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I. INTRODUCTION
The research grant NAG 3-475 entitled “"Numerical Methods for Analyzing
Electromagnetic Scattering” was awarded to the University of Illinois by
NASA-Lewis Research Center on September 28, 1983. Dr. Y. C. Cho of NASA's
Microwave Amplifier Section is the Technical Officer, and Mr. Boyd M. Bane
is the contracting officer. The total amount of funds received by the
University is
$22,385 + §52,600 = $74,985
to cover the period from
September 25, 1983 to November 25, 1984 (14 months).
This report is the second semiannual report for the period March 25,

1984 to September 24, 1984.
II. TECHNICAL PERSONNEL

S. W. Lee Professor of Electrical and Computer Engineering
Y. T. Lo Professor of Electrical and Computer Engineering

S. L. Chuang Assistant Professor of Electrical and Computer
Engineering

C. S. Lee Research Assistant of the Department of Electrical and
Computer Engineering

III. PRESENTATION AND PUBLICATIONS

1. Professors S. W. Lee, Y. T. Lo and S. L. Chuang traveled to NASA Lewis
on May 4, 1984 to present a talk entitled "Modes in Circular Guide
Coated with Lossy Dielectric.” Viewgraphs of the presentation are
published as Electromagnetic Laboratory Report 84-1 under the same

title.



2. S. L. Chuang, S. W. Lee and Y. C. Cho, "Approximate Solutions for
Reflection from an Open-ended Waveguide,™ 1984 IEEE AP—S/URSI
Symposium, Boston, MA, June 25—28; 1984.

3. C. S. Lee, S. L. Chuang and S. W. Lee, "Wave Attenuation and Mode
Dispersion in a Waveguide Coated with Lossy Dielectric Material,”
paper presented in the Sixth Annual Workshop of the Industrial
Affiliates Program on Communication, Antennas, and Propagation (CAP),
Urbana-Champaign, IL, April 5-6, 1984.

4, C. S. Lee, S. W. Lee and S. L. Chuang, "Plot of modal field
disribution in rectangular and circular waveguides,” submitted for publica-

tion to IEEE Trans. Microwave Theory Tech.

5. C. S. Lee, S. L. Chuang, S. W. Lee, and Y. T. Lo, "Wave atten—
uation and mode dispersion in a wavegulde coated with lossy dielectric
material,” Univ. of Illinois Electromagnetics Laboratory, Urbana, IL,

Technical Report No. 84-13, July 1984,

IV. TECHNICAL PROGRESS

Abstract

Major items accomplished in this reporting period are:

(1) We have extended our previous approach to the high frequency case
for calculating attenuation coefficients and propagation constants of a
dielectric-coated circular waveguide.

(2) The magnetic-material coating has been studied. It is found that
at low frequency (cylinder diameter is 2 wavelengths or less), a one-way
3 dB attenuation can be achieved within a longitudinal distance of one

diameter. This is a drastic improvement over the previous "best"” result



(using dielegtric material), in which 17 diameters are needed for the same
attenuation.

(3) We have generated a software program to plot the field patterns
of the lowest 30 modes in the cylindrical waveguides.

Details are explained below.

For the first six months of this project, we studied the wave atten-—
uation in a cylindrical waveguide coated with iossy dielectric material
(Figure 1) [1]. Due to a numerical difficulty in the computer programming,
the results were limited to low frequency.

In the past six-month period,‘we extendéd our scope to the high-
frequency region, and we aiso investigated the properties of the wave atten-
uation in the waveguide coated with lossy magnetic material.

The method of approach is similar to that in the previous report [1]
except that the functions related to Bessel functions are modified to
accommodate the high-frequency problem.

In the lossy wavegulde, the .modes are no longer pure TE or TM. By
convention, the normal modes corresponding to the TE and TM in the homoge-
neous wav;guide are called HE and EH, respectively [2]. In this report, we
will use TE and TM for the normal modes in the perfect waveguide without
coating.

At high frequency, many higher-order modes are excited. Even though
the field patterns of the higher-order modes are needed in many occasions
in microwave research, we could not find them in the literature. Thus we
spent some time to plot them. The detailed electric and magnetic field
patterns are shown in Figures 2 and 3.

When the cylinder is illumi;ated by a plane wave nearly normal to the

aperture of the cylinder, the modes with the angular index of 1 (i.e., cos ¢
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Figure 1. A cylindrical waveguide coated with a lossy material.
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Figure 2. The ratios of cutoff frequencies of lower-order modes to the
cutoff frequency of the dominant mode (TEII) in a circular
waveguide.
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Figure 3a. Mode patterns of the first 15 lowest modes in a circular wave-
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guide.
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Figure 3b. Mode patterns of the second 15 lowest modes in a circular wave
guide; 7



or sin ¢ dependence) are wost strongly excited. 1In fact, when the perfect
cylindrical waveguide is illuminated by a normally incident plane wave,

only TE modes (n = 1,2,3,...) are excited [3], [4]. When the waveguide

In
is coated with lossy materials, the TE and TM modes are mixed to produce

hybrid modes, HE and EH modes. 1In this case, both HE. and EH

In iIn

(n=1,2,...) are excited by the normally incident plane wave.- In this
report, we limit our scope to only those three lowest normal modes, namely,
HEll’ EH11 and HElZ' We found that the propertiés of the normal modes with
the angular indices m different from 1 are very similar to those with
m= 1.

~In this report, we concentrate the wave attenuation in a thinly coated
waveguide. Unless specified otherwise, we assume that the outer radius b
is 10 cm and the iﬁner radius -a is 9.7 cm. Thus the coating thickness is
3% of the radius.

The attenuation constants a's for those three modes (HE and HEIZ)

11°EH) )
as a function of frequency are shown in Figure 4, including the high-fre-
quency region, which was not covered in the previous report [1]. Figures 5
and 6 show the real parts, 8's, of the propagation constants kz. In these
figures, the B's are normalized to the free-space wave nuﬁbet. Note that
negative slope in these figures does not mean negative group velocity. At
high frequency, the B's of the normal modes are usually very close to one
another and very difficult to distinguish graphically. In this case, the
normalized propagation constants illustrate the differences among those
normal modes better than the unnormalized propagation constants, because we
can expand the clustered region go a larger scale (Figure 6). From these

figures (Figures 4, 5 and 6), we obsérve that the a of the HE becomes very

11

large and the modal inversions between modes occur at the high frequency.
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Note that at the high frequency the EHll becomes the dominant mode and the
influence of the HEll on the overall wave attenuation decreases, because
the dominant mode carries a large fraction of the transmitted power.

The modal inyersions in the partially filled waveguide as frequency
varies are not new. These have been reported in the literature [5], [6].

We found that the lossy dielectric with a large loss tangent is a
good choice for the coating material to obtain a large wave attenuation
within the waveguide [1], [4]. We have selected two promising materials
for further analysis, which are polystyrene 70% and carbon 30%
(er = 9,1 - §2.275), and Catalin 700 base (er = 4,74 - j0.7252) [7]. The a
and B for polystyrene 70% and carbon 30% are shown in Figures 7, 8 and 9,
and those for Catalin 700 base in Figures 10, 11 and 12. Even though two
materials have quite different dielectric constants, the general patterns
of the a's and B's of these two materials are very similar. Note that the
AHEll modes become the surface modes at the high frequency. We can see this
fact from the patterns of the B's (Figures 8 and 10), that is, the propaga-
tion constants are nearly equal to those of the lossy dielectric material
at the high frequency. These phenomena are not present in the previous
hypothetical example (Figures 5 and 6). We think this is because the
magnitudes of the @ielectric constants‘er in these examples are much larger
than that in the previous case (er = 1.5 - j2, Figures 4, 5 and 6). In
fact, these surface-type normal modes would not couple strongly with the
incident plane wave at the aperture (as in the Kirchoff's approximation)
because the fields in this case are confined to the small region of the
lossy dielectric material. Thus we expect that the overall wave atten-—
uation depends mostly on other modes, which usually have smaller attenuation

constants than that of the HEII'

12
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At low frequency, we can easily predict the overall wave attenuation
because the dominant mode usually carries most of the transmitted power and
the a of the dominant mode usually indicates the overall wave attenuation
[4]. On the other hand, at high frequency, the importance of the dominant
mode decreases and it is difficult to tell the overall wave attenuation
before a large number of the normal modes are accounted for.

In these specific examples, the 3 dB attenuation can be achieved
within the distance of 17 diameters of the cylinder in the waveguide thinly
coated with polystyrene 70% and carbon 30% at 3 GHz (a = 9.7 cm, b = 10 cm,
(b - a)/b = 3%). The 3 dB-attenuation distance for the wavegulde coated
with Catalin 700 base (with the same physical parameters as the above) is
about 28 diameters of the cylinder. At a higher frequency, it is difficult

to predict the 3 dB-attenuation distance Z at this moment, but we can

1/2
guess from the general patterns of the attenuation constants that the
Zl/2 would not be much different from that at the frequency of 3 GHz.
Another interesting feature of the attenuation constants in Figures 7
and 10 is the presence of the peaks of the EHll and HE12 modes, which are
not present in the previous hypothetical example (Figure 4). We expect
these peaks are due to the spatial re;onance because these peaks occur_when
the phase distance of the thickness of the dielectric layer is roughly =/4.
In the paper reported earlier [4], we investigated the asymptotic
behavior of the attenuation constants of the normal modes in the lossy
waveguide as a function of the imaginary part ei of the dielectric constant
Ere At the time when that repoft was written, we could not complete the
calculation because a numérical difficulty similar to that at high fre-

quency was encountered in the computer programming. With the modified ver-

sion of our program, we can get a complete picture of the general trend of

19



a as a function of ei (Figure 13). The peak at the smaller ei is due to
the dielectric resonance. This dielectric-resonance peak disappears when

éi is large (55 2 2) [1], [4]. The interesting feature in this figure is
the second peak at a large ei. This peak is believed to be due to the spa-
tial resonance because this peak occurs when the layer thickness is about
1/4 wavelength within the dielectric layer. A similar result was reported
earlier when we varied the layer thickness [1], [4]. From these results, we
can draw an important finding: The optimum thickness of the lossy
dielectric ;ayer for maximum wave attenuation is about i/4 wavelength. In
other words, coating the cylinder thickér than 1/4 waQelength would be
counter~productive in attaining a large wave attenuation in the lossy wave-
guide.

We also investigate the wave attenuation in the waveguide coated with
a lossy magnetic material. Before we choose any practical material for the
lossy magnetic material, we first studied the general properties of the
‘attenuation constant as functions of frequency and the magnetic perme-
ability of the lossy magnetic material.

Figure 14 shows the attenuation constants a's as a function of frequency
when the waveguide is coated with a lossy magnetic material which has the
same numerical value of the magnetic permeability as that of the dielectric
constant in Figure 4 for the purpose of comparison. We observe a few
interesting features in this figure compared to that in Figure 4 where the
waveguide is coated with a lossy dielectric material. First, the waveguide
coated with the magnetic material has a much larger a than that with a lossy
dielectric. We can explain this result with the idea of-the quasi-static

approximation [{8]. In the lossy dielectric material, the power loss is

20
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related to the electric energy of the wave. On the other hand, the power
loss in the lossy magnetic material is related to the magnetic energy.

When the surface of the cylinder is perfectly conducting as in our problem,
the magnetic energy stored in the lossy material around the conducting sur-
face is much larger than the electric energy because the tangential com
ponent of the electric field vanishes on the perfectly conducting surface.
Therefore, we expect that placing a lossy magnetic material around the con-
ducting wall produces much larger wave attenuation than placing a lossy
dielectric material there.

At high frequency, this quasi-static argument breaks down. In fact,
we observe that the attenuation constants of the normal modes decrease very
rapidly as frequency increases. Also, we observe that the real parts, B's,
of the propagation constants of the normal modes approach those of the
unperturbed waveguides (Figures 15 and 16). We also notice that there is a
clear mode coupling. However, we do not have a satisfactory answer to why
the B's of the normal modes behave in this way.

It is interesting to note that there is no "surface-mode” anomaly and
the dominant mode has a smaller a than the other two modes in contrast to
the case in the waveguide coated with lossy dielectric material (Figure 4).

Next we investigate the a as a function of the imaginary part ui of
the magnetic permeability éFigure 17). The a of the dominant mode (HEII)
is fairly constant for the loss tangent larger than 1, though there is a
slight decreasing trend of the a as the ui increases. The a's of the
higher modes (EH11 and HEIZ) are much larger than that of the dominant
mode, and show strong resonance peaks. Why such maxima exist is not yet

clear. It is interesting to note that the peaks occur where the 8's of two
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