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Abstract  —  In this paper, we have studies the scattering 
characteristics of a two-dimensional Electromagnetic (EM) 
crystal made up of metal strips arrays.  To measure the 
transmittance of the EM crystal, we have setup a test fixture 
containing two wide-band double ridged horns and a 
microwave mask employed to generate a finite size uniform 
plane wave for illuminating the EM crystal.  Besides, we 
have put this test fixture in an anechoic chamber to avoid the 
interference and, meanwhile, to suppress the multiple 
scattering.  We have taken numerous measurements by 
changing some structural parameters in conjunction with the 
2-D EM crystal.  The good agreement between those 
measured data and the theoretical computation based on the 
program ECMRY [18] prove the standard and consistent 
measurement in this research work. 

Index Terms  —  2-dimensionally periodic structure, 
Electromagnetic crystals, uniform plane wave, stopband 

I. INTRODUCTION 

Periodic structures have been widely studied in 
microwave engineering for many years [1-5].  The 1-D 
periodic dielectric waveguide has been investigated and 
implemented in the applications of grating coupler in 
integrated optics [3]; it could also serve as a diffraction 
grating to diffract the incident beam into a specific 
direction.  However, most of the applications were limited 
to the 1-D periodic structures.  The two and three 
dimensional ones are seldom tackled in that period.  Up to 
1970s, the two-dimensionally periodic structures were 
found to have the capabilities of filtering the incident 
wave in both the spectral and space domain [6-8].  By 
suitable designing its periodic pattern of the unit cell, it 
can allow specific frequency bands to pass through and 
stop the other ones, so it was named as frequency 
selective surface.   
In 1999, Hwang and Peng [9] first used the 2-D periodic 
impedance surface model to successfully account for the 
guiding characteristics of the surface waves supported by 
the structures.  Besides, they believed that the high 

impedance surface should belong to the class of resonance 
type periodic structure.  They revisited the corrugated 
metal surface and rigorously calculated the dispersion 
relation of the wave guided in the structure [10].  More 
recently, some new and interesting phenomena were 
discovered in the microwave society for the two and three 
dimensionally periodic structures, for examples, the arrays 
having split rings backed with metal strips [11]; the 2-D 
transmission line network equipped with lumped resonant 
elements.  They were experimentally proved to have the 
capabilities in lensing the propagation and non-
propagation waves [12], as well.  Besides, they were 
shown to be able to focus the incident beam in such a kind 
of medium, that is, the refraction at the boundary between 
a conventional and such a kind of medium is abnormal, 
which contradicts the Snell’s law.  Therefore, this medium 
is named as a left-handed medium to distinguish from the 
commonly used one.  At the same time, many researchers 
recall a paper published in 1968 by a Russian scientist 
[13], in that paper he had predicted the wave propagation 
behavior in a medium simultaneously exhibiting negative 
permittivity and permeability.  In theoretical analysis, he 
found, in that medium, the wave possesses anti-parallel 
between the Poynting- and propagation- vector.  That is 
the reason why the wave can be lensed there.  As a 
consequence, many researchers believe the negative 
permittivity and permeability are the main reasons for the 
phenomenon of ultra-refraction.  Although the refraction 
anomalous was found, the band with of operation is so 
narrow, and a strong attenuation is occurring, at the same 
time.  Therefore, the rigorous model for predicting and 
accounting for the physical mechanism remains to be 
studied in detail.   
From the literatures described previously, we know that 
the 2-D periodic structure containing metal and dielectric 
media is the basic one and has not yet studied clearly in 
the literatures.  In 2004, Hwang [14] employed the mode-



matching method invoking the general eigen-value 
method to rigorous resolve the dispersion relation of wave 
propagation in a metallo-dielectric medium.  From now on, 
I will call it as 2-D EM (electromagnetic) crystal through 
this paper.  All the higher order modes are considered to 
figure out the band structure of fundamental modes and 
higher order modes and their space harmonics, as well.  In 
addition, the relationship between the band structures and 
the scattering characteristics has also been clearly 
identified in this paper. 
 

II. STATE OF PROBLEM 

A two dimensional EM crystal, shown in the Fig.1, can be 
regarded as finite stack of one dimensionally periodic 
structure.  As the rectangular coordinate system attached, 
the infinite metal strip array extends infinitely in z-
direction.  Each of the metal-strip has width wm and 
thickness hm, and the separation between two strips is wa.  
Thus, the periodic of the metal strip array in x-direction is 
dx (wm+wa).  It is noted that the metal strip considered in 
this paper is assumed to be a perfect conductor; namely, 
there is no electric field distribution in it.  However, for 
the case of metal strip finite conductivity, it should 
include the contribution of metal modes, which is beyond 
the scope of this research work, and we will not tackle the 
problem.  Returning to Fig.1, a uniform dielectric layer 
having relative dielectric constant denoted by r and ε
thickness s, serves as a separator to separate the 1-D metal 
strip arrays.   Furthermore, each of the 1-D metal strips 
array has a distance shift ls in the lateral direction (x-axis).  
The lateral shift distance ls determines the pattern of a 2-D 
EM crystal; for instance, if the ls for each 1-D metal strip 
array is set to be zero, a 2-D EM crystal of rectangular 
pattern is obtained; if the later shift distances for two 
adjacent layers are 0.0 and 0.5dx, alternatively, is a 
triangular pattern.  For a rectangular pattern, the period in 
y-direction can be simply figure out by dy=hm+s.  As 
shown in this figure, a plane wave is obliquely incident 
into this structure.  The incident angle, θi, is defined as 
the angle between y-axis and the propagation vector of the 
incident plane wave.   
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Fig.1 Structural configuration and geometric parameters 
for 2-D Electromagnetic crystal  

III. TEST FIXTURE 

In this section, we will present a test fixture for measuring 
the scattering characteristics of EM crystals by a plane 
wave normally incident.  As shown in Fig.2, this close-
loop measurement system consists of VNA, microwave 
power amplifiers, coaxial cables, board band double 
ridged horn antennas and anechoic chamber.  Besides, we 
carve out a rectangular hole from a foam absorber to act 
as an aperture.  Since the absorbing material is employed, 
the wave illuminates on it will be absorbed, while the 
others will pass through.  That is, the aperture used here is 
to serve as a mask to allow the transmission of uniform 
field while blocking the others away from the aperture.  It 
is noted that the wave illumination on the aperture, in 
general, is a Gaussian beam rather than a uniform plane 
wave.  The tapering in the field distribution on the 
aperture may cause slight difference in the results 
obtained from theoretical and experimental studies.  Since 
the measurement of transmission efficiency is defined as 
the radio of transmitted power to incident power at the 
input- and output- interface of the EM crystal, 
respectively, thus, we should calibrate the physical 
quantities to the two prescribed interfaces.  We should 
take away the effects due to measurement accessory, such 
as the antenna factor, cable losses, amplifier gain and 
propagation loss with the plane wave.  The procedure 
described previously is so called as calibration in 
microwave measurement.   

Fig.2 Electromagnetic Crystals measurement system 

IV CALIBRATION PROCEDURE 

As described previously, the definition of antenna factor 
stands for the ratio of electric field strength on the 
aperture to the voltage at the load of antenna.  Thus, to 
have the electric field strength at the input- and output- 
surface of the sample under test, we should transform the 
voltage measured by the VNA (the load of antenna) into 
the electric field strength on the aperture of horn antennas.  



Besides, the propagation loss from the aperture of antenna 
to the surface of sample should also be taken into account.  
Notice that the reference planes for the VNA are set at the 
end of the two flexible coaxial cables, therefore, the 
effects caused by cable losses and the amplifiers should be 
considered at the same time.  In general, the electric field 
strength at the artificial surface away from the aperture of 
horn antenna is figured out by the following equation:   

…………………………………………………………..(1) 

Where the E represents the electric field strength at the 
prescribed artificial surface, which is measured by the unit 
of dBµV; V is the voltage measured by the VNA, and A. F. 
is the antenna factor given by the specification of the horn 
antennas; Lcables is the loss due the coaxial cables, and 
Gamplifier is the gain of the amplifier; Lpropagation is the 
propagation loss of plane wave.   

IV. EXPERIMENTAL AND NUMERICAL RESULTS 

In our experiment, we have implemented two set of 1-D 
metal strips arrays: one for 10 mm in strip width and the 
other for 15 mm, however, the period retains to be 20 mm.  
The metal strip used in our experiment is made up of 
copper.  These metal strips with thickness 0.06 mm are 
coated on the Polystyrene, which has the relative dielectric 
constant close to unity.   
Fig.3 shows the variation of transmittance against 
frequency of operation for both theoretical and 
experimental results.  The uniform plane wave is normally 
incident with TE polarization.  The width of the metal 
strip and the period are 15 mm and 20 mm, respectively.  
The thickness of the separator is 24 mm.  Besides, there is 
no lateral shift distance for these two 1-D metal strips 
arrays.  As shown in this figure, the theoretical calculation 
depicts two transmission spikes around 6 GHz and 12.3 
GHz, respectively.  Although not shown the response 
below 4 GHz, since the transmittance below 6 GHz is 
very small, the 6 GHz can be considered as the cutoff 
frequency of this 2-D EM crystal.  In addition, from the 
results shown in this figure, it can be conjectured that 
there are two pass bands (two stop bands and one below 
cutoff band) in the frequency of operation.  The wave in 
the two pass bands exhibits apparently transmitting, 
however, strongly reflecting in the stop band and below-
cutoff regions.  This phenomenon can be obviously 
observed by the measured response as illustrated in this 
figure.    
In the next experiment, we retain the structure under 
consideration; however, change the polarization into TM 

polarization.  The results of theoretical and experimental 
studies are shown in Fig.4.  Compared with the previous 
figure, we found this structure seems to be more 
transparent for the TM polarization.  This may be inferred 
as the statements given below. 
The 2-D EM crystal typically can be regarded as the 
stacks of 1-D parallel-plate waveguide arrays.  As we 
have known from the basic electromagnetic theory, the TE 
polarization wave has cutoff frequency; on the contrary, 
TM polarization can propagate down to DC.  As described 
in the previous example, the cutoff frequency is around 6 
GHz for the TE polarization, however, null for TM 
polarization.   
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In next example, we increase the number of 1-D metal 
strips arrays up to 4 layers and decrease the width of metal 
strips.  As shown in Fig.5, it indicates that in the vicinity 
of the band edges there are three ripples present.  As a 
thumb of rule, the number of ripples equals to N-1, where 
N is the number of metal strips arrays.   
In recent years, many researchers found that defects in an 
electromagnetic crystal can drastically change its 
scattering characteristics.  The defect could be obtained by 
slightly perturbing the structure, for instance, carve out a 
1-D periodic layer or change the dielectric constant in a 
small region in a crystal.  As shown in Fig.6, it indicates 
that the distribution of transmittance against frequency for 
a defect 2-D EM crystal.  This structure has a defect in the 
thickness of the separator, that is, the thickness of the 
central separator is 48 mm, different from the other ones.  
From this figure, we found that the location of stop band 
remains the same; nevertheless, there is a small region of 
pass band within it.  Although not shown in this paper, the 
transmission spike corresponds to the resonance frequency 
of the overall structure along y direction.  At this 
frequency, the incident wave couples into the structure 
and again radiates into the environment (free space).  Thus, 
if there is considerable loss in the separator, the incident 
power will be absorbed by the lossy medium.  In a word, 
the transmission spike is due to the Wood’s anomalous, 
that is, the phase matching between the incident plane 
wave and the guided waves supported by the defect 
waveguide.   
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Fig.3 Variation of transmittance against frequency for 
both experimental measurement and theoretical 
calculations; TE plane wave incidence  
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Fig.4 Variation of transmittance against frequency for 
both experimental measurement and theoretical 
calculations; TM plane wave incidence 
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Fig.5 Variation of transmittance against frequency for 
both experimental measurement and theoretical 
calculations; TE plane wave incidence 
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Fig.6 Variation of transmittance against frequency for 
both experimental measurement and theoretical 
calculations; TE plane wave incidence 

V. CONCLUSION 

In this paper, we have implemented a test fixture and the 
2-D EM crystals to measure its transmittance 
characteristics.  To compare the experimental results with 
the theoretical ones on the same basis, the calibration 
procedure was made to transform the measured voltage at 
the load of VNA to the electric field strength on the two 
outer surfaces of EM crystal.  The good agreement 
between the measured and calculated results validates the 
scattering characteristics of the 2-D EM crystal.  
Therefore, this paper is the basis conducting to the 
understanding for the ultra-refraction phenomena behind 
an EM crystal.  . 
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