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Abstract—The TM, parallel-plate mode field that is radiated More recently, theoretical work has focused on studying the
lf_rombthe ;:_u_rtrents lndllltced ona COYe"fddmlng%Sr:ﬂpbtfﬁns_mlssf'ct)r? current on stripline and microstrip structures due to excitation
ine by a finite-gap voltage source is studied. The behavior of the i .
total radiation field (the field radiated by the total strip current) from a small, finite-length gap fe_ed on_the line [7]. It was shown
is investigated, along with the field radiated by the constituent that the total current on the strip excited by the source can be
current components that make up the total current, namely decomposed into the sum of the well-known BM current and a
the bound-mode (BM) and continuous-spectrum currents. The continuous-spectrum current. The continuous- spectrum current
continuous-spectrum current is further resolved into the sum was further decomposed into the sum of all physical leaky-mode

of a physical leaky-mode current and a residual-wave current, t d idual t Th idual ¢
and the fields radiated by each of these separate components areCUITENtS and eesidual-waveurrent. The residual-wave curren

examined. It is determined that leaky-mode fields can contribute iS simply that component of the continuous-spectrum current
to crosstalk and other interference effects near the source and that is not a part of the leaky-mode currents. It was demon-

within an angular leakage region, while the radiation field from  strated that spurious transmission effects can result due to the

the BM current is the predominant mechanism for these effects . .
further away from the gap source, outside the leakage region. The interference of the BM and the continuous-spectrum currents

field radiated from the residual-wave current can be quite strong even.When a Iegky.r.node is nqt physical. When a leaky mode is
in the “spectral-gap region,” which is the frequency region where physical, very significant spurious effects can be observed.
the leaky mode is nonphysical, and therefore the leaky mode does  This work presents the calculation of tfields radiated by
not contribute directly to the spectrum of current on the strip in the BM, leaky-mode, and residual-wave currents excited by a
the decomposition used here. - ’ ’ . . o .
_ _ _ finite source on covered microstrip transmission lines. The ra-
. tlnde)t( ;’er.ms.—tCros.sialclj(, _Ieakt3/ Wa(\j’??g microstrip, microwave diation is into the dominaniM, parallel-plate mode of the
integrated circults, printed circulls, radiation. covered structure. These radiated fields allow issues associated
with crosstalk between adjacent transmission lines and other cir-
I. INTRODUCTION cuit elements to be meaningfully addressed. Results will be pre-

HE existence of leaky modes on printed-circuit transmisented for four cases that have the following strip current char-

sion lines has recently been the subject of considerable ffteristics: 1) a BM and a predominant leaky-mode current; 2)
terest [1]-[14]. These modes are undesirable since they re& M together Wl_th Ieaky—.mode and residual-wave qurrents that
in increased attenuation of the signal and can result in crosst3lg comparable in magnitude; 3) a BM together with a strong
with adjacent circuit components and other spurious effects, figSidual-wave current, with no physical leaky mode; and 4) a
cluding interference with bound modes (BMs) that also propBM With a weak residual-wave current and no physical leaky
gate on the line. Of particular interest is the existence of |ea@ode. These cases facilitate a greater understanding of the role
dominant modes on the structure. A dominant leaky mode is opethe residual wave by isolating its effects from those of the
in which the current distribution on the conducting strip closelghysical leaky mode.
resembles that of the bound quasi-TEM mode of propagation.n the latter two cases, the leaky mode is inside the spec-
Therefore, such a leaky mode is expected to be strongly excitédl-gap region [8], where it is a slow wave with respect to the
by a customary feed. Leaky dominant modes have been foundigilo parallel-plate mode. The convenient calculation procedure
a number of planar transmission-line structures including mulgémployed here assumes that the leaky mode is completely non-
layer stripline structures [1], microstrip lines with isotropic anghysical within this region, and therefore does not explicitly ap-
anisotropic substrates [2], [3], coplanar strips [4], slotline [Spear in the current spectrum on the strip, as discussed in detail
and coplanar waveguides [5], [6]. in [11].
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Fig. 1. Covered microstrip structure with a small, finite-length gap source.

small so that the transverse component of the current can be
neglected. Therefore, the surface current on the strip is given by

T.(z, 2) = I(=)n(x) (1)

wheren(z) is the normalized transverse shape function for the
strip current/(z) taken as [7]

1
)= ———. 2
) = — P 2
An electric field integral equation for the unknown strip current
is developed assuming the field for the gap source is a pulse of
the form

(b)

Ecar(z) = —, (3) Fig. 2. Complexk.-plane showing: (a) the original path of integration used
A to calculate the total strip current and (b) the deformed path used to decompose

whereA is an effective gap width, taken to 19805 in this the total strip current into the BM, leaky-mode, and residual-wave components.

study. The Galerkin method in the spectral domain is then used

to solve the electric field integral equation [7]. This results ifominantI'M, parallel-plate mode of the layered structure. All

a closed-form solution for the Fourier transform of the curre®ther branch points will lie on the imaginary axis. (The branch

I(z) on the strip, due to the gap source [7]. The result is points are discussed further in [7].) A pole also lies on the pos-
itive real axis, at the wavenumber of the BM that propagates on

(k) = 21 Egap(k.) (4) the covered microstrip line. If the original path in Fig. 2(a) is
= a (i, koy )2 (k) d deformed around th&M, branch cut, as shown in the figure,
22\fizy fzy 1)1\ ) Gz the total current can be expressed as the sum of the residue con-

’ tribution from the BM pole—the BM current—and the contri-
where@.... is thezz component of the spectral-domain dyadigytion from the integral around the branch cuts in the lower
electric-field Green's function at = h, andij andEap are the - half-plane—the continuous-spectrum current [9], [10]. Further,
Fourier transforms of the transverse profile of the strip curregg shown in Fig. 2(b), the branch-cut integral can be deformed
density and the electric field in the gap in thandz directions, to a path that encloses all of the branch cuts a|ong the neg-
respectively [7]. The strip current is then found by an inversgtive imaginary axis and a vertical steepest descent path that

transform, yielding encloses thel'M, branch point [11]. In this way, the contin-
1 . , uous-spectrum current can be further decomposed. This decom-
I(z) = 2 / I(k)e™9%* dk, (5) position is into leaky-mode currents due to the residues of any
7 leaky-mode poles that are captured in the physical region of the

whereCy is the Sommerfeld-type path shown in Fig. 2(a).  k.-plane (the region between the imaginary axis and the vertical
The total current in (5) may be decomposed by suitably dsteepest descent path, where the leaky modes are fast waves with

forming the path of integration in thk.-plane (Fig. 2). The respect to thél'M, parallel-plate mode), plus a residual term
k.-plane has branch points #i,,,, wherek,, is the propaga- (residual-wave current) coming from the steepest descent path
tion wavenumber of any of the parallel-plate modes inside tlaecounting for that part of the continuous spectrum that is not
layered structure. Assuming that only th&/, parallel-plate well represented by the leaky-mode currents. Further details are
mode is above cutoff, there will be a pair of branch points discussed in [11], [12], and particularly in [11] where the ver-
£k, ON the real axis, wherkry, is the wavenumber of the tical steepest decent path is described.
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The BM current on the line due to the gap source has thethe case of the covered-microstrip structure of Fig. 1, a spec-
familiar form tral-domain analysis yields (see the Appendix for a derivation
- and explanation of the notation)

Ipm(2) = Apne=d %1 (6)
_ o o A= kngg ReS{ViTl\q(kpp)}
where Apy; is the BM excitation coefficient and for loss- § 2k, sin(ky1h)
less structures:PM is a purely real number. Similarly, the

leaky-mode current launched from the source has the form For simplicity, the widthi¥" of the microstrip line is assumed to
be small. Hence, collapsing the width of the microstrip line to

Iin(z) = Apy e 7 # 1A (7) ' =0, the double integral for the fields simplifies to

(12)

yvhfereALM is the leaky-mode exg;\tfltlonL?\?eﬁlpleLrll\tiahﬁ E,(z,y,2) = A f(y) / I(z’)Hl(Q)(le\qu’)cos & d.
is, in general, a complex numbg_" = 3% — ja;™). The —oo (13)

z
residual-wave current does not have a closed-form expression; )
however, asymptotically (for largs), it has the form [11] The s.ubst.rate voltag®, will be plotted for the results pre- .
sented in this paper. The substrate voltage corresponds, quali-
e~ kMg |2] tatively, to thecrosstalksignal that would be impressed upon a
)3/2 ®)  circuit component at a given location. The substrate voltage is

Irw(z) ~ Arw
( :
calculated using

kM, |2

where Agrw is the residual-wave excitation coefficient.

h
_ . Vi =— B, dy. 14
B. TMg-Mode Fields Due to the Strip Currents ! /0 vt (14)

~ Once determined, the strip currents can be used to find @,ce the only part of the vertical electric field that varies with
fields radiated by the line and the feed. Assuming that Onhéspect tay is f(y), the substrate voltage becomes
the TM,, parallel-plate mode is above cutoff in the background

structure, the fields radiated into this parallel-plate mode by thﬁ(a:, z) = —Ahsinc(ky1 h)

strip current can be formulated in terms of the fields radiated into oo

this mode by &-directed infinitesimal electric dipole, by inte- / ](Z/)Hf)(km% p)cos ¢’ dz' (15)
grating over the strip current. The vertical parallel-plate mode —oo

electric field radiated from the unit-amplitude dipole is with

Ey(z,y, 2) = A f()HD (kraop) cos(¢)  (9)

where A is a constant that can be determined by spectral-do-
main methods (see the Appendix)and¢ denote cylindrical
coordinates (withy measured from the axis), and

sin(x) '

sinc =
nc(x) .

The numerical integration of (15) is slowly convergent, espe-
cially for the lossless BM current. Thus, the Shanks transforma-
tion is used to improve the convergence rate of the numerical in-

cos(ky1y), y<h tegration by eliminating the most pronounced transient behavior
_ kR from the integrand as’ becomes large. In general, the Shanks
f(y) ercos(kah) oo ; eJra
—cos(k oho) cos(kyo(h + he — y)), y>n transformation improves the convergence of a sequence of par-
Y C

(10) tial sums whoseith term takes the form

ith
W Y=Y+ ag" (16)

_ Jep2_ 12 _ 12 _ g2
k= ferhs = kaw, and kyo ko = Ky where|q| < 1; hence,X,, — ¥ asn — oo [15]. For such a

The functionf(y) is a normalized function that describes hSeduence of partial sums, the nonlinear Shanks transformation

vertical variation of the fields of the parallel-plate mode inside Sy 2
the structure. Integrating over the strip current, the result is S(En) = ot nml o (17)
’ g g p ’ En—l—l + En—l -2 En

_ oo (W/2 creates a new, more rapidly convergent sequei(ég,) [15].
—ood —W/2 The numerical integration of (15) converges very rapidly when
) (@) ) S an iterated Shanks transformation is initiated at the nominal lo-
A(2")n(z")H 7 (kra, p') cos ¢ da’ dz' - (11)  cationz’ = L, whereL is equal to the greater of either twice
the maximum radial observation distange= /22 + 22 or
100\q. Applying the Shanks transformation at this location al-
lows the partial sum created by the numerical integration of (15)

where

/ _ )2 _ 12
PF =V =)+ (= 2) to approach the asymptotic form of (16), for which the Shanks
e z! transformation is applicable. Hence, the numerical integration
¢ = tan z—2 ] for 2/ > L is greatly accelerated.
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Fig. 3. Dispersion plot showing the normalized phase constyfits versus Fig. 5. Normalized substrate voltage for the covered microstrip of Fig. 4 at
normalized frequenci /A, for a covered microstriph. = 0.455h, W = h, @ = 0.1 X,.
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0.455h, W = h, andz,. = 2.2) with a 1-[V] gap source. T = o
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lll. RESULTS . o Node ]

All of the cases presented in this paper consider a covered mi- ~ 0.025 |- ﬁ T ReakyMode
crostrip withW = h and relative permittivity of the dielectric C Total ]
substrates,, = 2.2. The first case examined is that of a cov- 0.02 |- .
ered microstrip with substrate thickndss= 0.02 Ay and cover - C i
heighth. = 0.455 i. The dispersion plot in Fig. 3 shows that §0-015 - .
the low cover height of this structure allows a physical leaky = C 1
mode to exist atll frequencies. It also illustrates the relation- 0.01 H
ship between the phase constants of the bound and leaky modes, H /T
and theTM, parallel-plate mode. Foli/\, = 0.02, kPM = 0005/ N Tl
1.281 ko, kM = (1.97 — 50.0315) ko, andkry, = 1.265 ko.
For this specific covered microstrip, the leaky mode is very 00" '5'0 —t— ‘1(Im' = 200
strong [12]. This is clearly demonstrated by observing the strip 2

current for this structure in Fig. 4. As shown in this figure, the
leaky-mode current excited by the gap source is significantfyy. 7. Normalized substrate voltage for the covered microstrip of Fig. 4 at
stronger than that for the BM for distances less than 5.5 wave= 4o
lengths from the source. In fact, for this case, the interference
between the BM and continuous-spectrum (dominated by trespectively. In all cases, the radiation field is zere at 0 due
leaky mode) currents results in a complete transmission null tmthe symmetry of the gap-source excitation, which causes the
the line near: = 6.4 A\g[12]. current to be an even function ef in (15).

Figs. 5—7 show plots of the normalized substrate voltageAs expected, these results clearly demonstrate strong radia-
versus longitudinal distance at x = 0.1X, A9, and 4y, tion fields associated with the leaky-mode current on the strip.
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The leaky-mode radiation field is very strong in the region near
the gap feed, and a large peak is observed near to, but less than,
the value ofz predicted by the leakage andl¢ ~ 18.9°). The

shift between the actual and predicted peak locations will be

0.044+
0.04 to 0.044

0.028 to 0.032

2 0.02 to 0.024
0.016 to 0.02

0.004 to 0.008

0.036 to 0.04 0.012 to 0.016
0.032 to 0.036 0.008 to 0.012

0 to 0.004

= 0.024 to 0.028

explained presently. Relative to the other radiation fields, the
leaky-mode field at the peak becomes stronger as the trans-
verse distancer) away from the strip increases. This effect can
be explained qualitatively by geometrical optics [16]. Geomet-
rical optics predicts that the peak leaky-mode field is constant
along the angle of leakage, whereas the other field components
decrease in magnitude as the radial distance from the source
increases. Another observation is that,zas increased, the
leaky-mode fields extend over a wider rangezofNote that,
in the far field, the broadening of the leaky-mode pattern is di-
rectly proportional tar since the far-field pattern shape is only
a function of¢. The radiated fields in Figs. 5-7 have not yet
reached the far-field limit; however this broadening is already e T
evident.) 0 5 10 15 20
Surprisingly, the BM field radiated from the strip is also 2k

strong away from the line. The BM field can be phySica”)éi 8. Normalized substrate voltage (BM) for the covered microstrip of Fig. 4
interpreted as the sum of two fields. The first field is that from 9. g porHg. <

3\,?] i';?m:g dihélglsn;}eﬁggrter?;taézgg thjxsgfe(rm;|B|\f/:onnia;]ge§r)iﬁve interference with the continuous-spectrum (leaky-mode and
P ST ecay expo y Pésidual—wave) radiation reduces the overall average level of the
The second field is that which is radiated as a result of tr%e

. LT ield. Eventually, the BM interference disappears as the trans-

slope discontinuity in the BM current at the gap source. The . .

. - . _..vérse distance from the strip becomes large, due to the exponen-

slope discontinuity corresponds to the fact that the der|vat|¥e S X L

. R . jal decay of the infinite-line BM near field, which is governed

of the BM current in (6) is discontinuous at the source. The
oscillations in the BM field in Figs. 5 and 6 are a result o

the interference between the fields associated with these two

mechanisms. The source-discontinuity radiation propagates

with the wavenumber of the dominant mode of the backgroumgthis example, however, this decay is relatively slow since the
structure(krw, ). Thus, the period of the oscillations is wellBM propagates with a phase constant that is only slightly larger
predicted by the difference between the phase constants of ffign that of theTM, parallel-plate modekBM = 1.281 ky,
two propagating waves that contribute to the BM radiatio;amo =1.265ky). Thus, the oscillations in the BM field do
field, as not completely disappear untilis approximatelyl—5X.
o0 For largez, the leaky-mode current has been essentially radi-
(18) ated; as a result, the BM field is predominant in this region. Fur-
thermore, Fig. 7 clearly shows that, for largethe leaky-mode

The BM interference pattern follows a distinct patternzas and residual-wave fields generally destructively interfere with
is increased. Close to the line, for smajlthe infinite-line BM the BM fields, causing the total field to have a similar appear-
field dominates the interference pattern amplitude and this fiedthce to that of the leaky mode near the leakage angle and sig-
is modulated by the BM source-discontinuity radiation. Hencaificantly lower fields elsewhere.
the field shows oscillations about an essentially fixed averageThe contour plots in Figs. 8-10 show the behavior of the ra-
level. Also notice in Fig. 5 that the oscillations in the total radiated fields in a region relatively close to the gap source. In
diation field are much weaker in amplitude compared to tho#ieese figures, the radiation near the source due to each of the
of the BM field by itself. The fields radiated by the leaky-modéndividual current components is shown. Figs. 8 and 10 show
and residual-wave currents destructively interfere with the BMat the BM and the residual-wave radiation fields have sim-
source-discontinuity radiation reducing the overall interferendar end-fire shapes. The BM radiation field does not reflect the
level in the total field. As the transverse distance is increasd®iM oscillations seen in Figs. 5—7 due to the relatively large pe-
the field of the infinite-line BM decays more rapidly than thatiod of these oscillations, and the plotting scale used in Fig. 8.
of the BM source-discontinuity field, and the roles of the twéig. 9 shows the leaky-mode radiation propagating away from
BM field components begin to reverse. That is, the BM field fathe line about a specific angle of leakage, and this leakage field
largerz resembles that of the BM discontinuity radiation, modis strong. It is interesting to note that the peak leakage field is
ulated by the field of the infinite BM current. Fig. 7 shows thexot at the source, but rather down the line from the source. That
result of this transition. is, the leaky-mode field requires a certain distance to become

The oscillations in the total field in Fig. 7 are similar in am~well-formed.” Measured from this point, the observed angle of
plitude and period to those in the BM field, but the level ofeakage closely matches the classically predicted leakage angle
the total field is lower than that of the BM. Thus, the destrud+ ~ 18.9°). This shift in the effective radiation center of the

ap = 4/ (KBM)2 —kZy, (19)

)\BI\'T _

e EBM — En, '
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Fig. 9. Normalized substrate voltage (leaky mode) for the covered microstfjy. 11. Normalized substrate voltage (total) for the covered microstrip of

of Fig. 4.
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Fig. 12. Dispersion plot showing the normalized phase constyfits versus
normalized frequencit/ X, for a covered microstriph. = h, W = h, and
e = 2.2).

where Pgy is the power propagating in the BM in both direc-

Fig. 10. Normalized substrate voltage (residual wave) for the coveré®ns along the line an@r,.; is the total power provided by

microstrip of Fig. 4.

leaky mode explains the location of the leaky-mode peakstma

Figs. 5-7.

Fig. 11 shows the magnitude of the total field for this stru

the 1-[V] gap source. Performing this calculation for this struc-
ture using Ansoft HFSS to calculaf® for the BM, it is found
tegy = 7.3%. Hence, 92.7% of the source power is lost to
radiation, both by the radiating leaky-mode current and by the

Source-discontinuity radiation from the different current compo-

ture, obtained by summing the complex fields in Figs. g—10.jents. This reinforces the assertion that this particular covered

can be readily seen that the leaky-mode field dominates the tdB4frOStriP is subject to significant power loss when used within
field near the source and close to the leakage angle, while @hgractlcal microwave integrated circuit, which is an important

BM field dominates the total field near the strip for larger

design consideration [13], [14].

One method of quantifying the energy lost to radiation is to FOT the remaining cases, a covered microstrip ith= 7,
calculate the BM efficiency, defined as

Zo | Ipm|?

P ota. N 1
Total 5 Re{ITotal(O)}

e, = 2.2, andW = h will be considered. Fig. 12 shows the dis-
persion plot for this structure. This figure illustrates three dis-
tinct regions of behavior. In the first regiqih /Ao > 0.052),

a physical leaky mode exists. In the second redi@i21 <
h/Xo < 0.052), a leaky mode exists but is in the nonphysical
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Fig. 13. Strip current magnitude for a covered microstiip{ 0.08 Aq, h. =
h, W = h, ands,. = 2.2) with a 1-[V] gap source.

0 5 10 15 20
0.04,,H,....“...,....,....: 2o
0.035 FA* Bound Mode | . . icrostri
O R Leaky Mode ] Fig. 15. Normalized substrate voltage (total) for the covered microstrip
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' i Total 1

constants. This larger separation also explains the lower relative
magnitude of the oscillations in the BM field at this transverse
distance, since is larger [see (19)]. For this structure, the BM
source-discontinuity radiation is stronger than the field of the
infinite BM current at this transverse distance. Hence, the infi-
nite-line BM field is acting as the modulator of the BM discon-
tinuity radiation in this case. The contour plot shown in Fig. 15
YN presents the total radiation field for this case. Similar to the pre-

0 20 40 60 80 100 dominant leaky-mode case (Fig. 11), the primary radiation away
zlho from the line exists around a leakage angte~ 13.6°). How-
Fig. 14. Normalized substrate voltage for the covered microstrip of Fig. 13%}/6!.’, in this case, the Ieakage angle is not as well d?f'r_‘ed_as
= Ao in Fig. 11. The apexes of the contours for the total radiation in

the leakage region bend inward toward the line. This curvature

spectral-gap region. In this region, the calculation method thatithe leakage angle appears as a result of the relatively strong
used here predicts no physical leaky-mode current [becauserdgdual-wave and BM source-discontinuity radiation. Several
leaky-mode pole is not captured by the steepest descent defmriods of the BM interference pattern are apparent along the
mation in Fig. 2(b)]. However, the leaky-mode pole influencdsngitudinal dimension of the line in this figure. The inclusion
the residual-wave current and thus makes an indirect contrilmithis BM interference pattern completes the general picture of
tion to the strip current. In the third regidik /Ao < 0.021), the total radiated fields for the instance when all three current
there is no leaky mode, only a pair of nonphysical real-impropeomponents are strongly excited.
modes. This paper will examine one case from each of these rewhen the frequency is decreased so that the leaky-mode pole
gions. is no longer captured in the spectral integration of the current,

The first case presented is a case where there is physited leaky mode becomes nonphysical [11]. The leaky mode is
leakage £ = 0.08 )\g). Fig. 13 shows the current componentshen said to be in the spectral-gap region [8], corresponding to
excited for this case. In this example, the leaky-mode arif > kryy,. In this case, the continuous-spectrum current
residual-wave currents are excited with similar amplitudes. Tkensists entirely of the residual-wave current. The next example
figure also illustrates how the leaky-mode and residual-wagerresponds to such a case. The normalized substrate height for
currents interfere with the BM current to cause oscillations ihis case idi/Ag = 0.04 (see Fig. 12), and the corresponding
the total current. current is detailed in Fig. 16. Similar to the previous case, the

Fig. 14 shows the normalized substrate voltage parallel to theperposition of the lossless BM current and the decaying con-
line atz = Ag. The higher frequencyh( = 0.08 Ag) causes tinuous-spectrum (purely residual-wave) current creates an 0s-
the leaky-mode and residual-wave fields in this case to be quiiéatory total current.
strong for larger values of, in comparison with Fig. 6 fromthe  The resulting normalized substrate voltagerat= ¢ is
previous case. The BM oscillations have a much smaller perisdown in Fig. 17. Once again, the infinite-line BM field is
thanin Fig. 6, but this fact is easily explained by the larger sepaodulating the BM source-discontinuity radiation field. Since
ration between the BM and thEM, parallel-plate mode phasein this case there is not the added complexity of having leaky-
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Fig. 16. Strip current magnitude for a covered microsthip< 0.04 Aq, h. =
h, W = h, ande,. = 2.2) with a 1-[V] gap source.
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mode radiation, this plot illustrates the destructive interference 2zl

between a residual wave and a BM to create the total figfdy. 19. Strip current magnitude for a covered microstfip£ 0.005 Ao,
pattern. The residual-wave and BM radiation are both relativelly = #» WV = #, andz.. = 2.2) with a 1-{V] gap source.

strong in this case. Fig. 18 shows a contour plot of the nor-
malized field (substrate voltage) for this case. It is interesting

0.0035 T

to note that inside the spectral-gap the residual wave assumes 0.003 Ll Bound Mode
some of the character of a leaky-mode field. A curved, and Residual Wave
somewhat distorted, pseudoleakage region evident in Fig. 18 0.0025
exemplifies this fact. The curvature of the pseudoleakage region H
is more pronounced than in the’\, = 0.08 case of Fig. 15 > 0.002 1
(for which a physical leaky mode existed). S 0.0015 1

Moving further down in frequency, the final case studied in
this paper is that foh/Ag = 0.005. In this low-frequency case, 0.001
the operating point is well inside the spectral-gap region in the
dispersion plot of Fig. 12. As a result of the low frequency, the 0.0005 -
continuous-spectrum current is very small, as shown in Fig. 19. 0 e
The oscillations in the total current due to the interference be- 0 20 40 60 80 100
tween the BM and continuous-spectrum currents are still ap- 2o

parent although they are small in amplitude. This plot of the Cutig. 20. Normalized substrate voltage for the covered microstrip of Fig. 19

rent components also shows definitively that this is a predomi< = Xo.

inant BM case. Not surprisingly, the BM radiation field domi-

nates the total radiated field, shown in Fig. 20, with only a slightetween the BM and residual-wave fields. The interference pat-
downward magnitude shift due to the destructive interferentarn in the BM field is evident, and as in the previous two cases,
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0.033+ 0.015 to 0.018 a similar total radiation pattern even though the residual wave
003 100 0as Pt itself is not a guided mode on the structure.
0.024 10 0.027 # 0.006 to 0.009 Another interesting observation is that the radiation field of
0.021t0 0.024 & 0.003 to 0.006 . ;

0,018 to 0,021 0't0 0.003 the leaky-mode current is usually not the strongest at the source

location, even though the leaky-mode current is strongest there.
Instead, the leaky-mode radiation field is typically strongest at a
distance of several wavelengths down the line from the source.
The leaky-mode radiation field appears to effectively emanate
from this location, at a leakage angle that is determined by the
phase constant of the leaky mode.

APPENDIX

Here, a derivation of the parallel-plate excitation coefficient
A in (9) is given, using the spectral-domain immitance (SDI)
method [17], [18].

The general expression for tH&\[, magnetic vector poten-

e e L tial of the dominantI'M, parallel-plate mode within the sub-
0 > 10 18 20 strate due to a unit-amplitudedirected infinitesimal dipole lo-

zikg .
catedaty = his
Fig. 21. Normalized substrate voltage (total) for the covered microstrip of
Fig. 19.

AP (3, y, %) = C cos(¢) Hy (kppp) cos(byiy) (AL

the transverse distance is already large enough=at\, so the

BM source-discontinuity radiation is larger than the infinite-linavhere¢ andp denote the usual polar coordinates, with angle
BM field. Since there is no physical leaky mode, and becauseeasured from the axis (instead of the: axis). The normal-
the residual-wave field is so weak, there is no evidence of eviged (unity aty = 0) function cos(k,1y) describes the vertical

a weakly defined pseudo-leakage region in the contour plotedriation of the magnetic vector potential (or the vertical elec-
the total radiated field shown in Fig. 21. The total radiated fieldic field) in the substrate. The complete equation for the vertical

is almost identical to that of the BM radiation field. variation of the vertical electric field between the parallel plates
is givenin (10). The SDI method is used to first solve for the un-
IV. CONCLUSION known constan€’, and, from this, the constaritis determined.

. L In the SDI method [17], [18], a rotated rectangular coordi-
Four examples of covered microstrip lines have bege system is used where theand v directions are rotated

examined to study the radiated fields (fields radiated imiQ/vay from thez and« axes by an anglg. Following the SDI
t_he_z parallel-plate structure) due to the currents induced by, a.hoq [17], [18], the: component of the transformed trans-
finite-gap source. For these four examples, the currents on {agqe ejectric field is modeled as voltage on the TM transmis-
line have the following characteristics: a BM together with g, jine equivalent circuit and is given in terms of the trans-
predominant leaky mode, a BM together with equally-strong..«4 surface current of the source as
leaky-mode and residual-wave currents, a BM together with a

significant residual-wave current, and no physical leaky mode,

and a predominant BM with no physical leaky mode and little,, = V™ = ;™ (g,) [—js -ﬁ} = V™(k,) {—J . —Z}
residual-wave current. The results presented for these four

examples led to some unexpected general conclusions.

In all of the cases, the BM radiation field possesses an
interesting interference pattern along the length of the mithereV;™™ is the voltage on the transmission-line model due to
crostrip line close to the strip, created by the interaction of anshunt 1-A current source @at=  (the location of the surface
infinite-line BM field and a BM source-discontinuity radiationcurrent), ande; = (k2 + k§)1/2. Since the source in this con-
field. For covered microstrip structures that support a stroffiguration is az-directed unit-amplitude dipole, the transform
physical leaky mode, the radiation from the line current is pref the current density is unity. Thus, (A2) becomes
dominantly due to leakage when the observation point is near
the source, and close to the angle of leakage. However, when ~ k.
the observation point is outside the leakage region and further E, = -V ™(k,) f
from the source, the radiation field—although weaker—is t
primarily due to BM discontinuity radiation. Interestingly, for
structures that have a nonphysical leaky mode and a relativel
strong residual wave, a strong region of directed radiation
may also be observed. In these cases the residual-wave field i ks 8Ay

partially assumes the role of the leaky-mode field, thus creating uw = Cwpier Oy (A4)

(A3)

R/eu component of the transformed field can be written as
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Equating (A3) and (A4), solving fo&?Ay/ay, and applying the impedance seen by the parallel current soureg &t h, given

inverse Fourier transform, it is found that by
oo oo A J Al4
3(;4 s / / wulﬁlk VM (1) Fe) = S orogu) + Y eonlo) o)
Yy 7r
' where
-eﬂ<’w+’w> dky dk.. (AB) YN _ @En

Converting to polar coordinates, (A5) can be written as

dA,  jwpier I VTM kt
gy~ (2m)? 37 with » either O or 1. The residue termin (A13) may be calculated

, _ . numerically from (A14), once the pole location/af, has been
i Ikepos(@=9) gk, dp. (AB)  determined.

The integral overs can be performed analytically, yielding the

Jo Bessel function, so that (A6) simplifies to 1]
0A, Jwpie 8/ VTM(IQ)
3y or B2 e Jo(kep) diee. (A7) 2]

Writing the J, Bessel function in (A8) in terms of the corre- [3]
sponding Hankel functions, and using symmetry, it follows that

. , [4]
dA,  jwpier 0 oo yITM(ky) @), )
= 5 / g 1 ) dke. (A8)

o —o [5]
The field of theTM, parallel-plate mode can be obtained by
replacing the total field by the residue contribution from the [6]
TM, pole. Doing this, and noting that

o 7

9z {HéQ)(kPPp)} = —H]EQ)(kppp)kpp cos(¢) (A9)

(8]
the derivative of the magnetic vector potential for e, par-
allel-plate mode is

(9]

8A,f’p WH1E ;
G = Res{ V™ (kyp) }H( (Kypp) cos(9)

(a10) 1O
where ‘Res” denotes residue. Comparing with (A1), and noting
that the derivative ofos(ky1y) aty = k™ iS —kyq sin(k,1 k), it

(11]
is found that
WH1€1 ™
— _ g . All
C = Sy sl ) Res{v’ (k”“)} ALD -

The vertical electric field in the substrate can now be calculategml
using [19]

1 a 1 (14]
EPP — 24— ) APP — 2y APP.

Yoo jwper <k1 + 892> R I o) Z(}A12)
Hence, [15]
]%‘2 C ]%‘2 [16]

A= e Res{ V™ (kyp) }.

Jwper  J2kysin(k,h) 7]

(A13)

The voltage tern¥;™ can be found by analyzing the transmis- [18]
sion line circuit that models the parallel-plate structure in Fig. 1[19]
Assuming a 1-A current source, this voltage is simply the input
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