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A B S T R A C T   

A three-dimensional numerical model is constructed to predict the EMI shielding performance of 
a polymer nanocomposite shield in a rectangular waveguide. The Helmholtz wave equation for 
the electric field is implemented in component form and the set of coupled equations is solved via 
the finite element approach. Mesh convergence and model verification is performed by 
comparing free space model predictions for a flat, uniform layer to benchmark solutions calcu-
lated via transfer matrix theory. The capability of the model is showcased by exploring the role of 
geometry on the shielding performance of a sawtooth-shaped composite layer in a rectangular 
waveguide. Increasing the inclusion angle of the sawtooth, which is proportional to the ratio of 
the sawtooth amplitude and repeat unit width, reduces the transmitted power through the shield 
and increases the ratio of absorption to reflection of wave power by the shield. Thus, a rational 
design of this sawtooth geometry allows to overcome the typical trade-off between total shielding 
effectiveness and wave absorption contribution, thereby resulting in highly performant 
absorption-dominated shields.   

1. Introduction 

Due to the increasing use of electronics and wireless technology in society, there is growing interest in the prevention of inter-
ference and cross-talk of electromagnetic (EM) waves [1]. Electromagnetic interference (EMI) can cause electronic components in 
critical applications such as medical devices and aerospace control and navigation systems to malfunction [2,3]. These components 
can be protected by a layer of shielding material where the incident wave power is reflected by the shield and/or absorbed throughout 
the shield [4]. Typical shielding materials are of metallic nature, these exhibit high values of shielding effectiveness within a large 
frequency range due to their high electrical conductivity [5]. Yet, metallic shields reflect most wave power to the environment. To 
avoid pollution by reflected EM waves, one can make use of polymer nanocomposite shielding materials, which are able to partially 
absorb the incident EM power via conductive and dielectric dissipation mechanisms [6–8]. These polymer-based shielding materials 
also offer improved mass-normalised mechanical properties, corrosion resistance and shape design flexibility with respect to metallic 
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materials. Typical polymer-based shielding materials are particulate composites comprising a conductive or non-conductive polymer 
matrix and conductive fillers (e.g. carbon nanotubes (CNTs)) [7,9]. The addition of filler material can also lead to enhanced me-
chanical and chemical stability [10–12]. There is substantial experimental evidence demonstrating that tailoring the nanocomposite 
layer design by, for instance, adding geometric features or by spatially controlling the electromagnetic properties can give improved 
shielding efficiency (i.e. absorption-dominated shielding) with respect to a flat and uniform nanocomposite shield [8,13–18]. One 
example in recent experimental literature are composite layers with ‘zig-zag’ or sawtooth shapes. Shen et al. produced multilayered 
thermoplastic polyurethane (TPU) - graphene films with a sawtooth geometry and measured the shielding performance of the 
sawtooth-shaped layers in the X-band frequency regime in a rectangular waveguide [14]. They reported that a sawtooth-shaped film 
may have a twofold higher shielding effectiveness than a flat film of identical thickness and electromagnetic properties. In addition, 
they demonstrated that shielding may transition from reflection-dominated for flat films to absorption-dominated for selected 
sawtooth geometries. A similar strategy was followed by He and co-workers, who introduced ‘surface wrinkles’ on a sandwich shield of 
copper and polydimethylsiloxane to enhance absorbance [19]. They attributed the reduced reflectance with increased wrinkle 
amplitude to an enlargement of the effective surface area interacting with the EM wave and interference of reflected EM waves be-
tween two interfaces of the wrinkle peaks. Research efforts on the design of absorption-based EMI shielding with polymer composites 
are, however, mostly dominated by time-consuming experimental trial-and-error design strategies [8,17,20–23]. 

Analytical models based on transmission line theory can be used to calculate the shielding performance of relatively simple layer 
designs (e.g. flat layers with a one-dimensional change of electromagnetic properties) [24–26]. These models often consider the 
specialised case of a planar wave in free space shielding conditions. However, the shielding response of a layer with more complex 
features such as 2D or 3D spatial variation of electromagnetic properties and/or geometry can, in many cases, not be calculated via 
closed-form analytical solutions [27,28]. In addition, shielding tests on polymer composite layers in the microwave frequency regime 
(i.e. in the frequency range from 0.3 to 300 GHz) are often conducted by making use of a rectangular waveguide in which the shield 
(and waves reflected and transmitted by the shield) are bounded by the waveguide walls. Accurate prediction of the shielding per-
formance of a layer with complex geometric and/or property distribution features in a waveguide test requires the construction of a 3D 
numerical model [19,21,29,30]. 

Fig. 1. Sketch of a rectangular waveguide test on a flat, layer-shaped shield.  
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The use of the finite element method (FEM) for numerical calculations of electromagnetic boundary value problems has been 
explored and developed in the 1970s to 1990s [31,32]. Due to its versatility and numerical efficiency, it has now become one of the 
standard numerical tools to simulate and analyse waveguide tests [28,33,34]. Although the original validation of finite element (FE) 
waveguide calculations focused on the prediction of the transmission and reflection response of lossy and/or anisotropic dielectric 
media of inorganic nature, the method is readily used to predict the shielding response of polymeric (nanocomposite) materials in 
waveguides. To illustrate, Karimi and co-workers made use of a FE model to predict the shielding response of a polycarbonate polymer 
layer with carbon fillers and used their experimentally validated model to explore the effect of layer thickness and frequency on the 
shielding response [35]. Recent studies conducted FE calculations to predict the shielding performance of more sophisticated com-
posite shield designs including anisotropic properties [36], spatial variation in properties [21] and complex 3D topologies [29,37]. 
Most of these employ commercial finite element software packages, which are typically user-friendly but offer limited flexibility in 
spatial and temporal control of electromagnetic properties and insight and versatility in the use of numerical solving strategies for 
complex shield designs. 

The scope of this paper is to present a numerical model to predict the shielding performance of polymer nanocomposite shields 
wherein the governing wave equation is solved in a direct, monolithic fashion. The monolithic approach allows the systems to have a 
wide range of material parameter gradients which is far more challenging in conventional decoupled methods. In addition, the 
approach is particularly suited for sophisticated, additively manufactured nanocomposite shields such as functionally graded layers 
with a combination of spatial variations in electromagnetic properties and complex 3D spatial architectures. The paper is structured as 
follows. First, the general boundary value problem for simulations of free space and waveguide shielding testing conditions is detailed 
and the matrix equations in component form are derived from the vector-based wave equation. Second, the finite element imple-
mentation is verified by making use of an analytical theory (free space) and a commercial FE package (waveguide) for a flat, uniform 
layer shield. Third, the capability of the model is demonstrated by computing the shielding performance of a sawtooth-shaped polymer 
composite layer in a rectangular waveguide and strategies are presented to manufacture absorption-dominated shields with high 
shielding effectiveness by tailoring the sawtooth geometry. 

2. Model 

2.1. Rectangular waveguide measurement setup 

A simplified sketch of a typical shielding effectiveness measurement on a sample in a rectangular waveguide is shown in Fig. 1. A 
layer-shaped sample of dimensions a × b × t is placed in a holder. The sample holder is connected to two hollow waveguide arms with a 
rectangular internal cross-section with width a and height b. Dimensions a and b dictate the test frequency regime in which only one 
transverse electric wave mode (TE01) can propagate [25]. The waveguide is connected to a vector network analyzer (VNA) via a pair of 
coaxial cables. The VNA generates a wave signal at a selected frequency f0 and measures the power reflected by the sample and that 
transmitted through the sample. 

Fig. 2. Sketch of the boundary value problem of an arbitrarily shaped polymer composite sample placed in a rectangular waveguide. The value of 
the complex permittivity within the sample can be an arbitrary function of the spatial coordinates. 

F. Van Loock et al.                                                                                                                                                                                                    



Applied Mathematical Modelling 134 (2024) 108–125

111

2.2. Boundary value problem 

A three-dimensional model is constructed to compute the electric field E distribution within and around a lossy dielectric material 
sample of arbitrary shape placed in a rectangular waveguide. The corresponding boundary value problem is illustrated in Fig. 2. The 
material of the sample is endowed with a complex-valued relative permittivity ε which may be a function of spatial coordinates x, y and 
z (the value of the relative permittivity in the free space of the waveguide, ε0, is equal to 1). In this work, we assume that the sample 
material is non-magnetic. The governing Maxwell equations can be simplified to the Helmholtz vector wave equation [28]: 

∇× (∇ × E) − k2
0εE = 0 (1)  

where k0 (= 2πf0/c0) is the free space wavenumber and c0 (≈ 2.998 m s− 1) the speed of light. Assuming that the waveguide operates at 
k0 values where only the dominant TE01 wave mode can propagate, the following boundary conditions are used for E on the inlet Γ1 
(with f(x) = sin(πx/a), where a is the longest of the two dimensions of the waveguide cross-section, see Fig. 1) and outlet Γ6 (with f(x) =
0) of the waveguide [28,38]: 

n × (∇ × E) + ikzn × (n × E) = − 2E0ikzf(x)exp( − ikzz)ey (2)  

where n is the unit normal vector on the boundary plane, E0 a field amplitude (equal to 1 for all calculations presented in this study) 
and kz the TE01 wavenumber: 

kz =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

k2
0 −

(π
a

)2
√

. (3) 

On the walls of the waveguide (Γ2 to Γ5) we assume perfect electric conductance (PEC): 

n × E = 0. (4) 

The waveguide model can be extended to the important case of an infinitesimally large shield with a one-dimensional property 
gradient subjected to an orthogonally-incident transverse electromagnetic (TEM) wave in free space [39,40]. Here, the values of ε are 
assumed to be independent of the y- and z-coordinates but may depend on the x-coordinate. To predict the shielding performance of 
such a layer in free space, i.e. without the presence of the waveguide walls, we assume kz = k0 and modify the boundary conditions as 
follows. First, we chose f(x) = 1 in Eq. (2) for Γ1 . Second, we replace Eq. (4) on the waveguide walls (Γ2 to Γ5) with a pair of periodic 
boundary conditions: 

{
EΓ3 = EΓ5

EΓ2 = EΓ4

. (5)  

2.3. Numerical method 

The electric field E is computed by solving Eq. (1) with boundary conditions defined via Eqs. (2) and (4) (PEC conditions) or (5) 
(free space conditions). We make use of a monolithic calculation approach whereby the set of coupled, real-valued equations derived 
from Eqs. (1) to (5) are simultaneously solved. To this end, we write and implement the wave equation, Eq. (1), via the following real- 
valued component form:   

Fig. 3. Definition of power values for a shield subjected to a single incident wave (on the left side).  
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where we have used the following definition for the 6 electric field components: 

⎛

⎝
Ex
Ey
Ez

⎞

⎠ =

⎛

⎜
⎜
⎝

Eʹ
x + Eʹ́

xi
Eʹ

y + Eʹ́
yi

Eʹ
z + Eʹ́

zi

⎞

⎟
⎟
⎠. (7) 

Likewise, we rewrite and implement the boundary conditions given by Eq. (2) in component form. Assuming the unit normal vector 
n to equal (0, 0, − 1) at the inlet, the condition at the inlet reads: 

⎛

⎜
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⎞

⎟
⎟
⎠. (8) 

At the outlet of the waveguide, n = (0, 0, 1), and the condition reads: 
⎛
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We have implemented Eqs. (6) to (9) via an in-house build FE code originally developed to solve complex fluid mechanics 
problems, but particularly suited to deal with multiple components that have a wide range of material properties. The code has been 
extensively verified and validated in earlier work, see, for example, the work of Anderson and co-workers [41–46]. Since existing 
building blocks in the modular code are combined in this work, no separate verification is added here. The set of coupled equations, 
Eqs. (6) to (9), are discretised making use of the GMSH software [47] with 10-node quadratic tetrahedral elements. After the weak 
finite element formulation is obtained, the resulting set of matrix equations is directly solved via the PARDISO package with the 
unsymmetric, real matrix solver setting compatible with the FE code [48]. Note that the element size was refined close to and within 
the sample domain. Free space calculations with periodic boundary conditions were conducted with periodic meshes on the pairs of 
corresponding boundary surfaces (i.e. Γ3 - Γ5 and Γ2 - Γ4) via the periodic surface option in GMSH. 

2.4. Shielding performance definitions and their calculation from the predicted electric field 

Consider a polymer composite shield with an incident wave of power Pin, see Fig. 3. Part of the incident wave power, Pref, is re-
flected by the shield. The power absorbed by the shield, Pabs, reads: 

Pabs = Pent − Pout, (10)  

where Pent is the proportion of the incident wave power that is not reflected and ‘enters’ the shield and Pout is the wave power that is 
transmitted through the shield. Shielding performance figures are the reflectance R: 

R =
Pref

Pin
, (11)  

the transmittance T: 

T =
Pout

Pin
, (12)  

and absorbance A: 

A =
Pabs

Pin
. (13) 

Balance of energy gives: 
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A = 1 − R − T. (14) 

The total shielding effectiveness, SEtot, is a figure often used to rank the performance of different shields: 

SEtot = − 10log10(T). (15) 

The values of A, R, and T are calculated based on the predicted electric field distributions at the waveguide’s in- and outlet. The 
value of R is computed by integration of the electric field at the inlet Γ1 [28]: 

R =

⃒
⃒
⃒
⃒
⃒
⃒

2exp( − ikzz1)

E0ab

∫ ∫

S=Γ1

E(x, y, z1) ⋅ f(x)eydS − exp( − 2ikzz1)

⃒
⃒
⃒
⃒
⃒
⃒

2

, (16)  

where f(x) = sin(πx/a) for waveguide testing conditions and f(x) = 1 for free space conditions. In our implementation, z1 = 0. The 
transmittance T is calculated by integrating the electric field at the outlet Γ6 [28]: 

T =

⃒
⃒
⃒
⃒
⃒
⃒

2exp(ikzz2)

E0ab

∫ ∫

S=Γ6

E(x, y, z2) ⋅ f(x)eydS

⃒
⃒
⃒
⃒
⃒
⃒

2

, (17)  

where z2 = c. The value of the absorbance, A, is calculated via Eq. (14). 

3. Verification of the model for a flat, uniform layer 

Extensive mesh convergence and model verification studies were conducted by comparing numerical predictions (with free space 
boundary conditions) to analytical solutions for the shielding performance of a flat, uniform layer in the X-band regime (8 GHz < f0 <

12 GHz). We have selected the dimensions of the simulation domain (a = 22.86 mm, b = 10.16 mm, c = 220 mm) to correspond to a 
WR90 waveguide which is used in practice to measure shielding data in the X-band regime. Different combinations of values for the 
permittivity and layer thickness were considered. Recall that the mesh size is refined close to and within the layer. Mesh size was 
controlled by choosing the element size le within the layer material and at the waveguide’s inlet and outlet to be equal to a fraction of 
the corresponding medium’s wavelength: 

le =
λi

s
, (18)  

where λi = λ0 = c0/f0 is the wavelength at the waveguide’s inlet and outlet and is the transmission line guide 

wavelength [49]. The transition of element size in the waveguide arm from layer surface to inlet or outlet in the waveguide arm is 
controlled via the default GMSH size constraint options. 

A typical mesh convergence and verification result is shown in Fig. 4a. Numerical predictions for the shielding performance figures 
(R, T, A) for a layer of thickness t = 1 mm and ε = 30 – 10i are plotted as a function of s for f0 = 10 GHz. The selected reference value of ε 
is representative for a polymer nanocomposite material with an intermediate nanofiller loading (i.e. before percolation) [6]. 
Benchmark analytical solutions for R, T and A calculated via transfer matrix theory (see Appendix A) are also included. Numerical and 
analytical predictions are in excellent agreement for a sufficiently large value of s (> 5, corresponding to a total number of elements in 
the simulation domain close to 50 000). Insight into mesh convergence behaviour is obtained by plotting the relative error between the 
analytical and numerical solution as a function of s. This is shown in Fig. 4b, where the error for T is plotted as a function of s for four 
different test cases, including different combinations of sample thickness and relative permittivity. The slope of the error versus s data 
for the different cases is similar, the relative error is below 1% when s exceeds 5 for all explored test cases in this study. The relative 
error in R and T is now plotted as a function of the number of nodes in the simulation domain, nnod, for the selected case studies, see 
Figs. 4c and d. The data indicate a convergence rate with a slope close to 2. The predicted contour plots of the normalised electric field 

magnitude in the y-direction, Py =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
E’

y

)2
+
(

Eʹ́
y

)2
√

/E0, are shown in Fig. 5 for a selected case (t = 5 mm and ε = 30 – 10i) for a low 

and high value of s. These plots illustrate the progressive increase of smoothness of the predicted fields when transitioning from a 
coarse (s = 2) to a more refined (s = 10) mesh for which the shielding performance predictions have sufficiently converged. 

An additional verification study was conducted by comparing model predictions for a flat, uniform layer in an X-band waveguide 
measurement condition (PEC boundary conditions) with those provided by a commercially available FE software package (Ansys HFSS 
module, 2023). Various combinations of the values for the permittivity and layer thickness were investigated and good agreement 
between the predictions of both models was found for the entire X-band frequency regime. This is illustrated in Figs. 6a and b, where 
model predictions for R, T and A for two selected case studies are compared. We also note that the relative difference between total 
shielding effectiveness values predicted by the model (for s > 5) and those predicted by the Ansys model was found to be lower than 
2.5% within the X-band frequency range for the selected values of permittivity and layer thickness in the verification study. 

F. Van Loock et al.                                                                                                                                                                                                    



Applied Mathematical Modelling 134 (2024) 108–125

115

4. Numerical case study: sawtooth-shaped polymer nanocomposite shield 

The numerical model can be used to elucidate the role of complex geometrical features of polymer nanocomposite shields on their 
EMI shielding performance. Recall the sawtooth-shaped polymer composite shield explored by Shen and co-workers [14]. Depending 
on the sawtooth-geometry they demonstrated that shielding may transition from reflection-based (A/R < 1) for flat films to 
absorption-based (A/R > 1) while maintaining sufficiently high shielding effectiveness. In this section, we illustrate the potential of the 
numerical model to analyse the role of sawtooth geometry on the shielding performance of the polymer nanocomposite layer and 
illustrate how the model can be used as an alternative to more common experimental trial-and-error methods to reveal optimal ge-
ometries. We will focus on the effects of geometry and permittivity on the total shielding effectiveness SEtot and the dominant shielding 
mechanism (i.e. absorption or reflection-dominated shielding) via the value of the ratio A/R. Consider a sawtooth-shaped shield with 
thickness t placed in a rectangular X-band waveguide of width a (= 22.86 mm), height b (= 10.16 mm) and length c (= 220 mm). A 
two-dimensional sketch of such a shield comprising of two base units in the x-z plane is shown in Fig. 7. We assume the geometry of the 
layer to be independent of the out of plane y-coordinate. Different sawtooth-shaped layer designs can be realised by changing the 
amplitude d and width w of a periodic base unit. In general, the shielding performance of the sawtooth-shaped layer in the rectangular 
waveguide is dependent upon the following list of variables: 

Fig. 4. (a) Numerical predictions with free space boundary conditions for R, T, and A for a uniform layer with t = 1 mm and ε = 30 – 10i as function 
of s for f0 = 10 GHz. Analytical benchmark predictions via the transfer matrix model detailed in Appendix A are also included. (b) Relative error 
between numerical and analytical predictions for T as a function of s for 4 test cases (f0 = 10 GHz). Predicted contour plots of the normalised electric 
field for two selected cases are shown in Fig. 5. (c) Relative error between numerical and analytical predictions for R as a function of the number of 
nodes, nnod, for 4 test cases (f0 = 10 GHz). (d) Relative error between numerical and analytical predictions for T as a function of the number of nodes, 
nnod, for 4 test cases (f0 = 10 GHz). 
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Fig. 7. Two-dimensional sketch of a sawtooth-shaped layer of thickness t comprising of two periodic base units with inclusion angle α = tan-1(4d/ 
w). The layer is placed in a rectangular waveguide of width a. 

Fig. 5. Predicted contours of the normalised electric field magnitude, Py, for the case t = 5 mm and ε = 30 – 10i for two selected mesh size cases (s =
2 and s = 10, see Eq. (18)), see Fig. 4. 

Fig. 6. Predicted values for R, T, and A as a function of frequency, f0, for a rectangular waveguide measurement on a flat, uniform layer with ε = 30 
– 10i in the X-band frequency regime by the FE model developed in this work: (a) t = 1 mm and (b) t = 5 mm. Predicted values by a commercial FE 
model (Ansys) are included. 
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{w, d, t, a, b, c, λ0, ε}. (19) 

In this case study, we will focus on the role of geometry and the value of the permittivity of a sawtooth-shaped layer on the shielding 
performance. The waveguide dimensions (a, b, c) of the X-band waveguide are constant in this study. A list of physically relevant, non- 
dimensional parameters reads: 

{

α, a
w
,

t
λ0
, ε
}

, (20)  

where the inclusion angle α = tan− 1(4d/w) is a measure for the alignment of an individual sawtooth strut with respect to the nominal 
wave propagation direction (along the z-axis). Note that α = 0◦ corresponds to a flat layer. The non-dimensional parameter a/w is an 
integer and corresponds to the number of repeated base units used to construct the sawtooth layer. The ratio t/λ0 compares the layer 
thickness to the nominal wavelength. 

A parametric study is conducted with the finite element model by making use of 4 mesh prototypes (a/w = 1, 2, 4, 16). An 
illustration of a meshed domain for a/w = 1 and a/w = 4 for identical values of α (= 20◦) is included in Fig 8. The number of elements is 
a function of the geometry and lies in the range of 50 000 to 150 000. An illustration of the typical convergence behavior of the 
numerical predictions for selected cases explored in the parametric study is included in the supplementary information. First, the effect 
of inclusion angle α is analyzed for a selected reference value of layer thickness t (= 2 mm) and wavelength λ0 (= c0/f0 = 30 mm, i.e. f0 
= 10 GHz). The selected reference value of the relative permittivity (ε = 45 – 60i) is assumed to be independent of frequency and falls 
in the X-band permittivity regime of a CNT-polymer nanocomposite with a relatively low filler content [6,50]. The calculated value of 
SEtot is plotted in Fig. 9a as a function of α for a/w ranging from 1 to 16. For low to moderate values of α (i.e. in the range of 0◦ to 50◦) 
the value of SEtot mildly increases with increasing value of α and the SEtot versus α trend is close to independent of the value of a/w. For 
larger angles, the α-SEtot data show an increased sensitivity to the number of base units per waveguide width. The decrease in 
transmitted wave power with increasing inclusion angle value (for a selected value of a/w) can also be observed on contour plots of the 
predicted normalised electric field magnitude, Py, see Fig. 10. The observation of an increase in shielding effectiveness with increase in 
inclusion angle at identical values of a/w and for identical material properties agrees with the experimental findings of Shen et al. [14]. 

The A/R versus α data plotted in Fig 9b demonstrate a similar trend: the absorbance increases with increasing value of α, and there 
is a significant effect of a/w for values of α exceeding 50◦. The observed increase of both SEtot and A/R with increasing value of the 
inclusion angle is caused by the increased obliqueness between the nominal wave propagation direction and the sawtooth strut. The 

Fig. 8. Illustration of meshed WR90 waveguide domains comprising a sawtooth-shaped shield of thickness t equal to 2 mm made of one base unit 
(a/w = 1) and (b) 4 base units (a/w = 4). The inclusion angle α (= 20◦) is identical for the shields in (a) and (b). Inserts are magnifications of the 
sawtooth layers. 
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decrease in transmitted power and increase in the ratio of absorbed to reflected power with increasing value of the inclusion angle is 
governed by different, possibly competing mechanisms. First, the oblique incidence of the wave onto the sawtooth strut leads to 
reflection of waves in the space between the peaks of the shield which are not aligned with the incident wave direction. The local 
reflectance of the individual struts is depending on the inclusion angle: it may either decrease or increase with increasing value of α 

Fig. 10. Contour plots of the normalised magnitude of the electric field in the y-direction, Py, for sawtooth-shaped layers with different values of 
inclusion angle α and identical values of a/w (= 4), t (= 2 mm), λ0 (= 30 mm), and ε (= 45 – 60i). 

Fig. 9. (a) Total shielding effectiveness SEtot and (b) A/R ratio as a function of inclusion angle α for sawtooth-shaped layers with a/w ranging from 1 
to 16. Calculations were conducted for t = 2 mm, λ0 = 30 mm, and ε = 45 – 60i. 
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depending on the incident wave’s frequency [25]. The reflected waves interact with neighboring peaks of lossy dielectric material and 
either constructive or destructive interference between the scattered waves from neighboring peaks may take place [51]. Second, the 
increase in strut alignment with the wave propagation direction increases the travel length, and therefore net travel time, of the waves 
in the absorbing lossy dielectric shield. This leads to reduced transmission and increased absorbance. Third, the mismatch in 
permittivity between the air and the shield material results in internal wave reflections. The travel time of these internally-reflected 
waves within the shield and, possibly, the constructive or destructive interference of these waves are both depending on the value of α 
[52]. Shen and co-workers also observed a transition from reflection-dominated to absorption-dominated shielding when reducing the 
obliqueness of the sawtooth struth. In their parametric study they changed the value of a/w when changing the value of α [14]. Our 
calculations indicate that the ratio of absorbed to reflected power also depends on the number of periodic base units in the waveguide. 

It is insightful to cross-plot the calculated response in Figs. 9 on a A/R versus SEtot diagram, see Fig. 11. In general, increasing the 
inclusion angle increases both the value of the total shielding effectiveness and the A/R ratio. For a flat, homogeneous polymer 
nanocomposite layer a trade-off typically exists between SEtot and A/R: increasing the value of the permittivity or thickness of the layer 
gives a higher SEtot value but often decreases the value of A/R, leading to reflection-dominated (A/R < 1) shielding. This trade-off is 
highlighted in the next paragraph when discussing the role of the value of the permittivity on the shielding performance of the 
sawtooth-shaped layer (and apparent from shielding measurement data on polymer nanocomposite shields in the literature [53,54]). 
In contrast, when making use of a sawtooth-shaped design, the inclusion angle can be used as a design parameter to increase both the 
value of SEtot and the value of A/R (while keeping the permittivity and layer thickness constant). The data in Fig. 11 also indicate that 
the A/R versus SEtot trend converges for a sufficiently large number of repeat units (a/w ≥ 4). Increasing the number of repeat units per 
waveguide width corresponds to a decrease in the confining effect of the waveguide walls on the measured shielding response. The 
converging behaviour of the predicted A/R versus SEtot response for a/w ≥ 4 indicates that this response may be identical to that of the 
limit case of an infinitely long sawtooth-shaped layer subjected to a planar wave in free space. 

We proceed by exploring the sensitivity of the sawtooth-shaped layer to normalised layer thickness, t/λ0. The computed values of 
A/R and SEtot are plotted as a function of t/λ0 for sawtooth-shaped layers with an identical value of α (= 30◦), see Figs. 12a and 12b, 
respectively. The calculated data shown in Fig. 12 with a solid line were obtained by varying the value of the thickness (0.1 mm < t < 6 
mm) for selected values of a/w and λ0 = 30 mm. An additional series of calculations for a/w = 1 were conducted for λ0 = 25 mm (f0 =

12 GHz) and λ0 = 37.5 mm (f0 = 8 GHz), and are highlighted with a dashed line in Fig. 12. Inspection of Fig. 12 reveals that for both the 
SEtot and the A/R response the curves for different frequencies are close to identical for the explored range of t/λ0. The predictions 
indicate that the total shielding effectiveness monotonously increases with increasing value of the normalised layer thickness. In 

Fig. 11. A/R ratio versus shielding effectiveness with calculated data shown in Fig. 9. Calculations were conducted for t = 2 mm, λ0= 30 mm, and ε 
= 45 – 60i. 
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contrast, the computed A/R response exhibits a minimum at t/λ0 close to 0.03. In addition, there is a transition from absorption- 
dominated shielding (A/R > 1) at low values of t/λ0 to reflection-dominated shielding (A/R < 1) at increased t/λ0 values. This 
trend, as well as the inverse relation between A/R and SEtot is in line with the typical layer thickness-dependence of flat nano-
composites shields. 

It remains to illustrate the role of relative permittivity ε on the computed shielding performance of the sawtooth-shaped layer. The 
complex permittivity of a polymer nanocomposite material with a non-conductive matrix is a function of the nature, shape and 
concentration of conductive filler material [6,7]. Exploring the entire range of physically relevant values of ε is beyond the scope of the 
present paper. Here, we adopt a pragmatic approach to illustrate the role of permittivity on the attainable SEtot and A/R space by 
multiplying the measured reference value of ε = 45 – 60i with a factor m. The computed shielding response on an A/R - SEtot diagram 
for a sawtooth layer with inclusion angle in the range of 0◦ to 80◦ for selected values of m is shown in Fig. 13. The selected value of the 
normalised thickness, t/λ0, is equal to 0.07 and the number of units per waveguide width, a/w, is equal to 4. Different combinations of 
values of t/λ0 and a/w give similar insights on the role of ε (data not shown). Consider first the limit case of a flat layer where α = 0◦, 
these are highlighted with non-filled markers in Fig. 13. For a relatively low value of permittivity (m = 0.1) the response is close to 
absorption-dominated. Increasing the value of the permittivity by increasing the value of m, increases the total shielding effectiveness, 
but decreases the value of A/R, this illustrates the typical trade-off between A/R and SEtot for a flat polymer nanocomposite layer. Now, 
consider the case of a sawtooth-shaped layer where α has a non-zero value. The values of SEtot and A/R increase with increasing value 
of the inclusion angle in agreement with the curves shown in Fig. 11. The slope of the A/R-SEtot curve is found to be sensitive to the 
value of m. For values of m close to and above 3 (corresponding to ε ≥ 135 – 180i) the shielding response remains reflection-dominated 
for the entire range of α. For these high permittivity values, the increased wave power reflection due to the increased impedance 
mismatch at the air-layer interface dominates over the aforementioned wave absorption mechanisms for large inclusion angles. 

From a practical point of view, the relation between material volume (and correspondingly mass) in the shield and the shielding 
performance is of importance for weight-critical applications. Geometric analysis reveals that the total volume of the sawtooth-shaped 
layer scales linearly with the product of t and cos(α)− 1. The predictions in this case study demonstrate that increasing the volume of the 
layer via the thickness or via the inclusion angle have distinct effects. For a selected value of α, increasing the value of the normalised 
thickness t/λ0 (or permittivity ε) decreases the A/R value and increases the value of SEtot, which may result in a transition from ab-
sorption- to reflection-dominated shielding. In contrast, increasing the value of the inclusion angle α for a selected combination of t/ 
λ0 and ε increases both the value of A/R and SEtot. The transition from absorption- to reflection-dominated shielding may be shifted to 
higher SEtot values via the choice of the inclusion angle. This outcome reveals a possible design strategy which may be exploited to 
manufacture absorption-dominated polymer nanocomposite shields of sufficiently high shielding effectiveness [14]. Note that the 
peak-to-peak amplitude of the sawtooth layer scales with the product of w and tan(α). Depending on the shielding application, there 
may be a constraint on the local thickness of the shield, and thus the value of α, and therefore a limit in the attainable combination of 
A/R and SEtot values. The insights on the role of non-dimensional parameters α, t/λ0 and ε on the A/R versus SEtot shielding behaviour 
of a sawtooth-shaped polymer nanocomposite layer when tested in a rectangular waveguide are summarised in the sketch shown in 
Fig. 14. 

Fig. 12. (a) Total shielding effectiveness SEtot and (b) A/R ratio as a function of normalised thickness t/λ0 for sawtooth-shaped layers with a/w 
ranging from 1 to 16 and inclusion angle α = 30 ◦ Calculations were conducted for ε = 45 – 60i with t in the range 0.1 mm to 6 mm. Solid lines are 
used for calculations where the nominal wavelength λ0 is equal to 30 mm (f0 = 10 GHz). Additional calculations for a/w = 1 with λ0 = 25 mm (f0 =

12 GHz) and λ0 = 37.5 mm (f0 = 8 GHz) are included (see dashed lines). An indicator of the t/λ0 (≈ 0.07) reference value for the predictions shown 
in Fig. 9 is also included. 
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5. Concluding remarks 

A three-dimensional numerical model to simulate the electric field distribution within a rectangular waveguide loaded with a 
polymer nanocomposite shield was developed and used in a case study. Emphasis is placed on the general implementation of the model 
to accurately predict the EMI shielding performance of a polymer composite sample with freedom in shape and relative permittivity 
distribution. To this end, the governing set of coupled, real-valued matrix equations is directly solved via a finite element approach. 
Good agreement is obtained between predictions by the model and those by analytical theory (free space) or commercial software 
(waveguide) for the limit case of a flat, homogenous layer. To highlight the capability of the model to analyse more complex shield 
designs, we conducted a numerical case study to explore the role of geometry and relative permittivity of a sawtooth-shaped layer in its 
shielding performance in a rectangular waveguide. It was found that increasing the inclusion angle, which is proportional to the ratio 

Fig. 13. A/R ratio versus SEtot for a sawtooth-shaped layer of thickness t equal to 2 mm, a/w equal to 4, and inclusion angle ranging from 0◦ to 80◦. 
Calculations are conducted for λ0 = 30 mm and selected permittivity values: ε = m × εref, where εref = 45 – 60i and the value of m ranges from 0.3 to 
6. Data for α = 0◦ are highlighted with non-filled markers. 

Fig. 14. Sketch of the effect of the non-dimensional parameters α, ε and t/λ0 on the A/R versus SEtot behaviour of a sawtooth-shaped polymer 
nanocomposite layer in a rectangular waveguide. 
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of sawtooth amplitude and repeat unit width, increases both the total shielding effectiveness, SEtot, and the ratio of absorbed to re-
flected wave power, A/R. In contrast, increasing the normalised thickness and/or the permittivity value increases the shielding 
effectiveness but may result in a transition from absorption-dominated to reflection-dominated shielding. 
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Appendix A 

Analytical model to calculate the shielding performance of a flat, uniform layer in free space 
Consider a straight, uniform layer of thickness t endowed with complex permittivity, ε, see Fig. A1. A uniform plane wave char-

acterised by wavenumber k0 (= 2πf0/c0) is orthogonally incident to the left side of the layer. The electric field amplitude of the plane 
wave at the left air-layer interface is the sum of the electric field amplitude of the incident, right-going wave, E1,+, and the amplitude of 
a reflected, left-going wave, E1,− . There is no incident wave on the second layer-air interface; the field amplitude of the transmitted, 
right-going plane wave at this interface reads E′2,+. Note that a prime superscript is used for a field amplitude at the right of an interface 
to distinguish from the field amplitude at the left side. In addition, we make use of ‘+’ and ‘–‘ subscripts for field amplitudes of right- 
and left-going waves, respectively. 

Now, the reflectance of the multilayer is defined as: 

R =

⃒
⃒
⃒
⃒
E1,−

E1,+

⃒
⃒
⃒
⃒

2

, (21)  

and the transmittance reads: 

T =

⃒
⃒
⃒
⃒
Eʹ

2,+

E1,+

⃒
⃒
⃒
⃒

2

. (22) 

We calculate the (complex) values of E1,− , E1,+ and E′2, + by making use of a standard transfer matrix approach, see, for example, the 
book of Orfanidis [25]. The field amplitudes at the right side of the first interface are related to the field amplitudes at the left side of 
the second interface via the following propagation matrix: 

[
Eʹ

1,+

Eʹ
1,−

]

=

[
eikt

0
0

e− ikt

][
E2,+
E2,−

]

(23)  

where is the complex wavenumber within the layer material. Continuity of the total electric fields at the interface 

requires the following matching matrix for the field amplitudes at the left and right side of an interface to hold: 
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[
Ei,+
Ei,−

]

=
1
τi

[
1
ρi

ρi
1

][
Eʹ

i,+
Eʹ

i,−

]

for i = 1,2. (24) 

where the reflection coefficient, ρ1, at the first interface reads: 

ρ1 =
η − η0

η + η0
, (25)  

and the reflection coefficient, ρ2, at the second interface reads: 

ρ2 =
η0 − η
η + η0

, (26)  

where η0 is the characteristic impedance of vacuum η0 (= 377 Ω) and η = (η0ε− 1/2) the complex impedance of the layer. In Eq. (24), τi is 
the transmission coefficient at the left side of interface i: 

τi = 1 + ρi for i= 1, 2. (27) 

Recall E′2,− = 0. Combining propagation matrix (Eq. (23)) and the matching matrices (Eq. (24)) at the two interfaces gives the 
following expressions for the reflectance: 

R =

⃒
⃒
⃒
⃒

ρ1 + ρ2e− 2ikt

1 + ρ1ρ2e− 2ikt

⃒
⃒
⃒
⃒

2

, (28)  

and the transmittance: 

T =

⃒
⃒
⃒
⃒

τ1τ2e− ikt

1 + ρ1ρ2e− 2ikt

⃒
⃒
⃒
⃒

2

(29)  

by making use of Eqs. (21) and (22), respectively. The absorbance A is calculated via Eq. (14). 

Fig. A1. Field amplitude definitions for the free space analytical model for a lossy dielectric layer.  
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