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Abstract 

In this article, we report a new method for enhancing microwave absorbing material properties by using dielectric resonator 
arrays structure. The proposed structure is an array of circular cylinder dielectric resonators (CDR) that are composed of 
microwave absorbing (MA) material. The performance of the proposed structure is studied using numerical electromagnetic 

methods. The results show that an MA martial performance can be significantly enhanced if constructed in the form of CDR 
arrays compared with similar thickness flat sheet of counterpart MA material. The band width, thickness, angular response, 
and absorption strength are significantly enhanced by implementing the introduced method. A well deigned CDR array with 
height of 4 mm can achieve ~ 13 GH 10-dB bandwidth, with ~45-degree angular response. The introduced MA structures 
exhibits the wide angular response, up to 45 degrees, for both TE and TM polarizations. Copyright © 2017 VBRI Press. 
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Introduction 

Microwave absorbing (MA) absorbing materials have 
numerous applications in many fields such as military, 
communications, and EMI/EMC. The MA materials 
generally have to meet the following features: (i) low 
thickness, (ii) broadband width, (iii) wide angular 

response, (iv) polarization independency, and (v) strong 
absorption [1]. Unfortunately, meeting all of these 
requirements simultaneously is a challenging task. In many 
applications, low thickness, broadband width and wide 
angular response of MA material and their structure are of 
great importance, as in military applications. Different 

approaches have been proposed in literature to enhance the 
performance MA materials. Some are based on geometry, 
others on composite materials, and recently using 
metamaterial structures [2-14]. Such techniques can 
provide high performance MA materials and structures, but 
with compromising complexity in fabrication, high 

thickness, narrow bandwidth, or the high weight [14]. In 
this work, we propose a technique to design high 
performance MA structure. Achieving low thickness, light 
weight, broadband, wide angular response, and easy to 
fabricate MA structure simultaneously is our focus in this 
work. Inspired by light trapping techniques that are used in 

optical applications, we propose using DR array structures 
that can offer low reflectance, strong absorption, 
broadband, and wide angular response MA structure.  

Light-trapping by using arrays of dielectric materials, as 
semiconductor nanowire arrays, have been proven to 

achieve high optical performance [15-17]. Based on 
already available MA materials, we propose constructing 
an array of CDR composed from an MA material.  The 

electromagnetic (EM) waves interact with the array in a 
manner similar to light interaction with light-trapping array 
structures. Our approach is based on utilizing CDR, which 
is usually utilized in communication applications as 
antennas, in the form of array that behaves as MA layer. 
Up to our knowledge, CDR arrays have not been proposed 

for usage as MA absorbing structures. Our focus in this 
work is on utilizing geometry to enhance the performance 
of the already available MA materials. For this purpose, we 
selected an MA material with known microwave properties 
over the range of 1- 18 GHz, and applied the proposed 
technique to proof the concept.  By using the proposed 

structure in this work, the performance of the already 
available MA material has been significantly enhanced. 
The already available MA structures performance, in the 
form of sheets, foam structures, and pyramidal structures, 
for example, can be enhanced further by texturing their 
surfaces in the form of the proposed CDR arrays.  

  

Experimental  

Materials 

The selected material in this study is a composite MA 
material with known microwave properties, taken from 
[19]. This material is originally synthesized to enhance the 

MA properties by including nonmaterial into in it. In the 
proposed technique, we utilize this composite material to 
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construct a CDR array, with elements that are composed 
from this MA material, as shown in Fig. (1b). Worth to 
mention that this MA material is dispersive material with 

relative permittivity range of 16-28, in frequency band of 
1- 18GHz.  
 

 
 
Fig. 1. 3D depiction of a plane MA material and CDR array backed by 

PEC plane in (a) and (b), respectively. 

 

Numerical modeling and simulation setup  

To study the EM interaction with the structure, quantify, 

and optimize their dimensions for performance, we use 
numerical electromagnetic methods. The commercial 
software package, ANSYS HFSS, which offers the 
capability of simulating subwavelength structures and 
dispersive materials, is implemented. The scattering 
parameters method is used to calculate the reflection, 

transmission and absorption properties of the MA-CDR 
structures. The proposed arrays are constructed from CDR 
that are arranged in square lattice structure. The arrays can 
be considered as 2D infinite arrays in the X and Y 
dimensions as shown in Fig. (1b). To realize these arrays 
in the simulation domain, basic unit cell with periodic 

electric and magnetic boundary conditions are 
implemented, as shown in supplementary Fig. 7. To 
achieve high accuracy of the computational results, 
maximum discretization size of the simulation domain has 
been discretized and set to 10% of the minimum physical 
dimension of the structure. Supplementary Fig. 8 shows the 

convergence analysis of the solution as function of the 
discretization step size. 

Characterizations and response calculations 

The performance of the CDR array is quantified by 
calculating the absorptance of the array as A(ω) = 1 −
T(ω) − R(ω), where T(ω) is the transmittance, and 

R(ω) is the reflectance. Scattering parameters methods is 
used to calculate T(ω) and R(ω), where R(ω) =
|S11(ω)|2

 
and T(ω) = |S12(ω)|2

 
. Due to the fact that the 

structure is backed by conductive ground plane, the 
transmittance, 𝑇(𝜔), equals to zero and the absorptance 

reduces to 𝐴(𝜔) = 1 − 𝑅(𝜔).  

Results and discussion 

In the case of the flat MA layer backed by a conductor, the 
interaction of the EM wave with the structure is usually 
studied theoretically by using transmission line theory.   In 
the structure of flat MA material backed by conductor 

plane, the reflection loss (RL) is given by [2]:  
        

 𝑅𝐿 = 20 𝑙𝑜𝑔 |Γ| = 20 𝑙𝑜𝑔 |
√

µ

𝜀
𝑡𝑎𝑛ℎ(𝑗

2𝜋𝑓𝑑

𝑐
√µ𝜀)−1

√
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𝜀
𝑡𝑎𝑛ℎ(𝑗

2𝜋𝑓𝑑

𝑐
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|                       (1) 

where Γ is the reflection coefficient, d is the MA layer 

thickness, μ and ε are the relative permeability and 
permittivity of the MA material respectively, c the speed of 

light. One can see the dependence of the RL of the structure 
on the thickness of the MA layer, d. 
In the CDR array, the incident plane EM wave interacts 
with the array structure in different manner than in plane 
MA structure. The plane wave couples with a single CDR 
at certain modes that are governed by different parameters. 

The analytical solution of Maxwell equations for a single 
CDR yields an approximation equation that determines the 
resonance frequencies of this CDR, as [20]: 
 

 (
𝑓𝑇𝑀𝑛𝑝𝑚
𝑓𝑇𝐸𝑛𝑝𝑚
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                       (2) 

 
where, 𝑓𝑇𝑀𝑛𝑝𝑚

 is the 𝑇𝑀𝑛𝑝𝑚 mode frequency, 𝑓𝑇𝐸𝑛𝑝𝑚
 is the 

𝑇𝐸𝑛𝑝𝑚 mode frequency, 𝑋𝑛𝑝
′  is the pth root of the nth order 

Bessel function derivative, 𝑋𝑛𝑝 is the pth root of the nth 

order Bessel function, r and h are the radius and the height 
of the CDR respectively. This approximation is valid with 

reasonable accuracy for single CDR within a specific range 
of physical dimensions [20]. One can see form Equation 
(2) that the resonance frequency depends on radius, height 
and electrical properties of the material. However, the 
approximation equation for the single CDR can be used in 
the case of diluted CDR arrays, where the distance between 

the CDR is large and the mutual coupling between the CDR 
elements is neglected. In the case of dense array, the mutual 
coupling between the CDRs are considerable and affects 
the resonance frequencies of the array structure [21]. For 
this reason, the distance between the CDR elements, lattice 
constant (LC) of an array, plays a key role in determining 

the resonance frequency values of an array and its 
absorption strength. Based on this, for a CDR array that is 
composed from a certain MA material, the key elements in 
determining its RL spectrum are the physical dimensions: 
height, CDR radius, and the LC of the array. The effect of 
these three parameters have been investigated in this work. 

Optimization of these parameters for the bandwidth and the 
absorption strength have been conducted also by 
parametric analyses. Moreover, normal and oblique 
incidence of the plane EM wave with parallel and 
perpendicular polarizations (TE and TM) have been 
investigated for optimized arrays. 

The height of the CDR array has significant effect on the 
level of absorption and the resonance frequency as shown 
in Fig. 2. In this figure the, the LC of the array and the CDR 
radius are set to fixed values. The polarization of the 
normal incidence plane wave is set to TE polarization. As 
expected from Equation (2), increasing the height of the 

CDR decreases the resonance frequency. Two resonance 
peaks can be seen in the RL spectrum which are attributed 
to the modes of resonance of the CDR. 

To test the effect of the radius of the CDR on the RL 
spectrum of the array, LC and the height are fixed.  

(a) (b)
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Fig. (3a) shows the spectra of the array at different radii in 
the range of 1.0 to 2.3 mm. 

 

 
 
Fig. 2. Reflection loss spectra of the MA-CDR array at different heights 

with fixed lattice constant of 15 mm and radius of 5 mm. 

 

 
 

Fig. 3. (a) Reflection loss spectra of the MA-CDR array at different radii 

with fixed lattice constant of 6.6 mm and height of 5.0 mm. (b) color 

coded RL values as a function of LC and frequency. 

 

The RL is highly affected by the radius value and one 
can see that the 10-dB RL bandwidth can reach ~9.0 GHz 
for the case of 2.4 mm radius.  Fig. (3b) shows color coded 
RL value as a function of the CDR radius and frequency. 

The shift of the peaks in the RL spectrum can be explained 

by Equation (2). One can see that a 20-dB bandwidth can 
reach ~2.5 GHz bandwidth, which means a 99% absorption 
of EM waves in this band. 

Fig. (4a) shows the effect of the LC on the array RL 
spectrum. One can see that the LC dramatically change the 
RL peak locations. This effect can be attributed to the wave 
coupling between the adjacent CDR. By increasing the LC, 
the peaks shift to higher frequencies. This can be attributed 
to the coupling modes that occur between the adjacent 

CDRs. One can see that the LC, for certain height and CDR 
radius, highly affects the RL bandwidth of the array. For 
an optimized LC of the array, bandwidth, can reach as high 
as ~12 GHz in the case of W = 5.6 mm. 
 

 
  
Fig. 4. Reflection loss spectra of the MA-CDR array at different LC with  

fixed height of 4.0mm and radius of 4.0 mm. 

 

Fig. (4b) demonstrates the effect of increasing the LC on 
the RL peak value and its location. The coupling between 
the CDR in the array and its effect is briefly discussed in 
the supplementary material, where modeling of the array, 
with invoking some assumptions, is shown in Equation (3).  

The performance of the array is highly affected by its 

three dimension parameters. To obtain optimal 
performance, parametric analyses is conducted. The results 
in Fig. 5 shows the RL spectrum of an optimized array 
dimensions for the bandwidth. For this array, the 10-dB RL 
bandwidth is approximately ~13 GHz for CDR radius of 
1.9 mm and height of 4.0 mm. 
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Fig. 5. The RL spectra of optimized dimension MA-CDR arrays for 

bandwidth. 
 

Another important feature of the MA-CDR  

array performance is the angular response. For an 
optimized dimensions array, the angular response is tested 
for TE and TM polarizations of the incident wave at angles 
from 0 to 80 degrees off normal, with 5 degrees increment 
step. Fig. 6a shows the RL spectra of the CDR array at 
different angles of incidence of TE polarized plane wave. 

One can see that the RL value changes as the angle 
changes. The strongest absorption, lowest RL, is obtained 
at 25 degrees, where -46 dB RL is achieved at ~ 8 GHz 
resonance frequency. The level of RL, at the resonance 
frequency increases as the angle of incidence increases up 
to 25 degrees, then it decreases monotonically up to 90 

degrees. 

 

 
 

Fig. 6. The RL spectra of an optimized array at different angle of incident 

of EM plane wave. (a) and (b) are for TE polarized wave (c) and (d) for 

TM polarized wave. 

 
The RL 10-dB bandwidth slightly changes in the range 

of 0 to 50 degrees. Fig. 6b shows the effect of angle of 
incidence on the RL level and the shift of the resonance  

frequencies as a result of angle of incidence. The 
fundamental mode resonance frequency is slightly changes 
as the angle of incidence changes. Whereas the higher 
mode shifts to higher frequency as the angle increases, 
especially for angles greater than 25 degrees. Fig. 6c shows 
the RL spectra of the array for TM polarized EM wave at 

different off normal angles of incidence. In comparison 
with the TE polarization, the 10-dB bandwidth is almost 
not affected by the angle of incidence. The level of RL at 

the fundamental mode is monotonically decreases as the 
angle increases, whereas the higher mode increases.         
Fig. 6d shows that the higher mode decreases as the angle 
of incidence increases. Despite this, the 10-dB bandwidth 
is not highly affected up to 50 degrees. These results show 
the advantage of the MA-CDR array structure: in addition 

to the broadband and strong absorption levels, the structure 
shows independency of angle of incidence and polarization 
up to 45 degrees of angle of incidence. Interpretation of the 
obtained results is offered in the supplementary material 
and the indicated references. 

 

Conclusion  

We offer an MA structure in the form of array of CDR.  The 
CDRs are composed of an MA material, and arranged in 

square-lattice array structures. The microwave 
performance of the introduced MA-CDR is highly 
dependent on three parameters of the array physical 
dimensions. This gives designers three degrees of freedom 
for tuning the array MA-CDR performance. One finding in 
this study is that MA-CDR arrays backed by a conductor, 

compared with the same thickness flat layer of counterpart 
material, has a significantly enhanced MA performance. 
Another finding is that the RL spectrum of a certain MA-
CDR can be tuned and tailored by manipulating three 
parameters of the array dimensions. Furthermore, the 
obtained results show that the proposed MA-CDR arrays 

has wide angular response that is free of polarization.  
  All of all, the introduced structure enhances the 
performance of MA materials in many aspects: Thickness, 
bandwidth, level of absorption, angular response, and 
polarization independency. This can be achieved by using 
geometry without modifying the MA material itself. These 

results can pave the road for producing ultrathin, 
broadband, wide angular response MA structures by using 
noncomplex fabrication techniques.  
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Supporting information 
 

A. Simulation setup: 

 

 
  
Fig. 7. depiction of the CDR array backed by condctor palne in (a) , and 

unit cell with periodic boundary condtions: perfect electric conductor  

wall, magentic perfrct conductor wall , perfect matching layer, and ground 

plane in (b). 

 

Fig. 7b shows the set up of the periodic unit cell in the 
simulation domain for the CDR array backed by a ondutor 
plane.  
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
Fig. 8. The RL spectrum of a MA-CDR array calculated at different  

discretization step sizes (a), Zoomed part of the RL spectrum (b), and top 

view of the CDR includes the discretization mesh at different  

discretization levels(c) [24]. 
 

B. Convergence Analyses : 

In order to obtain reasonable accuracy of the simulation 

results, using reasonable computational resources, the 
domain discretization resolution should be set at certain 
value. For this purposes, we run convergence analysis of 
the numerical solution at different discretization 
resolutions. HFSS software uses adaptive meshing 
algorithm to discretize the 3D simulation domain into 
tetrahedral sub-elements. The maximum length the 

tetrahedral edges can be set not to exceed a certain value, 
which determines the discretization resolution. For the 
proposed array, we conducted convergence analysis of the 

solution at different discretization step sizes. In this 
analysis, the maximum length of the tetrahedral edges is set 
to be 0.1 mm up to 1.0 mm, with 0.1 mm increment at each 
run. The results in Fig. (8a) show the RL spectrum of an 

array of 2.2 mm radius, 5.0 mm height, and 5.7 lattice 
constant, calculated at different discretization resolutions. 
Fig. (8b) shows a zoomed part of the RL spectrum, where 
the spectrum lines are corresponded to the discretization 
level shown in Fig. (8c). A top view of a CDR of 2.2 mm 
radius at different discretization step sizes is illustrated in 

Fig. (8c). One can see that the solution converges to the 
resonance frequency at 0.5 mm discretization step size, 
which is 0.25 % of the CDR radius. However, to guarantee 
the accuracy of the obtained results for different dimension 
arrays, we set the maximum discretization step to be 10% 
of the CDR radius in all of the simulations in this work. 

 
C. Resonance Modes E-filed Distribution 

 

The peaks of the array RL spectra can attributed ot the 
resonance modes of the CDR composing the array. The 
values of these resonance frequencies can be predicted 

roughly by using Equation(2). The CDR in the array 
excipits E-field distributions that are similar to the modes 
appear in single CDR. The field distrubtions and the 
dependance of the resosnce modes on the radius and hieght 
of the CDR in an array supports the modal interpretation of 
interaction of EM waves with the array structure.   

(a) 

 
 

(b) 

 

Fig. 9. Bottom view of te the CDR shows the electric field distribution 

inside the CDR at the two peaks of the RL spectrum  fo the array with  

dimensions of 2.2 mm radius, 5.0 mm height, and 5.7 lattice constant: 

(a) at 9.6 GHz, and (b) at 16.6 GHz. 

 
D. Angular Response and Array Approximation 

Model 

This single CDR approximation model can explain and 
predict absorption peaks of RL of a single CDR with 

reasonable accuracy. However, it does not take into 
consideration the mutual coupling between the CDR in an 
array. Such mutual coupling has impact on the array 
microwave properties and cannot be neglected, especially 

(a) (b)
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in dense arrays. To take wave coupling in consideration, 
Fountain et al. [22], based on Sturmberg et al. [23], 
introduced a modified eigenvalue equation for infinite 
arrays of leaky wave guides as: 
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    (3)                        

 
where   and   are  the transvers wave vectors inside and 

outside the CDR,  J  and K
 are  Bessel functions of the 

first and second kinds,  is the wave vector along the CDR 

axis, R  is the CDR radius,   is the order of the Bessel 

function, 
inn is the core refractive index, and 

outn is the 

outside martial refractive index, H
is the Hankel function 

of the th order, and 
0S  represents the nearest neighbor 

interaction within the lattice. In this approximation, the 
CDR is treated as leaky wave waveguide.  
 

 

 
Fig. 9. Demonstration of the off normal incidence of the EM wave with  

TE and TM polarizations. 

 

By using image theory, the CDR array backed by 
conductor plane can be modeled by and array of leaky 

wave guides. In this approach, the mode resonance model 
explains the strong absorption peaks of the arrays by the 
coupling of free space plane wave into radial leaky 
waveguide modes, which are electromagnetic modes with 
enhanced electric and magnetic field intensities localized 
inside the CDR. For the off normal angel of incident, the 

transverse wave vectors inside and outside the CDR can be 

expressed by
2 2sin ( )ok n   , sin( )ok  , and 

cos( )ok  , as shown in Fig. 9. One can see that the 

wave vectors are functions of the angle of incidence. 
Referring back to the transcendental equation, Equation 

(3), we can see that the arguments of the Bessel functions 

for normal incidence are R and R , where R  is the CDR 

radius. For the off normal incidence ( ) , these arguments 

become as 
2 2sin ( )oR k R n    and 

cos( )oR Rk   [20-22]. The wave vector dependence 

on the angle of incidence suggests that the excited leaky 

modes to be different with angle of incidence. Which 

explains the shift of resonance peak frequencies as the 
angle of incidence changes. 
 

 

 

 

 
 


