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Field-Extracted Lumped-Element Models of
Coplanar Stripline Circuits and Discontinuities
for Accurate Radio-Frequency Design

and Optimization

Lei Zhu, Senior Member, IEEEBnd Ke Wy Fellow, IEEE

Abstract—in this paper, we present original lumped-element [2]. The balanced geometry of the CPS offers flexibility in
models of a large variety of coplanar stripline (CPS) circuits and  the design of uniplanar balanced circuits such as a uniplanar
discontinuities for accurate design and optimization of radio-fre- broad-band double-balanced mixer [3] and lumped-element

quency integrated circuits. These circuit models are extracted ' h -
by applying a recently proposed deembedding technique called CPS low-pass filter [4], as well as a CPS-fed printed dipole

short-open calibration to calibrate the calculated field parameters antenna array [5].

obtained from the full-wave method of moments (MoM). It is As compared to the extensive work on microstrip and CPW
realized by defining the two calibration standards, i.e., short and  structures, few investigations have been carried out to date for
open elements, to evaluate and remove the error terms existing gy,4ving electrical behavior of CPS discontinuities/elements
in the deterministic MoM algorithm, such as the approximation - . . .

of port discontinuity and inconsistency of two-dimensional and and developing their cor_nputer-aldgd design _(CAD) m(_)del_s
three-dimensional characterizations of CPS external lines. In thatare useful for the design of passive and active CPS circuits
contrast to the static models, these field-extracted models can and antennas. Very recently, a limited characterization of some
account for all the physical effects subject to the core area of CPS gimple CPS circuits [6]-[8] has been reported with resorting
discontinuity, including frequency dispersion, high-order modes, to a finite-difference time-domain (FDTD) method, as well as
and radiation loss. With this scheme, several CPS circuits and . ) !
discontinuities are investigated over a wide frequency range to exp_erlmental procedures. Otherwise, a fUI_I'W"?‘VG spectrgl-do-
formulate their lumped-element models and also to expose their Main method was used for the characterization of a simple

interesting features in connection with electrically finite width of CPS open circuit [9], [10]. Still, it is desirable to formulate

the two strip conductors. accurate equivalent lumped-element models of a large variety
Index Terms—Coplanar stripline discontinuity, lumped-element Of CPS basic circuits and discontinuities for general-purpose
model, method of moments, short-open calibration technique. design and optimization. Parasitic and dispersion effects should

be rigorously accounted for in the models, which can be
achieved only by a parameter extraction from some adequate
field-based technique. This is important for a uniplanar CPS
OPLANAR stripline (CPS) [1] has recently gained atructure because its ground plane is always finite and it may
significant momentum in the design and applications gfenerate intolerable parasitic effects, as will be shown in this
high-density radio-frequency integrated circuits (RFICs). Thgaper. Specifically, additional series inductance and potential
CPS geometry may be viewed as the dual structure of coplaradiation caused by some CPS discontinuities in unbalanced
waveguide (CPW). With the arrangement of its two strips on@PS circuits, namely, CPS gap, may be quite severe, which
common dielectric interface, the CPS has all of the attractigannot be ignored in the models.
features of its CPW counterpart, namely, easy insertion ofin response to the above demands, a deterministic method of
shunt and series passive and active devices, and no neednfoments (MoM) algorithm, as detailed in [11], is extended for
via-holes to connect the ground plane [2]. In addition, the CRi@ld modeling of the CPS structures. This is made possible by
presents some additional advantages over the CPW in thahitoducing an impressed electric field across the two strip con-
eliminates the requirement of designing air-bridges aroumidictors of CPS feed lines at the port planes of choice [12], [13].
discontinuity to suppress the unwanted mode, as in the CRMépired from the concept of experimental calibration proce-
dure [14], anumerical calibration technique, namely, short-open
calibration (SOC) [15]-[17], was implemented to calibrate the
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Fig. 1. Geometrical description, layout view, and equivalent-circuit model of CPS circuits and discontinuities. (a) Cross section of a unifioy@fiee circuit.
(c) Short circuit. (d) Step discontinuity. (e) Capacitively coupled circuit (gap). (f) Inductively coupled circuit.
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Fig. 2. Physical layout for the MoM characterization of a general CPS discontinuity and algorithmic arrangement of the two standard elemen@Cor the S
parametric extraction of models from the MoM calculations. (a) Discontinuity layout. (b) Short standard element. (c) Open standard element.

technique, a very accurate equivalent-circuit model of a CPS aihow the top view of selected CPS discontinuities and their re-
cuit or discontinuity can be extracted from its physical layoulated lumped-element circuit models, namely, open, short, step,
which accounts for all the physical effects such as frequency despacitively, and inductively coupled circuits. Note that it is
persion, high-order modes, and radiation loss. Interesting amat necessary to know priori the equivalent lumped-element
unique features of CPS structures are described for the fingtwork since the SOC technique will extract the parameters
time with their equivalent circuit. Comparison is also made witim a self-consistent manner. In the following, a short narrative
available data of some simple CPS circuits. description will be given for the algorithm.

A. Deterministic MoM Algorithm
Il. FIELD MODELING AND PARAMETRIC EXTRACTION OF

CPS GRCUITS Fig. 2(a) gives the geometry of a generalized CPS discon-

tinuity for the MoM characterization, which is externally con-

Fig. 1(a) describes a uniform CPS with its cross-sectionaécted with two different CPS lines. One of the difficulties in the

view, and the two strip conductors with identical width arelevelopment of a deterministic MoM algorithm is how to effec-
printed on the top interface of a dielectric substrate. Fig. 1(b)—(fyely represent the impressed fields along the external feed lines
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having different widths, which is usually called “the excitatiofCPS short or open element. Via a 3-D MoM characterization of
mechanism” [18]. To explicitly derive the circuit parameterthe two CPS elements, the current profile over the entire strip
from our MoM calculation, an impressed electric field is introsurface can be calculated. As the currents flowing at the port
duced between the two strip conductors of two individual CRS8anes of the two CPS standard elements are derived, the error
lines at adequate planes of reference. As in Fig. 2(a), the ptatms (boxes) between the ports and reference planes of the CPS
topology is formulated by longitudinally truncating and transdiscontinuity can analytically be formulated through the solu-
versely extending the two strip conductors. Of course, the pdidn of three groups of equation on the basis of network theory.
locations are chosen electrically far away from the CPS discdrdrther, the characteristid BC'D matrix [X;] can be derived
tinuity such that the parasitic interaction among the fields of the a closed form by using the port currents upon the two excita-
ports and the discontinuity is avoided. tions, and the current flowing at the short end, namgly, 7,,;,

As described in [11], an electric-field integral equatiomnd’;, normalized with respect to the port voltadés andV/,;
(EFIE) governing the electric current densi@f) over the for the:th CPS external line
entire strip surface of the CPS lines and discontinuity can be

derived in relation to the impressed electric figld™™) at I, I

the port planes. Applying the Galerkin's technique leads to a 7 7

source-type matrix equation, allowing the calculation of the [(Xi] = 7/52‘] j,Si (1)
unknown current density distributed at each port location and — s _ st

CPS lines, as well as the discontinuity. To involve a numerical Isi=loi Lsi— Lo

calibration procedure in our MoM algorithm, the entire CP% which

o A I;, I;, andI’; represent the three normalized cur-
circuit is further classified into two parts, separated by Wints. Thus, the error terms related to the CPS lines can accu-
additional reference planes?{ and R,): two uniform line

. ) ) . rgtely be evaluated and removed from the calculated results.
blocks in which propagates only a dominant mode excite

by the voltage launcher, and discontinuity region to which
all the discontinuity effects are attributed. This geometrical I1l. CPS QRCUIT MODELS AND DISCUSSION

arrangement is inspired by the basic concept of the well-known,_ . _
experimental calibration procedure, e.g., [14], namely, errorWIth the proposed SOC scheme in the MoM algorithm, a CPS

boxes and device-under-test (DUT). circuit or dlscont|.nU|ty Iayout. can be charactenzed as a gen-
eral-purpose equivalent-circuit model with accurately extracted

B. SOC Calibration Scheme !umped g!ements. We begin with the investigatiqn on the numer-
ical stability and accuracy of our SOC scheme in the 3-D MoM

The proposed SOC technique is then integrated with o&r, modeling of a simple CPS open circuit, prior to dealing with

MoM glgori;hhm described ?bhov%PI; g!lows _thg pa[r)abr:]_etgig variety of CPS circuits and discontinuities. Our special inter-
extrlactp nort de core p artrc: the Econtmw:\y (h ) ¥sts in this study are focused on the theoretical study of parasitic
evaluating and removing the two error boxes, which accou ects happening around the discontinuity of unbalanced CPS

fpr the p_ort discontinuity and .3'D behavior of a uniform CP_ ircuits, which are essentially generated by the finite strip width
line section for each external line. These error terms may b”g'f]the CPS lines

about a “numerical noise” if a direct deembedding procedure Is
implemented that only relies on the 2-D behavior of a unifor _—
CPS line section such as the characteristic impedance ngpen Circuit
electrical length. Even though very small, these terms arelLet us look at the circuit model and electrical characteristics
usually frequency or geometry dependent, as explained dha CPS open circuit, as depicted in Fig. 1(b). Strictly speaking,
[15]. Thus, they may be extremely harmful in the parameténe open end should equivalently be modeled as a shunt capac-
extraction, considering that the CPS discontinuities of Fig.itanceCy and conductancé, standing for the fringing and
are electrically small. This is because the lumped-elemeaatiating effects. These circuit parameters have been studied to
values of these discontinuities may become comparable withme extent with a quasi-TEM model [19], thru-reflection line
those of the error terms in this case. (TRL) measurements, and FDTD [6] as well as spectral-do-
The SOC technique requires two standard CPS short and opsain methods [9]. Unfortunately, there exist some intolerable
elements, as shown in Fig. 2(b) and (c), in connection with tlifferences among them and also strong frequency-dependent
two external lines of the CPS discontinuity. They are used (or distributed) characteristics of all the deembedded shunt ca-
evaluate electrical behaviors of each CPS line section betwgmtitance’y. To our knowledge, it is basically attributed to the
the port location and the reference plane of the discontinuifgct in the deembedding procedures that all the parasitic effects
as depicted in Fig. 2(a). In the algorithm, the two standard elgt the incident or input port in the numerical technique [6], [9]
ments can exactly be formulated by exciting a pair of odd ardale completely ignored while the short-end element defined in
even impressed voltages at the two ports of a uniform CPS littee TRL measurements [6] is not a perfect reflection standard.
with its length twice that of the corresponding CPS line se&ollowing the description in [11], they are very harmful in the
tion. In this way, the central location of the line can ideally bparametric extraction of an electrically small CPS open circuit
simulated by perfect electric (short-end) or magnetic (open-erid)such a way that the extractég strongly depends on the op-
wall. Therefore, the uniform CPS line is divided into two idenerating frequency and external line length of choice. To vali-
tical parts, one of which represents the geometrical layout of thate the effectiveness of any deembedding procedure, one of
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Fig. 3. Extracted complex admittan¢®’, = G, + jB,) of a CPS

- : : Fig. 4. Parametric behavior of the extracted susceptance for two nonstandard
open circuit. (a) Numerical convergence versus the feed-line letfth R . 8 - . h
: . . : CPS open circuits with extended line (called “type-A”) and bent-linegfrtion
(b) Comparison with other theoretical and experimental results. (calledp“type-B") as a function of freq(uency. (Z?Typez-A. (b) Type-B.

the standard procedures is to check whether the extracted gie extracted’, is found well stationary at the value of 44.8 fF
cuit parameters are independent of the different external CRfhin a variation of 1.5%, thus exhibiting the lumped-element
lines (L). behavior of the CPS open circuit. The extractégl shows an

Fig. 3(a) depicts our extracted capacitar{¢®) and con- exponential increase and then a linear increment Withut its
ductance(G) of a simple CPS open circuit against the CP8alue is extremely smaller, as compared to its real counterpart
feed-line length(L) at frequencie§’ = 2.0 and7.0 GHz. For B, or 1/X.
the length(L) shorter than 7.0 mm, botf, andG, appears sig- ~ As compared with the infinitely extended ground plane of the
nificantly related tal, especially foi, in the case off = 7.0  other planar lines such as microstrip and CPW, the two strip
GHz. It may be attributed to a parasitic interaction of fields atidths of a CPS line are electrically narrow, susceptibly giving
the open-end and the port location over this short line rang#se to a nonnegligible influence on electrical behaviors of some
As L is extended beyond 7.0 mm, they gradually converge @PS circuits. In [6], a CPS circuit with an extended strip con-
some stable values, representing their relative lumped-elemguattor was modeled as a lumped capacitance and it was found
parameters at the two specific frequencies. This result indicatesbe equal to three or four times of its conventional counter-
that the problem of length-dependent instability can completghart for a selected dimension. However, no detailed discussion
be solved with our SOC scheme if the port location is chosevas given as to its operating principle and physical insight.
far away from the core discontinuity. Judging from our extracted lumped elements of an open circuit

Fig. 3(b) gives a general comparison of our extracted paranfealled “type-A”) defined at its reference plane (open terminal),
ters against the other results over the frequency range of inte@sshown in Fig. 4(a), we observe that the normalized suscep-
for the normalized reactanck,/Zy, as in [6]. OurXy/Zy is tanceBy, /w exhibits an unexpectedly nonlinear behavior with
much closer to the FDTD results than the static and measufegtjuency. This is much more pronounced with a large value of
results over the frequency range from 2.0 to 7.0 GHz. Furthé®;, /w at higher frequency if one of the conductor strips is ex-
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-3 results [6]. OurXs/Z increases in an approximately linear

function with frequency and agrees reasonably with the other
results over a wide frequency range (2.0-10.0 GHz). Otherwise,
Rs/Z, gradually rises up with frequency, representing the ra-
diation loss from the transverse strip conductor with the width
0.3 £3.5GHz 25 omil (D) at the CPS short-end. Fig. 5(b) shows the extragied”,
2W+5=137.5mil ; as a function of the strip widthD) at f = 3.5 GHz. It is found
that Xs/Z, starts to increase and becomes more pronounced
for a wide slot width(.S) once the width( D) is chosen smaller
than 50.0 mil. To form a better CPS short circuit, a preferred
R Ty e RS TR Ty R way is to_choo;e the widthD) as wide as possible in reducing
D (mil) such an inductive effect of the short end. However, such a CPS
b) short circuit definitely represents a nonnegligible inductance at
_ ' . the short end due to the finitely extended slot witi#h) so that
Fg.> Extracted complex short-end impedaniée = R. + jX.) of a fhis circuit element cannot be perceived as a perfect reflection
short circuit. (a) Comparison with the FDTD and experimental results. . . _ .
(b) ReactancéX, /w) versus the widtl D). standard in the deembedding or calibration procedure [6].

$=37.5mil

0.2r

12.5mil

tended largely beyond the other with a lengthoRQuite simi- - Step Discontinuity

larly, such a nonlinear property of dispersion can also be foundSimilar to other planar structures, a CPS step discontinuity

in the extracted model of the other CPS open circuit (calleiands for an abruptly longitudinal change in linewidth, as de-

“type-B”), as indicated in Fig. 4(b), in which one of the stripscribed in Fig. 1(d), and its circuit model is generally repre-

conductors is bent around the other. This interesting phenosented with four lumped elements. In our calculations, only the

enon can be explained based on a distributed coupling theagmplex shunt admittand&, = G, + jB,) is found to play a

In fact, a fringing-field coupling takes place between the opgmincipal role in the entire equivalent network of such a CPS dis-

end of the short line and the extended line. It can be expectahtinuity. Fig. 6 gives our extracted shunt susceptancand

that this coupling is frequency dependent. In this case, the c@anductancés, as a function of frequency for a CPS step dis-

pled section can equivalently be described by a circuit modeléontinuity with a fixed slot width(.S). In this case B, goes up

terms of a group of distributed shunt capacitances and seriesda-a good linear function of frequency, thus exhibiting an excel-

ductances rather than a purely lumped-capacitance model, aeii lumped-capacitance characteristic. Also, it shifts up rapidly

Fig. 1(b). In general, these series inductances are caused frwith the ratio of two different strip widths of this CPS step, e.g.,

the extended conductor section having a finite strip width. W, /W,. On the other handy, is found to increase visibly with
frequency and width rati@¥; /W), but it still seems negligibly

B. Short Circuit small as compared tB, over the frequency range.

A CPS short circuit is realized by simply interconnecting the _ o

ends of two strip conductors, which can be described by a dif: Inductively Coupled Circuit

cuit model in terms of a series-connected inductgdce) and Fig. 1(f) describes a physical layout and its equivalent T-type

resistancéRs ), as shown in Fig. 1(c). Fig. 5(a) displays our exeircuit model of an inductively coupled CPS circuit with a trans-

tracted normalized reactant¥s/Z,) and resistancés /Z,) verse strip conductor bridging the two strip conductors. The

as a function of frequency against the FDTD and experimentjuivalent network consists of four lumped-parameters, namely,
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% T o—
self-resistance/mutual resistance and reactaftesk,, X, ©

and.X,. These parameters can effectively be extracted from thig. 8. Geometrical description and its possible equivalent circuit models of a
full-wave MoM via our SOC scheme. Fig. 7 depicts the e)g_ZPS capacitivelyc_ouple_d (g_ap) circuit. (a) Top-view layout. (b) Original circuit

) . model. (c) Convenient circuit model.
tracted mutuaR, and.X, as a function of frequency versus dif-
ferent slot width(.S) for a fixed narrow width( D = 12.5 mil). It
can be observed thaf, gradually increases with frequengy) to linearly increase with frequency, while the self-conductance
and rapidly shifts up as the slot widfl§) is widened from 12.5 (G;) appears unchanged and much smaller tBanFig. 9(b)
to 37.5 mil, exhibiting a great enhancement of its quasi-lump@ives the frequency response of the mutual-conductafige
series inductancgl,). In parallel, R, slightly rises up ag' in- and the mutual-susceptan@, ), depicting a vivid behavior of
creases anfl is widened, but it is smaller thak,. On the other some unexpected radiating resonance, which is caused by the
hand,R, and X, is also much small in the case of the narro@imultaneous existence of a series gap capacitance and a series
D and wideS so that this CPS circuit can well be modeled bynductance. Usually, the capacitance is intuitively obtainable by

a single shunt reactancs,. static or full-wave solutions, whereas the inductance due to the
grounding line or the line of reference may easily be overlooked
E. Capacitively Coupled Circuit in the modeling. Generally speaking, a large gap interval trig-

As our last example, a capacitively coupled circuit preserggrS a Iatr?e mducta.nce. un_ger tTIe f|ﬂ§7dangﬁ, such tr:ﬁt the .
some interesting and distinct features of the CPS circuits. ThiONANtirequency is signimcantly reduced because e capaci-

circuit consists of an air gap along one of the strip conductotr%nce(c) remains unchanged. Of course, the maximum radia-

while the other line is kept intact and this structure was ali'éj n take_s place around the frequency of resonance, translating
called a “CPS series gap,” as in [6]. Fig. 8(a) shows its geom € maximum value ofr,.
rical view with a gap intervaD. In [6], this structure was mod- 10 validate our claimed results here, Fig. 10 gives a gen-
eled as a lumped-capacitancenetwork, and its FDTD-calcu- €ral comparison between our predicted results and those of [6],
lated parameters were plotted against measured ones at low¥fBich depicts a frequency responseSsharameter character-
quency. Strictly speaking, its generalized circuit model shoulgfics for a structure with a wide strip width. Note that only
be considered as in Fig. 8(b) by adding a series inductarlew-frequency results are available in [6]. From our obtained
because the strip conductors have inherently electrically finggrves, we can observe that a sharp variation ofStparame-
widths. This nonignorable parameter represents the parasitictefs within the high portion of the frequency band is observed,
fect of a noninfinitely extended strip width around the air gapyhichwas not reported in [6]. This corresponds to a circuit reso-
section. The resulting circuit model of Fig. 8(b) can be corfance aroung = 7.4 GHz, caused by a series gap capacitance
verted into ar-network, as shown in Fig. 8(c), in which the se@nd a series line inductance shown in Fig. 8(b) and (c). Inter-
ries capacitance and inductance are put together to make ugakngly, our recent work [20] demonstrates from both theory
equivalent series resonant circuit. In our MoM algorithm, arz”d experiments that such a resonant phenomenon exists in a
potential radiation loss [11]—-{13] can be taken into account afiflite-ground CPW gap circuit that also has an electrically fi-
can equivalently be incorporated into the model by a shunt cdite-ground width. To our knowledge, there is a common phys-
ductance and a series resistance, as indicated in Fig. 8(b) K& mechanism for them that the finite ground at the same lo-
(©). cation as the gap intervéD) generates an additional series in-
Fig. 9 shows our extracted circuit parameters over a widéictance in the complete model, as illustrated in Fig. 8(b).
frequency range (2.0-10.0 GHz) with the same dimensions asNow, let us take a close look at some visible and nonnegli-
those in [6]. From Fig. 9(a), the self-susceptaBg) is found gible difference among three sets of the independent results in
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Fig. 9. Extracted complete circuit parameters of the CPS inductively cou ) .
cirgcuit. (a) Complex sglf-admittang(ay = G, + jB,). (b C0m>;)|ex pIQ—|g. 10. Comparison of our calculatettparameters against the FDTD and
mutual-admittancéY, = G, + jB,) ¥ P experimental results for a CPS capacitively coupled (gap) circuit, for which
- 9 g9/

our results show an unexpected resonance around 7.6 GHz. (a) Magnitude of
S-parameters:Syy| & |Sz21|. (b) Phase of-parameters®;; & ®,;.
both magnitude$|S;;| & |S21|) and phase$®;; & ;) of
S-parameters, as illustrated in Fig. 10. According to the prifjete ignorance of the incident port discontinuity in the FDTD

ciple of a reciprocal, lossless, and symmetrical two-port nfjogeling for the parametric extraction of electrically small CPS
work [21], these magnitude and phase parameters should gz its by using the existing deembedding procedures.

orously be satisfied with the following two basic equation_s, .8, Furthermore, Fig. 11(a) illustrates a detailed radiation be-
|11 2 +[S21]* = 1and(@11 — @51) = (2n—1)90°, wherenis  hayior of such a CPS gap discontinuity over a wide frequency
an integer number. Fig. 11 indicates the three sets of frequenpé[ngel in which the maximum radiation is observed to happen
dependent loss factofl — [S11]* — S21|*) and phase factor around the resonance with reference to Fig. 9(b). Fig. 11(b) in-
(®11 — ®21), which are directly obtained from the FDTD andyjcates that the phase factor gradually goes down from the 90
experimental results, as well as our SOC results as in Fig. Ji8e, drops off toward a negative minimum degree at a frequency
Over the frequency randg < 4.8 GHz) regarding the case of |ocation marked by F},” and then rises up to a positive degree
an extremely low loss [6], our results show that the loss factgg frequency is further increased beyond the locatian™With

is lower than 0.02, while the phase factor is almost kept aroupsterence to the results in Fig. 9(b), we can further observe that
90°, exhibiting an excellent consistency with the condition of the susceptandeB,) is exactly equal to zero value at these two
lossless two-port network. Unfortunately, the FDTD and expefrequenciesk; andF,) and becomes positive or negative values
imental results illustrate a high loss factor with some irregularlyefore or beyond them due to the capacitive or inductive
frequency dependency even at low frequency. On the other hadtherwise, we can observe that the phase factor is continuously
the phase factor for the FDTD results is almost kept arourid 7&aried as a function of frequency without any abrupt change, as
far away from 90 in the lossless case, while randomly changés the lossless case regarding the dotted line in Fig. 11(b), and
between 60 and 100 for the measured ones. To our underalso its value is far away from the90° lines, especially around
standing, it is mainly attributed to the unsolved issues suchthg resonance. It can be well understood by the increasing radi-
nonideal calibration standards in the measurement and the catien loss around the resonance, as shown in Fig. 9(b).
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Fig. 11. Physical view of the three sets of-parameters in Fig. 10
according to the principle of a reciprocal two-port network. (a) Loss factor:[12]
(1 —|S11]? = |S21/%). (b) Phase facto(®,, — ®2;) (in degrees).

IV. CONCLUSION [13]
In this paper, a variety of uniplanar CPS circuits and discony; 4
tinuities have been studied in depth with the use of a determin-
istic 3-D MoM algorithm that incorporates a numerical deem-
bedding technique called SOC. This unique scheme allows ongs)
to remove (calibrate) potential errors of the algorithm and ex-
tract the core circuit parameters in a very accurate manner. Thus,
equivalent lumped-element circuit models can be obtained frorn6
physical layouts of the CPS discontinuities without resorting to
a pre-knowledge or presetting of their circuit behavior. Inter-
esting and distinct features of the CPS discontinuities and ci|1—17]
cuits are presented with detailed results of the extracted circuit
models. It is discussed and explained for the first time that thé'8l
finite-ground line of unbalanced CPS structures may generate
nonnegligible and significant parasitic effects including an un-
expected inductance effect or potential radiation loss or pard?®l
sitic resonance phenomenon. Our CAD-oriented models prgy
vide a robust physical understanding and some insightful design
rules of this new transmission-line-based circuits and structures,
which is emerging as one of the new-generation building blockf.ﬂ]
of high-density radio-frequency design.
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