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The Influence of a Top Cover on the Leakage from
Microstrip Line

F. Mesa, A. A. OlinerLife Fellow, IEEE D. R. JacksonFellow, IEEE and Manuel J. Freire

a package, the top cover causes the transmission lines used in the
circuit to become leaky at alower frequency than otherwise. This
effect is investigated in detail for microstrip line, and is found to h I -« W »
be particularly dramatic. The leakage is strong enough to produce

spurious effects that can ruin the performance of the circuit. The

amplitude behavior is obtained by numerically solving for the cur-  Fig. 1.  Geometry of an infinite microstrip transmission line with a top cover
rent on a covered microstrip line due to a delta-gap source exci- (Perfectly conducting plane).

tation. The results clearly show that a strong leaky mode (LM) is
excited and that spurious effects due to the LM and from direct
radiation from the source generally become more severe at higher
frequencies and when the top cover is brought nearer to the strip.

Abstract—When a microwave integrated circuit is enclosed in h I y
c

Index Terms—teaky waves, microstrip, packaging effects,
printed circuits, stripline, transmission lines.

|. INTRODUCTION Fig. 2. Geometry of an infinite microstrip line excited by a delta-gap voltage

i e = 0.
UCH IS already known about leaky dominant modes o

on various printed-circuit transmission lines, where the ] ) o )
leakage occurs in the form of a surface wave on the surroundffig"e dramatic. Foramicrostrip line withouta top cover, a bound

substrate [1]-[21]. The presence of the leakage can cause polg@pventional) dominant mode is present at all frequencies, but
loss, crosstalk, and spurious interference effects when the lindj@ddition, a dominant (quasi-TEM) LM exists at higher fre-
used in a microwave integrated circuit [13], [16], [21]. Almosfluencies, when the substrate thickness is typically one-tenth of a
all of these studies have assumed that the lines are isolated, 4AE!ength or more [16]. As shown here, however, the presence
that any sidewall or top cover is located far away. In practic8f @toP cover (Fig. 1) can lower very significantly the frequency
however, these lines are used in microwave circuits, which, i Which leakage begins. For a sufficiently small cover height,
turn, are placed into packages of some type. Itis, therefore, iffact, itis found that leakage occursait frequencies
portant to determine the influence of the top covers and side-IN Section Il, we first review the properties of the leaky dom-
walls of a package on the possible leakage behavior of varid]ant mode on microstrip line, and then point out what happens
transmission lines. Previous papers [11], [15], [18] have colR the dispersion curve for the surface wave (which becomes a
sidered structures similar to covered microstrip, but did not eR@rallél-plate mode due to the presence of the top cover) when
plicitly examine the influence of the top cover on the leakagH!® tOP cover is brought near to the line. This behavior explains
However, an important first step in this direction has appearfy the leakage frequency is lowered as the top cover is brought
recently in [22]. close to the substrate. .

With respect to the influence of a top cover, which is the sub- I Section lll, the methods of analysis that are used to ex-
ject of this paper, [22] showed that the principal effect iwer plore the properties of the LM and its excitation are discussed.

the frequency at which leakage begins. When the top coverlige analysis assumes a unit-amplitude delta-gap voltage source

brought near to the line, the reduction in frequency at which ti§8 @ microstrip line of infinite length (Fig. 2). A semianalyt-

leaky mode (LM) appears can be large enough to be of serided! spectral—do.maln t_echnlque is used to solvg fqr the current
concern. The example treated in [22] was that of coplanar wa¥! the conducting strip due to the source excitation, and then
guide (CPW). We have found in this study that, when the i@ resolve this into its two basic components, the current of the

is amicrostrip line, the effect of a top cover on leakage is eveRound mode (BM) and the current of the continuous spectrum
(CS). The CS current is, in turn, resolved into the physical LM

current and a remainder part called the residual-wave (RW) cur-
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@ 14 .- the LM solution joins the two improper real solutions is called
& 135 [t NI T LEL ek hli = the “splitting point” [13]. Although leakage first begins at the
‘2‘ 13 i splitting point (an LM with a complex wavenumber emerges at
S o this frequency), the LM is nonphysical at this point.
o 125 | Between the splitting point and frequency at which the LM
E 1.2 e TMO mode curve andI'M, surface-wave curve (shown as a dotted curve)
o : = === Bound mode cross, i.e., atabout/ Ay = 0.108, the LM is slow with respect to
T 115 Leaky mode the surface wave, rather than fast. In this region, the leaky-wave
7] Improper real modes ’ ’
% 11 b N pole is not captured in a steepest descent analysis of the cur-
£ i \ rent excitation from a practical source on the printed-circuit line.
S L S S E—— — et This frequency range is, therefore, in the “spectral gap” and the
R i | LM in this frequency region is only partly physical. For frequen-
0 0.02 0.04 006 0.08 0.1 012 cjes greater than that crossing, where the LM is a fast wave with
h/%0 respect to the surface wave, the LM pole is captured and the LM
is physical.

Fig. 3. Dispersion plot showing the normalized phase congitght versus

normalized frequencit/ A, for an open microstrip line (top cover in Fig. 1 is B. Dispersion Curve for the Surface Wave

at infinity). The strip-width-to-substrate ratio/h is unity, and the substrate . .

relative permittivity iss, = 2.2. The LM is shown as a solid black line, with ~ Surface waves on a dielectric substrate are known to be

thz resll (ijﬁ;proper J‘Orl]utiféns shown as gra;y Iij?le& The IIIBI\IA iIS fepfezentefd Wgry dispersive when they are examined over a wide frequency
a dashed line, and the dispersion curve for T, parallel-plate mode o :

the background structure is shown by a dotted line. It is seen that, at higﬁ‘&nge' b_Ut appear to be ra_lther flat Wlth frequency at low
frequencies, an LM is present in addition to the conventional BM. The refiequencies. When a metallic top cover is placed above the
improper solutions in gray are nonphysical. substrate, the surface wave becomes a parallel-plate mode, and

the biggest change in the dispersion curve occurs at and near

current on the microstrip line versus distance from the sourgg"® frequency. When the top cover is absent, the limit at zero
are then presented, in order to clearly establish how spuridRAuency for the value d¥, /ko, wherek, is the surface-wave
transmission effects may be caused by the LM, or by the c&avenumber and, is the free-space wavenumber, is unity.
in general, and how these effects become more severe as Hg addition of a top cover causes the surface-wave mode to
cover height is lowered or the frequency is increased. We shcome a parallel-plate mode, with a wavenumbgr With

that the amplitude of the LM may be quite large, and that ifs 0P cover present, the low-frequency limit fp,/ko is
presence may produce significant spurious transmission effeE't‘%.I?gger unity, but becomes some value between unity and
The generalized pencil of functions (GPOF) method is used a&a/ /2, depending on the filling factor of the dielectric layer
tool to help in the further quantification of the LM excitation, byP€tWeen the top and bottom plates. If the top cover is placed

numerically verifying the existence of the LM on the microstriﬁ]earerto the dielectric layer, the filling factor will increase,
and determining its amplitude. and the value ok, /k, at zero frequency wilincrease

Raising the value of the phase constant for the parallel-plate
mode lowers the frequency at which physical leakage can begin
since physical leakage occurs when the phase constant of the
LM is less than that of the parallel-plate mode. This is demon-
A. Leaky Dominant Mode on Microstrip Line strated by the results presented in Section IV. This lowering of

the frequency at which physical leakage occurs can result in

Microstrip line on an isotropic substrate is known to have ins‘trong LM excitation as the cover height is reduced, which, in
teresting leakage properties in that the conventional bound dogiyn, can result in serious spurious transmission effects. This be-

inant mode does not leak at any frequency, while a leaky domsyior will also be demonstrated clearly in Section IV.
nant mode is found to exist at higher frequencies in addition to

the BM [16]. The leaky dominant mode has a quasi-TEM cur-
rent distribution across the strip width that closely resembles
that of the BM and, hence, this LM may be excited strongiy. Propagation on an Infinite Line

by a typical feed or discontinuity on the line, when the LM is For obtaining the wavenumber behavior of the bound and
present and is physical. An example of the behavior of the domys on a microstrip line, a two-dimensional analysis is suffi-
inant LM on microstrip is shown in Fig. 3, where the strip widtfjent [11], [13], [16]. In this analysis, an infinite line is assumed,

to substrate raties/ v is unity, and the substrate relative permityith no source. The total surface-current density on the line is
tivity is e, = 2.2. One can see that above a certain frequenggpresented as

an LM, shown as the solid curve, is present simultaneously with

the BM, which appears as the dashed curve. The LM curve be- Jolz, 2) = T(2)I(2) 1)
gins at a normalized frequendy Ay, = 0.091, while below that

frequency, the LM is replaced by a pair of improper real solygnere the total strip current is

tions (improper solutions having a real propagation constant),

shown in gray, which are nonphysical. The frequency at which I(z) = e7Ik=7 (2)

Il. BACKGROUND

Il ANALYSIS
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and the transverse profile function is taken as Im{k,)

I(z) = ; . (3 X %

G -~

Assuming a perfectly conducting strip, the electric-field inte-
gral equation (EFIE) requires zero tangential field on the strip.
The EFIE is enforced using Galerkin’s method in the spectral
domain, yielding a transcendental equation for the unknown
wavenumbek,. = 3 — ja of the form

ézz(km ]W)fQ(]%) dk, =0 (4) Fig. 4. Pat'hs of integratio_n in the pomplkx—plane that are used ?o calculate
the total strip current and its constituent components (see Section IlI-B) for a

~ . ¢ . covered microstrip line.
whered.. . is thezz component of the spectral-domain Green’s

function for the layered parallel-plate structure gigis an ap- The total strip current is then obtained by numerically per-

propriate path from minus infinity to infinity in the Complexforming the inverse transform in the-plane
k.-plane. A path along the real axis yields the wavenumber for 1

a bound mode, as in a customary spectral-domain analysis. To I(z) = — / I(k)e %% dk. @)
determine the wavenumber of an LM, one must in addition de- ) 2 Je. ] o )
tour around the pole or poles of the parallel-plate structure [1Y{h€reC. is a Sommerfeld-type path from minus infinity to in-
[13], [16]. finity that detours around pole and branch-point singularities on
The above procedure has been explained for a single b43g red Z‘X'S ;]n(;hekz—pl_ane.f H i olane for the i
function T'(x) of longitudinal current for simplicity, although An in-depth discussion of the compléx-plane for the in-

the method is easily generalized to include a transverse Currgerqration in (7) is given in [12], [18], and [19]. Only the salient

component, and to allow for multiple basis functions across tﬁe%?griigiﬁie ?rslglr y ;(:L %??ﬁttt?;ﬁgg it:fhrszu_ltsl;i ?:rng;l;arlzed
width of the strip, for both the longitudinal and transverse cur-"_"" 9 b 9 = =P

. . . Is along a Sommerfeld path, as shown in Fig. 4. Branch points
_rents [11]. Results ha"?‘ sh_own that a single basis funéfier) in the k_-plane appear at the wavenumbers of the parallel-plate
is accurate for small strip widths, although all results shown lat

. : . . flodes. Assuming only one parallel-plate mode (i.e., Thé&,
are generated using multiple basis functions for both the Ion%'ode) to be above cutoff, there is only one pair of branch points

tudinal and transverse current components, in order to have HFFthe reak-axis. The branch pointare &t = +kry;, , where
highest possible accuracy. k1w, is the wavenumber of tHEM, mode. An infinite number
of branch points appear on the imaginary axes, corresponding
to evanescent parallel-plate modes. Poles inithelane cor-

Fig. 2 shows an infinite microstrip line excited by a 1-Vrespond to modes of propagation on the microstrip line. Poles
delta-gap source on the line. The theory for calculating th®rresponding to BMs of propagation occur on the real axis (the
current(z) on the line due to the delta-gap source has beensymbol in Fig. 4). LM poles lie in the complex plane, in the
discussed in detail in [18] and [19], thus, only an overviewecond and fourth quadrants. The LM poles lie on the lower
is given here. As in the previous discussion, the calculatigmeet of thebrar, branch points, and are shown with gray
procedure will be illustrated for a single basis functibfr) of  symbols in Fig. 4. (For lossless structures, conjugate poles also
longitudinal current for simplicity, but in the actual implementie in the first and third quadrants, corresponding to nonphys-
tation, multiple basis functions of longitudinal and transversgal modes that grow with distance along the transmission line.
current were actually used. These poles will be ignored.) LM poles in the fourth quadrant

The current is represented by (1), where the total strip Cufrat correspond to physical fast waves lie to the left-hand side
rent(z) may have an arbitrary variation with distancdn the  of the branch poinkrys, , while poles to the right-hand side of
spectral domain, it is possible to solve directly for the Fourighe branch point correspond to slow-wave LMs that are in the
transform of the strip curredt(z) by applying a Galerkin testing spectral gap. The further into the spectral-gap (to the right-hand
procedure to the EFIE, which states that side of the branch point) an LM pole is, the less physical the LM

= = ’ ’ Lot ’ ’ is.

[m [m Gealz — 2’ 2 = 2)J,a (2", ) do’ da The original pathC, may be deformed into a path that circles
= E5(3,2) (5) the BM on the positive real axis and a path that encircles all of
- the branch cuts, as shown by the pathsandC;, in Fig. 4. The
Rirst path yields a residue contribution that defines the launching
amplitude of the BM from the delta-gap source. The path
defines the CS current on the line, which corresponds physically
to a radiation field produced by the source.
N9rhe CS current can be further resolved by deforming the path
. C, to the set of two vertical paths; andC,, shown in Fig. 4. The
_ 2rE* (k) (6) PathC, isasteepest descent path (SDP) that allows for a conve-
/ C?..(k L h)T?(k ) dk: ) nient asymptotic evaluation of the current on the line as the dis-
c, T o tance from the source increases [23]. The left-hand side of this

B. Current Excited by a Delta-Gap Source

whereE$*P(z, z) is the impressed field of the delta-gap sourc
chosen to be of the forrif’(x) ££2P(z). Ideally, the function
L#2P(z2) is a delta function, although in numerical implemen
tation, a finite-width pulse function (with width.1)¢) is as-
sumed, to make the Fourier transform converge faster. Omitti
further details [18], the Fourier transform of the current is

I(k=)
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path is on the lower sheet of tlgw;, branch point, while the wenennns TMO mode
right-hand-side part is on the top sheet. The contribution fro e

this path is termed the RW current. It is shown in [23] that thi Bound mode
contribution behaves asymptotically asp(—jkrn, 2)/z%/2. Leaky mode

The pathC; yields a current that is the sum of exponentially de Improper real modes
caying waves, corresponding physically to a decaying near-fie
current produced by the source. This current is usually smi

enough to be ignored at any practical distance from the sour ,, 1.4
During the deformation of the paifi,, an LM pole will also &, ,c F I P
be captured if it is in the fast-wave (physical region). Fig. - & ™" [~ Lo =™ e —
shows an LM pole that has been captured, with a correspondi  § 1.3 -
path (in gray) on the lower sheet that encircles the pole. Tl @ 125 F —
residue contribution is used to define the launching amplituc 8 12 E (a)
of the LM. Hence, the CS current can be written as the su % 115 E S—
of any physical LMs and the RW current, along with a rapidl g S RO IR e
decaying near-field current (which will be neglected inthe re § 11 e
maining discussions). The RW current represents that portion g 1.05
the CS that is not represented by the LM, and corresponds [ Z i TNV WENINE WANSS WIS WA W
marily to direct radiation from the source, observed along tt 0 002 004 0.06 008 01 0.12
strip conductor. hi%g

Although the decomposition of the CS current into it
constituent parts is not unique, the method described above
simple and direct, and it allows for a convenient asymptoti 2 14
evaluation of the RW current [23]. = B

Ifthe LM is in the spectral-gap region, the corresponding pol & 1.35 S——
is not captured by the path deformation to the SDP. In accc § - P -
dance with the definition used here for the RW current, the C o 1-3 f-opwe®
currentis then simply the RW current. A more sophisticated de E 125 “:' -
inition of the RW and LM currents whenthe LM isinthe spec & [ (b)
tral gap would include a transition function to account for th E 1.2 | P
gradual loss of physical validity of the LM as it enters the spet 5 ity SETUELEE b TE Tl o
tral-gap region and then approaches the splitting point. g 115 ¢

=z 14 L ! R . . R !

C. GPOF Method 0 002 004 006 008

The GPOF method [24] is a convenient tool that aids in qua hlkg
tifying the physical validity of the LM [18], [21]. The current
on the line is sampled and then approximated by a sum of €

ponential functions having different amplitudes and wavenun
bers. If the actual current on the line produced by the source f E 135 ¢ p-r
a significant LM component, the LM should appear distinctly ir 2 i Y e --
the GPOF results. A good match between the LM wavenumk § 13 | ot A i
and amplitude defined by the residue calculation and the GP( § - LT - HETR
method is an indication that the LM has a high degree of phy £ 1.25 R e e (c)
ical validity. Lack of agreement usually indicates little physica b - ——
valid |ty % 12 - oy i
£ - : :

V. RESULTS '26 b 0 B ;I) 021 IO :}4‘ | ‘Om

A. Influence of a Top Cover on the Frequency at Which hikg

Leakage Begins

It was mentioned in Section | that the top cover has the efig. 5. Dispersion plot for a covered microstrip line showing the normalized

fect of lowering the frequency of the onset of leakage, and tHé@se constanti/k, versus normalized frequency/X, for different
cover heights. The substrate relative permittivitycis = 2.2 and the

this effect is particularly pronounced for microstrip line. Thesgrip_Width_to_Substrate ratio iss/h = 1.0. The cover heights are: (a)

statements are verified by plotting the dispersion curves for var/» = 2.0, (b) h./h = 1.0, and (c)h./h = 0.5. We observe that the

ious cover heights. Fig. 3 shows the dispersion p|0t for a covEegauency at the onset of leakage is lowered dramatically as the cover height is
height of infinity (regular microstrip). Fig. 5 presents disperr-EdUCEd'
sion plots for the same low-permittivity substrdtg. = 2.2)

and strip-width-to-substrate-height ratio /i = 1.0) for cover dispersion plots as the top cover is brought successively nearer

heights ofh./h 2.0, 1.0, and 0.5, showing the changes in the the strip.
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For the uncovered microstrip, the splitting point (the fre weesnnes TMO mode
guency at which leakage first begins as a nonphysical LM) is = === Bound mode
abouth /Ay = 0.09, and the frequency at which the LM enters Leaky mode
the physical fast-wave region is at abéut\, = 0.11. Clearly, I | d
physical leakage on typical microstrip lines occurs only fo mproper real modes
high frequencies or thicker substrates. From Fig. 5, we can ¢ 3
that the onset of leakage (the splitting-point frequency) droj - i S Y

i . a B L mmme - :
dramatically as the top cover gets close to the strip. Fora co\ £ g [om== L —_—
heighth./h = 1.0, the frequency at which leakage begins it @ ™ |
approximately 0.02. When the cover height is reduced st § 2 |
further toh./h = 0.5, leakage now occurs all frequencies. g - . (a)
The case ofh./h = 0.5 may be a bit severe for a practical g 1.6 - o
situation, but it is included to show that it is possible to hav T ot N ‘_,.‘
leakage at all frequencies due to the influence of a top covi B 1 - S AN
The results in Fig. 5 clearly demonstrate that, for smalle E -
cover heights, the potential exists for spurious effects such 2 0.5 T T T
crosstalk and power loss due to the LM by itself. o 0.02 0.04 0.06 0.08

Results in the Section IV-B verify the presence of the LM b hirg
direct calculation of the strip current, and also show that inte
ference effects (sometimes striking) can arise along the strip c 3
to the simultaneous presence of the BM and LM. For freque E R
cies for which the LM is only partly physical or is not present 2 28 T e -
the RW can be large enough in some cases to cause signific £ 26 | L =
spurious ripples in the total current along the strip, as is alt § 2.4 |-* —
shown in the Section IV-B. © 22 [

Fig. 6 shows the same type of results as those in Figs. 3 & é? 2 (b)
5, for a high-permittivity substrates,. = 10.2). One of thein- & ¢ g v*
teresting aspects is that the frequency at which leakage bec E 1'6 E ot
on the uncovered high-permittivity microstrip [see Fig. 6(a) & = [ \\_,..-"'
is lower than the corresponding frequency for the low-permi g 14 premsmgie . R
tivity substrate (Fig. 3),/(/\o = 0.056 in Fig. 6(a) versus < 1.2 [ Pl
h/Xo = 0.090 in Fig. 3). As the cover height is lowered, the + 0
frequency at which leakage begins is also lowered, as for t 0 0.02 004 006 008
low-permittivity case. However, the effect of the cover on low h2o
ering the leakage frequency is more dramatic for the low-pe 3
mittivity case. In the high-permittivity case, the splitting point is 28 - e
lowered toh/ Ao = 0.013 when the cover height is been brough 2 “F e "
very close to the substrate &t/h = 0.5 [see Fig. 6(c)]. The 3 2.6 B , - - —
same cover height lowered the leakage frequency in the low-p E 24 P “
mittivity case sufficiently that leakage occurs at all frequencie o 22 i )
[see Fig. 5(c)]. Hence, leakage effects due to a top cover are _;:m“ 2 |- T (C)
pected to be more pronounced for low-permittivity substrate % 18 ~ coust? -
Results shown in Section IV-B for the strip current will confirm § 16 o P L LM
this. '_E 1.4 F \\

5 12 | o
B. Strip Current from a Source Excitation z P SETRIINS EAINVENTIN AR RARTI
0 0.02 0.04 0.06 0.08

The total current on the line due to the 1-V delta-gap sourt
(Fig. 2) has been calculated by using the method described h/kg
Section lll, and the total current has been separated into the BM

. h Fig. 6. Same type of dispersion plot as in Figs. 3 and 5, but for a higher
and CS components. Plots showing the various currents Verﬁ ittivity substrate having a relative permittivity ef. = 10.2. The

distance from the source are quite helpful in assessing the degfiggrsion plots show the normalized phase constght versus normalized

of spurious transmission effects due to the CS, and in showifRfluency’/A, for different cover heights, witho/h = 1.0. The cover
P ﬁlﬁgﬂ:}hts are: (@h./h = oo, (b) h./h = 1.0, (c) h./h = 0.5. The effect of

the role (Or lack thereOf) of the LM in determining the (.:S' the top cover on lowering the leakage frequency is seen to be less strong when
Fig. 7 shows a plot of the current for the low-permittivity casene values of substrate permittivity are high.

of Fig. 3 for several different cover heights and normalized fre-

guencies. In Fig. 7(a), results are first shown for uncovered ntivere is no LM, thus, the CS consists only of the RW. From

crostrip (cover height of infinity) at a moderate frequency dfig. 7(a), we see that the CS current is very small, and that the
h/Xo = 0.04. At this frequency, we may note from Fig. 3 thatotal strip current is essentially the same as that of only the BM.
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—_ 6P Fig. 8. (a) Same type of plot as in Fig. 7(b) and (c), for the same covered
< I_}\_ b e T - microstrip structure, except that the normalized frequency has been increased
£ 5 N i Thaas toh/As = 0.08. (b) The CS current is shown along with its constituent parts:
~ F the LM current and the RW current. At this higher frequency, the LM is fully
o 4r physical
S F .
N (c)
x 3t
a i N . . .
£ 2t point in Fig. 5(b)] as a nonphysical LM. In Fig. 7(c), the LM is
< 1 be only partly physical because it is in the spectral-gap region. In
each, the total current is shown along with its constitutive parts:
o Eenbondonndn B VIS the BM and CS currents.
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The results in Fig. 7(b) and (c) show that the amplitude of the
()} BM remains fairly constant with frequency (which is expected

since the characteristic impedance of the BM changes gradually

Fig. 7. Plots of the total current, BM current, and CS current on a microstrjp; :
line versus normalized distance from the delta-gap voltage source, for differg‘)l\ltth frequency and the voltage at the source remains constant)

cover heights:.. /1 and different normalized frequenciggAo. For all cases, and that the CS currentincreases monotonically in amplitude as
f&/? 22 and(zg)/;z/j 10, g*&ez C;tr*:g; p7}fanlettlér8 61(26)1]472&/\0 = ggi Zzg the frequency increases. The total current clearly shows an oscil-
iii/}i :_1.000.YF0rc;se(:Js (;) aﬁd (b), thé;e ilé, r;) LM ;’Jreselht, \(;vhgreés for case églon effect dl_Je to I_nferen(_:e between t_he BMand CS currer_1ts.
the LM is only partly physical because it is within the spectral gap. These curvéfie level of this oscillation increases with frequency along with
show that the level of spurious interference effects increases with increastpge CS current. Clearly, spurious transmission effects due to the
frequency and with decreasing cover height. CS current can occur with a moderate cover height at moderate
frequencies. However, the CS current is often not dominated by
The RW is, therefore, very small. At this moderate frequenche LM. This is evident from Fig. 7(b) and (c), where the LM is
the CS is small enough that no serious spurious effects are elther not present at all [see Fig. 7(b)] or is in the spectral gap
served. where it is only partly physical [see Fig. 7(c)], but we see that
Fig. 7(b) and (c) shows plots of the current for the same lowscillations of the total current along the line are clearly present.
permittivity case as in Fig. 7(a), but for a moderate cover heightFig. 8 shows plots of the current for the same structure as
of h./h = 1.0.InFig. 7(b), the normalized frequencyligh, = in Fig. 7(b) and (c), where the normalized frequency has been
0.02 [half of the value used in part Fig. 7(a)], while in Fig. 7(c)increased tad:/\q = 0.08. For this frequency, the LM is well
the normalized frequency ig/ Ao = 0.04 [the same as that usedwithin the physical region [see Fig. 5(b)]. At this higher fre-
in Fig. 7(a)]. In Fig. 7(b), the leakage first begins [at the splittinquency, the amplitude of the CS current and, hence, the level
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TABLE |
NORMALIZED WAVENUMBER VALUES (k. /kq) FOR THEBM AND LM, AND

p—
Q
o

THE AMPLITUDES OF THEBOUND AND LEAKY MODES RESPECTIVELY, FOR
8 — A B L M Ri
- 7 IR THE CASE SHOWN IN FIG. 9.£, = 2.2, w/h = 1.0, AND h./h = 0.5 AT A
< 6 R ;z?;gl;?;: NORMALIZED FREQUENCY OFh/Aq = 0.02. THE WAVENUMBER AND
é Eoob NG i e, Conti ¢ AMPLITUDE VALUES ARE CALCULATED IN TwWO WAYS: 1) FROM THE
_g 5 e, \\ ontinuous spectrum LEAKY-MODE POLES IN THE COMPLEX PLANE (THEORY) AND 2) A
= 4 E e X NUMERICAL GPOF RROCEDURE THE WAVENUMBER OF THE TM,
= QR LR R Y S XL CEEE XY ARALLEL -PLATE MODE 1S ALSO SHOWN FOR CONVENIENCE
:_ ; vy P PLATE M ALSO SH C
E 2 \ % Normalized propagation constants Amplitude [mA]
1 Mode Theory GPOF Theory GPOF
L — Brko | alko Blko alko
0o 1 2 3 4 5 6 7 8 Bound | 1.277 0 1.283 | 0.003 (-3.15,0) (-2.78, -0.99)
Mode
zlrg Leaky | 1.201 | 0.035 | 1.195 | 0.032 (-5.48, 0.95) (-4.94, 0.94)
Mode
TMo 1.254 0 - - - B
30
ENe i — N z for equal amplitude
T 5 v Continuous spectrum 25 Nrmmm——_ 2 for 180° phase difference
€ 4 . “.-- Ilieal'(g mlode [
e |y S U N s RITETIET
Py E N esidual wave 20 [
T 3 ™ N
2 SN o N\
= SOOI < 15
[-3 2 DT e N
N B
< 1 e 8 10 |
0 ‘ : \.-\- """ -
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0 ‘ ‘ ‘
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Fig. 9. (a) Plot of the total current, BM current, and CS current on a cover he/h

microstrip line versus distance from the delta-gap voltage source, fer2.2,

w/h = 1.0, and a cover height of. /h = 0.5. The normalized frequency Fig. 10. One curve shows the normalized distanga, from the delta-gap

ish/Ao = 0.02. (b) The CS current is shown along with its constituent partsﬁ : . -
. ource at which the BM and CS currents are equal in magnitude versus the
the LM current and the RW current. The LM now dominates the CS, and t Srmalized cover height. The other curve shows the normalized distance for

interference effect is very strong. which there is a 180phase difference between the BM and CS currents. The
results are for the case = 2.2 andh/\, = 0.02.

of the spurious oscillations, have increased from what was ob-

served in Fig. 7. Although the LM is now physical at this highethe presence of the very strong LM. Hence, when the cover is
frequency, Fig. 8 shows that the amplitudes of the LM and RWfought near to the substrate, a very strong physical LM is ex-
currents are roughly the same order of magnitude. Hence, ewgted, which dominates the CS current and produces very sig-
though spurious transmission effects continue to increase wiificant oscillations in the total current. It should also be noted
frequency, and become even stronger in the region where a prtjsit these effects are occurring at a rather low frequency.
ical LM is present, the spurious effects are not exclusively anTable | compares the values of wavenumber and amplitude
LM effect, but are still caused to a large extent by the RW cufer the BM and LM (with the wavenumber of tHEM, par-
rent. allel-plate mode also shown for convenience) for the case shown
Fig. 9 shows the currents for the case of a smaller covierFig. 9. The “Theory” values come from the BM and LM poles
height,h./h = 0.5, atthe frequencit/ Ao = 0.02 (see Fig. 5(c) in thek.-plane. In particular, the wavenumbers are determined
for the wavenumber plot). All other parameters remain the sardieectly by the location of the poles, while the amplitudes of
as those in Figs. 7 and 8. Fig. 9 reveals two important aspetite modes are determined from (7) by the residues at the poles.
about the effects of reducing the cover height. First, the levEhe “GPOF” values represent the wavenumbers and amplitudes
of oscillation in the total current has increased significantlgf the exponential current waves that the GPOF method yields
compared to that in Fig. 7(b), which corresponds to the sarfrem the numerical fit to the sampled current on the line. The
frequency. This is because lowering the cover height has dable shows reasonable agreement for both the wavenumber and
creased the amplitude of the BM and, more importantly, it hasnplitude between the residue results and GPOF results. The
dramatically increased the amplitude of the CS current. Secogdod agreement for the BM is expected since the BM is a dis-
Fig. 9(b) shows that the LM is now the main component of therete proper modal solution that is present on the line. The good
CS current. Comparing Figs. 7(b) and 9, it is also seen that thgreement for the LM is evidence that the LM is a significant
RW current is somewhat stronger for the lower cover heighgart of the CS current, which confirms the result in Fig. 9.
(Note that, in Fig. 7(b), there is no physical LM present, so that For a particular cover height, a perfect destructive interfer-
the RW current is the same as the CS current.) However, tgce between the BM and CS currents can be observed. Such
main reason the CS current is significantly larger in Fig. 9 wrastic cancellation effects can be obtained only if the amplitude
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~ and LM currents. Obviously, this type of interference would be
7 ™ - Tth:r"gl:Le;: disastrous for circuit performance.
, \ ........ Continuous spectrum Fig. 12 shows plots of current versus distance for the high-
I \\ permittivity case of Fig. 6(bfe, = 10.2,h./h = 1.0), at
R . h/Xo = 0.04. Comparing with Fig. 7(c), it is concluded that
E S A S \ the level of oscillations in the total current at a given frequency
2 4 \ is less for a high-permittivity substrate. This is because the BM
E- 3 N - current is larger for the high-permittivity case (due to the lower
S SRS SRR AU SO B \ ...'.':':;-g,.,,:_. ...... characteristic impedance of the line), while the CS current is
2 \\ e smaller (at least for moderate distance from the source). Hence,
1 AN // less serious spurious effects will generally occur when using
\/ higher permittivity substrates.
% 1 2 3 4 5 6 7 8
ziig

V. CONCLUSIONS

Fig. 11. Plot of the total current, BM current, and CS current versus ) . ) o )
normalized distance for a covered microstrip case having = 2.2, A leaky dominant mode can exist on microstrip line without

w/h =1.0, h/h = 0.455, andh/X, = 0.02. For this critical cover height, a top cover, but only for relatively high frequencies (or thick
thereis a perfect_destructlve interference between the BM and CS currents t a{) L
occurs at approximately/ Ao = 6.4. substrates). However, when a top cover is introduced over the
substrate, the frequency at which leakage begins is dramatically
lowered In fact, when the top cover is brought sufficiently near
to the strip, the microstrip line becomes leaky at all frequencies.
2 /\\ e T ey This leakage can produce crosstalk between constituent parts of
an integrated circuit, and power loss along the line. Since the
conventional BM is always present at the same time, interfer-
e —— ence effects can also arise ir_1 the tqtal current along the line.
---- Bound mode Curves have been presented in Section IV for several values of
«++++ Continuous spectrum cover height over a wide range of frequencies, and these major
points were illustrated there.

The amplitude of the LM that is excited by a delta-gap source
on the line was examined in order to assess the level of spurious
(interference) transmission effects on a practical microstrip line
....................... that could be caused by the LM. Various examples of spurious

"""" transmission effects have been presented in a series of curves
(in the form of strip current versus distance along the strip) for
different cover heights, permittivity values, and frequencies. A
Fig. 12. Plot of the total current, BM current, and CS current versunumencal- method Ca”-ed the GP-OF method was u_sed tq further
S ' ’ ﬁwaractenze the physical behavior of the LM that is excited on

-
[=]

Amplitude (mA)
N w N (¢, (-] ~ -] [I-]

-

o

0 0.5 1 1.5 2 25 3 3.5 4
2l

normalized distance for a high-permittivity covered microstrip case havi )
er =10.2with w/h = 1.0,h./h = 1.0, andh/A, = 0.04. The interference the line by the source.

effects are less strong when the substrate permittivity is higher. In addition to the BM and LM currents. the total current on
the line produced by the source includes an RW current, which

of the CS current excited at the source is greater than that of A8y be interpreted physically as the direct radiation from the
BM current, because the BM current amplitude remains copRurce observed along the strip. The LM and RW currents to-
stant withz, while the CS current decreases withiTo see how 9gether make up the CS current produced by the source. The RW
such an effect can be realized, Fig. 10 shows a plot of the n§HITent is important because it can also be responsible for spu-
malized distance from the source, versus the normalized co{iéKs effects, especially in those cases when there is no physical
height, at which the BM and CS currents are equal in magnitudé"- N _
Another plot on the same figure shows the normalized distance® SPecific summary of the new features that have been dis-
at which the phase difference between the BM and CS curreffvered as a result of this study, and verified with numerical
is 180". The cover height corresponding to the crossing of tHgsults, are as follows.

two plots determines a critical cover height/~ = 0.455 for 1) A top cover placed above a circuit utilizing microstrip
which perfect destructive interference between the BM and CS  line significantly lowers the frequency at which leakage
currents occurs (at a distaneg)o = 6.4 given by the vertical begins. When the top cover is very near to the strip, this

axis coordinate of the intersection point). Fig. 11 shows a plot  reduction in frequency can be so dramatic that the leakage
of the current versus distance for this critical cover height, ver-  will occur at all frequencies.

ifying that a perfect null in the total current is obtained. Since 2) Corresponding behavior involving CPW was reported re-
the LM current dominates the CS current (similar to the case of  cently [22], but the lowering of the frequency for leakage
Fig. 9), the nullis mainly due to an interference betweenthe BM  is much more pronounced for microstrip line.
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The effect of the top cover on lowering the leakage fre- [g]
quency is less strong when the values of substrate permit-
tivity are high. 9
Another important difference between the CPW and mi-
crostrip cases is that, for CPW, the dominant (bound

: . 10]
mode changes into an LM above some critical frequency,
whereas for microstrip line, the LM is present in addi-
tion to the conventional BM. Both lines will suffer from
crosstalk and power-loss problems when leakage occurjsl,l]
but, because the leaky and BMs are present simultane-
ously for microstrip line, it will encounter an additional [12]
important effect. These two modes launched by the source
will interfere with each other and produce spurious vari-[13]
ations in the amplitude of the total current along the line.
The amplitude of the LM excited by the source increases, 4
as the top cover is placed nearer to the strip. For cover
heights equal to or less than the substrate thickness, triles]
amplitude of the LM may be comparable to that of the
BM. Inthis latter situation, the interference effects can be-
come very pronounced and, for a particular cover heightl6]
complete cancellation occurs and a null in the current is
obtained at a certain distance from the source. This oc-
curs when the cover height is roughly half of the substratd!7]
thickness. This cancellation effect would be disastrous for
circuit performance. [18]
The total current excited by the source includes the effects
of direct radiation from the source (i.e., RW), as well asq,
LM excitation. This direct source radiation can signifi-
cantly affect the behavior of the total current, causing in-
terference effects similar to that produced by the LM. The[zo]
direct source radiation was found to be very small when
there is no top cover, but to increase strongly as the covégll
height is reduced, producing significant interference os-
cillations in the total current along the line. This effect
may occur even for frequencies for which the LM does(22]
not exist, and is something new to watch out for when a
top cover is introduced. [23]
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