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Subwavelength focusing with a multilayered Fabry-Perot structure at optical frequencies
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The Fabry-Perot resonance effect is studied in order to achieve subwavelength imaging at a far distance
(e.g., about 10 wavelengths) from the source at optical frequencies. Two different structures (with matched and
mismatched impedances) of alternative metal and air layers are considered first at a relatively short distance
(e.g., about one wavelength) from the source. It is found that the impedance match is not necessary for
subwavelength focusing since the Fabry-Perot resonance effect is utilized here. An appropriate period is chosen
so that the Fabry-Perot resonance occurs in an evanescent regime, and consequently the evanescent waves near
the Fabry-Perot resonance peak are amplified. With such a mechanism, a super lens with a resolution of about
No/30 (N is the wavelength in the air), acceptable sidelobes and a larger displacement range (when the
thickness of the period is within such a displacement range, subwavelength focusing with acceptable sidelobes
can be achieved) is designed. Subwavelength focusing (with a spotsize of N\y/12) at a distance far away from

the source is also realized in the presence of some material loss.
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I. INTRODUCTION

The amplification of a broad spectrum of evanescent
waves (produced by e.g., a point source) by a single layer of
metal can lead to a subwavelength resolution, as noted first
by Pendry' and later confirmed experimentally.” However,
the thickness of this metal film has to be very small as com-
pared with the wavelength. Thus it is impossible to transmit
a subwavelength image to a far distance (e.g., the distance
between the source and the image is more than 10)\). In Ref.
2, the distance from the source to the image was only 75 nm
(the wavelength is 365 nm). The diffraction effect has al-
ready degraded the imaging resolution at such a small dis-
tance (about \y/5) from the source (in such a small distance,
a subwavelength resolution can also be achieved with the
near-field scanning optical microscopy>*) Therefore, a single
layer of metal cannot transfer a subwavelength imaging to a
far distance due to the material loss of the metal. In this
paper we will study the subwavelength imaging in the area
where the distance between the source and the image is
larger than 10\,

Recently, Ramakrishna and Pendry>® suggested a practi-
cal structure (as a superlens) to improve the subwavelength
image in the near-field zone. They cut one metal slab into
many thin layers and separated them (i.e., alternative metal
and air layers). In such a structure, the metal and air layers
have equal thickness but opposite signs of the real part of the
permittivity (namely, —1 and +1). This structure is also less
sensitive to the material loss. In structures of alternative
metal and air layers, the relative permeability is always 1
(same as air), and thus the reflection is mainly determined by
the effective refraction index (after homogenization), or
equivalently, the effective impedance. In the present paper,
an impedance match case refers to a situation when the ef-
fective (homogenized) refraction index (or effective imped-
ance) of the multilayered structure is the same as that of air.
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Because of the impedance mismatch in Refs. 5 and 6, the
total thickness of the structure must be much thinner than the
wavelength (in order to reduce the reflection and the attenu-
ation in the lossy metal). To reduce further the influence of
the material loss on the subwavelength resolution, another
type of structure with sandwiched metal layers has been
proposed.” This structure is based on a different physical
mechanism other than superlensing (the so-called
canalization®). The canalization mechanism for subwave-
length imaging at about one wavelength away from the
source through a lossless multilayered structure was studied
numerically in Ref. 7. The equal frequency contour (EFC) in
the reciprocal lattice is flat, and this enables nearly all the
spatial harmonics (including the evanescent components) of
the source radiation to be transformed into propagating har-
monics. These propagating harmonics have practically the
same group velocity along the direction normal to the surface
and nearly the same longitudinal components of the wave
vector (see Ref. 7). The Fabry-Perot resonance condition can
also be satisfied simultaneously for all the spatial harmonics
and thus the transmission is enhanced. Inside such a struc-
ture, the field attenuation due to the material loss is uniform
for nearly all the (propagating) spatial harmonics. At the out-
put interface of the lens all the propagating harmonics are
transformed back to the original spatial spectrum (including
the evanescent components) as before entering the input in-
terface of the lens. A good subwavelength image of a point
source is thus achieved at the image plane (the distance from
this plane to the back surface of the layered structure is equal
to the distance between the source plane and the input sur-
face of the layered structure). Their theoretical analysis is
based on the theory of homogenization and transmission line
at optical frequencies, for which the EFCs are completely
flat. Choosing suitable permittivities and thicknesses for the
metal and dielectric layers [see Eq. (2) below], one can ob-
tain =1 (i.e., impedance matched with air) and &, =% from
the homogenization theory. EFCs in such an anisotropic di-
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FIG. 1. Geometry of the periodic metal-dielectric structure stud-
ied in this paper. The period is d=d;+d,.

electric medium are planes parallel to the interfaces. In fact,
EFCs for such a multilayered structure are not completely
flat. The accuracy of the transmission line model for this
multilayered structure is limited, and a more accurate model
is needed for a more reliable analysis of the subwavelength
imaging. In the present paper, we will analyze the dispersion
relation and use a transfer matrix method to simulate the
subwavelength imaging of a multilayered transmission de-
vice first at a relatively short distance (e.g., less than 2\)
from the source. We found that the impedance match is not
necessary for subwavelength imaging since the Fabry-Perot
resonance effect is utilized here. Such a relaxation can leave
us more space for the optimal design of a transmission de-
vice. To achieve a good subwavelength imaging at a far dis-
tance from the source with the material loss considered, we
also relax the condition of impedance match and achieve a
good resolution (i.e., spotsize of the focused image) of /12
in the present paper.

II. WORKING MECHANISM AND SUBWAVELENGTH
IMAGING AT A SHORT DISTANCE

Figure 1 shows the schematic diagram for the multilay-
ered structure studied in the present paper. In this structure,
each period is composed of two thin layers whose thick-
nesses are d, and d, and permittivities are &, (for dielectric)
and &, (for metal), respectively. For simplicity, we assume
e,=g)+ie) (complex) and &,=¢] is real. Here we only con-
sider the TM polarization (i.e., the magnetic field is perpen-
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dicular to the x-z plane). If each layer is very thin (compared
with the wavelength), we can obtain the following effective
(homogenized) anisotropic permittivity tensor (in the x and z
directions) using the transmission line model in Ref. 7

e, 0
[8]=[ 0 8}’

g1d+e,d, sT]d1+£§]d2)—] .
d+d, d+d, . When the materials

are lossless and condition &;'d,+&,'d,=0 is satisfied, one
has &, =% and each EFC (determined by the dispersion
curve k2/ 8||+k§/ &, =w*/c?) is a straight (flat) line parallel to
the z axis. However, in a lossy case we cannot apply the
above effective medium theory. Otherwise, it will lead to
some contradictory results. For example, condition s{_ldl
+&57'd,=0 will lead to

(1)

and 8J_=(

where g =

. =(d1+d2)<8, _1.8’13’2)
L dl 1 8"2 >
e"d
8\\=i 22 s (2)
(dy+d,)

which gives € | —[(d,+d,)/d,]e|+i® when &} approaches 0

(lossless case). On the other hand, we know for a lossless
case the effective permittivity (real valued) in the x direction
is £, = (as we mentioned before), which is different from
the limit of the lossy case. In fact, even for the lossless case
the transmission line model is approximate and can only give
a rough guidance for the analysis.

To make a more reliable analysis of the subwavelength
imaging, we use an accurate model based on the following
dispersion relation’

1k k
cos(K,d) = cos(k;,d;)cos(ky,d,) — §<L82 + M)

etk k&2
XSin(klxdl)Sin(k2xd2)s (3)
where ki, =\ekg—kl ky=\e.kg—kZ, d=d,+d, and kg

=2m/\y (we choose \y=600 nm in all our numerical ex-
amples). From the above equation, one sees that the Bloch
wave number K, is dependant on k. [i.e., each EFC is deter-
mined by K,(k.,d)]. Figure 2 shows the EFCs in (k.,K,)
plane for a lossless case for various sets of parameters (with
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FIG. 2. (Color online) Equal frequency contours (lossless case) for Aj=600 nm when condition 81_1d1 +32_1d2=0 is satisfied with period
d=15 nm. The three solid curves are for ,=—1, and the three dotted curves are for e,=—13. The two longer blue (dark gray) curves are for
g=(g\d,+&,d,)/(d,+d,)=0, the two red curves (gray) are for £=1, and the two black curves are for £=2.
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Amplitude transmitted

FIG. 3. (Color online) The transmission coef-
ficient as a function of k. /ky (=0 and e,=-13).
The dotted black curve is for d=dgp=14.98 nm
(the corresponding resolution of the image is
40 nm); The red (gray) dashed curve is for d
=14.6 nm (smaller than dpp; the corresponding
resolution of the image is 26 nm). The blue (dark
gray) solid curve is for optimal d=14.357 nm
(the corresponding resolution of the image is
18 nm, as indicated by the solid curve in Fig. 4
below).
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d=15 nm) satisfying condition &|~'d,+&}'d,=0 (this con-
dition is always satisfied in the present paper). One sees from
this figure that the EFCs can be very flat in a quite large
range around k,=0. Then we define &=(g|d,+&5d,)/(d,
+d,). Since condition &]'d, +&,™'d,=0 is always satisfied in
this paper, we have e=¢’,+¢',. As & decreases (from 2 to 1
and 0 in Fig. 2), the EFC (for the same g,=—1 or —13)
becomes flatter around k=0 (£=0 gives the flattest EFC).
Note that € must be non-negative, otherwise some oscilla-
tions will appear in the EFCs around k,=0. When € is equal
to 1 (the impedance match case considered in Ref. 7) or
larger, the flat region of the EFC becomes wider as |g,| in-
creases from 1 to 13. The case of £=0 has an opposite trend,
i.e., the flat region of the EFC becomes wider for smaller
|€,|. From Fig. 2 one sees that the flat region of the EFC is
the widest (the best for canalization) when £=0 (even its
worst situation with large |¢',| is still better than the best
situation of £=1). Therefore, in the present paper we mainly
study the case £=0 [e.g., when &,=13, g,=—13, d=15 nm,
d,=d,=7.5 nm, we obtain n. =K, (0,d)/ky=0.2945, which
is mismatched to that of air] and compare with the corre-
sponding performance for the case £=1. For example, when
e1=14, &,=—-13, and d=15 nm, condition £=1 gives n.
=1.0486 (d,=7.22 nm, d,=7.78 nm), which is quite close to
1 (the refractive index for air). Thus we can expect the re-
flection to be very small at the air-lens interface when £=1,
and this is called an impedance match case in the present
paper.

Inside the slab, all the propagating harmonics have almost
the same K, (longitudinal component of the wave vector)
around k,=0. To enhance the transmission through the slab
lens (of finite thickness), we can choose N (the total number
of the periods) to satisfy the following Fabry-Perot reso-
nance condition

K (0,d)Nd =M, 4)

where M is an integer. We can scan d to obtain a function
F(d) which satisfies K(0,d)N-F(d)=Mm (M is fixed during

i =
100

the scanning). Our numerical results (not shown here) have
indicated that function Y=F(d) is a monotonously decreasing
function within the interval of [10 nm, ¢20 nm] and must
have a cross point with the monotonously increasing func-
tion Y=d. The value of d at the cross point [i.e., Y=F(dpp)
=dpgp| would fulfill Fabry-Perot resonance condition (4). For
example, for the case of £=0, if we choose &,=13, &,=
-13, dy=d,=d/2, and N=68 (corresponding to a period
around 15 nm), we can obtain dgp=14.98 nm (for M=1).
We use the transfer matrix method to compute the trans-
mission coefficients for all the spatial harmonics (including
the evanescent components) of the source radiation and ob-
tain the image of the point source. We found that the spot
size of the focusing can be improved further if the actual
period d is a bit smaller than drp. This can be explained as
follows. From the property of function Y=F(d) it can be
found that K (0,d)Nd<Mm when d<dgp. Since K, (k.,d)
increases from K,(k,=0,d) as |k,| increases from O (see Fig.
2), some Bloch wave K (k.,d) with a nonzero k,=kpp can
satisfy the following Fabry-Perot resonance condition

Kx(kpp,d)NdzMﬂ'. (5)

From Fig. 3 one sees that as d decreases from d=dpp the
position of the Fabry-Perot resonance moves to a nonzero
kpp and every surface plasmon resonance peaks (many sharp
peaks in the Fig. 3) also move along the same direction. If
we choose a value of d less than dgp, a broad Fabry-Perot
resonance peak centered at a nonzero appears (the Fabry-
Perot resonance is around k,/ky=7.1 on the red dashed curve
in Fig. 3 for d=14.6 nm). From Fig. 3 one sees that the
Fabry-Perot resonance peak for the case of d=14.357 nm
(our optimal value for subwavelength focusing with accept-
able sidelobes; corresponding to the blue solid line) is around
k,/ky=9.3, which can be easily distinguished from the many
sharp peaks caused by surface plasmon resonances. Larger k,
would lead to larger derivative dK,/dk, (see Fig. 2) in the
dispersion relation [Eq. (3)], and this makes the Fabry-Perot
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effect concentrates on a smaller range of k, around k,=kpp
(however the range of the Fabry-Perot resonance peak is lim-
ited, since the transmission coefficient of the propagating
harmonics with k. <k, cannot exceed 1). The evanescent
components inside this range will be amplified, and thus the
spotsize of the central peak in the image will become
sharper. If d decreases further from 14.357 nm, the Fabry-
Perot resonance would lead to larger sidelobes in the image
of the point source, which will eventually distort the image.
From the dispersion relation and Fig. 2 one can see that no
Bloch waves in this multilayered structure can be excited by
an incident evanescent wave with k, larger than a certain
value. Consequently, this part of incident evanescent waves
cannot be transferred through the slab. This explains why
there is a sudden and rapid decrease in the transmission func-
tion as k,> 103k, [for the dotted line with dgp=14.98 nm in
Fig. 3; similar cut-off position in Fig. 2 for the dotted curve
with d=15 nm (very close to dgp=14.98 nm)], k.> 107k,
(for the dashed line in Fig. 3) or k.> 109k, (for the solid line
also in Fig. 3) in Fig. 3. This k, value is denoted by kg
(cut-off value). Larger k; would allow more evanescent
waves to be transferred through the slab, and thus lead to a
better resolution. [Our numerical results have shown that the
surface plasmon resonance peaks in Fig. 3 do not contribute
to but degrade the resolution of the image.] Obviously, d
> dgp would lead to K (0,d)Nd> M, and no value of k, can
satisfy the Fabry-Perot resonance condition. Thus, we should
choose appropriate d (a bit smaller than dgp) to obtain a good
resolution while keeping the sidelobes low and acceptable
according to the requirement of a specific application.

Note that in the present paper the amplification of evanes-
cent components (see e.g., Fig. 3) is achieved by the Fabry-
Perot resonance mechanism, but not the canalization mecha-
nism (though the canalization mechanism plays an important
role in transferring the evanescent components to an area far
away from the source through the conversion between the
evanescent components and the propagating components). If

FIG. 4. The best-resolution images (of a point
source) achieved by choosing optimal parameters
for case £=1 (dotted line) and case £=0 (solid
line).

one chooses the impedance match case (€=1; as considered
in Ref. 7) and d=dpp in the impedance mismatch case, the
Fabry-Perot resonance will occur at k,=0 (corresponding to a
propagating harmonics of the original spectrum of the image;
the transmission coefficient for any original propagating har-
monics is always less than 1) and thus this Fabry-Perot reso-
nance cannot amplify any evanescent component. One of the
unique ideas in the present paper is to choose d a bit less than
drp so that the Fabry-Perot resonance occurs in an evanes-
cent regime (i.e., k,>k; the transmission coefficient for an
evanescent wave can be much larger than 1; see Fig. 3), and
consequently the evanescent waves near the Fabry-Perot
resonance peak are amplified. Note that Fabry-Perot reso-
nance is used in Refs. 7 and 8 merely for reducing the re-
flection at the air-lens interfaces and there is no amplification
of any evanescent wave in Refs. 7 and 8. The amplification
of evanescent components for the Fabry-Perot resonance
mechanism is completely different from that for an LHM
lens (which is based on the surface plasmon effect). To re-
duce the attenuation of the evanescent wave in the free
space, we put the point source near the left air-lens interface.
Thus the distance between the source and the image is less
than to 2\, (i.e., imaging in an area close to the source) for
this example.

Around dpp there exists a displacement range [d,i, > x>
in which some subwavelength focusing with acceptable side-
lobes can be achieved. A larger displacement range would
indicate a better property for subwavelength focusing. The
width of the displacement range for d can be extended to
0.9 nm in the case of £€=0, whereas in the case of £=1 it is
much smaller (e.g., 0.05 nm in a similar impedance-matched
case considered in Ref. 7). For an impedance-matched case
similar to the one considered in Ref. 7, the best resolution
(defined as the half width of the central peak of the image) is
about 50 nm according to our simulation results (the dotted
curve in Fig. 4). However, in the case of £=0 (i.e., imped-
ance match condition is relaxed) we can achieve a resolution
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of about 18 nm (and an image of higher intensity; see the
solid curve in Fig. 4) by choosing appropriate parameters.

Though the impedance is not matched between the lens
and air when £=0, we can still see a large transmission,
which is due to the Fabry-Perot resonance effect. Such a
Fabry-Perot resonance effect enables us to obtain a better
performance (in terms of the better resolution and larger dis-
placement range) with this impedance-mismatched structure.
From the above simulation results, it can be found that at the
air-lens interface the impedance matching (i.e., same n.y at
both sides of the air-lens interface, as always satisfied in Ref.
7) is not necessary since the Fabry-Perot resonance mecha-
nism is utilized here to enhance the transmission. Besides the
Fabry-Perot mechanism, the reasons for us to choose this
impedance-mismatched structure are as follows. (i) EFCs for
case £€=0 is flatter than EFCs for case £=1. Consequently,
the Fabry-Perot condition holds approximately in a larger
region of k, around k,=0. (ii) It is understandable that a
multilayered structure with a smaller effective index nqg
(corresponding to a larger effective wavelength) has a larger
displacement range, i.e., less sensitive to some small devia-
tion of the layer positions (for the example in Fig. 2 we have
n.=0.29 for =0, whereas n.s=1 for £=1). Therefore, in
the rest of the paper we will focus on this impedance mis-
matched structure (with £=0).

In the case of £=0 (mismatched impedance) and d
=13.96 nm (d,=d,=d/2), the resolution and displacement
range can be improved further if we use a smaller |e,|, e.g.,
€,=6, g,=—6 (obtained through e.g., some metal-dielectric
composites'?). The EFCs for £,=6 and e,=—6 is flatter
[K.(0,d) is much smaller] than EFCs for £,=13 and &,=
—13. The best resolution can be 14 nm, and the width of the
displacement range to the thickness d can be larger than
1.25 nm.

Meanwhile we note that the total number of the plasmon
resonance peaks increases with the total number of the lay-
ers, since each peak corresponds to the surface plasmon
mode at a specific interface (see Ref. 5). When £=0, as |g,|
decreases, the EFCs become flatter and the structure could
transfer more modes of evanescent waves to the other side of
the slab, and consequently the resolution of the image may
be improved. On the other hand, according to the dispersion
relation, it can be shown that K (0,d) becames smaller (as
|e,| decreases), and thus the total number N of the layers
increases significantly (for a similar d) in order to satisfy
Fabry-Perot resonance condition (4). However, when the to-
tal number of plasmon resonances becomes too large, large
sidelobes appear in the image and the quality of the image
becomes worse. Thus one should choose appropriate &, ac-
cording to the application and requirement. Obviously, the
surface plasmon resonances degrade the quality of the image
in the present mechanism of transmission device.

We have also used the FDTD (Ref. 11) simulation (com-
mercial RSoft FullWAVE software) to verify the above sub-
wavelength focusing for the impedance mismatch case (i.e.,
£=0). We choose &,=13, &,=-13, d=14.41 nm (d,=d,
=d/2), N=68, and the distance between the point source and
the left side of the lens is 20 nm. When we use the transfer
matrix method the length L of the slab in z direction is infi-
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nite. However, in the FDTD simulation, we must set a finite
value for L (2\,). The spotsize for the focused image in this
FDTD simulation is about \y/6 (beating well the diffraction
limit while the spotsize of the field distribution correspond-
ing the point source at the left air-lens interface is over
60 nm), which is not as good as what the above transfer
matrix method predicts. This is mainly due to the finite
length (in the z direction) of the lens'? and the attenuation of
evanescent waves in free space.

III. SUBWAVELENGTH IMAGING AT A FAR DISTANCE
WITH MATERIAL LOSS AND MISMATCHED
IMPEDANCE

Based on the procedure described in the above section, we
can obtain the following set of parameters as a numerical
example for subwavelength imaging at a far distance from
the source for the case of €=0 (i.e., impedance mismatch
case): g,=13, g,=—13, N=406, and dpp=15.02 nm (corre-
sponding to M=6). We found that the optimal thickness is
d=14.84 nm (i.e., d;=d,=7.42 nm). The image is quite far
away (more than 10\,) from the source. Figure 5 shows the
corresponding subwavelength focusing results for several
different material losses of the metal. The resolution of the
image is 34 nm for the lossless case, and is 36 nm (about
No/17) when the imaginary part (representing the material
loss) of the relative permittivity of the metal increases to
0.001. When &,=-13+0.01{, the half width of the focused
spot increases to 50 nm (\y/12; still beat the diffraction limit
even the intensity of the transmitted light is small due to the
material loss). If we choose &,=—13+0.4i with a much larger
imaginary part (which is in the same order as the realistic
value for silver), the half-width of the focused spot increases
to 244 nm (a bit smaller than the half wavelength in free
space). Therefore, the present multilayer Fabry-Perot struc-
ture can give sharp subwavelength focusing at 10 wave-
length far away from the source, particularly when the ma-
terial loss is small. Figure 6 gives the corresponding
transmission coefficient functions of k, under different levels
of the small material loss of the metal.

From Fig. 6 one sees an obvious Fabry-Perot resonance
peak (around k./ky=>5; as explained in the previous section
when d is smaller than dpp) when there is no material loss.
Such a peak can improve the resolution of the subwavelength
image. As the material loss of the metal increases, the trans-
mission coefficient decreases (the decrement is larger for
larger k, under the same material loss). Furthermore, the dec-
rement (caused by the loss) of the transmission coefficient at
the surface plasmon resonance peaks is more significant.

Dispersion relation (3) is still valid when the material loss
exists (e.g., a complex &, represents the loss of the metal; g,
for the dielectric layers is kept real in our numerical ex-
ample), and thus a complex Bloch vector function K, (k) can
be numerically obtained.'3 Inside the multilayered structure,
the direction of the group velocity of the wave is along the
normal direction of EFCs, and the longitudinal (normal to
the interface) component of the phase velocity is related to
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K,(k,). The imaginary part of the complex K.k, has a
physical meaning as the effective attenuation for such a wave
(with k,). The attenuation can be described by the following
factor

L(k,) = e m(KkINe, (8)

where Im[K,(k.)] is the imaginary part of K (k,). Figure 7
shows the attenuation factor L(k,) (which is 1 in lossless
case). As k. increases, the imaginary part of K,(k.) increases
and consequently the attenuation increases (see Fig. 7). This
attenuation factor L(k,) will modulate the transmission spec-
tra. This explains the rough range and decreasing shape of
the transmission spectra shown in Fig. 6 (the shape of each

curve in Fig. 7 is similar to that of the corresponding curve in
Fig. 6).

IV. CONCLUSIONS

In the present paper we have studied the subwavelength
focusing based on the Fabry-Perot resonance mechanism.
The transfer matrix method has been used to analyze the
multilayered transmission device consisting of alternative
metal and air layers. We have found that the impedance
match between the lens and air is not necessary for subwave-
length focusing since the Fabry-Perot resonance effect is uti-
lized here. The period dgp of the multilayered structure sat-
isfying the Fabry-Perot resonance condition (corresponding
to the resonance peak around k,=0) has been determined. We
choose the period d a bit less than dgp so that the Fabry-Perot
resonance occurs in an evanescent regime (i.e., k,> k), and
consequently the evanescent waves near the Fabry-Perot
resonance peak are amplified. With the help of such ampli-

FIG. 6. (Color online) The transmission spec-
tra corresponding to the subwavelength focusing
in Fig. 5.
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FIG. 7. The attenuation factor L(k,) caused by
the material loss of the metal.
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fication for the evanescent waves and the relaxation on the
impedance, a good resolution (smaller than Ay/30) with ac-
ceptable sidelobes at relatively short distance from the source
(about 2\) is achived by choosing a suitable d (smaller than
dpp). Thus, the impedance mismatch case with £=0 would be
more promising in achieving a better resolution with a larger
displacement range. The influence of the material loss to the
subwavelength imaging has been studied, and good sub-
wavelength imaging at a distance far away from the source
can still be realized in the presence of some material loss. In
the present paper, the amplification of evanescent compo-
nents is achieved by the Fabry-Perot resonance mechanism
(completely different from the surface plasmon mechanism

for an LHM superlens), but not the canalization mechanism.
However, the canalization mechanism plays an important
role in transferring the evanescent components to an area far
away from the source through the conversion between the
evanescent components and the propagating components.
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