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Abstract—BY using a specific normalization, it is shown that the
TM, radiation field from a leaky mode that is excited by a source
on any printed-circuit structure can be represented in a unified
manner. The general properties of the normalized leaky-modera-
diation field areexamined in detail for avariety of phaseand atten-
uation constants, as well as distances from the source, and for dif-
ferent types of source excitations. The normalized leaky-modera-
diation field is compared to similarly normalized geometrical-op-
tics and far-field radiation expressions to provide further insight
into the nature of theradiation fieldsin the near- and far-field re-
gions. Theresults provide a general view of leaky-mode radiation
properties independent of the type of planar transmission line or
background structure.

Index Terms—Crosstalk, leaky-mode excitation, leaky waves,
microstrip, printed circuits, radiation, stripline.

I. INTRODUCTION

HE existence of dominant (quasi-TEM) leaky modes on
printed-circuit transmission lines has been a subject of
considerable interest. These modes are usually undesirable
since they can result in increased attenuation, signal distor-
tion, crosstalk with nearby components, and other spurious
effects. Dominant leaky modes have been found on a number
of planar transmission-line structures including multilayer
stripline, microstrip line, covered microstrip, coplanar strips,
and coplanar waveguide [1]-{10]. As opposed to higher order
leaky modes [11], dominant leaky modes have a quasi-TEM
current distribution, which makes these modes particularly
problematic in integrated-circuit transmission-line structures.
Most studies involving leaky modes have focused on a spe-
cific structure, showing results for the wavenumber of the leaky
mode or (more recently) for the current or field of the leaky
mode when excited by a source [12]-{14]. Hence, the conclu-
sions from these studies are tied to specific structures (although
many of the conclusions are applicable to a variety of struc-
tures). The purpose of this paper isto draw general conclusions
about the leaky-mode fields that are excited by a source inde-
pendent of the structure. Results are shown for both “physical”
and “nonphysical” in the “ spectral-gap” region.
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Fig. 1. Geometry of ageneral planar transmission linewith afinite gap source
Vs.

It is shown here that, by using a specific normalization, the
fieldsradiated by aleaky modethat isexcited by asource on any
printed-circuit structure can be represented in the same unified
manner. Theresults apply to any type of infinite or semi-infinite
printed transmission line with a single conducting strip (such
as mutilayer stripline, microstrip, covered microstrip, etc.) that
is excited by a localized source, provided the leakage is only
into the TMy mode of the background structure. Results for
other types of structures can also be obtained using superposi-
tion (coplanar strips) or following the same method of analysis
assuming amagnetic current (slotline) instead of an electric cur-
rent. For open structures, the space-wave leakage can also be
formulated in a normalized manner using a similar procedure.

Three general types of leaky-mode currents are consid-
ered, which cover al practical source excitations of interest.
These currents correspond to an infinite line with an even bi-
directiona leaky-mode current, an infinite line with an odd
bi-directional leaky-mode current, and a semi-infinite line with
a unidirectional leaky-mode current. The characteristics of the
radiation fields from these leaky-mode currents are studied in
detail as afunction of the leaky-mode phase constant (leakage
angle) and attenuation (leakage) constant. The characteristics
studied include the amplitude distribution of the radiation
field, power flow in the radiation field, and “effective point of
radiation” for a leaky mode, which has not been previously
defined. In addition, results are presented for a geometrical
optics (GO) approximation to the radiation field to explore
the accuracy and limitations of this approximation. A far-field
approximation to the radiation field is also presented and
compared with the exact resullts.

A generd planar transmission lineis considered for the anal-
ysis provided in this paper. A diagram of a planar transmis-
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sion-linestructurewithasmall, but finitegap source (Vs = 1V)
is shown in Fig. 1. (This type of source excites an even-mode
current on the transmission line. Other types of sources will
be discussed later.) Although this figure shows a covered mi-
crostrip configuration, the analysis is general and applies to
any printed-circuit structure. The conducting strip is assumed
to be infinite in the +2-directions and al of the conductors
are assumed to be perfect. For simplicity, the strip width W is
assumed to be small so that the transverse component of the cur-
rent can be neglected.

Il. LEAKY-MODE RADIATION FIELD
A. Analysis

Assuming that the TM, mode of the background structure
is the only mode above cutoff, the fields radiated by the strip
current intothismode (i.e., theradiation field) can beformul ated
by calculating the fields radiated into this mode by a z-directed
infinitesimal electric dipole, and then integrating over the strip
current [12]

+oo
Ey(x,y,2) = Ay) / I(ZYVH (b, o) cos(¢)dz (1)
where
P =2+ (E=7) )
cos(¢) ==~ )

and A(y) is afunction that gives the y-variation of the fields
due to the dipole. This function is different for each type of
transmission line and can be cal culated using standard spectral-
domain techniques.

To obtain a general normalized form for the radiation field,
thestrip current I(z’) isassumed to be aleaky-mode current that
is bi-directionally excited by a source, such as the gap voltage
source shown in Fig. 1. Such a source excites an even-mode
current (with respect to 2’). (A similar analysis applies for the
case of an odd-mode current excitation or the case of aunidirec-
tional current excited on a semi-infinite line 2’ > 0.) The even
|eaky-mode current is represented as

I(2') = Ape %17l 4)

where Ay isthe complex excitation coefficient for the leaky
mode and k., = 3. — ja isthe propagation wavenumber of
the leaky mode. All the distances in (1) are normalized by the
TMg-mode wavelength Atyg, = 27 /kTMm, (i€ T = /ATM, .
Z = z/Atm,, P = p/ATM,) @nd the phase and attenuation
constants are normalized by the TM-mode wavenumber kg,
(e, B. = B./krm,» @z = a./krwm, ). After some simple cal-
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culations, the vertical electric field radiated by the strip current
is written as

+oo
E,(z.5.7)=Ax / ¢ P miw 2 D (2l ) cos () d7'
©)
where
An = A(y)ALmAT™, (6)

is a constant (for a fixed value of y) that only depends on the
parameters of the specific background structure. Note that, to
within a multiplicative factor, the radiation field (5) at a given
normalized observation position (z, Z) issolely afunction of the
normalized constants &. and 3. for any printed-circuit struc-
ture that is excited by a bi-directional even-mode source. For a
source that excites abi-directional odd-mode current (such asa
vertical probe or via), the integrand in (5) is modified by mul-
tiplication with sgn(="). For a semi-infinite line that is excited
by a source at the end, the integral in (5) is modified by simply
replacing the lower limit of integration with zero.

Inthis paper, 3. will often be specified indirectly by choosing
avauefor the approximate |eakage angle ¢, in accordance with
the relation

do = cos™ (7. ™

which provides accurate predictions of the leakage angle for
small @.. (The exact leakage angle is in the direction of the
phase vector with components (3, and 3.).) Theresultsin this
paper are for the normalized radiation field, as represented by
theintegral in (5), or for quantities such as the Poynting vector
that come from the normalized field. The unnormalized (abso-
lute) field for any specific structure may be obtained by scaling
the normalized field results by the normalization constant A .

B. Physical Leaky-Mode Results

The results in this section are for a physical leaky mode. A
physical leaky mode is a mode that is a fast wave with respect
to by, (8. < 1). Results will be presented for a variety of
valuesfor 3. and &, which are treated as independent parame-
tersto make the results as general as possible. Of course, for an
actual structure, thetwo valuesarerelated. An example showing
such arelationship for a specific structure, and how the general
methodology developed here may be applied to the structure,
will be given in Section VIII.

In Fig. 2, the magnitude of the normalized leaky-mode radia-
tionfield is plotted for ¢ = 50° and &, = 0.001,0.01,0.1, re-
spectively. For &, = 0.001, theradiationfieldinsideatriangular
leakage region or “lit region” is seen to be very strong. Thisra
diation picture closely resembles that for a GO field, in which
“rays’ emanate from the line at the leakage angle to illuminate
the leakage region, and the field is very small (essentially zero)
in the “shadow region.” In the approximate GO model, the field
is uniform along the lines of |eakage within the lit region. One
interesting feature observed in Fig. 2(a) isthe oscillatory nature
of the field within the lit region as the observation point moves
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Fig. 2. Vertica component of the normalized leaky-mode electric field for ¢, = 50°. (@) @. = 0.001.(b) a, = 0.01.(c) a. = 0.1.

away from the shadow boundary. This feature is not predicted
by GO. This oscillation isthe result of interference between the
leakagefield and the “ source discontinuity radiation field” [12],
the field that physically arises because of the discontinuity in
the derivative of the current at 2’ = 0 in (4). The source dis-
continuity radiation spreads radially from the source location,
attenuating as 1/,/p with a phase variation of exp(—jkrwm, p).
The GO field has a phase variation of exp(—j(3.2 + f.x))
within the lit region, where 3. = Re(k.) ~ krm, cos ¢o and
B = Re(k,) = krm, sin ¢o. Thissimple explanation predicts
the periodicity of the oscillations seen in Fig. 2(a).

Theresultsin Fig. 2(b) demonstrate that when &, isincreased
t0 0.01, the overall field strength is decreased, and the radiation
shape becomes more focused along the leakage angle. That is,
more of a “beam” exists in the near field. This is because the
field decreases morerapidly within thelit regionin thedirection
perpendicular to the leakage boundary. Further increase in @,
yieldsradiation that is diffuse with no well-defined lit region or
beam, as shown in Fig. 2(c), which is characteristic of radiation
from amore localized current near the source.

The trends in Fig. 2 highlight some general properties as-
sociated with different leaky-mode attenuations constants. For

smaller values of @, theleakage field ismore nearly uniformin
thelit region and very weak in the shadow region. The gradient
of the field in the shadow region, along a direction perpendic-
ular to the shadow boundary, is large for &, = 0.001, creating
an abrupt decay of the field past the shadow boundary. The gra-
dient within the lit region is fairly small (GO predicts that this
gradient should become smaller as &. decreases). As & isin-
creased, this gradient becomes smaller in the shadow region and
larger in the lit region, eventually blurring the definition of the
lit region. The field magnitude is also changing more rapidly
along the leakage angle direction as & increases.

I1l. LEAKY-MODE POYNTING VECTOR

The leaky-mode radiation field can be further understood by
investigating the associated power flow. This power flow can be
calculated using the time-average Poynting vector

() = JRe{Ex H'}. ®

The magnetic field associated with the radiation field cal culated
in (5) isdetermined fromtheelectricfield in (5) using Faraday’s
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law (see the Appendix for details). The final expression for the
Poynting vector of the leaky-mode radiation field is written as

|An P

2wpATM,
+oo

x Re {JX / e IR2 gz 2. 7 )dZ

(s) =

ade o)

where

9(z.2,7) = HP (21p) cos ¢ (10)

Fig. 3 shows a vector plot of the power flow for @, = 0.001
and ¢9 = 50°. Fig. 3 illustrates the close correlation between
power flow and the amplitude of the field, as shown in Fig. 2.
The vector plot shows that the time-average power flow is di-
rected away from the source and along the direction of |eakage.
It isalso evident (although not shown explicitly here) by closely
examining Fig. 3 that magnitude plots of the power arevery sim-
ilar to the field plots such as those shown in Fig. 2. Hence, the
field plots give indications not only of the radiated field inten-
sity, but a so of the power flow into the surrounding background
structure.

Fig. 3(b) shows an expanded view of the power flow near the
source. From this expanded view, it is evident that the strongest
radiation does not emanate directly from the source at z = 0.
Instead, there is an effective point of radiation that is displaced
from the source along the z-axis. This effective point of radia-
tionisadirect result of the interference between the source dis-
continuity radiation and the infinite-line leaky-mode field. This
phenomenon will be explained in more detail in the following
section.

Fig. 4 shows the magnitude of the normalized leaky-mode
field plotted for ¢y = 10° and &, = 0.001,0.01,0.1, re-
spectively. Examining these three plots, it is clear that the gen-
eral conclusions presented for Fig. 2 based on &_ continue to
hold. At this lower leakage angle (larger /3.), the normalized
leaky-mode radiation field is stronger compared to the higher
angle of leakage shownin Fig. 2. Thisisduein part to the cos ¢/
termin (5). However, astheleakage angle gets closer to end-fire
(theleakage angletendsto zero), theleakage beam diffuses. The
larger &, becomes, the faster the leakage beam diffuses near
end-fire. A low leakage angle also leads to aleakage beam that
ispartially collapsed into the strip, creating an effective point of
radiation that lies much further out along the z-axis. Although
further results are not shown here, the field strength and effec-
tive point of radiation trends continuefor other valuesof /3.. The
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Fig. 3. Normalized Poynting vector for the leaky-mode field for ¢q = 50°
anda. = 0.001for: (@) 0 < 7, z<20,and(b) 0 < 7,z < 5.

normalized field strength generally decreases and the effective
point of radiation lies closer to the source as /3. decreases (or
¢o iNcreases).

IV. EFFECTIVE POINT OF RADIATION

The effective point of radiation is the point aong the
strip where the maximum magnitude of the leaky-mode
radiation field is located. This is the location where the two
radiation mechanisms associated with the leaky-mode (the
source-discontinuity radiation and infinite-line leaky-mode
field) constructively interfere. The effective point of radiation
isnot a » = 0, but is shifted along the line away from the
source. As seen in Figs. 2 and 3, the radiation beam appears to
emanate from this point. Hence, when plotting the field versus
z for afixed z that is close to the strip, the maximum field
occurs at some value z,, larger than zero.

To further investigate this interesting interference effect,
the field close to the strip is assumed to be the sum of a GO
leaky-mode field and a source-discontinuity field (which is
a radial field that emanates from the source location). This
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Fig. 4. Vertica component of the normalized leaky-mode electric field for ¢, = 10°. (@) @. = 0.001.(b)a, = 0.01.(c)a. = 0.1.

approximation should be accurate for very small &.. Approx-
imating the Hankel function of the source discontinuity field
using its large-argument asymptotic form [15]

HP () ~ [2 —ilc-5-3) (11)
v WC
this field can be written as
Ey ~ Alcfjkzzefjkmw + éefﬂt‘TMOP (12)

VP
where A; and A, are some complex constants. Assuming that
x = xo isfixed and small, and making use of (7), (12) can be
simplified to

Ey ~ [A3[6j¢3 eIk, cos(¢o )z + @Cﬁﬁz o FkTagz (13)
where A3 = Aje 7% and ¢3 and ¢, are the phases of A
and A,. Hence, thelocation of the maximum field, when plotted
along the strip, will occur at z = z; when

Ao

T1- cos{¢o) (14

ZM

where

P2 — 3
oo

Equation (14) predictsthat the effective point of radiation isnot,
ingeneral, at the origin, and that the location shifts further away
from the origin as the leakage angle decreases. Results for the
effective point of radiation have been numerically calculated for
@, = 0.001,0.01, and 0.1. The results for these cases and the
theoretical approximation in (14) are presented in Fig. 5. Since
Ap isnot known numerically, the numerically calculated datais
equated with the theoretical approximation (14) at ¢g = 90° to
find the value of Ag. Fig. 5 shows that, for all of the cases, the
effective point of radiation isincreasing with decreasing leakage
angle; however, the rate of increase is much more dramatic as
@ becomes smaller. The theoretical approximation agrees well
with the numerically calculated data for large |eakage angles,
but the agreement fades as the leakage angles become smaller
(even though the general shapes of the curves are very similar).
For small leakage angles (near ¢ = 0), the effective point of
radiation converges to a fixed value. This stabilizing effect is

Ao (15)
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Fig. 5. Effective point of radiation (Z3; = zar/Arwm,) for the normalized
leaky-mode electric field versus approximate leakage angle ¢ .

more pronounced for larger &., as seen when comparing the
curvesfor @, = 0.1 and 0.01. Thisis probably due to the fact
that, for larger ., the leakage beam diffuses more rapidly as
the leakage angle approaches end fire.

V. GO AND FAR-FIELD PATTERNS
A. GO Fied

The GO field is that predicted by “ray optics’ theory, and
should be valid in the limit that @. — 0 and the distance
from the line increases (so that source-discontinuity radiation
becomes small). The magnitude of the GO field is written as
[12]

|E,°(z, 2)
_ 1An]
s

cot(¢o)

—Q, 27| 2| ,— 27|
X{e |2l g—ais 22|

0, otherwise

(z,z) inthelit region
(16)
where @, isnegativefor aleaky mode. Sinceonly & isspecified

in the calculations, it is convenient to eliminate &, from (16).
The wavenumbers are related by

_ _ _ 2 _ 2
B+i2=(f—jo) +(F—jaz) =1 @D
By taking the imaginary part of (17), it is seen that
Bra"r it _Bz@z- (18)

Assuming that the attenuation constants are small, 3, and /.
can both be related to the leakage angle asin (7) and, hence,

(19)

Gy = — @, cot(gp).
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Using these approximations and converting to cylindrical coor-
dinates, the GO field in theregion > > 0 isgiven by

GO/~ -

[Ey (z, %)

_ Al

v
a:2rp|sin($)|[cot(Po) —|cot(4)] 18] < |l
4 c . ’ = 0
x cot(¢o) {0, otherwise.

(20)

B. Far-Field Pattern

Thefar-field patternis obtained by evaluating (5) at largedis-
tances from the source, where the Hankel function in (5) is ap-
proximated by its asymptotic form [given in (11)] for p’ — oc.
Using these far-field approximations, the infinite integration is
evaluated in closed form. Hence, the expression for the magni-
tude of the far field is written as

Ay |cos()| 1 4 1 l

FF(- = =
|18, (#.9,%) 212\/p | k=—cos(¢) EZ"‘COS@% 1

C. Results

Fig. 6 showsthe GO, far-field, and numerically exact (hence-
forth referred to as “exact”) patterns for @, = 0.01 and ¢y =
50° for p = 1,10,100,1000. At p = 1, there is no agreement
between the GO, far-field, and exact patterns. Thelack of agree-
ment is easily explained in this case since the distance from the
source is too small for the far-field expressions to be accurate,
and also too small for the GO field to be accurate since, at this
small distance, the dominant part of the radiation from the leaky
mode is source-discontinuity radiation. At 5 = 10, the agree-
ment between GO and the exact |eaky-mode radiation field is
good. The overall shape of the exact leaky-mode radiation field
agrees well with the shape of the GO field. The oscillations
in the exact leaky-mode radiation field correspond to the inter-
ference between a GO leaky-mode field and a source disconti-
nuity radiation field. Past the shadow boundary, thereisonly the
source discontinuity radiation, thus, the exact leaky-mode radi-
ation field is smooth and decays monotonically. In the shadow
region, the far field is beginning to agree with the exact field
for large observation angles (¢ > 65°). At p = 100, the agree-
ment between GO and the exact leaky-mode field is beginning
to break down; however, the agreement with the far-field pat-
tern is becoming much better, especialy in the shadow region.
Agreement between the exact and far-field patternsfor the leaky
mode is excellent at p = 1000 for al observation angles. At
this distance, the exact leaky mode is very well described by
its far-field pattern and the GO pattern (which has the appear-
ance of a sharp spike) has no agreement at all with the exact
|eaky-mode radiation field. This general behavior is typical of
al leaky-moderadiation fields. The exact fields generally agree
well with the GO fields within arange of g, the size of which
depends primarily on &... In general, the agreement between the
exact and GO fields improves as @ decreases. The larger @.,
the smaller the region of agreement since the transition from
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Fig. 6. Vertical component of the normalized leaky-mode electric field compared with GO and far-field patterns (in decibels) for a. = 0.01 and ¢ = 50°.

(@p=1.(b)p = 10,(c) p = 100.(d) p = 1000.

the near to far field occurs more quickly. If @. gets too large,
the exact field never agreeswell with the GO field for any value
of p. Theregion of agreement between the exact and GO fields
(the range of p over which agreement occurs) is also smaller as
the leakage angle decreases. This is because the leakage field
becomes more diffuse as the leakage angle decreases. Compar-
isons of the far-field pattern and the exact |eaky-mode radiation
field show that agreement between these fields is good for large
p. The exact leaky-mode radiation field for larger values of &,
converges to the far-field pattern at smaller values of 5 since
larger values of & lead to smaller effective lengths of radiating
current.

One interesting conclusion isthat, for small values of . and
small leakage angles, the peak value of the radiation field ac-
tually increases for small g, as p gets larger. Eventually, how-
ever, the value of the peak field decreases with increasing p. For
larger values of a_, the peak value of the field decreases with o

for al p. When @, is small, there is arange of g for which the
peak value of the field changesvery slowly with 5. Thisisas ex-
pected from GO (which predicts that the peak value of the field
isat the shadow boundary, and isindependent of the distance p).

V1. RADIATION FROM A NONPHYSICAL LEAKY MODE

A nonphysical leaky mode is a mode that has a complex
wavenumber, but isaslow wavewith respect to krty, (3. > 1).
Thistype of mode becomes important when a structure is oper-
ated at a frequency in the “ spectral-gap region” [14], [16]. The
spectral-gap region is the frequency span where a leaky mode
exists, but is nonphysical becauseit is aslow wave. In this fre-
guency region, a nonphysical leaky-maode field can till be sig-
nificant, and can even dominate the total radiation field, partic-
ularly when no other physical leaky modeis present [17].
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Fig. 7. Vertical component of the normalized leaky-modeelectric field for anonphysical leaky modefora. = 0.01.(a) 3. = 1.01.(b) 3. = 1.05.(c) 3. = 1.1.

@ 3. = 1.2.

Fig. 7 shows nonphysical leaky-mode radiation patterns for
@. = 0.01and 3. = 1.01,1.05,1.10, and 1.20. All of the pat-
terns shown in Fig. 7 show an end-fire type of radiation field. A
strongly directed beam is not produced, but instead, the radia-
tion pattern is rather diffuse and gets more diffuse as the value
of /3. increases within the spectral-gap region.

VII. RESULTS FOR DIFFERENT SOURCE EXCITATIONS

Thusfar, resultsfor the leaky-mode radiation field have been
plotted assuming a bi-directional even leaky-mode current, as
would result from the gap voltage source shown in Fig. 1. In
practice, there are three different current distributionsthat could
occur on agiven planar transmission-line structure, i.e., abi-di-
rectional even-mode current, bi-directional odd-mode current,
and a unidirectional current on a semi-infinite line. Results are
presented below for leaky-mode currents with these different
distributions.

A. Unidirectional Current

Unidirectional current excitation occurswhen acurrent is ex-
cited in one direction on a semi-infinite line. On a planar trans-
mission line, thistype of current excitation occurswhen theline

is fed from below using a coaxial probe or aviafeed. A typical
configuration for thistype of feed isshownin Fig. 8(a). Fig. 9(a)
shows the magnitude of the radiation fields associated with a
unidirectional leaky-mode current for &. = 0.1 and ¢y = 50°.
The current is excited by a source a » = 0 and extends in the
+z-direction. From Fig. 9(a), it is readily seen that the radi-
ation field is much stronger in the positive = region due to a
strong contribution from the leaky-mode current. In the nega-
tive = region, the radiation field is weak, associated primarily
with source discontinuity radiation.

B. Bi-Directional Even-Mode Current

Bi-directional even-mode current excitation occurs when
a current is excited equally in both directions with the same
phase. This type of current excitation corresponds to a gap
voltage source, as shown in Fig. 1. Fig. 8(b) illustrates how
such an excitation could take place in a redistic planar trans-
mission-line package using an end-launch connector. This
configuration yields the bi-directional even-mode excitation
through image theory since the planar transmission line is fed
at the end and a metallic plane (modeled as infinite) supports
the feed probe. Fig. 9(b) shows the radiation field due to this
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(a)

(b)

(©)

Fig. 8. Three different source excitations of the printed circuit line. (a) Probe
feed for a semi-infinite line, which produces a unidirectional current.
(b) End-launch coaxial connector feeding a semi-infinite line, which, by
image theory, produces a bi-directional even-mode current. (c) Vertical probe
connector for an infinite line, which produces a bi-directional odd-mode
current.

type of leaky-mode current for &, = 0.1 and ¢o = 50°. Since
the current is excited equaly in both directions with the same
phase, this case is like the superposition of two oppositely
directed unidirectional cases that are 180° out of phase from
each other. The result is a symmetric field around the source
with each side being dlightly weaker in magnitude near the
source than the field obtained for the unidirectional case. This
weakening of the field is due to the even-mode nature of the
strip current, which causes the radiation field to have a null at
¢ = 90.

C. Bi-Directional Odd-Mode Current

Bi-directional odd-mode current excitation occurs when a
current is excited equally in both directions with the opposite
phase. This type of current excitation corresponds to a vertical
current source such as a coaxia probe or via feed that makes
contact with an infinite line. Fig. 8(c) illustrates how such
an excitation could take place in a realistic planar transmis-
sion-line circuit. Fig. 9(c) shows the radiation field due to
this type of leaky-mode current for &, = 0.1 and ¢g = 50°.
Since the current is excited equally in both directions with
opposite phase, this case is basically the superposition of
two oppositely directed unidirectional cases. The result is a
symmetric field around the source with each side being dightly
stronger in magnitude near the source than the field obtained
for the unidirectiona case. The strengthening of the field is
due to constructive interference that occurs near ¢ = 90 from
radiation due to the currents on the opposite side of the source
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(as opposed to the cancellation that occurs with the even-mode
excitation).

VIII. PRACTICAL EXAMPLE: COVERED MICROSTRIP

An example is presented in Figs. 10 and 11 to aid in ex-
plaining how the normalized |eaky-mode fields can be applied
toward apractical structure. Fig. 10 showsthe dispersion plot for
a covered microstrip structure with equally dimensioned strip
width, substrate thickness, and cover height above the substrate
(W = h = h.) and relative permittivity of the substrate e, =
2.2. Fig. 11 showsthefield plot for this structure at anormalized
frequency of h/Ag = 0.1. The leaky-mode field for this struc-
ture is calculated using the normalized radiation formula (5)
with knowledge of the leaky-mode wavenumber k. = (1.132 —
70.1036)%0 and the TM, wavenumber of the background struc-
ture kv, = 1.191ko (Arm, = 0.8396X) obtained from
Fig. 10. Hence, the normalized wavenumber is k. = 0.9505 —
70.08699. The unnormalized field for this structure can be cal-
culated by evaluating Ap. For this covered microstrip struc-
ture, Ay = —64.47 4+ 51.008 V/m for y at the ground plane.
The resulting unnormalized leaky-mode field for this example
structure is shown in Fig. 11(a). The shape of this |eaky-mode
field is consistent with the earlier results shown for large &,
and small leakage angle. The leakage field is diffuse with no
well-defined beam. By examining the data used for Fig. 11(a),
the effective point of radiation for this example is calculated to
bezy = 1.75 0 = 2.08\ 1y, - Thisagreeswell with theresults
showninFig. 5. Fig. 11(b) showsthetotal field for thisexample
structure that is calculated from the total current excited on the
structure for comparison [13], [14]. Comparing Fig. 11(a) and
(b), it is readily seen that the leaky-mode field is a dominant
contributor to thetotal field. However, it isimportant to notethat
the shape of thetotal field does not completely match that of the
leaky-mode field due to the contributions of the bound-mode
source-discontinuity radiation and the radiation from to the re-
mainder of the continuous spectrum [13], [14].

IX. CONCLUSIONS

It has been shown that the field radiated by aleaky mode that
is excited by asource on an infinite or semi-infinite printed-cir-
cuit transmission line can be represented in a general unified
manner. That is, after proper normalization, the results apply to
the radiation field from aleaky mode on any type of printed-cir-
cuit structure. The leaky mode is assumed to be excited by a
source at the center of an infinite line, which produces either
an even or an odd current distribution about the source. Alter-
natively, the leaky-mode current may be in the form of a unidi-
rectiona current mode on a semi-infinite line that is excited by
asource at the end of the line. For all cases, the leaky mode is
assumed to only radiate into the fundamental TM, mode of the
background structure.

The results show that a well-defined leakage region is
produced when the leakage constant is small and the leakage
angleis not too close to zero. As the leakage constant becomes
smaller, the radiation field agrees better with an approximate
closed-form GO field, which physically describes the leakage
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Fig.9. Vertica component of the normalized leaky-modeelectricfieldfor a. = 0.1, ¢ = 50°. (a) Unidirectiona current. (b) Bi-directional even-mode current.

(c) Bi-directional odd-mode current.
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Fig. 10. Dispersion plot showing the normalized phase constant 3. /kq and
normalized attenuation constant « .. /kq of the leaky mode versus normalized
frequency h /A, for acovered microstrip transmission line (W = h = h. and
£, = 2.2). Also shownisnormalized phase constant 3. / ko for the bound mode
and the normalized phase constant k-, / ko for the TM, mode.

field in terms of “rays’ that carry power away from the line.
This simple model predicts a field that is constant aong
the lines of leakage within the leakage (or lit) region, and
essentially zero in the shadow region. The exact radiation field
can be interpreted as consisting of a GO |leakage field together
with a source-discontinuity field, which isessentially aradially
propagating field that emanates form the source location. The
source-discontinuity field is strong for distances close to the
source so the GO field does not agree well with the exact field
near the source or for large distances from the source. However,
the GO field agrees quite well with the exact field over a
significant range of moderate distances from the source, when
the leakage constant is sufficiently small. For large distances
from the source, the exact field agrees well with a closed-form
far-field approximate formula for the radiation field of the
|leaky mode.
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Fig. 11. (&) Leaky-mode electric field and (b) total electric field for the
structure of Fig. 10 at h/Aq = 0.1 for a 1-V gap (bi-directional even-mode
current) source excitation. The unnormalized field is plotted in volts per meter.
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Results for the power flow in the leaky-mode radiation field
were also presented, and these correlate well with the resultsfor
theradiation field intensity, showing power flow primarily inthe
direction of leakage, as expected. Interestingly, the power flow
does not typically appear to emanate from the source region, but
instead from a region that is displaced aong the line from the
source, which has been termed the“ effective point of radiation.”
A simple approximate formulafor predicting thelocation of this
point has been derived.

The case of anonphysical leaky mode (a slow wave with re-
spect to the background mode into which radiation is occurring)
was also investigated. It was shown that the radiation field from
such a leaky mode is fairly diffuse and becomes more so as
the phase constant increases and the mode correspondingly be-
comes less physical.

It was shown that the radiation field from all three types of
current distributions (bi-directional even-mode and odd-mode,
and unidirectional) are very similar in the forward leakage re-
gion (the leakage region for z > 0). The even- and odd-mode
bi-directional caseshaveasymmetrical radiationfield, whilethe
unidirectional case produces a strong leakage field in only the
forward direction and has aweak field in the backward region.

A specific example for one particular practical structure (a
covered microstrip structure exited by a gap source) was used
to illustrate the general method, showing how the fields of the
leaky mode on this particul ar structure could be predicted based
on the known dispersion curve.

APPENDIX

Since only they component of the electric field is of interest,
the time-average Poynting vector [see (8)] simplifiesto

(S) = %Re{Eijfc . EyHl,z}

(A1

From Maxwell’ s equations, the x and z components of the mag-
netic field are given by

+oo
Hr(f’g’g): : An /G_j’;zQﬂ—lZ,lag(i’fj’?)df/
JWUATM, 3
b (A2)
and
+oo _
H.(%,5,7) = —— An / k=2 89(3775?72 )dE’.
JWUATM, /. OF

(A3)
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Hence, substituting (5), (A2), and (A3) into (A1), the Poynting
vector can be written in normalized form as

[AN|?
(§) = — o
2wpATM,
+oo
x Re j&/e—j"‘ﬂ”'i"g(f,i,i’)dz’
—oo
+oo o, *
X /6_j’552ﬂ|5'|897($’z’2 )d?’
oz
— O
+oo
+J’i/ e k2 gz, 2,2 )d
—_o
+oo o, *
> /ijl;;2ﬂ2'|ag(xvzvz)d2/ (A4)
z
where

dg(z,7,7)  HZ(2xp)
=

(1—cos®¢)+2r cos® d)’Hl(Q), (2rp’)
(A5)

¥

and

_cos ¢’ sin ¢>’H1(2)(27rﬁ’)
o 7
+27 cos ¢’ sin ¢>’H1(2), (2np"). (AB)
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