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Abstract 
This paper presents a nondestructive, high frequency electromagnetic evaluation method which can be applied for 
the examination of periodic conductive strips or conductive fibers using the evanescent modes generated in slits or 
in dielectric insulation between conductive fibers. For the detection of evanescent waves we propose the use of 
lenses with metamaterials, both conical Swiss roll type and diffraction type through a circular aperture having a 
diameter smaller than the wavelength of the excitation wave. This method allows electromagnetic nondestructive 
evaluation of the metallic strip gratings used in flexible printed circuits. This is in order to allow detection of 
discontinuities as well as the status of the carbon fiber and eventually the status of delamination due to impacts upon 
the carbon fiber reinforced plastics composites.  
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1. Introduction 
 
The conductive strip grating is a periodic planar arrangement of conductive strips with a long 
length and small thickness.  
This structure has been and still is very well researched for the following reasons: 

a) Applications as a metallic strip grating which forms the core of electronic packages today 
by providing the ability for interchip communication. The periodic properties of the 
structure provide a multitude of functions from uniform electrical line characteristics to 
providing via holes in reference planes to allow contact with chips on the top surface. 

b) Application as a reinforcement as in the case of the composite carbon fiber reinforced 
plastics type (CFRP), where the carbon fibers offer their advantages [1], [2] . 

c) Uses in different domains such as the metallic strip grating used as a filter or polarizer in 
the range of microwave and optical frequencies [3].  

d) Applications in the domain of metamaterials [4] starting from the existence of surface 
plasmon polaritons [5].  

e) Transmission enhancement of electromagnetic waves through subwavelength metallic 
apertures [6], [7]. 

f) Possibilities of use in the domain of biosensors [8].  
Due to their small dimensions, both of the conductive strips and the space between them (slits), 
the nondestructive evaluation through electromagnetic procedures of conductive metallic grating 
represent an interesting set of problems that has been solved by pulsed eddy current [9], GMR 
sensing [10] and SQUID sensing [11]. 
The same problem has been posed for the use of conductive carbon fibers as reinforcement in 
CFRP using pulsed eddy current [12], [13], SQUID sensing [14], different special 
electromagnetic sensors [15], [16], [17]. 
In order to obtain as great a signal to noise ratio as large as possible, it is necessary to use the 
smallest possible value of lift-off (the distance between the electromagnetic transducer and the 
controlled piece) [18]. This leads to the necessity of working in the near field. 
This paper presents the possibility to improve the spatial resolution of the electromagnetic 
nondestructive control of conductive strip grating in the frequency range of hundreds of 
megahertz using evanescent waves that may appear in slits having widths smaller than the 
wavelength of the incident electromagnetic waves in vacuum. 
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Lenses with metamaterials and diffraction on a circular aperture with a diameter smaller than the 
wavelength in the vacuum are used for the detection and transmission of evanescent waves. In 
this case, an important application refers to the possibility to use metallic strip grating with 
Silver strips as biosensors due to the apparition of surface plasmon polaritons on the lateral sides 
of the strips. The same method can be used also at the electromagnetic nondestructive evaluation 
of CFRP.  

 
2. Evanescent modes in periodical conductive structures 

 
Consider a structure consisting of a metal band grating and slits filled with a dielectric, excited 
by plane electromagnetic waves as shown in Figure 1. 
 

 
Figure 1. Conductive strip grating 

 
A Cartesian coordinate system is attached to the structure, with the origin in the middle of a slit; 
the strip grating is placed in the XOY plane. The space is naturally separated into three regions: 
region I (z<0), region II occupied by the strip grating (h>z≥0) and region III (z≥h). The space 
above the grating is assumed to be a vacuum and the dielectric permittivity of the metal and the 
dielectric in the slits are characterized by εrm

 and εrd respectively. 
The TMz electromagnetic wave polarization shows a remarkable transmission effect in 
subwavelength periodic arrays, thus we will mainly examine this polarization [19]. In this case 
the electromagnetic field components will be (Hx,Ey, Ez). The wavelength λ in vacuum 
corresponds to a frequency f of the incident wave. 
If h>3δ where δ is the standard penetration depth given by 
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with 2 fω π= , 7
0 4 10µ π −= ⋅ H/m - vacuum magnetic permeability and σ – the electric 

conductivity of metal bands,  then we can consider that the metal grating is semi-infinite, 
occupying region II and III (z≥0). 
Considering the metal being silver with σAg=6.28·107S/m and the frequency of incident 
electromagnetic wave is 500MHz then the standard penetration depth will be 2.8 µm; hence if 
h≥3·2.8=8.4µm, we can assume with good approximation that the metal grating is semi-infinite. 
The basis of the eigenmodes method is a representation of the field below the grating (z<0) and 
in the grating (z≥0) as well as a super-position of the corresponding eigenmodes. Above the 
grating, this expansion has the form of the Fourier series 
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0xH is the amplitude of the incident magnetic field. 

The field in the grating can be written as the expansion in the eigenmodes of the periodic 
structure 
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The eigenmode ( )h yν  and the propagation constant νβ (with positive imaginary part) are the 

solutions to the eigenvalue problem [21]. 
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3. Detection of purely evanescent modes in slits using metamaterials 

 
Metamaterials [22] can provide an engineered response to electromagnetic radiation that is not 
available from the class of naturally occurring materials. They consist of an individual or an 
array of elements for which all the geometrical dimensions are small compared to the 
wavelength of operation. The dimensions of the element should be much smaller than the 
wavelength, meaning the condition is accomplished, as the wavelength of the electromagnetic 
incident plane wave that is large (0.6mm at 500MHz). 
As a function of the frequency of the incident electromagnetic field and the geometrical shape, 
the metamaterials may have high relative magnetic permeability, even if the material is 
paramagnetic, or negative, as well as the dielectric permittivity being either positive or negative 
[23]. At the same time, the metamaterial’s lenses allow the amplification of the evanescent 
waves [24]. 
A new type of metamaterial which allows a relatively simple realization of a lens is the conical 
Swiss roll [25], [26]. A conical Swiss roll consists of a number of spiral-wound layers of an 
insulated conductor around a conical mandrel Figure 2a. 
 

 
a. b. 

Figure 2. a) Schematics of a conical Swiss roll; b) Layout of two conical Swiss rolls acting as a lens 
 
Let us consider a layout of two conical Swiss rolls, presented as in Figure 2b considered as a 
lens.  
The evanescent modes generated in the metallic strip grating slits can be detected by placing a 
reception coil in the focal plane of the lens, and by measuring the induced electromotive force 
(emf.). 



4. Generation of a polarized field TMz in conductive strip grating 
 
According to the coordinate system in Figure 1, for the generation of an electromagnetic field 
with components (|Hx|, |Ey|, |Ez|) a rectangular frame has been used, having 2a x 2b dimensions, 
with the side 2a (2a<2b) perpendicular to the direction of the metallic strips. 
The calculation of the field can be made using the dyadic Green’s functions method for free 
space as well as the method of an integral on the source volume [27]. 
Figure 3 a, b and c presents the moduli of Hx, Hy and respectively Hz amplitude components for 
the rectangular frame placed horizontally. Due to the real position of the rectangular frame, the 
Hz component of the magnetic field created by the frame will act along the x direction; as a 
consequence, the hypothesis of TMz polarization is accomplished. 
 

a. b. c. 
Figure 3. The magnetic field generated by a rectangular frame having dimensions 2a=20mm, 2b=60mm 
fed with an alternative current with 500MHz frequency: a) |Hx| component; b) |Hy| component; c) |Hz| 

component; 
 

5. Experimental set-up 
 
We have considered regions from a flexible printed circuit having Ag metallic strips with 0.6mm 
width and 10µm height. The slits have 0.4mm width, as in Figure 4a. 
The generation and detection of evanescent waves from slits has been made using the transducer 
and the equipment presented in Figure 4b. The rectangular frame used for the generation of the 
TMz polarized electromagnetic field has a dimension of 20x60mm, 1.2mm diameter and is made 
of Cu wire. 
The lens is constructed from two conical Swiss rolls [25], [26] with the large bases placed face to 
face. A conical Swiss roll consists of a number of spiral-wound layers of an insulated conductor 
around a conical mandrel. The insulated conductor is a copper foil with 18µm thickness and a 
layer of polyamide with 12µm thickness (LongliteTM 200 produced by Rogers Corporation 
USA). The copper and the polyamide layers have been laminated without adhesive to decrease 
losses at high frequencies. The conical Swiss rolls have 2.5 layers, a 20mm base diameter, 
3.2mm top diameter, an aperture angle of 200 and 55mm height. 
According to the method described in [25], by measuring the S parameters, the relative magnetic 
permeability of conical Swiss rolls have been determined, as 28.3 for the frequency of the 
electromagnetic fields of 482MHz.  
The reception coil with 1mm diameter, one turn made of a Cu wire with 0.1mm diameter, has 
been placed in the focal plane of the lens. A grounded screen made from the same insulated 
conductor with a circular aperture of 0.1mm has been placed in front of the lens. 
During the measurements, the transducer is fixed and the flexible printed circuit is displaced in 
front of the transducer using a XY motorized stage, Newmark type, the scanning step being 
0.1mm. The transducer is connected to a Network/Spectrum/Impedance Analyzer type 4395A-
Agilent USA. The measurements of S parameters were carried out with an Agilent S Parameter 
Test Kit 87511A coupled to a 41395A, in the interval 480MHz-485MHz at 6 equidistant 



frequencies, the optimal frequency of 480MHz being confirmed. The distance between the 
screen with circular aperture and the surface to be examined (lift-off) is 20±1µm. 
 

 

 

a b 

Figure 4. Studied sample and measurement equipment: a) metallic strip grating; b) the measurement 
system 

 
6. Experimental results and discussions 

 
Across a region of 20mm along the y direction of the coordinate system (Figure 1), the amplitude 
and the phase of emf induced in the reception coil. 
It was analyzer the dependence of the amplitude of emf induced in the reception coil vs. y 
coordinate, for 20±1µm lift-off. It can be observed that the amplitude presents a maximum value 
when the circular aperture is found at the extremities of the metallic strip, as well as in the zone 
of the slits when the slits are insulated by air. The amplitude of the emf presents 8 maxima 
corresponding to the 8 slits between the 9 strips of the metallic strip grating. Comparing the 
shape of the signal with the results of previous simulations a similar behavior can be observed, 
which in the conditions of the experimental measurements has been affected by measurement 
noise. This fact demonstrates the apparition of evanescent waves in slits. 
This work may serve as an electromagnetic method for the nondestructive evaluation of 
conductive strip gratings from flexible printed circuits to eventually allow the detection of 
interruption in the strips and for the localization of these breaks with high precision. In this case, 
an interruption of a strip blocks the propagation of evanescent waves and thus, in the respective 
zone, the amplitude of emf induced in the reception coil will be smaller than in the neighboring 
regions in which strips are continue unabated, delimiting the slits of approximate the same width. 
This is presented in Figure 5 for a scan with 4x4mm and 0.1mm step of a region from conductive 
strip grating, when the strip has been interrupted by a 0.2mm cut. 

 
Figure 5. Electromagnetic imaging of metallic strip grating with an interrupted strip 



 
This method can be used for the nondestructive examination of composite materials (carbon fiber 
reinforced plastic (CFRP) types). In this case, the role of conductive strips is taken by the carbon 
fibers which, in pre-preg technology are presented as lamina; the carbon fibers are insulated from 
each other. Using the proposed method, a uniaxial composite carbon-epoxy sample with 2mm 
thickness, comprising of 6 layers of carbon fibers, of T300 type and the matrix from epoxy resin 
type 8552-66 Hexcel, USA has been investigated by a 4x4mm2 scanning surface with a 0.1mm 
step on both directions. In Figure 6a the obtained results are presented; more specifically the 
phase information is presented more meaningfully than the amplitude information. 
Examining the results from Figure 6a we can visualize the layout of the carbon fibers from the 
first lamina. As the carbon fibers are orientated in a parallel fashion and insulated from each 
other, the image obtained with the transducer described above emphasizes the vertical parallel 
stripes. In the region where the carbon fibers are not parallel, the width of slits became larger, 
and so the evanescent waves no longer appeared. This is the case of the vertical region located 
around the coordinate point x=3mm. If between the carbon fibers there are regions with electrical 
contact, the evanescent waves only appear locally, where the insulation is appropriate. This is the 
situation of the region localized at x=0.25mm. 
If the analyzed composite presents a delamination due to an impact with 4J energy, the phase 
information changes its shape completely with respect to the same composite which has not 
experienced any impact. The layout of the carbon fibers cannot be observed from this but an 
important modification of the phase of emf induced in the reception coil situation can be seen 
and is presented in Figure 6b. 
 

  

a. b. 
Figure 6.  Electromagnetic examination of CFRP samples: a) carbon fiber structure in an intact region; b) 

delamination due to impact with 4J energy 
 
 

7. Conclusions 
 
In metallic strip grating with strips made from silver (with dimensions of 0.6x0.01mm and with 
slits of width 0.4mm), excited with TMz electromagnetic waves, a single evanescent mode 
appears in the slits, if the excitation frequency is approximately 500MHz. At this frequency, the 
metallic strip grating can be considered as infinitely wide.  
The detection of evanescent modes can be undertaken using diffraction through a circular 
aperture with a diameter smaller than the wavelength of TMz and lenses with metamaterials of a 
conical Swiss rolls type. 
Using the detection of evanescent waves, the integrity of the metallic strip grating within flexible 
printed circuits and of carbon fibers can be nondestructively evaluated, along with delamination 
of CFRP materials due to low energy impacts. 



The proposed method reveals the existence of surface plasmon polaritons on the lateral sides of 
silver strips and, implicitly, the possibility of the use this method in the construction of 
biosensors. 
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