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Abstract—A new approach for enhanced electromagnetic interference shielding of metallic waveguide (WG) tubes coated
with inhomogeneous lossy materials is proposed based on numerical simulation. Shielding enhancement is achieved by
using stepped variations of complex permittivity and complex permeability coating materials along the WG transverse
direction. Such variation in the coating layer provides multiple wave reflections below and above the WG cutoff frequency.
The underlying principle is applied to a rectangular WG operating in the dominant TE;; mode. Simulation examples of
rectangular WGs coated with uniform and stepped lossy materials are demonstrated. The proposed approach shows
remarkably better performance when compared with WGs coated with uniform lossy materials.

Index Terms—Electromagnetics, lossy coatings, electromagnetic interference shielding, rectangular waveguide, reflection losses.

[. INTRODUCTION

Electronic systems such as wireless devices, radar systems,
and television stations act as potential sources of electromag-
netic interference (EMI). To mitigate external intentional and
unintentional EMI sources from penetrating a device or to pre-
vent internal RF emissions from escaping a device, metallic
enclosures of electronic circuits is one of the fundamental ways
to address EMI issues [Paul 2006]. EMI shielding is of interest to
both military and commercial applications; the only differences
are the larger shielding frequency range (10 kHz—40 GHz) and
higher shielding levels (i.e., greater than 80 dB) required for
military use in comparison with commercial applications (300—
1000 MHz and greater than 30 dB) [Lee 1999]. Typically, for
high levels of attenuation, the shield must have no penetrations
(e.g., seams, slots, holes, and cables). However, this may not
be an option for many applications where air ventilation is re-
quired for thermal reasons [Intel 2001]. In addition, one may
have an internal RF or optical source that must penetrate the
enclosure or cables interconnecting devices. In such cases, we
are forced to use different shielding techniques where openings
in the shield are inevitable. Waveguide (WG) tubes with metallic
walls operating below the cutoff frequency f. have been utilized
as EMI shields while providing airflow into the enclosure. A WG
with uniform cross section acts as a reciprocal high-pass fil-
ter where the energy below f, is exponentially attenuated and
the energy above f, is transferred along the guide length. The
cutoff frequency of a WG is determined by its cross-sectional
dimensions. The larger the WG dimension, the lower the f., and
hence, the tradeoff between shielded frequency range and the
airflow capacity. Typically, a WG cross-sectional size should
be selected such that its f, remains above the highest inter-
ference frequency. One way to allow high volume of air into
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an enclosure is to weld WGs together in a honeycomb fash-
ion. However, research conducted by Intel [2001] established
that increasing the number of WGs in a panel decreases the
shielding level for frequencies below f,. The literature holds
few publications investigating different techniques to attenuate
the traveling energy above f. [Jiao 2012, Luo 2006, Bereuter
1982]. Most recently, the idea of shielding frequencies above
f. by coating the inner walls of a WG tube with lossy materials
was investigated by Jiao [2012]. His work considered the use
of a circular WG that is uniformly coated with either a lossy
conductive, a lossy dielectric, or a lossy magnetic material. His
results show that the magnetic coating material exhibits high
attenuation levels above f, in comparison with the lossy con-
ductive and lossy dielectric materials. The attenuation level can
also be enhanced by increasing the magnetic loss angle and
by increasing the thickness of the lossy coating layer. How-
ever, using lossy magnetic coating suffers from low attenuation
levels for frequencies below f.. Below f., the attenuation is de-
termined by the mode attenuation, and above, by the power loss
mechanism in the lossy coating layer. Hence, there is no control
on the attenuation, in the low-frequency range, below f, where
the majority of EMI sources fall. To this end, the intent of this
work is to demonstrate that the use of stepped lossy material
to coat the inner walls of a WG tube can lead to an enhanced
attenuation performance for frequencies below and above f..
The organization of this letter is as follows. Section Il discusses
the analysis of a rectangular WG coated with uniform and in-
homogeneous/stepped lossy materials. Section Il presents the
simulation results of the proposed approach with different num-
ber of coating segments along the WG length, while conclusions
are given in Section IV.

II. ANALYSIS

For a minimal air flow resistance, a WG with uniform cross
section is selected. WGs support an infinite number of modes,
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Fig. 1. Geometry of a rectangular WG coated with a uniform lossy

material (lossy magnetic or lossy dielectric). (a) Aperture cross-sectional
view (b) Side cross-sectional view.

each of which has their own cutoff frequency. The cutoff fre-
quency of a rectangular WG operating in the dominant (TE)
mode can be computed from [Paul 2006]
oo = L 1)

In (1), ¢ is the speed of light in free space, ¢, is the rela-
tive permittivity, u, is the relative permeability of the material
filling the WG cavity, and W is the WG width. The character-
istic impedance Z, and propagation constant y, of a WG is a
function of frequency. For a TE,; mode rectangular WG, the
propagation constant is given by

T

Ve(w) = [’ pe — <W)2 (2)

where w is the angular operating frequency; and ¢ and u are
the permittivity and the permeability of the WG cavity, respec-
tively. Therefore, for a given frequency and WG mode, y, has
a prescribed value. The wave impedance of a TE,, rectangular
WG can be calculated from [Pozar 2012]
[
Yel@)

Zy(w) = 3)

Fig. 1 shows a uniform metallic rectangular WG with its in-
ner side coated by a uniform lossy material. It will be shown in
Section Il that using uniform lossy coating material has a neg-
ative attenuation impact on frequencies below f,. Therefore,
the proposed coating approach using inhomogeneous/stepped
lossy material variations along the WG length, as depicted in
Fig. 2, willlead to an improved EMI shielding performance. Fig. 2
shows a side cross section of a rectangular WG coated with
equal length, stepped segments of lossy dielectric and magnetic
materials. Such step variation will enhance the shielding perfor-
mance below and above f,. by virtue of the wave impedance
differences at each segment interface where wave reflections
occur [Pozar 2012]. The reflection coefficient at the interface of
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Fig. 2. Side cross-sectional view of the proposed WG coated with

three segments of lossy materials. The stepped variations consist of
the following order: lossy magnetic—dielectric-magnetic along the WG
length L.
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Fig.3. Portion of a WG side cross section coated with inhomogeneous
lossy layer that is comprised of a lossy magnetic and a lossy dielectric
material. X=X is the plane of symmetry.

any two segments can be calculated by

Z 0d — Z Om

4
Zoa + Zom “)

|1"|='

where T is the reflection coefficient, and Z,, and Z,,, are the
wave impedance of the WG coated with a lossy dielectric and
a lossy magnetic material, respectively.

The intensity of the reflected waves is related to the difference
of the characteristic impedances of the incident medium.

Fig. 3 depicts the reflected wave P, and the transmitted wave
P... from a dielectric/magnetic interface due to the normal inci-
dence of a TE wave (Py,).

The field attenuation of a WG of length L is proportional to
e sk [Choubani 2006]. In a lossless WG, y, is a real number for
frequencies below f.. This leads to an exponentially decaying
field amplitude along the guide and weak energy propagates
through the guide due to evanescent modes. Moreover, y, is
imaginary for frequencies above f, and a varying sinusoidal
field is propagating along the WG.

We found that in a lossy media, y, is a complex number
for both above and below f., where the magnitude of the real
part is dominant for frequencies below f. and the magnitude of
the imaginary part is dominant for frequencies above f.; thus,
a high-pass filter characteristic is maintained. In addition to the
power loss mechanism of the propagating energy along the WG
length, multiple wave reflections in our proposed approach will
add to the attenuation levels below and above f.. The following
equation describes the relation between the input/output powers
of a two segments WG tube depicted in Fig. 3

Pout = (Pineiy‘qleeiygzLd(l - ‘Flz)) (5)
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Fig. 4. (a) Insertion loss versus normalized frequency for a uniform
lossless conductor, a lossy conductor, a lossy dielectric, and a lossy
magnetic coating layer. (b) Phase constant behavior versus normalized
frequency.

In (5), P, and P, are the transmitted and received powers at
the WG ports, respectively; y,, and y,, are the complex propa-
gation constants of the lossy magnetic and lossy dielectric WG
segments, respectively; and L,, and L, are the lossy magnetic
and lossy dielectric segment lengths, respectively. The insertion
loss (IL) or attenuation along the WG can be expressed by the
forward scattering transmission coefficient (S,;) of a two-port
network as described in the following equation:

P()ll
IL = —20log; [$21] = —10log;, — : (6)

n

which takes into account the attenuation due to the internal
wave reflections. This is in contrast to the analytical approach
based on the attenuation constant presented by Jiao [2012]
which is applicable only for uniformly coated WGs.

1. SIMULATION RESULTS AND DISCUSSION

In this section, rectangular WGs with uniform and stepped
coating are demonstrated. In our simulation, a WG with a width
W of 34 mm, a height H of 14 mm, a length L of 100 mm, and a
coating thickness ¢ of 2 mm was selected and was excited by its
dominant TE;, mode. From (1), the WG with lossless metallic
walls has an f, of 4.41 GHz.

Full-wave electromagnetic simulations were carried out us-
ing HFSS [ANSYS 2011] on the WG tube with uniform and
stepped coating. Different lossy coating materials were stud-
ied and we assumed a conductivity of o = 5 S/m for the lossy
conductive material, a permittivity of ¢, = 15/45° for the lossy
dielectric, and a permeability of u, = 15/45° for the lossy mag-
netic material. A lossy conductive material can be established

(d)

Fig.5. Electric field distribution of the TE;y mode at a frequency below
fe (at 3 GHz) and above f. (at 6 GHz) for a rectangular WG coated with
(a) and (b) uniform magnetic and (c) and (d) uniform dielectric material.
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Fig. 6. Magnitude of the wave impedance for a WG coated with a

uniform lossy magnetic (Z,,), a uniform lossy dielectric (Z,), and the
reflection coefficient magnitude (I") versus normalized frequency.

using resistive carbon colloid and graphite, a lossy dielectric
can be formed using lossy ceramics such as MgO-SiC, while a
lossy magnetic material can be made by an appropriate com-
position of carbonyl iron/rubber powder or NiCuZn ferrite [Feng
2006, Naito 1971, Kim 1991, Dimri 2006]. Using the aforemen-
tioned design parameters, Fig. 4(a) shows that at frequencies
below f., both lossless metals and lossy dielectric coatings
exhibit high insertion loss when compared with the lossy metal
and lossy magnetic coating, whereas the magnetic coating pos-
sesses dramatically high insertion loss above f,. Fig. 4(b) de-
picts the dependence of the phase constant behavior on the
normalized frequency. Both dielectric and magnetic coating re-
duces the cutoff frequency of the mode from f. to about 0.9 f,
and 0.5f,, respectively, which confirms the recently published
results by Jiao [2012]. It is worth mentioning that using WG
coated with lossy materials can provide an excellent attenua-
tion performance for a broad frequency range up to 2f,.

Corrosion is a major drawback of metallic materials which
greatly degrades effectiveness of shields. Therefore, in our ap-
proach, we will utilize only lossy magnetic and lossy dielectric
as coating materials.

With magnetic coating and operation above f., the mode
becomes a surface mode [Lee 1986] where a large field
concentration within the thin coating layer is established. This
explains the high attenuation levels above f.. Fig. 5 shows the
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Fig.8. Insertion loss versus normalized frequency of a uniform coating
lossy magnetic layer: three, five, and 51 segments of the proposed
stepped coating.

location of wave concentration for lossy dielectric and magnetic
layers above and below f.. The red color indicates strong elec-
tric field intensity, while the blue color indicates weak electric
field intensity.

Fig. 6 shows the magnitude of the reflection coefficient and
wave impedances of the WG uniformly coated with lossy di-
electric Z, and another coated with lossy magnetic Z,, material
versus the normalized frequency. Hence, high reflections oc-
cur below and above f,. As anticipated from (3), both materials
exhibit high impedance values around f. since y, possess es-
sentially minimum values.

Fig. 7 shows the results of the proposed approach with
three and five segments of coating material where M denotes
magnetic coating and D denotes dielectric coating. As depicted,
when the magnetic coating percentage along the WG length is
greater than the dielectric coating, more attenuation is achieved
above f,. with less attenuation below f. and vice versa.

From Fig. 8, by increasing the number of coating segments up
to 51 segments, the effect of multiple wave reflections positively
impact the attenuation performance above and below f.. The

maximum attenuation level achieved with 51 segments at the
low-frequency side was around 110 dB at 0.1f,, and at the
high-frequency side was around 220 dB at 1.97..

[V. CONCLUSION

A new approach for enhancing the EMI shielding of WG tubes
below and above f. has been introduced. The method is flexi-
ble, not restricted for certain WG types or modes. The feasibility
of the technique was demonstrated for a rectangular WG tube
coated with stepped spatial variation along the propagation axis
using lossy dielectric and lossy magnetic materials. Compared
to a WG uniformly coated with a lossy magnetic material operat-
ing below and above f,, the stepped variation provides multiple
wave reflections to the incident waves in addition to the power
loss effect that is inherent to a given lossy materials.
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