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The Danger of High-Frequency Spurious Effects
on Wide Microstrip Line

Francisco Mesa, Member, IEEE,and David R. Jackson, Fellow, IEEE

Abstract—It has been found that remarkably severe spurious
effects can occur in the current excited on microstrip line at
moderate to high frequency, when the strip is wide (approximately

3). This newly observed effect occurs because one or
more leaky modes (LMs) approaches the branch point at 0 in
the complex longitudinal wavenumber plane. When this happens,
the attenuation (leakage) constant of these LMs becomes very
small. Hence, the LMs can propagate to very large distances along
the line with only minimal attenuation. This effect only occurs
when the strip is fairly wide, and at certain frequencies. When it
occurs, the effect can be disastrous since the continuous-spectrum
(radiation) part of the current on the strip then decays very
slowly with distance from the source so that the total strip current
excited by the source exhibits spurious oscillations out to very
large distances from the source. An approximate design rule for
predicting this effect is given, which is accurate for wide strips
(approximately 6). The LMs that are responsible for this
effect are identified, and the behavior of these modes are studied
for different strip widths.

Index Terms—Leaky waves, microstrip, microwave integrated
circuits, planar transmission lines, planar waveguides, printed
circuits.

I. INTRODUCTION

L EAKY MODES have been found to exist on a variety
of printed-circuit transmission lines over the last couple

of decades, and their properties have been extensively studied
[1]–[25]. In particular, the microstrip line is one commonly used
transmission-line structure for which leaky modes (LM) have
been found to exist. It has been shown recently that LMs may
exist on a microstrip line with an isotropic substrate, at high
frequency [1]. Substrate anisotropy may also induce the exis-
tence of LMs [2]. These LMs, if excited sufficiently by a prac-
tical source, will result in significant spurious effects such as
power loss and crosstalk, as well as interference with the de-
sired bound mode (BM) that is also excited from the source.
When examining the current on the strip that is excited from
a practical source, this interference typically takes the form of
oscillations in the total current (TC) on the strip, when plotted
versus distance from the source [3]. The interference arises be-
cause the bound and LMs have different propagation wavenum-
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Fig. 1. Geometry of an infinite microstrip line with a 1-V gap source atz = 0.

bers. Usually, the interference effect dies out with distance rel-
atively quickly (within a few wavelengths from the source) be-
cause the LM has a complex wavenumber and, hence, decays
exponentially with distance from the source. Therefore, in most
cases that have been previously studied, where the strip width
is moderate, the excited LMs are not very important more than
a few wavelengths from the source. It has been found that the
spurious oscillations that are observed in the current generally
increase with frequency and become significant when the sub-
strate thickness is about one-tenth of a free-space wavelength.
However, most of the spurious effects are confined to a region
that is about ten wavelengths from the source [3].

In contrast, it has been discovered that when the strip is fairly
wide , important exceptionscan occur. In particular,
for such wide strips, a frequency region will exist where the
spurious oscillations extend out toextreme distancesfrom the
source, possibly as large as many tens of wavelengths. This new
effect does not, in general, increase with frequency, but instead,
it occurs mainly in the vicinity of certain specific frequencies,
depending on the strip width. The purpose of this paper is to re-
port this new finding and to investigate it in some detail by using
a semianalytical model for the current excited on a microstrip
line by a voltage gap source, as was used in [3] (and originally
introduced in [4]). The geometry of the microstrip line with a
voltage gap source is shown in Fig. 1.

In [3], the current excited on a microstrip line by a voltage
gap source was studied for moderate strip widths. It was demon-
strated that spurious oscillatory effects in the current is due to an
interference between the BM of propagation (the desired mode
that is normally used for signal transmission) and thecontin-
uous-spectrum(CS) part of the current [3], [5]. The CS (or ra-
diating) part of the current generally increases with frequency,
eventually becoming comparable in magnitude to the BM cur-
rent roughly in the frequency range where the substrate thick-
ness is about one-tenth of a free-space wavelength. However, it
is not always a LM that is responsible for the increase in the CS
as the frequency increases. Mathematically, the CS current on
the line consists of a sum of any physical LM currents, together
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with residual-wave(RW) currents [6]. The RW currents account
for that part of the CS current that is not channeled into one or
more LMs. High-frequency spurious effects on a microstrip line
with a moderate strip width may be due to either a LM or a RW
current (or a combination of the two [3], depending on the fre-
quency range, the substrate permittivity, and the distance from
the source). The RW currents decay algebraically with distance
from the source, as opposed to the LMs that decay exponentially.
Therefore, for distances that are more than a few wavelengths
from the source, the high-frequency spurious effects that are ob-
served on microstrip line with a moderate strip width are due to
the RW currents. Within a few wavelengths from the source,
a LM may be mainly responsible for the spurious effects, de-
pending on the parameters [3]. In all cases, however, the trend is
that the CS current continuously increases in magnitude as the
frequency increases. Hence, the spurious effects continuously
increase with frequency for microstrip with a moderate strip
width. To avoid such effects, the frequency should be chosen
low enough so that the substrate thickness is less than approxi-
mately 0.1 .

In contrast, the newly discovered effect reported here forwide
microstrip lines occurs in a particular frequency range, which
depends mainly on the width of the strip. As the width of the
strip increases, the frequency at which this new effect is ob-
served decreases. For moderately wide strips, the effects occurs
only at high frequency, but for very wide strips, it may occur at
moderate frequencies. The frequency range over which the ef-
fect is observed may be fairly narrow. However, when this effect
does occur, the resulting interference observed in the strip cur-
rent is extremely severe out to very large distance, much larger
than for the moderate strip-width cases. This new effect is due
to one or more LMs approaching thebranch point in the lon-
gitudinal wavenumber plane, which is the plane used in the
construction of the current from the voltage gap source. Near the
branch point, the attenuation constant of the LMs are found to
be quite small so that they can propagate to very large distances
before decaying significantly. This explains the long-range spu-
rious effects that are observed. Interestingly, such effects are
only observed for wide strips. When the strip width is small
or moderate , it appears that the LMs do not typ-
ically approach the branch point. As will be demonstrated, an
approximate design rule for predicting the frequency at which
the LMs approach the branch point can be given. Results will
be presented for various strip widths, including a moderate strip
width and two large strip widths, in order to demonstrate when
the effect occurs and to study the LMs that are responsible.

II. A NALYSIS

The microstrip line is assumed to be infinitely long in the
-directions, infinitesimally thin, and perfectly conducting.

The line is excited at by a 1-V gap voltage source,
as shown in Fig. 1. The gap source is assumed to have a uni-
form impressed electric field that exists over the re-
gion . Theoretically, may be chosen to be
zero to represent a delta-gap source, although numerically it is
chosen as since this makes the Fourier transform
converge faster and, thus, helps with the numerical convergence.

(For distances more than a fraction of a wavelength from the
source, the value of is inconsequential.) The current density
on the strip is represented in a basis function expansion as

(1a)

(1b)

where the transverse shape functions and are
chosen to be Chebyshev polynomials weighted by appropriate
edge-singularity terms [7]. In particular,

(2)

where and are the Chebyshev polynomials of the first
and second kind, respectively.

A multiple basis function expansion is needed for accurate
results since wide strips will be investigated. The total longitu-
dinal current on the strip is described by the function since
the integral across the strip width of is unity for
and zero for . The electric-field integral equation (EFIE)
is used, which equates the tangential electric field on the strip to
that of the impressed gap voltage at the source, and zero on the
metal strip. The EFIE is written in the spectral domain using the
spectral-domain Green’s function for the layered structure. The
Fourier transform of the EFIE with respect tois taken, and
then the functions and are used as testing func-
tions. This results in a matrix equation of the form

(3)
where

(4)

and

(5)

where is a path from to in the complex (trans-
verse wavenumber) plane. A solution of the matrix equation
then yields a solution for the Fourier transform of the currents

and . Each current function is then represented as
an inverse Fourier transform, e.g., as

(6)

where path runs from to in the complex (longitu-
dinal wavenumber) plane.
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Fig. 2. Complexk -plane used to perform the inverse Fourier transform to
construct the strip current. (a) The original path of integrationC and its two
constituent parts: an integration pathC around the BM pole on the real axis
and an integration pathC around the branch cuts. (b) The integration path
C has been deformed to steepest descent paths that descend from thek and
k branch points. LM poles that are captured during the path deformation
are shown.

Fig. 3. Paths of integration in thek -plane that are used to find the various
types of modes on the microstrip line. The pathC (real axis) is used to obtain
the BMs of propagation. PathC (deformed around theTM poles) is used to
find the surface-wave LM solution. PathC (around theTM poles and through
thek branch cuts) is used to obtain the space+ surface-wave leaky solution.

The complex -plane of integration is shown in Fig. 2(a).
The path is deformed around poles (path ) and branch
points in the complex plane (path ). The poles on the real
axis correspond to the BMs of the microstrip line. The branch
points arise because of the multiple-value nature of the matrix
terms in (5) [5] due to the fact that various paths of integra-
tion may be used when evaluating the integral in the-plane
that defines these terms [8]–[13]. For example, a path along the
real axis may be used, or a path that is deformed around the
poles of the spectral-domain Green’s function in the-plane,
or a path that is also deformed around the branch points in
the -plane and lies partly on the lower (improper) sheet. As
shown in [5], there are two types of branch points in the lon-
gitudinal wavenumber -plane that the path must be de-

(a)

(b)

Fig. 4. (a) Plot of the normalized wavenumbers(�=k ) for the modes of
propagation on a microstrip line with" = 2:2, h = 1:0 mm, andw=h = 1.
The BM (C0-EH0), surface LM (C1-EH0), and space+ surface-wave LM
(C2-EH0) solutions are shown along with the dispersion curves of theTM
andTE surface-wave modes of the grounded slab. (b) Plot of the real and
imaginary parts of the normalized wavenumbers versus frequency showing the
C1-EH0 and C2-EH0 modes.

Fig. 5. Plot of the longitudinal current on the microstrip line versus distance
from the source for the case of Fig. 4 at a frequency of 70 GHz. The TC is shown,
along with its constituent parts, the BM and CS currents.

formed around: one pair of branch points is at and the others
are at , where is the wavenumber of a guided mode (sur-
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(a)

(b)

Fig. 6. (a) Plot of the normalized wavenumbers(�=k ) for the modes of
propagation on a microstrip line with" = 2:2, h = 1:0 mm, andw=h = 3.
The BM (C0-EH0), surface LM (C1-EH2/0), and space+ surface-wave LM
(C2-EH0/2) solutions are shown, along with the dispersion curves of theTM
andTE surface-wave modes of the grounded slab. (b) Plot of the real and
imaginary parts of the normalized wavenumbers versus frequency, showing the
C1-EH2/0 and C2-EH0/2 modes.

face wave) of the grounded dielectric slab. Assuming that only
the mode of the slab is above cutoff, there will be only one
pair of the second kind of branch points, as shown in Fig. 2(a).
(As explained in [5], this pair of branch points appears on the
sheet that the path of integration is on, but does not appear on the
lower sheet of the branch point.) The original path of integra-
tion is equivalent to the path(s) around the BM pole(s) and
the path around the branch points. The TC is then expressed
as the sum of two parts: a part coming from the residue contribu-
tions from the BM poles and a part coming from the branch-cut
integral. The first part defines the current of the BMs, while the
second part defines the CS part of the current.

The path around the branch cuts may be further deformed
to a set of two steepest descent paths that descend vertically
from the branch points at and , as shown in Fig. 2(b).
During this deformation, leaky-wave poles may be captured. A
leaky-wave pole that lies in the region will
be captured if it lies on the lower sheet of the branch point
corresponding to a LM on the microstrip line that leaks only into
the surface wave of the substrate. The path of integration
in the -plane for such a LM is the path shown in Fig. 3.

(a)

(b)

Fig. 7. Plot of the normalized longitudinal surface current densityJ (x)
as a function of the transverse distancex across the strip for the case of
Fig. 6. Results are shown for theC solution (labeled C2-EH0/2) at three
lower frequencies and theC solution labeled (C1-EH2/0) at three higher
frequencies.

A leaky-wave pole that lies in the region will be
captured if it lies on the lower sheets of theand branch
points. Such a LM leaks into both the substrate mode and
into space. The path of integration in the-plane for this type of
LM is the path shown in Fig. 3. If the LM pole is captured, the
LM is said to be “physical.” The CS current is, therefore, a sum
of all physical LM currents plus two current waves that arise
from the two steepest descent integrations shown in Fig. 2(b).
These last two currents are called the “RW” currents and, in
particular, they are labeled as the and RW currents [3].

III. RESULTS

In this investigation, a microstrip on a substrate with a relative
permittivity of and a thickness of 1.0 mm is examined.
Results are presented for various strip widths, corresponding to

and . The first case is considered to be a moderate
strip width, while the last two cases are wide strips.

A. Moderate Strip Width

A dispersion plot for is shown in Fig. 4(a). The BM
solution (C0-EH0) that is found from using the real-axis path
of integration in the spectral-domain solution for the propaga-
tion on an infinite source-free line is shown along with the LM
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Fig. 8. Plot of the longitudinal current on the microstrip line versus distance
from the source for the case of Fig. 6 at a frequency of 64.3 GHz. The TC is
shown, along with its constituent parts, the BM and CS currents.

(a)

(b)

Fig. 9. Plot of the longitudinal current on the microstrip line versus distance
from the source for the case of Fig. 6 at a frequency of 66 GHz. (a) The TC is
shown, along with its constituent parts, the BM and CS currents. (b) The CS
current is shown, along with its constituent parts, the C1-EH2/0 LM,k RW,
andTM RW currents.

solutions that are found. The dispersion curve for the and
surface-wave modes of the grounded slab are also shown.

The BM solution is found from using the real-axis path of in-
tegration and this mode has a current profile on the strip
that is usually associated with a quasi-TEM (or ) mode (a

(a)

(b)

Fig. 10. Plot of the longitudinal current on the microstrip line versus distance
from the source for the case of Fig. 6 at a frequency of 63 GHz. (a) The TC is
shown, along with its constituent parts, the BM and CS currents. (b) The CS
current is shown, along with its constituent parts, the C2-EH0/2 LM,k RW,
andTM RW currents.

relatively uniform longitudinal current with edge singularities).
Hence, the solution is designated as C0-EH0. A surface-wave
LM (labeled C1-EH0) begins at approximately 26 GHz and be-
comes physical at 32 GHz, where it crosses the dispersion curve
for the surface-wave mode. (This mode is labeled C1-EH0
since the path in Fig. 3 is used in the spectral-domain solu-
tion for the propagation on an infinite source-free line to find
this mode [1], [8]–[13] and the current profile is that of an
mode). It becomes nonphysical at 46 GHz, where it crosses the

line. A space-wave leaky solution (labeled C2-EH0) is
also found to exist, but this solution never becomes physical, as
the phase constant is always above. (The path in Fig. 3 is
used in the spectral-domain analysis of the infinite line to obtain
this solution.) Fig. 4(b) shows the trajectory of the two LM solu-
tions in the -plane, which simultaneously displays the phase
and attenuation constants versus frequency. Although the phase
constant of the surface LM crosses the line (twice), the
attenuation constant remains high at these frequencies so that
the trajectory does not approach near to the point . Con-
sequently, although the CS current increases in strength with fre-
quency, the spurious oscillations die out relatively quickly with
distance from the source. A typical result is shown in Fig. 5 at
70 GHz. The TC on the strip is plotted versus distance from the
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(a)

(b)

Fig. 11. Plot of the longitudinal current on the microstrip line versus distance
from the source for the case of Fig. 6 at a frequency of 55 GHz. (a) The TC is
shown, along with its constituent parts, the BM and CS currents. (b) The CS
current is shown, along with its constituent parts, the C2-EH0/2 LM,k RW,
andTM RW currents.

source, along with the two components of the TC, the BM cur-
rent and the CS current. It is seen that the CS current decays
fairly quickly with distance, which damps out the oscillations
in the TC. Since there are no physical LMs at this frequency,
there is no LM current, and the CS current is equal to the sum
of the two RW currents. The RW currents cause a large spu-
rious oscillation in the current due to the strong excitation of
these currents at this high frequency, but the oscillations die out
fairly quickly with distance from the source. This is in agree-
ment with the conclusions reached in [3], where it was shown
that, for moderate strip widths, the spurious oscillations in the
TC caused by the CS current generally increase continuously
with frequency, although LM effects are not very significant far
away from the source.

B. Moderately Large Strip Width

A dispersion curve for the case is shown in Fig. 6(a).
The surface-wave leaky solution (labeled C1-EH2/0) begins at
approximately 23 GHz (where it is nonphysical), and it be-
comes physical at approximately 27 GHz. It becomes nonphys-
ical at approximately 32 GHz, and then becomes physical once
again at approximately 64.3 GHz. The spacesurface-wave
leaky solution (labeled C2-EH0/2) becomes physical at approxi-

(a)

(b)

Fig. 12. Plot of the longitudinal current on the microstrip line versus distance
from the source for the case of Fig. 6 at a frequency of 45 GHz. (a) The TC is
shown, along with its constituent parts, the BM and CS currents. (b) The CS
current is shown, along with its constituent parts, thek RW, andTM RW
currents.

mately 48 GHz, and then becomes nonphysical at approximately
64.3 GHz. (The plot of this mode stops at 66.13 GHz, where the
mode crosses the real axis in the-plane and becomes a com-
pletely nonphysical “growing” mode with a negative attenuation
constant.) Near 64.3 GHz, both the surface-wave leaky solution
and space-wave leaky solution approach . The trajec-
tory plot in Fig. 6(b) shows that both of these LMs approach the
point near this frequency. That is, the imaginary part of

(the negative of the attenuation constant) becomes very small
when the real part of (the phase constant) approaches.

A plot of the transverse profile of the current, i.e., , for
the LMs on an infinite line are shown in Fig. 7 at various fre-
quencies. (This is useful for explaining the mode designations
and also for interpreting the nature of the modes that are re-
sponsible for the strong spurious oscillations that will be shown
presently.) The LM has a current profile that resembles an

mode (quasi-uniform current with edge singularities) at
low frequencies, but the current evolves into a profile that re-
sembles more of an shape at higher frequencies (hence, the
designation EH0/2). The mode resembles an mode at
lower frequencies, but evolves more into an type of mode
at higher frequencies (hence, the designation C1-EH2/0).
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(a)

(b)

Fig. 13. Plot of the longitudinal current on the microstrip line versus distance
from the source for the case of Fig. 6 at a frequency of 85 GHz. (a) The TC is
shown, along with its constituent parts, the BM and CS currents. (b) The CS
current is shown, along with its constituent parts, the C1-EH2/0 LM,k RW,
andTM RW currents.

A plot of the current on the microstrip line at 64.3 GHz is
shown in Fig. 8. Note that the spurious oscillations in the TC
show avery smalldecay with distance. In fact, at a distance of
eight wavelengths, the oscillation amplitude is only slightly less
than it was at a distance of one wavelength. This is because the
CS current decays very slowly with distance, as shown in Fig. 8.

Fig. 9(a) shows the same type of result at a slightly higher fre-
quency of 66 GHz, where the effect of a very slowly decaying
CS current is still evident. At this frequency, only the LM
solution is physical. In Fig. 9(b), the CS current has been re-
solved into its constituent parts, consisting of a physicalLM
and the two RW currents. Note that this LM accounts for al-
most all of the CS current, and that it has a nearly constant (flat)
current versus distancedue to the small attenuation. Hence,
it is a slowly attenuating LM that is responsible for the flat
CS current at a frequency slightly above critical frequency of
64.3 GHz.

Fig. 10 shows results for a frequency of 63 GHz that is slightly
below the critical frequency of 64.3 GHz. At this frequency,
the LM has become nonphysical, thus, only the LM is
a physical mode. Fig. 10(a) shows that the spurious oscillations
persist to very large distances once again due to the flat CS cur-
rent. Fig. 10(b) shows that the flat CS current is now due to
a weakly attenuated mode. Hence, weakly attenuated LMs

(a)

(b)

Fig. 14. (a) Plot of the normalized wavenumbers(�=k ) for the modes of
propagation on a microstrip line with" = 2:2, h = 1:0 mm, andw=h =
6. The quasi-TEM BM (C0-EH0) solution is shown, along with a surface LM
(C1-EH2/0) and a space+ surface-wave LM (C2-EH0/2) solution. A higher
order BM (C0-EH2) is also shown, which becomes a surface-wave LM solution
(C1-EH2) below the cutoff frequency of 44.35 GHz. The dispersion curves of
theTM andTE surface-wave modes of the grounded slab are also shown.
(b) Plot of the real and imaginary parts of the normalized wavenumbers versus
frequency, showing the C1-EH2, C1-EH2/0, and C2-EH2/0 modes.

are found close to the critical frequency of 64.3 GHz on either
side. Slightly below this frequency, the mode is amode, with
a current shape that is almost an equal split between and

in field shape (see Fig. 7). Slightly above this frequency,
the LM is a mode, with a current shape that is also a combi-
nation of and shapes (slightly more toward ).

Fig. 11(a) shows the TC and its constituent parts at a lower
frequency of 55 GHz. At this frequency, only the C2-EH0/2
LM solution is physical. Note that the oscillations in the TC
die out much quicker with distance compared to the 63-GHz
case of Fig. 10(a) since the CS current is not as flat with dis-
tance. Fig. 11(b) explains why this is the case. It is seen that the
C2-EH0/2 LM attenuates much more rapidly with distance than
for the LM at 63 GHz. The LM in Fig. 11(a) is found to have
the profile of an mode.

Fig. 12 presents results for a still lower frequency of 45 GHz.
At this frequency, there are no physical LMs so the CS current
consists of only the two RW currents [see Fig. 12(b)]. Fig. 12(a)
shows that the TC decays rapidly with distance so that spurious
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Fig. 15. Plot of the normalized longitudinal surface current densityJ (x) as
a function of the transverse distancex across the strip for the case of Fig. 14.
Results are shown for the C2-EH2/0, C1-EH2/0, and C1-EH2 solution (which
becomes the C0-EH2 solution above the cutoff frequency of 44.35 GHz).

effects are only important within a couple of wavelengths from
the source. Furthermore, the overall level of the CS current is
less than that for the 55 GHz case since there is no physical LM.

Fig. 13 shows results for 85 GHz, where the frequency is now
significantly higher than the critical frequency of 64.3 GHz. At
this frequency, the surface wave of the slab is above cutoff
(see Fig. 6). Hence, there are now three RW currents, theRW,

RW, and RW, which, together with the LM current,
compose the CS current. The C1-EH2/0 mode attenuates much
more rapidly than for the case of Fig. 9 at 66 GHz. The CS
current is likewise not as flat as that in Fig. 9, although the CS
current in Fig. 13 is somewhat flatter than the LM current in
Fig. 13, between about 3–8 wavelengths from the source. This
is due to interference between the LM and RW currents.

C. Very Large Strip Width

The effect of long-range spurious oscillations is not limited
to one particular strip width, but evidently occurs whenever the
strip width is large. To demonstrate this, the case of a very wide
strip is considered. Fig. 14(a) shows the dispersion
plot, while Fig. 14(b) shows the trajectory plot in the-plane.
The dispersion plot in Fig. 14(a) is more complicated than those
for the previous two cases. In addition to the usual BM that has
an current profile, a higher order BM exists above a
cutoff frequency of 44.35 GHz. Below the cutoff frequency, the

mode first becomes an improper real mode and, finally, a
LM below approximately 43 GHz. (The LM is one that leaks
into the substrate mode and, hence, it is labeled as C1-EH2.)

(a)

(b)

Fig. 16. (a) Plot of the longitudinal current on the microstrip line versus
distance from the source for the case of Fig. 14 at a frequency of 39 GHz.
(a) The TC is shown, along with its constituent parts, the BM and CS currents.
(b) The CS current is shown, along with its constituent parts, the C2-EH2/0
LM, C1-EH2 LM, k RW, andTM RW currents.

In addition to this mode, a pair of LMs is also found to exist.
One is a space surface-wave LM labeled C2-EH2/0. The
other is a surface-wave LM labeled C1-EH2/0. (The plot for the
C1-EH2/0 mode stops at 60 GHz since, at this frequency, the
mode crosses the real axis in the-plane to become a com-
pletely nonphysical “growing” mode with a negative attenua-
tion constant.) These two LMs have an profile at lower
frequencies, but the profile changes to that of an mode at
higher frequencies (above approximately 40 GHz). These are
the LMs that are responsible for the flat CS effect for this very
wide strip. Both of these modes approach the branch point at
near 39 GHz (a significantly lower frequency than the critical
frequency of 64.3 GHz for the case).

Fig. 15 shows a plot of the current profiles for these modes
at various frequencies. It is seen that the C1-EH2 mode has the
profile of an mode, as expected, since this mode is the di-
rect continuation of the mode below cutoff. The C2-EH2/0
mode has an shape below approximately 40 GHz, and
above this frequency begins to look more like an mode.
The C1-EH2/0 mode has a current profile that closely matches
that of the C2-EH2/0 mode at all frequencies, perhaps because
of the fact that the dispersion plots are fairly close together. Note
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(a)

(b)

Fig. 17. (a) Plot of the longitudinal current on the microstrip line versus
distance from the source for the case of Fig. 14 at a frequency of 41 GHz.
(a) The TC is shown, along with its constituent parts, the BM and CS currents.
(b) The CS current is shown, along with its constituent parts, the C1-EH2 LM,
k RW, andTM RW currents.

that the C2-EH2/0 mode is physical below 39 GHz, while the
C1-EH2/0 mode never becomes physical.

A plot of the current at 39 GHz is shown in Fig. 16. The flat
CS current in Fig. 16(a) results in spurious oscillations out to
large distances, as for the previous case of at 64.3 GHz.
Fig. 16(b) shows that the weakly attenuated C2-EH2/0 mode is
responsible for the flat CS current. The other LM that is physical
is the C1-EH2 mode, but this mode decays much more rapidly
with distance, and is not responsible for the flat CS current ef-
fect.

Fig. 17 shows results for a frequency of 41 GHz, which is
slightly higher than the critical frequency of 39 GHz. At this fre-
quency, the only physical LM is the C1-EH2 mode, but it attenu-
ates rapidly with distance. The CS current is somewhat flat with
distance, but this is now due to a fairly strong and slowly de-
caying RW current. The RW current is very strong because
of the fact that the pole in the complex plane corresponding to
the C2-EH2/0 mode is not captured (because the mode is non-
physical and is in the region ), but it is close to the
steepest descent path at this frequency [the mode is close to the

line in Fig. 14(a)]. Therefore, in accordance with the
previous discussion of the CS, this pole does not appear as a

(a)

(b)

Fig. 18. (a) Plot of the longitudinal current on the microstrip line versus
distance from the source for the case of Fig. 14 at a frequency of 44.35 GHz.
(a) The TC is shown, along with its constituent parts, the BM and CS currents.
(b) The CS current is shown, along with its constituent parts, thek RW and
TM RW currents.

discrete mode in the CS current, but it nevertheless has an im-
portant influence on the CS current due to its close proximity to
the steepest descent path.

Fig. 18 shows results for a higher frequency of 44.35 GHz,
which is the cutoff frequency of the mode. At this fre-
quency, there are no physical LMs. Fig. 18(a) shows that the
oscillations in the TC die out fairly quickly with distance. The
CS current is composed of the two RW currents (mainly the
RW current) and it decays fairly quickly with distance, as seen
in Fig. 18(b).

Fig. 19 shows results for a considerably higher frequency of
70 GHz. There are now two BMs ( and ) and, hence,
the BM current itself shows an oscillatory pattern from inter-
ference effects. The oscillations in the TC that are due to the
CS current dampen out more quickly with distance than for the
39-GHz case. Nevertheless, the overall level of the oscillations
is quite strong because of the fact that theRW current has
become fairly strong at this high frequency, where the nonphys-
ical pole is once again close to the steepest decent path.

Fig. 20 shows a lower frequency of 35 GHz, where only the
C2-EH2/0 mode is physical. The oscillations in the TC die out
fairly quickly with distance since the C2-EH2/0 mode has a
fairly rapid attenuation at this frequency.
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(a)

(b)

Fig. 19. (a) Plot of the longitudinal current on the microstrip line versus
distance from the source for the case of Fig. 14 at a frequency of 70.0 GHz.
(a) The TC is shown, along with its constituent parts, the BM and CS currents.
(b) The CS current is shown, along with its constituent parts, thek RW and
TM RW currents.

D. Approximate Design Formula

It is found that an approximate equation for predicting the
frequency where the spurious effects caused by the weakly
attenuated LMs will occur, which is accurate for wide strips,
is

(7)

with being the speed of light in free space. This simple equa-
tion is relatively accurate for . For , this equa-
tion predicts 45.6 GHz, whereas the actual frequency for which
maximum spurious effects occur is approximately 39 GHz. For

, the formula predicts 91.2 GHz, whereas the actual
frequency is approximately 64.3 GHz. Equation (7) is actually
the formula for the cutoff frequency of the mode, assuming
perfect magnetic walls on the sides of the microstrip. It is noted
from Fig. 14(a) that the cutoff frequency of the mode is
fairly close to the frequency at which the LMs approach the

line, and this is the motivation for the empirical for-
mula.

(a)

(b)

Fig. 20. (a) Plot of the longitudinal current on the microstrip line versus
distance from the source for the case of Fig. 14 at a frequency of 35.0 GHz.
(a) The TC is shown, along with its constituent parts, the BM and CS currents.
(b) The CS current is shown, along with its constituent parts, the C2-EH2/0
LM, k RW, andTM RW currents.

IV. CONCLUSIONS

Very severe spurious high-frequency effects may occur on mi-
crostrip line at certain frequencies when the strip width is large
(approximately ). These spurious effects are due to the
excitation of weakly attenuated LMs on the line. The LMs are
weakly attenuated because the corresponding poles in the com-
plex longitudinal wavenumber -plane approach the branch
point at a certain frequency, depending on the strip
width.

For a microstrip line with a moderate strip width
, the spurious effects observed in the current excited by a

practical source increase with frequency and become important
when the substrate thickness is about one-tenth of a free-space
wavelength, as has been demonstrated previously. However, the
spurious oscillations that are observed generally die out fairly
quickly with distance from the source, and are largely confined
to a region less than about ten wavelengths from the source. The
spurious effects in this case are largely due to the RW currents
that are excited by the source.

However, when the strip is wide, , the newly ob-
served effect due to the excitation of weakly attenuated LMs
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may result in significant spurious oscillations in the TC out
to distances of many wavelengths from the source. The fre-
quency at which this effect occurs decreases as the strip width
increases. An approximate formula for predicting this frequency
was given, which is relatively accurate when the strip width is
very wide .

For moderately large strip widths , two types of
LMs play a role in producing this spurious oscillation effect. A
space surface-wave LM is responsible for frequencies slightly
less than the critical frequency (the frequency at which both
modes approach the branch point), and a surface-wave leaky
solution is responsible for frequencies slightly greater than the
critical frequency. Both modes has a transverse current shape
that is a combination of and shapes.

For very large strip widths , it is a space sur-
face-wave LM that is responsible for the spurious oscillation
effect for frequencies slightly below the critical frequency. For
frequencies slightly above the critical frequency the effect is due
to a strong RW current, which is due to the presence of the
space surface-wave leaky pole in the complex plane, corre-
sponding to the space surface-wave LM that has now become
nonphysical.
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