, evaluated by the complete analytical
solutions of the previous section, is only restricted by the
machine precision, the accuracy of coupling elements is nearly

with the abbreviations

IXXIDL ()

= 2az sing — 2Oaib,2, sin ¢
+ 20@,%1)3 ln(sec ¢ + tan ¢)
+ 5a,bE sin® ¢ + 15a,b; sin ¢
a,b} sin® ¢

— 15a,b; 1 ta 5
5a,b, In(sec p + tan ) + 5 .

4Jansen Microwave GmbH, D-52072 Aachen, Germany.

37)

independent of the size of the basis functions and their lateral
distances. Together with the fast convergence properties of
the first integral in (19), the number of sampling points for the
numerical integration can be drastically reduced. The problems
with surface and parallel-plate waves, as well as branch points
related to thek,-integration, are overcome with the methods
already described in [5], [11], and [14]; thus, together with

SMAPLE, Waterloo Maple Software, University of Waterloo, Waterloo,a Gaussian quadrature of maximum order in each interval,

Ont., Canada.

only 40-60 sampling points are necessary. Concerning the
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T TE T 2 =1 & 17 S compute a vector with all sampling values of the shift factor
eikeisinpiAuk (for a fixed sampling poing;). Computing the

a) ] b) first block of matrix elements, an array called VDX with the
5116 514 . . . . ;
T T T T n sampling points of all different shift factorg?»: cos¥12x due
6 Hs to the occurring different lateral distancese,, is created. In

] case of symmetric basis functions (on a piecewise uniform
ST 3 1T ST ¥ 3 T mesh), the shift factors can be reducedsitio(k, cos p; Azy)
or cos(k, cos piAxy,).

Since the basis functions are also mainly arranged row-
em: Zig=~Zpg=—Zns = Zus 215 = Zen = Z3s = Zus wise in the case of irregular meshes, it is very probable that
most of theAz; occur again during the computation of the
next blocks of matrix entries. In these cases, the precomputed
) ) ) _ ) values of the corresponding shift factors can be read out from
integration with regard tg, only 12-25 sampling points aré,q 41ray VDX, Based on these principles, we have developed
needed. a database algorithm, which allows an optimized system matrix

) ] computation in terms of storage and computation effort. For
E. Redundancy Reduction Techniques this goal, the matrix creation is simulated at the beginning with

Due to the displacement invariance of the Green’s functioassigning each matrix element corresponding addresses for the
regarding the coordinates and ¥ and other symmetries, abasis function and shift factor data as well as flags to one of
large number of identical or only phase-shifted matrix elemeri#§ subroutines. In these subroutines, the control of reading,
occur within the system matrix. This is demonstrated iadding, or overwriting of shift factor, Green’s function, and
Fig. 3, which presents some examples of matrix identitié®urier transform data, as well as the optimized integrand
related to planar basis functions with respect to Fig. 2(ajpllection, is performed within one loop. The reduction of
the relations denoted by “ee/mm” are valid for couplings dhe shift factors in the case of piecewise uniform meshes is
both electric current basis functions or both magnetic currenédso considered. The outlined procedure is then repeated for
whereas the relations denoted by “em” are valid for mixeghch sampling poinp;. To illustrate the possible redundancy
couplings of electric and magnetic current basis functions. iéduction, we again bring in the example of the uniform
we use a combined employment of all the basis functions imesh with N basis functions, which demonstrates that only
Fig. 2, more than 80 different cases of such identities exist. VN different shift factors must be computed. This means
The identity detection is now performed with the help of ¢hat the outlined redundancy reduction strategies are even
generalized segmentation of the basis functions combined witiore effective than FFT-based analysis concepts in this case,
an appropriate symmetry class subdivision of the differetigether with the further significant difference, not to be
coupling situations and fast text string comparisons. Based i@stricted on the use of uniform discretization schemes as the
these strategies, a very fast and compact algorithm could latter approaches.
developed that is able to detect any possible matrix identity.

Thus, in many cases, only 10%-20% of the matrix elements
must be actually computed. In the case of a uniform mesh on
a rectangular structure withV' basis functions, the maximumF. EXcitation, Input Impedance, arftParameter Extraction

ee/MMm:Zy = Zog = Zas = Zag  Lis = —Log=—Log = Zas

Fig. 3. Examples of identical couplings.

redundancy reduction is achieved. In this case, axhydif- For the excitation of the structures, we mainly usgap
ferent matrix elements of th& x N system matrix must be yoltage sources in the case of microstrip-like circuits, &nd
computed. gap current sources in the case of coplanar/slotline structures.

The displacement theorem of the Fourier transformation cifthe source area is less thar20, an internal pair of clamps
be used for a further drastic reduction of the computationgl defined by these sources, and we can directly determine

effort. Thus, we can write for the first integral in (19) the input impedance at these clamps over the reldtiph In
1 2% pkaa o, P most cases, the circuit structure is connected with transmission
Vi1 = yoe] / / (IG(k,, @) — IGA(kp7 ©)) lines, which serve as the input and output ports of the circuit. In
moJo o , these cases, we determine (in a preceding step) the propagation
< Frno(kpy ) - Frug (K, p)e?te c0n BT0m constants and current distribution of the different modes with
- eIkesmedynm dk dp (39) the help of a one-dimensional eigenvalue/eigenvector analysis

. _ of the transmission line. Afterwards, we excite the structure
where I7 . o(k,, ) are the Fourier transforms of the nonyith s5-gap sources or with impressed surface currents (derived
shifted basis functions, witl\z;,,,, and Ay, denoting the from the eigenvector analysis) at the ends of the transmission
lateral distances between them. According to the integrafides. The incident and reflected waves are extracted with the
structure, we can first compute and store the different COMelp of a reference and test plane by using the already known
ponents ofIG as well as the nonshifted Fourier transformgalues for the propagation constants from the eigenvalue
of the basis functions for later multiple access. Subsequentnalysis. Especially in the case of coplanar structures, this
all matrix elements that have to be computed are sortatkthod is more reliable than conventional approaches like
into blocks with same lateral distancesy;, thus, we can Prony’s method.
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Fig. 5. Structure and discretization of a coplanar bandstop filter (dimensions
in micrometers).

was used. In order to test the robustness of our approach,
we have chosen a quite coarse discretization. The feeding
lines were modeled without subdividing the width, the spiral
conductors are subdivided uniformly with a nonuniform mesh-
ing around the bond wires of the air bridge. Each bond wire
was only modeled with one volume current element, leading
to 279 basis functions altogether [Fig. 4, top]. Despite the
coarse discretization, we already achieve a good agreement
with measured scattering parameters, as shown in the middle
of Fig. 4 with only 16-s computation time for the system
matrix creation per frequency. The current distribution for 10
GHz is given on the bottom. The calculations in [4] and [7],
performed with up to 1300 unknowns, show only a slightly
better agreement with respect to the locations of the parasitic
resonances at 12 and 16 GHz.

B. Hybrid Coplanar Bandstop Filter

As a second example, we present the simulation of a
hybrid bandstop filter for a 18/36-GHz frequency doubler, first
investigated by an FDTD approach in [18].

Fig. 5 shows the configuration with the used slot discretiza-
tion. The first simulation was performed without the air bridges
over the bend stubs; as shown in Fig. 6, we cannot recognize
any bandstop behavior in this case since the bend stubs act as
meander slotlines without the bridges.

Introducing the air bridges, we can now observe the de-
Fig. 4. Analyzed spiral inductor. Top: Geometry and discretization (dsired bandstop behavior at18 GHz combined with a small
rr]en§ions in millimeters). MiddleS-parameters. Bottom: Computed currenteaflection at 36 GHz. The resonance phenomen@am GHz
distribution at 16 GHz. . .

is due to the still noncompensated bends of the stubs. Further

Finally, the S-parameters can be determined by exciting a@nvestigations have shown that this effect can be suppressed by
N-port circuit by NV linear independent excitations, leading tdurther air bridges or by a modified filter design in monolithic
a linear system of equations for the unknowmarameters, coplanar technology. The agreement of our approach with

similar to those in [4]. the measurements is similar or slightly better than the results
of the FDTD method; additionally, the FDTD method needs
IIl. NUMERICAL RESULTS AND DISCUSSION significantly more computation time and resources than our

Several examples are discussed in this section with tApproach, with about 15 s per frequency point.
main emphasis being the investigation of coplanar/slotline

structures. C. Coplanar Metal-Insulator—Metal Capacitances
) ) o The following example shows the behavior of coplanar
A. Spiral Inductor with Airbridge metal—insulator—metal (MIM) capacitances. Fig. 7, top, shows

This example was first analyzed in [4] using a unifornthe configuration of the structure, consisting of a center
discretization with high resolution. In [7], a triangular meshingonductor of widthw,. deposited with a thin dielectric film with
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0 10 15 20 25 30 35 40 Fig. 7. Structure (top) and simulation (bottom) of coplanar MIM capaci-

tances (dimensions in micrometers).

D. Integrated Submillimeter-Wave Receivers

The analysis and design of satellite-based integrated
submillimeter-wave receivers in context with an international
collaboration under the management of the European Space
Agency (ESA) was one of the main application fields of our
approach in recent time. The investigated receivers consist of
a hemispherical silicon lens, which forms with the following
GaAs wafer an extended hemispherical lens geometry. In the
middle of the GaAs wafer is mounted a slot antenna/coplanar
mixer arrangement.

After several modifications, the final arrangement in Fig. 8,
top, has been chosen, consisting of a ringslot antenna in
Fig. 6. Reflection factors of the coplanar bandstop filter with and withoifie middle, a coplanar IF filter on the left-hand side, and a
air bridges and magnetic current distribution at 10 GHz (with air bridges). gg-called quasi-vertical mixer diode, connected with a short

coplanar feeding line to the right-hand side. The main problem
€ ~6 and thicknesg; ~0.2 um (s = 15 pm, w = 20 pm), concerning the preceding concepts of such coplanar/slotline
modeled with polarization volume currents. On top of thgpen-structure receivers was given by parasitic radiation ef-
dielectric film, a second metallization plane is mounted anécts caused by the mixer and filter components.
connected with the center conductor by an airbridge £ As the computed magnetic current distribution in the middle
15 pm). Fig. 7, bottom, shows the results for two examples ef Fig. 8 shows, the critical currents at the QVD diode
we, Wherew, -l = const. Although we get some convergencesnd at the first step of the IF filter are sufficiently low
problems due to the very low air bridge (influence of imageoncerning the present structure, resulting in a satisfactory
sources caused by the ground plane), only a few secondsgfiation pattern in combination with a synthesized elliptical
computation time is needed per frequency point. The resulé&s (Fig. 8, bottom). These patterns are computed by a
are compared with FDFD computations from [19]. The smadypsequent raytracing/aperture integration method supporting
differences may be due to material and radiation losses, whigibitrary extended hemispherical and elliptic lens geometries
are not considered by the FDFD analysis. [20], [21]. Gaussian beam efficiency calculations have also

The FDFD analysis takes significantly more calculation timgeen performed with efficiencies of up to 90% for the overall
(up to 1 h) for this example than our approach with less thagycture. The structure shows good matching capabilities as
10 s per frequency point. well. Thus, an adjustment of the lengfhr in combination




1798 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 47, NO. 9, SEPTEMBER 1999

could be drastically reduced by a new identity determination
algorithm and an adaptive database strategy. The method has
been applied to microstrip components and particularly to
general coplanar structures and new integrated submillimeter-

QVD—diode wave receiver concepts.
with finger

Si—lens
(schematical)

Ly=85.66
15 APPENDIX
first IF—filtert ) )
sléftion R The asymptotic representations of (20) read

c 2
E,TM, A _JceosT TM, A
G (0) = (1 - I )

Jzz

2(4)62‘
<2
E,TE, A Wty SIL™ @
o 2
GE T™, A _Jsm e (1 _ PTM,A)
Jyy (w) 2w€i @
2
E,TE, A Wity COS™ @

GJyy ( ) = ZT (41)
magnetic current GE’TM’A( )= Jcos sin @ (1 B FTM’A)
distribution Jry V)T T i

E,TE, A Wt; COS @ Sin @
Gy (@)= ZT (42)
V) T T v T
r:5mm : v . . TM, A
1ok o where the asymptotic reflection factdir: >~ = (g1 —
°F v=1.948mm ymp i (civ1

¢;)/(eix1 + €;) must only be considered if the basis func-

m
o
}
g f=650GHz tions are located in the interface of two layers with per-
3 mittivities ¢;41 and ¢;. For the composite Green’s function
g GJW: comp(kl‘? ]{}y, Z1b, Zlb) In (13), we get
= H, A
E G]\lu'v = GJ\Hfu'v|kp>>k7'
v 1
H,TM, A E,TE, A
- = G]\lu'v ((P) If_ + GJu'v ((p)kﬂ (43)
_6930 —éO 7‘10 (; 10 20 30 H ’
Theta/degree with
Fig. 8. Component arrangement, discretization, magnetic current distribu- G o) = —jw(ep + €m)sin? @
tion, and radiation pattern of an integrated submillimeter-wave receiver with 9 2
ringslot antenna and coplanar mixer/IF filter (dimensions are in micrometers). GJ\Hi TE, A(<P) — J COS™ @ (44)
rr
piw
H,TM, A . 2
with a preceding adjustment of the feeding line length allows Gidyy () = —jw(ep + em) cos” ¢
a nearly perfect matching of the diode impedance (about G TE, A (o) = 2jsin” ¢ (45)
(25+720)Q2) concerning the theoretical model. Measurements Myy  \P) = Wiw
with scaled models at 65 GHz have meanwhile confirmed the GJ\HJ M Ay = jw(ep + €m) oS psin @ (46)
good overall properties of the concept [22]. Y 97 cos psin
H,TE, A .
Grlay () =—"""—"— (47)
Hiw

IV. CONCLUSIONS

The presented electrodynamic simulation concept, Whigéﬂereep ande,,, denotes the per_mittivities directly above and
is based on a surface/volume integral equation approa Jror:/v g‘e Sl?t fplanglb, respectwelpy. in (17 , d
allows the modeling and analysis of a large class of circuit e Green'’s function compone@ty_ . in (17) (= > =) reads
structures embedded in a multilayered medium. The chosen 1 k24 k2

. : = ) E, T™ 1 Rt Ry ke ko)
set of basis functions for the description of planar electric and=;.. " = —c v
magnetic currents, as well as for 3-D volume current areas,

allows, on one hand, an optimized discretization of each circuit

o 2(4)(:5, k'zi,
1 + F’iI‘l\'Teij:; (d; —z’)

component and, on the other hand, is absolutely necessary 1 — DTMEPTIM ki (dio —di)

for the application of a generalized asymptotic subtraction M [f?hfle—jk;j@dj,l—z—z’) +6—jk;j(z—z’):|
technique based on complete analytical solutions for the dom- B

inant asymptotic system matrix. The overall computational _ eIk TRy 5y o) (48)

effort and the effort for the remaining numerical integrations Jwe;
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[ Clp ay b,
w, — W,
1 —Wrm " Wern _(wxln + A-T) <% + Ay)
Waym + W,
2 —Wgim " Wen, _(wacrrn + A.Z‘) <_ W + Ay)
w, — w,
3 —Wem * Wgin (wacrrn + AJ}) <W - Ay)
Wym + W,
4 —Wgxrm - Wen (wwlrn + A.’L’) <W + Ay)
5! Werm * Wern (wwlrn — Wyin + A.’L’)
6 Wxlim * Wain (wacrn — Waprm + A:L’)
7 Wglm - Weprn (_wacrrn — Waln + A-T)
8 Werm * Wein (wa;lrn + Wepn + A.Z‘)
9 Wem * Wen Az

with ¢, j being source and observation layer, respectivelyjs] W. Wertgen and R. H. Jansen, “Efficient direct and iterative electrody-

and

of the corresponding layers. Additionallz ;... in (16) reads

d; ; being the coordinates of the lower layer interfaces

for z > 2/ .
GFT™™ _ 1 ek =i (ke +hyy') 1ol
Jaz 2we; k.

where the TE parts of the above components are zero. Further

TM 52k (d;—2

' 141 Med zi(di—2") [11]
1— ]__‘;N\’T]_Q‘ZT]\’TC*J?’&‘;{(diflfdi)

. Tile\{ [fjrl\qcfjk;j(2dj,lfz7z’) _ ik (zfz’):|

(49)

[12]

[13]

details and an overview of other components are given in [1[3;]4]

and

The coefficients in (29) are shown
page, with Az

wa

nm

_]_/

(1]
(2]

(3]

(4]
(5]
(6]

(7]

[17].
at the top of this

yn - yrn,a and
1/6, and Dg =

Tn — Tm, Ay
= 1/(wxlnlwmrnlwmlnwm7‘n)v D4
120.

(18]

[16]
REFERENCES

T. Sporkmann, “The evolution of coplanar MMIC’s over the past 30
years,”Microwave J, vol. 41, no. 7, pp. 96-111, July 1998. 17]
J. Sercu, N. Fadke, F. Libbrecht, and P. Lagasse, “Mixed potentia[
integral equation technique for hybrid microstrip—slotline multilayered
circuits using a mixed rectangular-triangular meslEEE Trans. Mi-
crowave Theory Techvol. 43, pp. 1162-1171, May 1995. 18]
K. Beilenhoff, W. Heinrich, and H. L. Hartnagel, “Improved finite-
difference formulation in frequency domain for three-dimensional scat-
tering problems,”IEEE Trans. Microwave Theory Techvol. 40, pp.
540-546, 1992. (19]
T. Becks and I. Wolff, “Analysis of 3-D metallization structures by a
full-wave spectral domain techniquelEEE Trans. Microwave Theory
Tech, vol. 40, pp. 2219-2227, Dec. 1992. [20]
T. Vaupel and V. Hansen, “Efficient implementation of higher order
expansion functions into the spectral domain analysis of planar circuits,”
in IEEE MTT-S Symp. DigSan Francisco, CA, 1996, pp. 201-204.

J.-X. Zheng, “Three-dimensional electromagnetic simulations of ele¢21]
tronic circuits of general shapelht. J. Microwave Millimeter-Wave
Computer-Aided Engvol. 4, no. 4, pp. 384-395, 1994.

M.-J. Tsai, C. Chinglung, and N. G. Alexopoulos, “Multiple arbitrary[22]
shape via-hole and air-bridge transitions in multilayered structures,”
IEEE Trans. Antennas Propagatiol. 44, pp. 2504-2511, Dec. 1996.

namic analysis of geometrically complex MIC and MMIC structures,”
Int. J. Numerical Modelingvol. 2, pp. 153-186, 1989.

G. W. G. Panet al, “Full-wave analysis of microstrip floating-line
discontinuities,”IEEE Trans. Electromag. Compatcol. 36, pp. 49-59,
Feb. 1994.

S. O. Park and C. A. Balanis, “Analytical evaluation of the asymptotic
impedance matrix of a grounded dielectric slab with roof-top functions,”
IEEE Trans. Antennas Propagatol. 46, pp. 251-259, Feb. 1998.

T. Vaupel and V. Hansen, “Effective spectral domain analysis of planar
circuits with different kinds of expansion functions on rectangular
subdomains,’int. J. Microwave Millimeter-Wave Computer-Aided Eng.
(Special Issue), vol. 7, no. 6, pp. 455-467, Nov. 1997.

H.-C. Liu, T.-S. Horng, and N. G. Alexopoulos, “Radiation of printed
antennas with a coplanar waveguide feetEEE Trans. Antennas
Propagat, vol. 43, pp. 1143-1148, Oct. 1995.

D. M. Pozar, “Analysis of an infinite phased array of aperture coupled
microstrip patches,”IEEE Trans. Antennas Propagatvol. 37, pp.
418-425, Apr. 1989.

T. Vaupel and V. Hansen, “Efficient spectral domain analysis of planar
circuits using higher order expansion functions combined with fast
system matrix computation methods,” IBEEE AFRICON’ 96 vol. I,
Stellenbosch, South Africa, pp. 765-770.

, “Improved spectral domain analysis based on complete analyti-
cal solutions of the asymptotic system matrix,lin. Symp. Electromag.
Theory Thessaloniki, Greece, May 1998, pp. 557-559.

H. Aroudaki, T. Vaupel, V. Hansen, and F. &t#r, “Full-wave analysis

of CPW fed slot antennas for the submillimeter wave region by
the spectral domain method,” iRrogress Electromag. Res. Symp.
Noordwijk, The Netherlands, 1994, pp. 1437-1440.

N. Kinayman and M. I. Aksun, “Efficient use of closed-form Green's
functions for the analysis of planar geometries with vertical connec-
tions,” IEEE Trans. Microwave Theory Tec¢hvol. 45, pp. 593-603,
May 1997.

1. Wolff, “Finite difference time-domain simulation of electromagnetic
fields and microwave circuits,Int. J. Microwave Millimeter-WAve
Computer-Aided Engvol. 5, no. 3, pp. 163-182, 1992.

K. Beilenhoff, W. Heinrich, and H. L. Hartnagel, “Analysis of MIM
series capacitances for coplanar MMIC’s,” &h Congr. Microwaves
Optron. Dig, 1995, Sindelfingen, Germany, pp. 124-128.

T. Vaupel and V. Hansen, “Radiation property computation of integrated
submillimeter-wave receivers with dielectric lenses,2bth ESTEC An-
tenna Workshop Millimeter-Wave Antenna Technol. Antenna Measure.
Noordwijk, The Netherlands, June 1997, pp. 203-210.

, “Berechnung der empfangseigenschaften integrierter submm-
wellenempénger mit substratlinsen,” iIfTG Fachtagung Antennen
Munich, Germany, 1998, pp. 187-192.

J. Mees, “Baseline design report concerning ESTEC Contract No.
11806/96/NL/CN,” Rep. KASIMIR-BDR-DSS-01, Dornier Satelliten-
systeme GmbH, Germany, 1998.




1800 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 47, NO. 9, SEPTEMBER 1999

Thomas Vaupel was born in Bochum, Germany,
in September 1963. He received the Dipl.-Ing.
degree in electrical engineering from the Ruhr-
Unsiversiit Bochum, Bochum, Germany, in
1992, and the Dr.-Ing. degree from Bergische
Universitat-Gesamthochschule Wuppertal, Wup-
pertal, Germany, in 1999.

In 1993, he was a Research Assistant at th
Institute for High Frequency Technology, Ruhr-
.. Universiét Bochum. Since the end of 1994, he has of the Faculty of Electrical Engineering. In 1990,

: ‘ been a Research Assistant at Bergische Uni\¥sit he became a Professor. Since 1994, he has been
Gesamthochschule Wuppertal. His current research interests involve ¢hd-ull Professor of Theoretical Electrical Engineering at the Bergische
development of analytical and numerical methods for the analysis of compleniversitt-Gesamthochschule Wuppertal, Wuppertal, Germany. His main
microstrip and coplanar structures and antennas. research interest is the development of theoretical and numerical methods
for antennas and scattering problems with applications to planar circuits and
antennas, focusing antennas, frequency- and polarization-selective screens,
antennas for geophysical prospecting, and the evaluation of the potential health
effects of electromagnetic fields.

Dr. Hansen is member of URSI, Informationstechnische Gesellschaft (ITG),
and the Bioelectromagnetic Society (BEMS).

Volkert Hansen (M'82) received the Dipl.-Ing.
degree in electrical engineering from the Technis-
che Hochschule Darmstadt, Darmstadt, Germany,
in 1969, and the Dr.-Ing. degree from the Institute
for High Frequency Technology, Ruhr-Univerdit”
Bochum, Bochum, Germany, in 1975.

He had been a Research Assistant at the Institute
for High Frequency Technology, Ruhr-Univeggit
Bochum, until 1985, when he became a member




