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Mode Coupling and Leakage Effects
In Finite-Size Printed Interconnects
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Abstract—A multimode analysis is used to describe how leakage fields into which leakage occurs are essentially the same as
effects are manifested in general printed interconnects situated syrface-wave fields and, therefore, under such circumstances
on substrates of finite size. In the vicinity of discrete frequencies, the physical mechanisms involved in leakage to a surface wave

it is shown that the analysis reduces to classical coupled-mode d lel-ol d imilar. Theref h h
theory. The general results are then specialized to the particular @Nd @ parallel-plate mode are very similar. Therefore, through-

case of shielded microstrip on an anisotropic substrate, for which out the remainder of this paper, the leakage is referred to as
numerical and experimental mode-coupling results are presented. being in the form of a surface wave, with the understanding
The numerical results are demonstrated in the form of dispersion that in some cases it is more rigorously described as a parallel-

curves and field plots, and are computed using the finite-element late mode. Leakv-wave modes. characterized by complex
method and the spectral-domain technique. The experimental P ) Yy ' y p

results are performed using a network analyzer, and are given in Propagation constants, can only exist in an idealized structure
terms of scattering parameters. with an infinite region into which the energy can leak. For the

Index Terms—Interconnect, leakage, mode coupling, transmis- Ca§e O_f a printed trans_mlss_lor_l-l.lne, a leaky-wave mode only
sion line. exists if the substrate is of infinite transverse extent. Several
researchers have investigated potential leakage from printed
transmission lines on idealized substrates of infinite size. For
example, leakage has been investigated from coplanar strips
FOR MANY years, printed transmission lines such as mf1], [5], coplanar waveguide [3], slotline [3], [6], microstrip

crostrip, slotline, coplanar strips, and coplanar waveguidg an anisotropic substrate [4], and from broadside-coupled

were assumed to support modes with fields bound to thficrostrip [7]. Experiments have also been performed on
vicinity of the guiding region (slot or strip). More recently,s|otline [3]; in these experiments, a microwave absorber was
however, it has been recognized that for certain geometriggled on the sides of the structure to simulate a geometry of
parameters and frequencies, these structures can support mgggste transverse extent.
which are Ieaky. This Ieakage occurs when the transmiSSionAn actual integrated circuit is Obvious|y printed on a sub-
line mode propagates with a phase velocity faster than that ofgate of finite size. Although the leaky-wave mode analyses
mode or wave in the surrounding environment. Depending @ig experiments discussed above have been useful in elucidat-
the geometry and frequency of operation, leakage can ocgyy the dominant physical effects associated with leakage in
in the form of a space wave [1], [2], surface wave [3]-[Slyrinted transmission lines and in identifying various structures
or a parallel-plate mode [6], [7] (for a structure open aboM@at can be leaky, they have not dealt with how leakage is
and/or below, leakage can occur simultaneously in the forgyifested in a practical circuit of finite size. We present here a
of a space wave and a surface wave [2]). In this paper, we gfgeral theory that describes how a leaky wave from a printed
concerned with leakage effects involving transmission lings,nsmission line on a substrate of infinite width is manifested
n practlcalllntegrated circuits. Such transmission lines age, 3 substrate of finite width. The analysis uses multimode
usually designed so as to only propagate their fundamenial . “anq is applicable to any finite-size printed transmis-
(zero-cutoff frequency) mode(s) in the frequency regime %\‘qn line. At and around particular discrete frequencies, the
interest and, therefore, the emphasis here is on pOtenPr?ultimode analysis reduces to classical coupled-mode theory.
'eak?‘ge from such modes. . _..Subtle distinctions are made between the perturbed modes

It is well known that the fundamental mode of a rea“St'?rom idealized structures and the actual modes that exist on

printed transmission line has, for all frequencies, a pha%ee transmission line of finite size. The ideas gained from the

velocity which is slower than the speed of light in free spacg; ltimode analysis are then demonstrated for the particular

Therefore, such a mode can only leak energy in the form cg]efxuse of leakage from the fundamental mode of microstrip on an

a surface wave; for circuits with top and bottom conducting . L . :
. énlsotropm substrate of finite width. Both numerical and exper-
plates, the surface-wave mode is more accurately termed a

parallel-plate mode. However, in most cases, the parallel-plé%ental results are prese_nted for_th|s structure. The numerical
results are computed using the finite-element method and the

Manuscript received June 29, 1995; revised February 13, 1998. SPeCtra!'domaln tec.hnlque, and are presenteq in the fom_] of
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I. INTRODUCTION

Du(l;e Vl\,/Jng/IeLsity, glﬁ'h‘?n\k/ r\gt:) 2770%_3t-r?t2r?13UiA-| ¢ Eloctrical and G clearly show the characteristics of classical coupled-mode

. . olade an . J. We are wi € SCNhool O ectrical an omputer s . . .

Engineering, Purdue University, West Lafayette, IN 47907 USA. tteh-eory. Additionally, we examine this structure experimentally,
Publisher Item Identifier S 0018-9480(98)03156-1. with results presented in the form of scattering parameters.

0018-9480/98$10.001 1998 IEEE



CARIN et al. MODE COUPLING AND LEAKAGE EFFECTS IN FINITE-SIZE PRINTED INTERCONNECTS 451

Dielectric
(@) (b)

Fig. 1. (a) Cross section of shielded microstrip. (b) Conductor-backed coplanar strip waveguide.

[I. MULTIMODE DESCRIPTION important to carefully define the various modes that can be
supported by the structure in Case 2. In the absence of the
printed transmission line, the structure supports box modes.

] ) . Thus, in Case 2 there is a class of modes predominantly
Consider a leaky fundamental mode associated with g8sqgciated with the box and with slight perturbation caused

arbitrary printed transmission line. To speak of a leaky modgy the presence of the printed transmission line. These modes
it is implied that the substrate on which the line is printegre termed “perturbed box modes.” The second class of
is of infinite transverse extent. Assume also that this modeJ$,jes in Case 2 are associated with the printed transmission
eﬁ(cned by a Flmel-.harmomc soulrce at the' pcfztnt: 0,and jine in case 1, and are perturbed by the presence of the
the transmission line extends along thexis fromz = 0 box. These are called “perturbed transmission-line modes.”

to infinity. If the frequency of the source is such that th%he perturbation of the box modes is often weak since
fundamental transmission-line mode is leaky, the amplitude of

o o ) N e strips usually occupy only a small part of the cross
the field in the vicinity of the slot or strip (slot for slotllne-llkesection_ However, the perturbation of the transmission-line

structures, and strip for microstrip-like structures) dec:reaslg?]%deS can be severe, since we can go from a nonspectral
with distance along the longitudinal direction, as the ener: '

Wode with complex propagation constant (leaky-wave mode
leaks into the substrate. The above scenario, for a prin c? plex propag (leaky )

R o . a spectral mode with a real or imaginary propagation
transmission line on a substrate of infinite extent, is referr%%nstam The cutoff frequencies of the perturbed box modes
to as Case 1. :

Now, consider the same transmission line, but with its trana[e determined predominantly by the size of the box, while the
' : j . erturbed transmission-line modes have cutoff frequencies that
verse extent truncated in some way; we refer to this as Case . . . ;
are determined predominantly by the width of the strip or slot.

2. This truncation may be manifested, for example, in slotline We assume Case 1 is excited such that the dominant

or coplanar waveguide with finite-width conducting plates, Yansmission-line mode is launched, and that this mode is

microstrip or coplanar strips on substrates of finite width (s {aaaky. In Case 2, we consider the same excitation. Assume

Fig. 1). It is important to stipulate that the truncation musfurther that the leaky-wave wavenumber in Case B,and

be sufficiently far away from the guiding slot or strip such L
that the fields at the launch are the same as those in | 8,S)ur:'i(;e;a}/:;?fg:;(;hg:siisergzevéivemi‘lm(? /‘;(ﬁj
idealized infinite structure in Case 1. If we excite Case 2 in the’"V/: 9 ge s, v cos™ 3/ fsw),

same manner as Case 1, we would expect the energy to a%lll the distance, at which the leaked energy first hits the

A. Physical Concept

initially leak at an angle (in a cone) from the guiding regio e;vallr;n Case_dzﬂf gpprox(;mateiy; al/(2ktan o), wherg
(unaware, initially, of the lateral truncation). Until the leake € bOX ‘F?‘gﬂ? Wlth d :epen N9 onb e.ﬂe1a e|1ge anglen I
energy encounters the sidewalls, the field profiles in Case X ox widtha, the distance:, can be elther farge or smaf.

and 2 are identical. After some longitudinal distaneg),(the either situation, we can always express the fields in the

leaked energy in Case 2 encounters the sidewalls, and refl&CRSS section of Cas'e 2 as an infinite sgmmation of spectral
back toward the guiding region modes (the propagating and nonpropagating perturbed box and

transmission-line modes).
) . We first consider the case for whieh is large. A “large”

B. Multimode Analysis distance is defined as one at which the cutoff modes contribute

For simplicity, in the remainder of this paper, Case Regligibly to the total field. For such a case, the cutoff modes
is specialized to an interconnect placed in the center ofaadmultiple propagating modes describe the complicated field
rectangular waveguide (this is shown in Fig. 1 for the cas®ne emanating from the launch; more than one propagating
of microstrip and conductor-backed coplanar strips). Caseribde is required since no one propagating mode can represent
is again the corresponding transmission line on an infinitee leakage cone from the launch up to the peinfThe modes
substrate (no sidewalls). Since in Case 2 the transmission lizanstruct the field profile at = 0, and because these modes
is placed inside the waveguide, only modes with purely real propagate at different velocities, they get out of phase with
imaginary propagation constants are expected (neglecting thereasingz and combine to represent the complicated field
possible complex modes that may exist in complex conjuggieofile from z = 0 to z,, and beyond. The other extreme is
pairs [8]). Such that the subsequent discussion is clear, itvikenz, is very small (large leakage angle and/or narrow box),
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such that the complicated fields tg need not be described
by more than one propagating mode. Such a situation could
be obtained by diminishing the box width until all perturbed B,
box modes are cutoff. In such a situation, the fields must
be described by the fundamental perturbed transmission-line 6.
mode and an infinite sum of cutoff modes. In the first extreme,
for all » there is more than one propagating mode; in the
second extreme, after a sufficient distance from the launch,
only the perturbed transmission-line mode is propagating. One
should recall, however, that this discussion began by requiring
that the sidewalls be sufficiently distant from the printed
transmission line such that the fieldszat 0 in Cases 1 and 2

are the same. In the second extreme, we required the sidewalls
to be so close to the transmission line such thatvas very Fig. 2. Schematization of the fields of a perturbed transmission-line mode

small. In such a scenario. it is Iikely that the sidewalls pertu at is a fast wave with respect to a surface wave in the surrounding dielectric.
’ ! hen the perturbed transmission-line mode becomes a fast wave with respect

the total fields atz = 0, violating our original assumption. io a surface wave in the surrounding dielectiit, < 3sw ), the energy of
In most circuits of practical interest, the box walls are distatite perturbed mode away from the strip is in the form of the surface wave
from the printed transmission line such thatis large. For With wavenumberssyy traveling at an anglé; = cos*(5:/dsw) (there
. . . . ) is also a surface wave traveling back to the strip due to reflection at the side
the remainder of the discussion, we restrict ourselves to thdgminations).
situation, with the understanding that it is possible to eliminate
the propagating box modes by shrinking the distance between )
the sidewalls an angle. Moreover, the surface waves that compose the fields

Although the above discussion is a straightforward appfVay from the slot or strip in the_transmission-line mode of
cation of modal theory, it has important implications. Oftefr@S€ 2 are the same waves to which leakage occurs in Case 1.
when shielded planar transmission lines are modeled, one
calculates a single real propagation constant, and assurResClassical Mode Coupling

the fields of the corresponding mode describe the fields OfThe unperturbed box modes can be represented as a su-
the guide for allz. The above discussion shows that wheBerposition of surface waves bouncing at an angle between
the transmission line would be leaky in a transversely opéfe sidewalls. The longitudinal wavenumbgfx, of the
structure (Case 1), often more than one propagating mogi® unperturbed box mode:(being a nonnegative integer)
is required to describe the field in a corresponding shieldggoduced by the surface wave with wavenumpkes; can
structure (Case 2). This observation is consistent with a recgit expressed a8,ox» = (32w — (nm/a)?]L/? for a box of
paper by Tsuji and Shigesawa [9], in which they showed thatfidth «. There are, therefore, an infinite number of discrete
a leaky planar transmission line is placed in a box, it display®x modes associated with each surface wave. We again
a pulse distortion that is inconsistent with the dispersion Of@;sume the perturbation of the box modes due to the Strip(s)
single shielded transmission-line mode. is weak, and that the wavenumbers of the perturbed and
unperturbed box modes are essentially equal. The angle at
) which the surface waves leave the perturbed transmission-
C. Physical Effects line mode (under leakage-like conditions) is given as before
In Case 2, since the transmission line is placed insitty 6, = cos™(8:/Bsw), and the surface waves associated
the waveguide, only modes with purely real or imaginarwith the perturbed box modes travel at angles given by
propagation constants are expected (neglecting again the pfgssz,, = cos™* (Bvoxn/Bsw)- If Be = Buoxns 0t = Oboxn,
ence of possible complex modes). At frequencies for whiend one would expect strong interaction between the perturbed
the perturbedtransmission-line mode has a wavenumer transmission-line and box modes. This is the same condition
which is less than that of a surface wapg;, supported as that for classical mode coupling [10] (see Fig. 3).
by the substrate, the fields of the perturbed transmission-As the perturbed transmission-line mode first becomes a
line mode, away from the strip(s), can be represented fast wave with respect to the surface wave in the surrounding
terms of propagating surface waves traveling at an angle fratielectric (as a function of frequency), the surface waves
the strip(s) (see Fig. 2). The wavenumber of the perturbedcited in the surrounding substrate travel in the direction of
transmission-line modes, in Case 2 should be contrastedhe transmission line. With increasing frequency, the angle of
with the unperturbed leaky-wave mode in Case 1, which hapempagation of the surface wave sweeps out away from the
complex propagation constamt-j 3, with 3, = 8+e¢. Usually, strip asg; becomes smaller with respect - (see Fig. 2).
the real number is small, such that the transmission-line mod&he condition3;, = f,.x» Can also be expressed As, —
in Case 1 becomes leaky < (sw) at or near the frequency nr/a with 3, = [Bsw —3:]'/2. This expression indicates that
when 8, < Bsw. This implies that at frequencies for whichas the box width: increases, the frequency intervals between
the transmission-line mode in Case 1 is leaky, the perturbetiich classical mode coupling occurs becomes smaller. In the
transmission-line mode in Case 2 consists of fields away frdimit as the width goes to infinity, these mode-coupling regions
the strip that are characterized by surface waves travelingoatur continuously with increasing frequency. This, therefore,

Strip
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Fig. 3. Example dispersion curves characteristic of classical mode coupling. 4
The dashed lines correspond to the two unperturbed modes from two distinct

waveguides. In our case, one mode corresponds to a box mode in the absence [~ ]
of the printed transmission line and the other mode corresponds to the2.8 Lt 11 T T T T B S
transmission line in the absence of the box. When the printed transmission 0.2 0.22 0.24 0.26 0.28 03 0.32

line is placed inside the box, the two modes are perturbed. Instead of crossing, h/A

the dispersion curves of the perturbed modes (solid curves) bend away from . . . . . .

each other. The coupling parametef indicates the coupling strength. For Fig. 4. Dispersion curves for shielded microstrip on an Epsilam-10 substrate

strong couplingM is large, with the opposite being true of weak coupling. (€ = 10.3 ande, = 13). The optical axis is perpendicular to the strip
surface. Referring to Fig. 1, the geometrical dimensionsuare ¢, h = 5t,

and’a, = 9t. TEM' denotes the perturbed transmission-line mode and the
is analogous to the case of an ideal leaky transmission line ggﬁjés %rfveﬁigﬁrﬁg% bpcl’ét?g?:z'rggsnﬁ’eoénitﬁ 'l‘:jizrs'f'fg pos in the dispersion
a substrate of infinite cross section on which leakage occurs
continuously in particular frequency intervals.

The relationship between transmission-line leakage iachnique [11] and the finite-element method [12]. First,
Case 1 and mode coupling in Case 2 can be made expli€Rnsider an idealized case for which the microstrip is printed
As discussed above, mode coupling between perturb@d such a substrate, and the substrate (and ground plane) has
transmission-line modes and perturbed box modes occilifinite transverse extent (as in Case 1 above). The dominant
at frequencies where the dispersion curves of the unperturiigrostrip mode has its electric field lines predominantly along
modes cross. If a particular transmission-line mode in Casdhe optical axis and, therefore, will have a high-frequency
is nonleaky, ther® > sy, wheres is the wavenumber of the effective dielectric constant negy. It can be shown, however,
transmission-line mode an@sy; represents the wavenumbethat the TE. surface waves supported by such a uniaxial
of any surface wave supported by the dielectric slab. Furthéisotropic substrate have high-frequency effective dielectric
we recall that the wavenumber of théh box mode associatedconstants approaching, . Thus, on a uniaxial anisotropic
with Bsw i Booxn = [Biw — (nm/a)?]}/2. Thus, if a substrate such as Epsilam-10 (for whieh > ¢), at high
particular transmission-line mode in Case 1 is nonleaky for difequencies the microstrip mode is a fast wave with respect to
frequencies, ther > B,.x for all frequencies (for all box one or morel'E. surface waves, leading to leakage. It has been
modes); under this condition there can be no mode crossirgwwn that a fundamental microstrip mode on such a uniaxial
of the unperturbed modes and, therefore, there can be substrate is indeed leaky at high frequencies, with the energy
mode coupling between the perturbed modes in the shieldedked away from the strip in the form of &, surface wave
transmission line. This simple proof shows that mode coupliig]. Here, we consider the same structure placed in rectangular
between a perturbed transmission-line mode and perturbed b@veguide (as in Case 2, see Fig. 1). The microstrip line is
modes can occupnly if the unperturbed transmission-linecentered in the waveguide. The dimensions of the structure are
mode, in the absence of the shield is leaky. This demonstratesmalized to the dielectric thicknegswith w = ¢, a = 9¢,
that leakage, which heretofore has only been investigated &ord/ = 5¢ (see Fig. 1). A portion of the normalized dispersion
the case of open structures, has a direct effect on the physiasve is shown in Fig. 4 for the shielded microstrip structure.

of shielded transmission-line structures. The mode designatiol'E,,,,, corresponds to thenth root
of the transcendental equation for ti&, box mode with
. EXAMPLE RESULTS transverse wavenumbdy, = n/a, for a box of widtha.

. _ The modes in Fig. 4 are identified 8£M" and TE,,,,,,, to
Several issues have been addressed with respect to leakggde. ihe perturbed transmission-line mode and y

. ) i . h ) perturbed box
like effects associated with printed transmission lines q[ﬁides, respectively. The geometrical parameters selected are

substrates of finite size. Below, we discuss theoretical apgl\icq| to those used in [4] (with the addition of sidewalls
experimental results that quantify some of these points. and a top cover) for which a leaky transmission-line mode
was supported. The leakage in [4] startedtph ~ 0.24,
and Fig. 4 shows the dispersion curve in this region. For
We consider microstrip printed on Epsilam-10, a uniaxidl/A < 0.2, the dispersion curve of the perturbed transmission-
anisotropic substrate. The optical axis is perpendicular to thiee mode TEM') exhibits very little dispersion and the
surface of the strip, withy; = 10.3 and ¢; = 13.0. The dispersion curves of the perturbed box modes approach cutoff
calculations have been performed using the spectral-domairickly (3/k, = 0) with decreasing/A.

A. Numerical Calculations
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Fig. 5. Transverse magnetic field associated with the modes in Fig. 4 at Points 1-4. The plots are drawn as follows: the point from which the arrow
originates corresponds to the point in space at which the field is calculated, the arrow indicates the direction of the field, and the length of the arrow
represents the relative strength of the field at that point. Curves (a)—(d) correspond to Points 1-4 in Fig. 4, respectively. Fig. 5(a) and (blateds calcu
att/A = 0.21 and (c) and (d) was calculated atA = 0.25.

The TE,;,, box modes can be representedlds,; surface In addition to considering the dispersion curves, it is of
waves bouncing at an angle between the sidewalls, wititerest to investigate the field profiles of the modes in
transverse wavenumbér. = nr/a. Further, as stated aboveFig. 4. From Fig. 3, one observes that in a region of mode
classical mode coupling is expected whgntan 6, ~ n7/a, coupling there is a switch of mode types on either side of the
for a perturbed transmission-line mode of wavenumpBer coupling region. This is a well-known property of classical
and a surface wave with wavenumbggy-, where §; = mode coupling [11]. In Fig. 5(a)—(d) are shown the transverse
cos~Y(B3:/Bsw). For the structure in Fig. 4, the box is rel-magnetic fields at Points 1-4, respectively, in Fig. 4. At
atively wide and, therefore, the first region of classical modeoint 1 [Fig. 5 (a)], the magnetic fields are nearly confined
coupling occurs at frequencies just after the point at whidh and encircle the strip, as expected of the fundamental
the perturbed transmission-line mode becomes a fast wggeasi-TEM) microstrip mode. By contrast, Point 2 [Fig. 5(b)]
with respect to thel'E.; surface wave. Additionally, other corresponds to a perturbed box mode, with fields unconfined
regions of classical mode coupling are evident with increasitg the strip region. At Point 3 [Fig. 5(c)], the field is again
frequency. In this example, mode coupling occurs only famconfined to the vicinity of the strip, and is in the form of a
perturbed box modes with odd. This is explained by the perturbed box mode. Finally, at Point 4 [Fig. 5(d)], the fields
even symmetry about the strip center of fadirected electric are predominantly confined to the vicinity of the strip, in the
fields for the fundamental microstrip mode. The perturbed bdarm of a perturbed transmission-line mode.
modes with oddr have y-directed electric fields with even At Point 1 [Fig. 5(a)], the microstrip mode is still a slow
symmetry about the center of the box, while modes with evevave with respect to th8'E.; surface wave and, therefore,

n have odd symmetry. If the strip was offset between thtbe perturbed microstrip mode looks much like a quasi-TEM
two sidewalls, the perturbed transmission line would displayode: the fields away from the strip are very small compared
classical mode coupling with perturbed box modes of both those around the strip. However, at Point 4 [Fig. 5(d)], while
symmetries. the magnetic fields are primarily circling the strip, the relative
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Fig. 6. Grayscale plots showing the cross-sectional power density for three of the modes in Fig. 4. All calculations were perfgdmedat7, and (a)—(c)
correspond to Points 5-7 in Fig. 4. The regions from high-to-low relative power density are represented with regions of dark-to-light shadtivglyespe

field strengths away from the strip are much larger than those
in Fig. 5(a). This is because at Point 4 the transmission-line
mode is a fast wave with respect to th&.; surface wave.
Thus, although the fields look like those of a classical (quasi-
TEM) microstrip mode in the strip region, the fields away
from the strip are nonnegligible (and are in the form of a
propagating surface wave).

A more dramatic demonstration of this phenomenon is
shown in Fig. 6, in the form of power-density plots for Points
5-7 in Fig. 4. In these figures, it is clear that the fields at
Points 5 and 6 correspond to perturbed box modes while
the fields associated with Point 7 correspond to a perturbed
transmission-line mode. This well-known mode switching
associated with classical coupled-mode theory has important
implications with respect to the modeling of the modes of
such structures. Usually, when modeling printed transmission
lines, it is assumed that the mode with the largest propagation
constant corresponds to the dominant transmission-line mode.
These power density plots clearly demonstrate that this is not
the case in regions of classical mode coupling.

Fig. 7. Test set used to perform measurements.

B. Experimental Results the first, except instead of using Epsilam-10 as a substrate,

In addition to calculations, we have performed measurere used Rogers Duroide, = 11). This isotropic substrate
ments to examine some of these effects in actual printags chosen because it has a dielectric constant which is
transmission lines on substrates of finite size. A schematimse to both of the dielectric constants associated with the
of the device on which the measurements were performeduisiaxial anisotropic substrate Epsilam-10. The measurements
shown in Fig. 7. We constructed two structures. One consistedre performed with an HP8510B network analyzer. With the
of microstrip on an Epsilam-10 substrate with all dimensiorsandwidth available, we were required to use thick substrates
exactly as in Figs. 4-6. The second structure was identical(|808 mm) such that we could see effects associated with
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Fig. 8. Magnitude ofiS2;| for microstrip transmission line printed on the Fig. 9. Magnitude o5, for microstrip line printed on Epsilam-10 (E-10),
anisotropic substrate Epsilam-10 (E-10) and on Rogers Duroid, an isotrogjén all cross-sectional dimensions as in Fig. 4. One curve (E-10 Short)

substrate(e; & 11). The geometrical parameters are identical to those Usedrresponds to microstrip of a few millimeters in length, while the other
in Fig. 4. As indicated in Fig. 4, the microstrip mode on E-10 becomes a fa(qu_i_lo Long) corresponds to a 5-cm-long microstrip line.

wave fort/A & 0.24, and at higher frequencies, classical mode coupling

occurs. Both microstrip lines are 5-cm long.

the cone of fields characteristic of a leaky wave. The longer
gaa transmission line, the more energy will leak away from

Figs. 4-6. With such a thick substrate, we were concern o o :
that it would be difficult to excite the microstrip mode githe strip; it is not surprising, therefore, that the loss associated
ith S,; increases with increasing line length. Finally, the

rectly. Therefore, we used a coplanar—waveguide—to—microst?’l‘ﬁ

transition (Fig. 7) to effectively excite the microstrip modeMICrostrip mode on an isotropic substrate is nonleaky. This
plains why the loss ifS,; | is seen for the Epsilam-10 and

Measurements are shown in Fig. 8 for the transmitted sigrfai ;
S21| for the microstrip on the Epsilam-10 and Rogers subot for the Rogers substrate, the former supporting a leaky
strates. The length of the microstrip line in both cases is 5 cfode, and the latter not.
Over most of the measured bandwidth, the associated with
the Rogers’ substrate is relatively small and frequency inde-
pendent. However, for the microstrip on Epsilam-10, a sharpThe well-known phenomenon of leakage associated with
dip in So; is observed very nedy A = 0.24. This was the point printed transmission lines on substrates of infinite extent has
at which the first coupling behavior is expected (Fig. 4). Ateen investigated for the case of such transmission lines on
frequencies above which the perturbed transmission-line magiebstrates of finite extent. The situation for which the substrate
is a fast wave, there is a strong drop|#; | associated with has infinite extent was termed Case 1, while geometries
the Epsilam-10 substrate not seen for Rogers Duroid. We didgth finite transverse extent were identified as Case 2. In
a second set of measurements to investigate the effect of @ese 1, the transmission-line mode becomes leaky when
transmission-line length on this phenomenon. We constructidd mode becomes a fast wave with respect to a surface
a geometry for which the microstrip was again fabricated amave supported by the surrounding dielectric. The fields exist
Epsilam-10, but it was only a few millimeters long. In Fig. 9predominantly inside of a cone dictated by the angle of
results are shown which compal$,,| for the long (5 cm) leakage, and are represented by a leaky-wave mode with
and short (few millimeters) microstrip line on Epsilam-10. Theomplex propagation constant. In Case 2, all the modes have
change in|Sy; | is far less dramatic for the short transmissiopurely real or imaginary propagation constants. The presence
line when compared to the longer line. of the box perturbs the transmission-line modes, and the
We can interpret these results using several of the conceptesence of the strips perturbs the box modes. Thus, we
developed above. At frequencies for which the microstrigescribed the modes in Case 2 as perturbed transmission-line
mode is a slow wave with respect to the surface wavesd perturbed box modes. When the perturbed transmission-
supported by the dielectric, the fields associated with tliee mode becomes a fast wave with respect to one or more
microstrip mode are bound to the vicinity of the strip. Thusurface waves supported by the dielectric substrate, its fields
at frequencies for which the microstrip mode on Epsilam-1&re not confined to the vicinity of the strip(s); in this case,
is such a slow wave, it will behave much like the microstrighe fields away from the strip are in the form of surface waves
mode associated with Roger’s Duroid (which is always a slopropagating at an angle. If we excite the fields in Case 2 in the
wave). However, at frequencies for which the microstrip mod&me manner in which the leaky-wave mode is excited in Case
associated with the Epsilam-10 substrate is a fast wave withthe fields in Case 2 leave the launch in the form of a cone,
respect to a surface wave, the fields “leak” away from thEharacteristic of a leaky wave. Until the fields in Case 2 hit
strip. This leakage in a finite-width structure, as discusseitie sidewalls, the fields in Case 1 and Case 2 are identical. As
can be represented as a summation of the modes in Figdiécussed, the fields in Case 2 must be represented as a sum
As these modes propagate away from the launch, they get ofitspectral modes; if the box is sufficiently narrow, all the
of phase due to their different phase velocities, and constrperturbed box modes are cutoff, and the complicated fields
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emanating from the launch can be represented by a singj# A. A. Oliner and K. S. Lee, “The nature of leakage from higher order
propagating perturbed transmission-line mode and an infinitﬁe modes on microstrip line,” IEEE MTT-S Symp. Dig1986, pp. 57-60.

b i toff d | tical h 3] H. Shigesawa, M. Tsuiji, and A. A. Oliner, “Conductor-backed slot-line
number of cutoll modes. In many practical cases, NOWEVer,” ;.4 coplanar waveguide: Dangers and full-wave analyses/EEE

the leakage angle and/or box width dictate that more than MTT-S Int. Symp. Dig.1988, pp. 199-202.

one propagating mode is required to represent the field cort M-hTSUJ'i' H. Shigest;’iwa’ and A. A. lo"li‘efv “Pfffintedl-igcuit waveguide
. ‘e . with anisotropic substrates: A new leakage effect,1BEE MTT-S Int.
leaving the launch, and eventually hitting the sidewalls. In g "5 1959 by 783-786.

this case, usually the perturbed transmission-line mode ansi D. S. Phatak, N. K. Das, and A. P. Defonzo, “Dispersion characteristics
one or more propagating perturbed box modes are excited. of optically excited coplanar striplines: Comprehensive full-wave anal-

Therefore, at all distances away from the launch, more than 3@3 1";5(')5 Trans. Microwave Theory Techuol. 38, pp. 1719-1730,

one propagating mode is required to represent the total fieldg] N. K. Das and D. M. Pozar, “Full-wave spectral-domain computation
Moreover, in the vicinity of certain discrete frequencies, the of material, radiation, and guided wave losses in infinite multilayered

; ; printed transmission linesfEEE Trans. Microwave Theory Techol.
angle of the surface waves leaving the strip(s) for the perturbed 39, pp. 54-63, Jan, 1991,

transmissmf_""ne m_OdeS is ?qua| to the angle of the surfaqe) L. carin and N. K. Das, “Leaky waves on broadside-coupled mi-
wave associated with a particular perturbed box mode; at and crostrip,” IEEE Trans. Microwave Theory Techupl. 40, pp. 58-66,
around these frequencies, the perturbed transmission-line mo@f Jan. 1992,

L . 18] C. J. Railton and T. Rozzi, “Complex modes in boxed microstigEE
and perturbed box mode exhibit phenomena associated wWith 1,ans. Microwave Theory Techupl. 36, pp. 865-874, May 1988.

classical coupled-mode theory. [9] M. Tsuji and H. Shigesawa, “Packaging of printed circuit lines: A

Several of the points addressed have been detailed quanti- dangerous cause of narrow pulse distortiolsEE Trans. Microwave
ivel ith ical tati d ts. T Theory Tech.yol. 42, pp. 1784-1790, Sept. 1994.
tatively with numerical computations and measurements. TR H. A. Haus,Waves and Fields in OptoelectronicsEnglewood Cliffs,

calculations were performed using the finite-element method NJ: Prentice-Hall, 1984, pp. 217-229.

and the spectral-domain technique, and were presented in fHé T- !toh and R. Mittra, A technique for computing dispersion charac-
f f di . field ol d d . | teristics of shielded microstrip,JEEE Trans. Microwave Theory Tech.,
orm of dispersion curves, field plots, and power density plots. MTT-22, pp. 896-898, Oct. 1974.

All of these results demonstrated the interaction of the pde2] G. W. Slade and K. J. Webb, “A vectorial finite element analysis for
turbed transmission-line mode with perturbed box modes, and integrated waveguide,JEEE Trans. Magn.vol. 25, pp. 3052-3054,
emphasized a phenomenon associated with classical coupled- July 1989.

mode theory. The experiments were performed on several

geometries, and clearly showed that the leakage-like effect
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