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Resonance suppression and electromagnetic shielding effectiveness
improvement of an apertured rectangular cavity by using wall losses∗
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The cavity-mode resonance effect could result in significant degradation of the shielding effectiveness (SE) of a
shielding enclosure around its resonance frequencies. In this paper, the influence of coated wall loss on the suppression
of the resonance effect is investigated. For this purpose, an equivalent circuit model is employed to analyze the SE of
an apertured rectangular cavity coated with an inside layer of resistive material. The model is developed by extending
Robinson’s equivalent circuit model through incorporating the effect of the wall loss into both the propagation constant and
the characteristic impedance of the waveguide. Calculation results show that the wall loss could lead to great improvement
on the SE for frequencies near the resonance but almost no effect on the SE for frequencies far away from the resonance.
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1. Introduction

Recently, there have been considerable concerns about
the suppression of electromagnetic emission from electronic
equipment and the improvement of equipment immunity.[1–8]

One of the essential countermeasures for these purposes is
electromagnetic shielding, which can be implemented by en-
closing a piece of electronic equipment with a metallic en-
closure. However, the shielding effectiveness (SE) of the
enclosure can be reduced dramatically due to apertures that
inevitably exist on the enclosure for some practical require-
ments like ventilation. Thus, lots of work has paid at-
tention to the effect of apertures on shielding effectiveness,
and some numerical,[3,4,9–11] analytic [6,12–14] or experimental
results[6,7,11] have been reported.

Although the apertures are primarily responsible for the
reduction of SE, the cavity-mode resonance can result in sig-
nificant degradation of the SE at some resonance frequencies
of the enclosure.[5,6,8] The rapid development of high-speed
electronics and the wide applications of wireless communi-
cation technologies require that an enclosure is frequently
used in an electromagnetic environment with frequencies up
to 1 GHz. For many practical enclosures, these frequencies
are higher than their fundamental resonant frequencies. As
a result, the enclosure may behave like a cavity resonator and
exhibits poor shielding performance at some resonant frequen-
cies.

Earlier studies have shown that by using lossy materials
to absorb the electromagnetic energy in the resonant cavity, the
resonance phenomenon could be damped to some degree and

the SE near resonant frequencies could be improved.[15–18] In
Ref. [15], it was experimentally verified that the SE near res-
onance frequencies could be enhanced by placing a layer of
lossy dielectric material in the back of an enclosure. Ref-
erence [16] shows that the resonance noise from a power
bus structure can be suppressed by coating the power and
ground planes with a thin layer of lossy magnetic material. In
Ref. [17], an analytic formulation is presented to analyze the
SE of an aperture-free spherical enclosure coated with resis-
tive material, and the great enhancement of the SE is observed
at many resonant frequencies, which are distributed discretely
within a wide frequency bandwidth. In Ref. [18], it was exper-
imentally demonstrated that by employing resistive material,
the electromagnetic radiation from an apertured cavity with in-
ternal noise source can be reduced obviously not only for res-
onance frequencies but also for these frequencies away from
the resonances.

In this paper, we present a simple circuit approach to eval-
uating the effect of conductive wall loss on the SE of an aper-
tured rectangular enclosure under plane wave illumination.
The approach is an extension of Robinson’s equivalent cir-
cuit formulation.[6] In Robinson’s formulation, the enclosure
is modeled as a length of rectangular waveguide ended with
a short circuit. The extension is carried out by incorporating
the effect of wall loss into both the propagation constant and
the characteristic impedance of the waveguide. The boundary
impedance perturbation method is used to deduce the propa-
gation constant of the electromagnetic mode in a rectangular
waveguide with an imperfect conducting wall. Since the per-
turbation method is not applicable for the case of dielectric
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or magnetic wall loss, the circuit approach presented here is
only applicable to conductive wall loss. In order to validate
the effectiveness of the presented approach, numerical results
from the finite element method based software HFSS[19] are
also reported for comparison. The rest of the present paper
is organized as follows. The circuit approach is described in
Section 2, the propagation constant is deduced in Section 3,
the results and discussion are presented in Section 4, and some
conclusions are drawn from the present study in Section 5.

2. Equivalent circuit model
Figure 1 shows a metallic rectangular cavity with a rect-

angular aperture illuminated by a normally incident plane
wave with its E field parallel to the x axis. The length, height,
width, and wall thickness of the cavity are a, b, d, and t, re-
spectively. The length and width of the aperture are l and w, re-
spectively. The SE observation point P is located at (b/2, a/2,
p) with p denoting the distance form point P to the aperture.
The dimensions of the cavity are a = 300 mm, b = 120 mm,
d = 300 mm, and t = 0.5 mm. The dimensions of the aperture
are l = 100 mm and w = 5 mm.
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Fig. 1. (color online) Apertured rectangular cavity under plane wave
illumination.

The equivalent circuit model presented by Robinson to
analyze the field coupling into the cavity through the aper-
ture is shown in Fig. 2.[6] In this model, the incident wave
is represented by a voltage source v0 and the vacuum wave
impedance Z0. The aperture is represented by a length of
coplanar transmission line shorted at each end with phase con-
stant k0 = 2π/λ and characteristic impedance Z0s like[6,20]

Z0s= 120π
2

ln

2
1+ 4
√

1− (we/b)2

1− 4
√

1− (we/b)2

−1

, (1)

where λ is the free space wavelength and we = w− 5t[1 +

ln(4πw/t)]/4π is the effective width of the slot. The cavity is
considered as a waveguide shorted at the end z= d and is mod-
eled by an equivalent transmission line of the TE10 waveguide

mode with characteristic impedance Zg and axial wavenumber
kg expressed as

kg = k0

√
1− (λ/2a)2, (2)

Zg = Z0× k0/kg. (3)

When the wave frequency is below the cutoff frequency of the
second lowest waveguide mode (TE20), this model gives the
results in good agreement with experimental measurements
and numerical simulations.[6]
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Fig. 2. (color online) Equivalent circuit of the apertured rectangular
cavity under plane wave illumination.

The voltage and current at P are denoted by vp and ip,
respectively. If the cavity is removed, the corresponding volt-
age and current at P are represented by v′p and i′p, respectively,
where v′p = v0/2 and i′p = v0/2Z0. Then, the electric and mag-
netic shielding effectiveness at the observation point P are de-
fined as, respectively

SE =−20log10
∣∣vp/v′p

∣∣=−20log10
∣∣2vp/v0

∣∣ , (4)

SH =−20log10
∣∣ip/i′p

∣∣=−20log10
∣∣2ipZ0/v0

∣∣ . (5)

In this paper, the above equivalent circuit model is extended
to account for the effect of loaded wall loss. Now, we assume
that the four sidewalls of the cavity (x = 0, x = b, y = 0, and
y= a) are no longer lossless, but loaded with resistive material,
which will change the values of Zg and kg, and hence influence
the shielding effectiveness. In the following, the expression of
the propagation constant in a lossy rectangular waveguide will
be deduced. Then, the corresponding characteristic impedance
can also be obtained by using Eq. (3), which describes the
relationship between propagation constant and characteristic
impedance. Once the propagation constant and characteristic
impedance are replaced with the corresponding values in the
case of the lossy waveguide, the SE and SH corresponding to
the lossy case can be calculated by using the extended circuit
model.
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3. Propagation constant of a lossy rectangular
waveguide
When the inner wall of a waveguide is coated with con-

ductive material with low conductivity, the magnitude of elec-
tromagnetic waves will decrease along the waveguide axis fol-
lowing an exponential function. Usually, the attenuation con-
stant is calculated by the power loss method.[21] For the rect-
angular waveguide shown in Fig. 1, the power loss method
gives the attenuation constant α for any TEmn mode like[21,22]

α =
cδk2

0

4π
√

f 2− f 2
c

[
k2

c0

k2
0
· δna+δmb

ab

+

(
1−

k2
c0

k2
0

)
δmn2a+δnm2b

n2a2 +m2b2

]
, (6)

where f is the wave frequency, fc is the cutoff frequency,
kc0 =

√
k2

x + k2
y is the cutoff wavenumber of the TEmn mode

with kx = mπ/a and ky = nπ/b, δ=
√

2/(ωσ µ0) is the skin
depth in the lossy material, ω = 2π f , σ and µ0 denote the con-
ductivity and permeability of the lossy material respectively,
and

δm =

{
2, m 6= 0,
1, m = 0, δn =

{
2, n 6= 0,
1, n = 0. (7)

Equation (6) shows that when f < fc, α is an imaginary num-
ber and when f = fc, α tends to be infinite. Therefore, equa-
tion (6) is only feasible on condition that the wave frequency
is larger than the cutoff frequency. In addition, the power loss
method cannot consider the effect of wall loss on phase con-
stant. In practice, the frequency of electromagnetic interfer-
ence may be lower than the cutoff frequency. So, a formula
of propagation constant feasible for frequencies below cut-
off is desired. Based on the boundary impedance perturbation
method, and assuming a propagation form of ejωt−γz, a gen-
eral formula for propagation constant γ of any TEmn mode is
presented as[23,24]

γ
2 =−β

2
0 − (1− j)

δ

2

∮
C

(
k4

c0 |φ0|2 +β
2
0

∣∣∣∣∂φ0

∂ l̂

∣∣∣∣2
)

dl

k2
c0

∫∫
S
|φ0|2 ds

, (8)

where β0 =
√

k2
0− k2

c0, S is the cross section of the waveg-
uide, C is the boundary curve of S, and φ0 represents the dis-
tribution of the axial magnetic component of the TEmn mode
over the cross section. It should be noted that equation (8) is
not only applicable for rectangular waveguides, but also for
the waveguides with uniform cross section like cylindrical or
coaxial waveguides. For a rectangular waveguide,

φ0 = cos(kxx)cos(kyy) , (9)

and hence,
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2
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)}
. (10)

Assuming that γ = α + jβ , α is the attenuation constant
and β is the phase constant. When f > fc, let γ = jβ0+∆γ and
|β0| � |∆γ|, then we could deduce an approximate solution of
∆γ , and further an approximate attenuation constant like

α ≈ δ (2β0)
−1
{

δm

a

(
k2

c0 +β
2
0

k2
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k2
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)
+

δn

b

(
k2

c0 +β
2
0

k2
x

k2
c0

)}
. (11)

It is easy to prove that equation (11) is identical to Eq. (6).
So, for frequencies above cutoff, the two methods produce the
same result.

For σ = 104 S/m, figure 3 shows the effect of the wave
frequency on the attenuation constant obtained from the two
different methods. It can be seen that once f is a little larger
than the cutoff frequency fc, the results from the two methods
are in good agreement with each other. Thus, in the following,
equation (10) is adopted since it is also applicable for frequen-
cies below cutoff.
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Fig. 3. (color online) Comparison between the attenuation constants ob-
tained from the power loss method with those obtained from the bound-
ary impedance perturbation method.

4. Results and discussion
4.1. Attenuation constant and phase constant

Figures 4 and 5 show, respectively, the attenuation and
phase constants of the TE10 wave versus frequency for four
different conductivities. It can be found that with the de-
crease of conductivity, the attenuation constant increases for
frequencies near and above the cutoff and decreases slightly
for frequencies below the cutoff. However, the phase constant
always increases in the whole frequency range with conduc-
tivity decreasing. With the loss loaded, the phase constant is
non-zero for frequencies below cutoff, which means that the
wave is not purely evanescent but propagating. The valida-
tion of the boundary impedance perturbation method requires
σ/εω� 1. Obviously, this condition can be satisfied even for
the minimal conductivity of 10 S/m and the highest frequency
of 1 GHz.
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Fig. 4. (color online) Plots of attenuation constant versus frequency for
four different conductivities.
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Fig. 5. (color online) Plots of phase constant versus frequency for four
different conductivities.

4.2. Validation of the results

By using γ given in Eq. (10) to replace kg in Eqs. (2) and
(3) in the form of kg =−jγ , the circuit model for lossless cav-
ity is extended to the case of lossy cavity. Then, the SE in the

case of lossy cavity can be calculated. First, we take the loss-

less case for comparison. For f = 707 MHz, figure 6 gives a

comparison between the SE distribution along the central line

(x = 60 mm, y = 150 mm, 0 < p < 300 mm) obtained from

the circuit model and that from the HFSS software. As shown

in the figure, the SE depends strongly on the value of p, that is,

the position of the observation point. The SE is smaller in the

central region and larger near front and back walls. The under-

lying reason consists in the standing-wave field distribution of

the TE101 cavity mode. When p > 25 mm, the simulation and

calculation are nearly identical. When p < 25 mm, the circuit

method is no longer applicable and there is obvious difference

between the two curves, because the circuit model neglects

the effects of high-order evanescent modes which exist mainly

near the aperture.
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Fig. 6. (color online) Simulated and calculated SE versus the position
of observation point for f = 707 MHz.
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Fig. 7. (color online) Plots of simulated SE and calculated SE versus frequency with p = 150 mm for different conductivities.
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Second, we consider the lossly case. Figure 7 shows
the simulated and calculated SE at the observation point
(60 mm, 150 mm, 150 mm) for four different conductivities of
6×107 S/m, 104 S/m, 102 S/m, and 10 S/m. The two curves are
in good consistence in the frequency range from 400 MHz to
900 MHz. By and large, the maximum error between the cir-
cuit model and HFSS is about 5 dB. The SE reduction sharply
at about 700 MHz is observed clearly, which is due to the reso-
nance effect of the TE101 cavity mode. The TE101 cavity mode
is the first axial resonance mode of the TE10 waveguide mode,
and all other TE10n cavity modes can be considered as the high
order axial resonance modes of the TE10 waveguide mode.

It can be seen that with conductivity declining in the or-
der: 6×107 S/m, 104 S/m, 102 S/m, and 10 S/m, the mini-
mal SE which happens at the resonance frequency increases
−28 dB, −20 dB, −2 dB, and 7 dB correspondingly. In ad-
dition, the resonance frequency corresponding to the minimal
SE will also reduce gradually. When σ = 10 S/m, a strong
resonance suppression effect can be achieved. However, we
cannot conclude that the SE can be improved unlimitedly by
lowering the conductivity infinitely. In fact, there must be an
optimum conductivity since conductivities of zero and infinity
both mean no lossless. However, this optimum conductivity
may not be found by the present model since the optimum
conductivity is usually so low that the premise (σ � ωε) of
using boundary impedance perturbation method is no longer
valid.

4.3. Magnetic shielding effectiveness

Figure 8 illustrates the dependences of the magnetic
shielding effectiveness SH on wave frequency at p = 150 mm
for the four different conductivities. It can be seen that with the
decrease of the conductivity, the minimal SH corresponding
to the resonance frequency is enhanced obviously while the
maximal SH corresponding to the node of the magnetic field is
lowered. As a result, the curve corresponding to σ = 10 S/m
is approximately flat around the resonance frequency.
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Fig. 8. (color online) Plots of magnetic shielding effectiveness versus
frequency at p = 150 mm for four different conductivities.

4.4. Suppression effect at higher frequencies

In Fig. 9, the frequencies are extended to 2 GHz. As
shown in the figure, the resonant suppression at higher fre-
quencies is also effective. Of course, if only TE10 mode is
considered, the above model may not be feasible for frequen-
cies above 1 GHz since a high order mode like TE20 may oc-
cur. However, this figure can convey to us the information
that the wall loss is also effective for suppressing high-order
cavity resonance modes like TE102 near 1.1 GHz, TE103 near
1.6 GHz, and slot resonance mode near 1.5 GHz. Hence, we
can guess that the lossy layer may also be feasible for damping
other types of high-order resonance modes.
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Fig. 9. (color online) Variations of electric shielding effectiveness at
p = 150 mm with frequency in a range from 0.4 GHz to 2 GHz for the
four different conductivities.

4.5. Effect of the back wall loss

When the back wall (0 < x < 120 mm, 0 < y < 300 mm,
z = 300 mm) is also coated, the right end of the equivalent
transmission line shown in Fig. 2 is no longer shorted but is
terminated with a load impedance ZL like[21,23]

ZL = (1+ j)
√

ωµ

2σ
, (12)

which is essentially the surface impedance of a layer of con-
ductive material. Let S′E denote the electric shielding effec-
tiveness when the back wall is coated, figure 10 gives a com-
parison between S′E and SE . It can be seen that S′E is a little
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Fig. 10. (color online) Comparison between S′E and SE at p = 150 mm
with σ=10 S/m.
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larger than SE near the resonant frequency. So, the shielding
effectiveness can be improved a little if the back wall is also
coated with lossy material. Of course, it may also be enhanced
further if the front wall is also lossy. However, this case cannot
be considered in the present model.

4.6. Thickness of the lossy material

Up to now, we have not considered the effect of the lossy
layer thickness t0. In other words, we have assumed that the
thickness is larger than the skin depth. However, when the
thickness is smaller than the skin thickness, its effect must
be considered. According to Ref. [25], the effect of lossy
layer thickness can be taken into account by adding a so-called
thickness factor j× tan [(1− j)t0/δ ] into the propagation con-
stant in Eq. (10) as

γ
2 = −β

2
0 − (1− j)δ

{
δm

a

(
k2

c0 +β
2
0

k2
y

k2
c0

)
+

δn

b

(
k2

c0 +β
2
0

k2
x

k2
c0

)}
× j× tan((1− j)t0/δ ). (13)

Based on this equation, figure 11 displays the dependences of
the SE on frequency for four different thickness values with
σ = 10 S/m. It is shown that the SE will increase with thick-
ness increasing when the thickness is smaller than the skin
depth. However, once the thickness is larger than the skin
depth, the SE will tend to be steady.
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Fig. 11. (color online) Calculated values of SE at p = 150 mm for four
different thickness values with σ=10 S/m.

5. Conclusions
According to the boundary impedance perturbation

method, in this paper an analytical formula for the propaga-
tion constant of electromagnetic mode in a lossy rectangular
waveguide is derived. The formula is applicable not only for
frequencies above cutoff but also for frequencies near and be-
low cutoff. This propagation constant then is inserted into the

Robinson’s equivalent circuit model to investigate the effect
of resistive wall loss on the suppression of shielding effective-
ness reduction resulting from the cavity resonance effect. The
results from the presented circuit model are in good agree-
ment with those from the full-wave software HFSS. The re-
sults show that wall loss can clearly improve the shielding ef-
fectiveness around the resonant frequencies but has negligible
effect for other frequencies. The results are helpful for guid-
ing the design of electromagnetic shielding cavities. However,
dielectric and magnetic losses cannot both be treated in the
present model, which will be considered in future research.
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