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Abstract—A generalized short-open calibration (SOC) this field-based direct procedure becomes computationally
technique is developed toward complete field theory-based deem-intensive in practical design, requiring excessive computational
bedding and Iumped-element extraction of equivalent-circuit yag5rces, as well as multiple design circles. It is also difficult

models for planar integrated circuits from admittance-type t in phvsical insiaht into th fi hani fol
method of moments (MoM) simulations. With reference to the 0 gain physical insight into the operating mechanism of planar

modal expansion modeling of a rectangular waveguide disconti- CIrcuits in question because only external parameters are given
nuity, our investigation at first is to show the physical reason why from the MoM simulation over the whole circuit layout.

there exist two aspects of numerical error in a deterministic MoM In fact, all electrically large planar circuits essentially consist
regarding a microstrip step discontinuity as the showcase in this of multiple lumped and/or electrically small elements such as

study. In this SOC scheme, the identified two error sources are bend t T-i fi A i led-li . T
put together as a single error term or box for each feed line and end, gap, step, 1-junction, cross junction, coupled-iine, etc. 1o

then characterized by defining and evaluating two self-consistent undertake the efficient design procedure, the preferred approach
calibration standards in the MoM, namely, short and open ele- is first to use the MoM for characterization of all those building

ments As such, the core circuit model of the step discontinuity elements of the whole planar circuit and then to deembed or ex-
is effectively extracted by removing out two error terms. Subse- .t their equivalent-circuit models at predesignated reference

quently, geometry- and frequency-dependent characteristics of | Such dels all imol " - thesi
the SOC technique are studied and discussed to demonstrate itsP'anes. such models allow implementing various syntnesis or

effectiveness and accurateness as compared with the conventionaPpPtimization techniques of planar passive and active circuits in
transmission-line deembedding technique. After a series of vali- the design on the basis of a network-dominated topology. How-

dations by static analysis and measured results, the SOC schemeegver, the use of MoM in the parameter extraction of the electri-
is used to model symmetrical and asymmetrical microstrip step ¢41y small-circuit segments cannot be made straightforwardly
discontinuities in terms of their equivalent dynamic circuit model . LS . .
over a wide frequency range. anditis a challgnglng Issue becguse the r)umerlcal errors in the
MoM may override the inherent discontinuity effects of such el-
ements to be considered. As a result, a special “noise-removal”
technique should be developed to address this issue.
To our knowledge, several techniques were presented in
[6]-[9] to deembed electrical parameters at certain internal
. INTRODUCTION locations along each feed line of a planar integrated circuit or
ULL-WAVE method-of-moments (MoM) algorithms discontinuity from the MoM-calculated parameters at certain
[1]-[4] have been extensively studied and developed foprresponding source ports. Although examples were reported
analysis and characterization of unbounded and shielded plattavalidate the effectiveness of these techniques, no systematic
integrated circuits. User-friendly MoM-based simulation packvork has thus far been carried out toward the establishment of
ages are commercially availadleyhich are widely popular for a comprehensive scheme of the field-theory-based parameter
the design of planar integrated circuits of complex geometextraction of equivalent-circuit models for electrically small or
on the basis of trial-and-error or direct electromagnetic (EMymped planar elements, as described above.
field optimization procedure [5]. Considering the fact that Stemming from the calibration principle in microwave mea-
such circuit layouts usually occupy electrically large areasyrements [10], a generalized deembedding technique called
) ) ) ) the short—open calibration (SOC) technique [11] has recently
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Fig. 1. Geometrical sketch and full-wave modal-expansion description of aV’,, %g‘]l I\?itrcuitk 1&“2‘]1
A . P etwor i
rectangular waveguide step discontinuity. ; :
SOC allows implementing a self-calibration procedure in the (b)

MoM scheme without resorting to any electrical parameters _ . . -
Fig. 2. Physical MoM layout and its equivalent network description of a

of uniform _trans_m|SS|o_n line such as characteristic 'mpedan&é]eralized microstrip step discontinuity. (a) Admittance-type MoM scheme.
and effective dielectric constant [12]-[15], as well as an) Equivalent network description.

presumed equivalent network topology of so-called port dis-

gg?tténlf;t]lesilg?used by the impressed electric fields at ﬂrﬁzodel can analytically be derived on the basis of an explicit

The purpose of this paper is to examine the SOC scheme'] lationship between the field theory-basggarameters and

revisiting a microstrip step discontinuity [17] that can reveal inC-'%Uit network-basedr’- or Z-parameters.
9 b step Y Following this description, the incident and reflected fields

teresting properties of the SOC applications. This step struc- : .

. X . . In each waveguide can exactly be expressed in terms of modal
ture itself is one of the most common microstrip lumped ele; ansion functions without the introduction of any impressed
ments and its equivalent-circuit model was studied in the 197080 yimp

. - source fields at external port. However, an impressed source
[18]-{22] based on static methods or experimental procedurﬁgld or sometimes called F‘2excitation mechanisr?]” [1]-[4], has

Since then, research has been oriented to full-wave simulati n%e assumed in the deterministic MoM characterization of the
of its S-parameters [23], [24] using the MoM or other numerical.

methods. In this case, the obtained two-p®iparameters are mlcrpstrlp step d|scont|nU|ty_, as |IIu_strated_ n Fig. 2(a), f_o rthe

. . . L admittance-type MoM algorithm. Since this impressed field or
basically dominated by the ratio of two strip widths rather tha\polta e excitation approximately represents the realistic field
the step discontinuity itself. Thus far, no study has actually be 9 PP y rep

carried out on the extraction of its equivalent dynamic circusiInStribUtion of quasi-TEM mode at ports of the two feeding
d y Illnes, it brings about a numerical error at the source port called

model from a full-wave MoM simulation. Our effort here is to, ort discontinuity,” as discussed in [7] and [16], which is quite
show the origin of numerical errors existing in the three-dimen? Y, ' q

sional (3-D) MoM and how they can effectively be calibrateﬁ'] rizlrlc?vrv?vg]?nzlsggrngmglrt\i/sotrcr?i?qglr_ttgi?:grr\?iittrjli? tr::gsgon:gx_
through the SOC scheme that is validated by a number of com- ’ b y may app

parisons. Two microstrip step discontinuities are formulated Ewately be modeled as a pure shunt capacitance [12] and more

. . o . accurately considered as a shunt capacitance and series induc-
terms of their equivalent dynamic circuit model over a wide freténce [16] at low frequency. As frequency increases, the effects
guency range. : req Y- q Yy ; _

of such a discontinuity appear to be strongly frequency disper-

sive, as depicted in [16].

On the other hand, the longitudinally-varied fields in

Let us begin with the description of physical mechanism eéctangular waveguide are modeled in terms of the exponential
the numerical errors in the deterministic MoM modeling of &nctions, as in Fig. 1, which exactly describe propagation
planar microstrip step discontinuity with reference to a modatharacteristics of multiple TE and/or TM modes in the uniform
expansion characterization of waveguide step discontinuitiaveguides. In other words, no numerical discretization is
[25]. Fig. 1 shows the geometry of awaveguide step discontinuityquired along the longitudinatdirection due to the transverse
formed over the interface of two rectangular waveguides ofodal expansion. With reference to Fig. 2(a) for the MoM,
different width and height. According to the modal-expansidmowever, the overall conducting strip surface is discretized
approach, transverse electric or magnetic fields in the tirto a number of small cells along the and z-axis so that
waveguides 41, BZ, A1 and B!) can be formulated in electric current densities over the strip surfact! (&, z),
terms of a superposition of transverse mode functiohg¢, v), and./'I(z, »)) can be calculated in terms of basis functions
ol (z, v), 97 (z, y), andp!! (z, v)) and longitudinal functions (1, (x, ) and &1L (z, z), respectively). Strictly speaking,
(eym=, et et ande~7*, respectively), in relation the mathematical expression of those current densities along
with forward and backward directions, as depicted in Fig. the longitudinal z-direction is theoretically approximate as
The continuity of transverse fields at the step plame=(0) compared with a two-dimensional (2-D) MoM modeling of
yields unknown modal-expansion coefficien&.( b/, @I/, uniform microstrip line. Therefore, the inconsistency of 2-D
and 17,{1). Due to the unambiguous definition of the wavend 3-D MoM characterization of microstrip feed line con-
impedance in a rectangular waveguide, the equivalent-circtributes to the other numerical error that should be frequency

Il. NUMERICAL ERRORS ANDSOC TECHNIQUE
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Fig. 3. Physical MoM formulation and equivalent network description of the two SOC calibration stanstemdsidopen elemenjswith regards to the two
external microstrip lines. (a) MoM formulation of the two SOC standards. (b) Network description of the two short elements. (c) Network de$c¢hpttamo
open elements.

dispersive and also dependent on the truncated feed-line lengfigrs. As the electric current densities over the strip surface are
or geometry in general. As discussed in [12]—-[15], this error camumerically solved in the 3-D MoM, the three electric currents,
be reflected in the difference between 2-D and 3-D MoM-bas@&mely, two port currents related to the short/open circuits,
characteristic impedances and effective dielectric constantsasfwell as the current flowing at the short-end, can easily be
a uniform microstrip line. derived. Using the additional condition of reciprocity theorem,
Thus far, the two inherent numerical errors in a deterministibe obtained currents allow an explicit formulation of the error
3-D MoM algorithm have physically been explained. To effederms to be equivalemt.BC D-matrix networks, as detailed in
tively make a calibration of those errors, they may be considergd]. As the two different error terms in Fig. 2(b) are evaluated,
as awhole such that a single error term or box can be formulatbe core circuit model can be deduced based on a simple
for each feed line driven by the impressed voltage. Furthermooascaded transmission-line theorem. In the following, this SOC
the overall step discontinuity layout of Fig. 2(a) may be clasechnique is deployed to extract the dynamic circuit model of
sified into the two distinct parts: core circuit network and twdéhe microstrip step discontinuity together with the conventional
different error terms at the two sides, as depicted in Fig. 2(ltjansmission-line deembedding technique, yielding a clear
These two error terms exactly represent electrical behaviorspaéture of the SOC scheme in a comparative manner.
two microstrip lines between the source poits &nd F») and
the step interfacel), as in Fig. 2(a), respectively. The core net-
work is the equivalent-circuit model to be deembedded or ex-
tracted from the full-wave MoM simulations. Fig. 4(a) depicts the geometry of a microstrip step disconti-
In [11], the numerical SOC technique was originated and deuity, whose two feed lines present different strip widths, (
veloped to accomplish this task by defining a pair of ideal caénd¥;) and also transversely aligned by an offset distange (
ibration standards, namely, short and open elements, which atéhe step locationK). Early work based on static assump-
self-consistently developed in the 3-D MoM framework. Retion [18]-[22] suggested that the symmetrical counterpart with
garding the present step discontinuity, those elements of cdli= 0 in Fig. 4(a) could be expressed as a lossless equivalent
bration can simultaneously be formulated for two feed lines By-type lumped-circuit network with a single shunt capacitance
vertically inserting infinitely large electric and magnetic walls(C,,) and two series inductancesy; andL,2), as illustrated in
respectively, at the step locatioR), as illustrated in Fig. 3(a). Fig. 4(b). As frequency increases, however, the static model has
The resulting perfect walls represent the ideal microstrip shaotbe modified into a dynamic T-type circuit model that can ac-
and open ends in theory. In fact, they can simply be realizedunt for all potential effects around the step discontinuity such
by applying an additional image counterpart [4] of the layereas high-order modes, frequency dispersion, and radiation loss.
dyadic Green’s functions with respect to the vertical plane &ig. 4(c) illustrates the complete circuit model with a shunt ca-
the step locationf®). Fig. 3(b) and (c) is the equivalent-circuitpacitive admittanceY, = G, + jB,) and two series inductive
description of two electric-field-excited feed-line sections sefmpedances4,, = R, + j X1 andZyy = Rpo + 7Xp0),
arated by the electric or magnetic walls, as in Fig. 3(a). Withowthich demonstrate electrical properties of this step disconti-
ambiguity, we can identify and isolate the two error tertis)  nuity without any hypothesis in theory.
and (X,) of Fig. 2(b) driven by impressed voltages and termi- In the last two decades, almost all of the deterministic MoM
nated by ideal short-/open-ends. algorithms have been developed under a common assumption
Considering the asymmetrical two-port topology of eacim that the numerical error caused by the impressed field can
feed line under the impressed fields in the 3-D MoM, thautomatically disappear as the source ports are chosen far away
resulting error networks should have three independent paranom the core discontinuity block. Nevertheless, no robust work

I1l. CIRcUIT MODEL AND NUMERICAL CONVERGENCE
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Fig. 4. Geometrical sketch and dynamic equivalent-circuit model of a generalized microstrip step discontinuity. (a) Geometrical sketahcificu8tatodel

(c) Dynamic circuit model.

thus far has been reported to prove that is the real case ev 2 - ' " " " " ' i
though it is suggested that the port location should be chost  2f ’/ ‘\ ]
about quarter-wavelength away from the reference plane. / AN —s—=a— S0C
pointed out in [11], however, the deembedded circuit pararr o /' \ -0---0-- Zo-scheme ]
eters are found very sensitive to the selected port locatior 16} | L‘\ 7
along the feed line under this assumption. To our conceptu & 4ol ," \ £=6.0GHz /|
understanding, the above numerical errors including the paZ |/ \ £=10.2 s
discontinuity cannot be negligibly small and they alwaysz "?[/ ‘\\ h=0.635mm S
involve themselves in the MoM-calculated parameters at ea(2 1;’ b Wi=2.0mm A
port. For the purpose of quantitative verification, the conven \\\ W2=0.4mm /
tional transmission-line deembedding technique [1]-[4], calle:  °%[ \ / 1
the Zy-scheme, is simultaneously applied here to implementa s} ™. A 1
alternative deembedding procedure based on the 2-D electric p——o— \l ,/ — 4
parameters of a uniform line, i.e., characteristic impedanc T
0'220 2‘4 2I.8 312 316 410 414 458 512 556 6.0
Li=L2 (mm)

(7o) and effective dielectric constant,().
In the following, these two numerical deembedding tech

niques are used to deembed or extract dynamic parameters of
the equivalent-circuit model, as illustrated in Fig. 4(c), from the
MoM-simulated port currents and voltages at two ports, i.e.
P, and P». To investigate the numerical instability due to the 0ok |
errors along the feed lines, geometry-dependent behavior \
all the deembedded circuit parameters are studied with respe .
to different port locations from the step discontinuity. Fig. 55 ar
depicts two groups of deembedded shunt or mutual susceptar 2
(By) and self reactancesX(; and X,.) versus port-to-step
distance(L; = L») at the frequency of = 6.0 GHz. Looking
at Fig. 5(a), thez,-based shunt parameteB{/w) seems to il 7
be seriously varied as a function of the port location while the” ™ /' Xprfod
SOC-extracted3, /w consistently converges to the value, i.e., / DD ;&Ccheme
0.043 pF, ad.; andL, are extended beyond 3.2 mm. Similarly, -©2f/ 1
we can find from Fig. 5(b) that th&,-based parameters((,; /
and X ) are unstably shifted up and down with respecL{o
and L, while their SOC-based counterparts appear to achie\
(b)

a rapid and stable convergence. These results exhibit well the
noise-involved instability in the conventional,-based tech- - -dependent characteristics: Extracted mutual t
: : . Geometry-dependent characteristics: Extracted mutual-susceptance
nique and also demonstrate that the proposed SOC techni ,§ and two self-reactances((,; and.X,.) versus the port-to-step distances
gEd= L,) along the two external microstrip lines using tHg-based and

can effectively address such a problematic issue that is cau
by the two aspects of the above-described numerical errors. SOC deembedding procedures. £&). (b) Xp: and.Xp..
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Fig. 6. Freguency-dependent characteristics: Extracted mutual-admittafhé@ 7- C_omparisor] of equivalent-circuit model parameters énd L,)
(Y, = G, + jB,) and total self-reactanceX{, = X, + X,2) at a Versus strip width¥,) at a fixediW>/h = 1.0 among the SOC extracted,
fixed port-to-step distancel{ = L, = 5.2 mm) using the two different Static, and measured results that were reported in [19] and [20].

deembedding procedures. @). (b) X .

representing the equivalent series inductances in a static model
IV. SOC-EXTRACTED CIRCUIT MODEL in Fig. 4(b) [18]. The results in Fig. 6 show us that our SOC
In this section, the equivalent dynamic circuit models of bottan also avoid the frequency-related numerical instability that
symmetrical and asymmetrical microstrip step discontinuiig observed in the conventional technique.
are studied over a wide frequency range through the validationAs mentioned before, no field theory-based extraction of
of SOC-extracted parameters against the available static mattiéd step discontinuity has been reported thus far and also all
parameters [18]-[22]. Prior to doing that, the SOC-extractélde S-parameters based on the experimental deembedding
circuit model parameters are again illustrated versus frequengghniques are not suitable for the extractiofy'efor Z-matrix
as shown in Fig. 6, together with thé,-based ones for the circuit model of planar circuits. Thus, this is the only way
same step discontinuity, as discussed above. We can see ffomus to validate the accuracy of our SOC-extracted circuit
Fig. 6(a) that theZy-based mutuaB, /w moves up and down model through comparisons with the published static circuit
over the frequency range (2.0-10.0 GHz), thereby showingreodels derived from quasi-TEM analysis and indirectly res-
frequency-dependent numerical instability. In the meantimenance-type measurement procedure [18]-[22]. Fig. 7 shows
the SOC-extracted mutud,/w remains almost unchangedthe shunt capacitanc€’y) and series inductancéf) per unit
which represents a shunt capacitance in a static modellémgth of a wide strip widthi{';) versusiv, /h of a narrow strip
Fig. 4(b) [18]. Otherwise, Fig. 6(b) indicates that thg-based at two different frequencies. It can be seen from Fig. 7(a) that
Xp/w (=X /w + Xp2/w) appears irregularly varied againsthe SOC-extracted’; is in excellent agreement with its static
frequency. However, the SOC-extracted,/w remains a counterpart from [20]. SOC-extractdg, also agrees well with
frequency-independent constant (approximately 57.0 pH), thatstic and measured results in [19], as illustrated in Fig. 7(b).
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Fig. 8. Frequency-dependent SOC-extracted circuit model parameters for a symmetrical microstrip step discontinuity with diffefént atidtfixediV, =
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Therefore, the equivalent-circuit models of two types dfom longitudinal to transverse orientation on the wide strip
microstrip step discontinuities are obtained to demonstrate theanductor around the step interface. The series resistéf)de (
complete dynamic electrical properties for the symmetrica found very small in the symmetrical case and its results are
structure as a function of ratié¥(; /W>) and for the asymmet- plotted in Fig. 8(d). Ad¥; increases to 2.2 mnR,, achieves its
rical structure as a function of offset distan¢g (espectively. maximum absolute value, i.e., 0.00Q1at f = 10.0 GHz. This
Fig. 8 depicts the SOC-extracted parameters versus frequeagfremely small negative value may represent the EM power ex-
under a different strip widthW;) and a fixed strip width change between the series and shunt parameters in this T-type
(W, = 0.2 mm) for the symmetrical case. In Fig. 8(a), thenetwork and can be ignored in the circuit model in Fig. 4(c).
parameter B, /w) is found almost unchanged with frequency Fig. 9 depicts SOC-extracted model parameters for the asym-
for different strip width {#1), thus exhibiting a lumped shuntmetrical step discontinuity having different offset distante (
capacitance [17], while its value rapidly goes up¥&S is As shown in Fig. 9(a), the shunBy /w) still shows a good fre-
widened. In Fig. 8(b), SOC-extracted shunt conductai&g ( quency-independent capacitance behavior within the maximum
seems to change exponentially with frequency and quickiginge of 2.0% over the frequency bandwidth of 2.0-10.0 GHz.
goes up withWw;. This represents a radiation behavior of th®therwise, its value is slightly raised from approximately 5.8
equivalent slot aperture with the lengti’(—17;) at the step to 7.0 pF, as the offsétincreases from 0 to 1.0 mm. In par-
location &). allel, the shunty, remains almost unchanged even thougg

SOC-extracted series inductive paramefey, (w) is plotted enlarged to 1.0 mm. The resultin Fig. 9(b) indicates that the ra-
in Fig. 8(c), which also remains unchanged with frequency, indiation-related shunt conductaneg, is hardly affected by the
cating a lumped series inductance. Furthermore, this equivaleffset and mainly determined by the equivalent aperture length
inductance is largely enhancedds becomes widened, due to(W;-W>) in the asymmetrical case. However, it is not always
the increasing curvature extent of the current density flowirtgue for the equivalent series admittance parameters. In Fig. 9(c),
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Fig. 9. Frequency-dependent SOC-extracted circuit model parameters for an asymmetrical microstrip step discontinuity with differenanéfed) diaj B,, .
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we can see that the parametBy,(w) still goes up rapidly aél’;  ding and extraction of planar integrated circuits or discontinu-
is widened, but it gradually manifests a nonlinear frequency-dées. With reference to the modal-expansion characterization
pendent variation as offsétncreases. Strictly speaking, the seef waveguide step discontinuity, two aspects of numerical er-
ries B, should be perceived as a frequency-dispersive inductik@s, namely, port discontinuity and inconsistency of the 2-D
reactance instead of a lumped series inductance in the symnagid 3-D MoM, have been physically explained through the mod-
rical case. On the other hand, the series resistaiigeig found eling of microstrip step discontinuity. Equivalent-circuit models
from Fig. 9(d) to gain a significant enhancement as offset have been derived from both SOC and conventional techniques,
creases to a great extent and also vary exponentially with feghich allow systematic comparisons between the two schemes.
quency. This phenomenon is mainly attributed by the fact theesults have shown harmful effects of these numerical errors
different transverse [upward and downward in Fig. 9(b)] oriein deembedded parameters, in particular, geometry- and fre-
tations of the two current densities flowing on the wide striguency-dependent numerical instability found in the conven-
conductor around the step interface lead to an enhancementiarial technique. Furthermore, it has been shown that such nu-
radiation power as increases. Accordingly, the relevant lossynerical noises can completely be calibrated in our SOC scheme.
series resistance should be taken into account in the complB@C-extracted circuit model parameters have been validated by
dynamic circuit model, as in Fig. 4(c), for the asymmetrical stehose obtained from previous static analysis and experiments.
discontinuity. Without any pre-assumption in theory, our results have
shown, for the first time, equivalent dynamic circuit models
for both the symmetrical and asymmetrical microstrip step
discontinuities. It has been found that the symmetrical case
In this study, the SOC technique has been developed in tten simply be perceived as a shunt capacitance and a conduc-
deterministic MoM algorithm for field theory-based deembedance, as well as two series small inductances. However, the
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asymmetrical case has a different lumped model behavior, arjeb] A. F. Thomson and A. Gopinath, “Calculation of microstrip disconti-
it should be modified as two series inductive reactances and  nuity inductances,[EEE Trans. Microwave Theory Techiol. MTT-23,

resistances in addition to the shunt capacitance and condugy;

pp. 648-654, Aug. 1975.
A. Gopinath, A. F. Thomson, and I. M. Stephenson, “Equivalent cir-

tance. The proposed SOC technique is believed to have an cuit parameters of microstrip step change in width and cross junctions,”
unparalleled capacity in parameter extraction of planar circuits, ~ !EEE Trans. Microwave Theory Tecol. MTT-24, pp. 142-144, Mar.

which certainly allows bridging the huge gap between the field[zz]

1976.
C. Gupta and A. Gopinath, “Equivalent circuit capacitance of microstrip

theory-based modeling/simulation and circuit network-based  step change in width,IEEE Trans. Microwave Theory Teghvol.
synthesis/optimization. Moreover, the proposed numeric MTT-25, pp. 819-822, Oct. 1977.

calibration concept should also be applicable to other modelin

23] N. H. L. Koster and R. H. Hansen, “The microstrip step discontinu-
ities: A revised descriptionfEEE Trans. Microwave Theory Techol.

techniques. MTT-34, pp. 213-223, Feb. 1986.
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