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An electromagnetic nondiffractive Bessel-like beam from a subwavelength aperture is generated by

placing a metallic circular gratinglike structure in front of the aperture. When the incident wave is linearly

polarized, the beam is axially asymmetric. The beam possesses fluctuating, but approximately uniform,

intensity distribution along its longitudinal axis. The full width at half maximum of the beam remains less

than two wavelengths over nearly ten wavelengths. Our experimental results are in good agreement with

the simulation results and analytical results.
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Since the discovery of Lezec, Thio, and co-workers
[1,2], much effort has been devoted to the study of the
beaming effect from a subwavelength aperture. This beam-
ing phenomenon breaks the limits of homogeneous diffrac-
tion and might benefit many applications. There have been,
thus far, several theoretical and experimental works that
investigated the underlying physics and optimization of the
directivity for the beaming effect with the operation fre-
quency, ranging from the optical to microwave regions [3–
15]. However, to the authors’ best knowledge, there has
been no demonstration of beaming formation from a sub-
wavelength aperture for an important beam, i.e., a Bessel
beam. The Bessel beam was first proposed by Durnin et al.,
who presented the concept of the nondiffractive propaga-
tion of an electromagnetic (EM) wave [16]. This concept
makes it possible to reduce the inevitable diffractive
spreading and is useful for many applications [17]. The
fundamental mode J0 Bessel beam is essentially the inter-
ference pattern of a conical wave, which can be generated
by means of axicons or diffractive elements [18–23]. These
methods use either a curved lens or calibrated beam as an
incident wave. In this Letter, we will demonstrate in the
microwave region that a nondiffractive Bessel-like beam
can be generated from a subwavelength aperture by adding
a metallic circular gratinglike structure in front of the
aperture.

Figure 1 shows a schematic of the proposed structure.
The structure comprises three parts: i.e., two metal plates
(copper with a thickness of 0.03 mm) sandwiching a di-
electric layer. The side length L is 320 mm for the two
square plates. The dielectric layer has a thickness d of
1.6 mm and refractive index nd of 1.96. Figure 1(a) shows
the front part, which is a circular gratinglike metal plate
from which a nondiffractive beam is expected to come out.
For clarity, we schematically depict only five concentric
rings. In fact, there are 15 ring slits (with their radius r1 ¼
20 mm, r15 ¼ 146 mm, and a period of the rings a ¼
9 mm), in which the width w of these slits is 1 mm.
Figure 1(b) is the back part, which is a metal plate with a

subwavelength annular aperture for the incident wave. The
radius r0 and width w0 of the annular aperture are 5 and
2 mm, respectively. It is noteworthy that if one chooses to
use a circular aperture, all of the characteristic results and
conclusions will not change. Additionally, we have chosen
the operation frequencies to be away from the resonant
frequency (near 12 GHz) of the annular aperture, because
this resonance will result in a dip in the transmission
spectrum. Moreover, since we are concentrating on the
beaming effect from a subwavelength aperture, we added
no additional structures on the input side of the aperture
which may further enhance the transmission by 1–2 orders
of magnitude [3,4,8,11]. Figure 1(c) shows the schematic
process for the formation of a nondiffractive beam. After

FIG. 1 (color online). (a) Schematic of the front metal plate.
(b) Back metal plate with an annular aperture. (c) Schematic for
the formation of a Bessel-like beam (the B region).
(d) Schematic for the calculation of �d. The black arrow
(k0nd) is the radial wave vector. The gray (blue) arrow (kd) is
the wave vector of the diffracted wave.
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an incident EM wave transmits through the subwavelength
aperture, it propagates along the radial direction between
the two metal plates. Because the distance between the two
metal plates (1.6 mm) is far less than the wavelength (about
10 mm) of the EM wave in the dielectric layer, the radially
propagating wave will have only one fundamental trans-
verse electric mode (with its E field being normal to the
two metal surfaces). When the propagating wave meets the
periodic ring slits, some of the wave will be diffracted out
at certain diffraction angle. Figure 1(d) shows the depen-
dence of the diffraction angle �d on the wave number of the
grating (K ¼ 2�=a) and the wave vector of the radially
propagating wave (k0nd), where k0 is the wave number of
the EM wave in vacuum. If the possible resonance caused
by the grating is negligible, it is easy to obtain the follow-
ing relation:

sin�d ¼ ðk0nd � KÞ=k0: (1)

In this study, we choose the wavelength of the EM wave
in the dielectric media to be larger than the periodic
constant of the rings, so that there only exits a zeroth-order
diffracted wave. Meanwhile, ðk0nd � KÞ and �d are both
negative, which means that the diffracted waves all travel
towards the central z axis. In this case, the k vectors of the
diffracted waves are distributed on a cone, and conse-
quently the interference of these waves in turn forms a
nondiffractive Bessel-like beam. Furthermore, the length
of the line focus Lf of the Bessel-like beam can be esti-

mated according to geometric optics [12] as

Lf � 14a= tan�d: (2)

In this study, three-dimensional finite-difference time-
domain simulation was carried out with perfectly matched
layer boundary conditions. Perfect metal model is applied
for the copper plates. An EM wave with its E field polar-
ized in the y direction is incident on the subwavelength
aperture. This linearly polarized incidence results in an
axial-asymmetrically cylindrical wave propagating be-
tween the two metal plates. After the field passes through
the front metal plate, it emits in the þz direction. The
emitted wave beam will have its E field mainly in the y
direction and, therefore, we present here the Ey field results

of our simulation for a convenient comparison with our
experimental results. Figure 2(a) shows the simulation
results for the Ey intensity distributions along the z axis

at frequencies ranging from 15 to 16 GHz with an interval
of 0.2 GHz. It is clearly seen that along with the increase of
the operation frequency, the effective length of the beam
also increases. These results are consistent with our esti-
mations according to Eqs. (1) and (2). Because of space
constraints, in the following part we will only concentrate
on one typical beam of frequency f ¼ 15:8 GHz (� ¼
18:99 mm) in order to investigate its detailed features.
Figures 2(b) and 2(c) are the Ey intensity distributions on

the yz and xz planes, respectively. One can clearly see that
a beam is formed along the z axis, and the beam is axially

asymmetric. Figure 2(d) shows a snapshot of the wave
propagation on the yz plane, from which it can be seen
that two symmetric diffracted waves are emitted from the
front metal plate with a regular wave front. These waves
travel towards to the z axis, where their interference forms
the nondiffractive Bessel-like beam just as we expected.
The diffraction angle �d is measured to be 17.5�. To
investigate more features of the beam, we plot the Ey

intensity distribution along the z axis in Fig. 3(a) as a solid
red curve. The full length at half maximum (FLHM) of the

FIG. 2 (color online). Simulation results. (a) Intensity distri-
bution of Ey along the z axis at six different frequencies. (b),

(c) Intensity distribution of Ey on the yz and xz planes, respec-

tively. (d) Snapshot of Ey for the wave propagation on the yz

plane.

FIG. 3 (color online). (a) Simulation and experimental results
for the intensity distribution of Ey along the z axis. The two

insets show the simulation results for the intensity distributions
of Ey at two different cross sections. (b) FWHM data for the

Bessel-like beam.
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Bessel-like beam is approximately 226 mm, as indicated
by a green line with double arrows in the figure. The
FLHM result of simulation is less than our estimated result
(approximately 360 mm) from Eq. (2). One possible rea-
son is that the estimated result is based on geometric
optics, which cannot precisely describe the situation here.
In Fig. 3(a) one also sees that the intensity fluctuates along
the z axis, and after the beam reaches a critical length (at
approximately z ¼ 280 mm), the intensity decreases rap-
idly to a very low level. The insets of Fig. 3(a) illustrate two
typical Ey intensity distributions for the cross sections at

z ¼ 240 and 360 mm. It is rather clear that within the
critical length there is a high intensity main lobe at the
center. However, when the z distance exceeds the critical
length, the central lobe becomes weaker and the side lobes
become much stronger, which means that the energy no
longer remains in a small central area. To have a quantita-
tive evaluation of the beam, we measured the FWHM for
the beam. The solid lines in Fig. 3(b) show the results of the
simulation. The abrupt jumping of the FWHM data for the
yz plane is due to the evolution of side lobes. Considering
the data on the yz and xz planes, it can be seen that there is
a range of approximately nine wavelengths within which
both FWHMs remain less than two wavelengths.

To verify the above simulation results, we conducted
experiments for the structure of Fig. 1. An HP-8510C net-
work analyzer was used to excite a horn antenna in order to
obtain a y polarized incident EM field. A standard Ku band
waveguide antenna was used to receive and measure the
EM wave that was emitted from the front metal plate. We
plot the measured Ey intensity distribution along the z axis

in Fig. 3(a) as a solid black curve, on which one sees a
dense tapered oscillation. The oscillation becomes weaker
at farther z positions. The period of the oscillation (ap-
proximately 9.5 mm) is approximately half of one wave-
length and, therefore, this tapered oscillation should come
from the Fabry-Perot effect between the front metal plate
and the receiver antenna. In addition, the experimental data
in the range of z < 100 mm are not very consistent with the
simulation data. This may be due to the finite width of the
receiver antenna (approximately 33 mm), which makes it
possible for the receiver antenna to interfere with not only
the main lobe but also the side lobes. After considering the
above two points, our experimental results are in good
agreement with the simulation results. Additionally, we
scanned the Ey intensity distributions on the cross sections

at four z axis distances (z ¼ 120, 180, 240, and 300 mm),
from which the FWHMs of the beam are also measured.
The FWHM results are plotted as discrete triangles in
Fig. 3(b). The measured data are larger than the simulation
results. This difference may partly be from the Fabry-Perot
effect and the finite width of the receiver antenna. Figure 4
shows the four recorded Ey intensity distributions on the

cross sections at the four z axis distances. The intensity
distributions that are shown in Figs. 4(a)–4(c) are at the z
axis positions within the critical range, in which they all

have high intensity main lobes at the center. However, the
intensity distribution of Fig. 4(d) is at the z axis position
farther than the critical length, and consequently the side
lobes grow rapidly and lead to a large FWHM, as shown in
Fig. 3(b). Conclusively, the experimental results confirmed
our simulation results.
In order to investigate the physical origins of the formed

Bessel-like beam, we performed analytical calculations
based on a rigorous grating theory [23] which is capable
of analyzing nonparaxial diffraction patterns in the Fresnel
region. Let ðx; y; 0Þ and ðx0; y0; zÞ be the coordinates of a

FIG. 4 (color online). (a)–(d) Experimental results for the
intensity distributions of Ey at four different cross sections.

FIG. 5 (color online). Analytical results. (a) Coordinate defi-
nition. (b) The Eyðx; y; 0Þ amplitude distribution. The inset shows

the results (red solid line, theory; black dots, simulation) along
the y axis. (c) The intensity distribution of Ey along the z axis.

The two insets show the intensity distributions of Ey at two

different cross sections.
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pair of points on the incident and diffracted planes, respec-
tively. Let r, ’ be the cylindrical coordinate with its
definition shown in Fig. 5(a). The amplitude Eyðx0; y0; zÞ
can be obtained by using the first Rayleigh-Sommerfeld
integral formula [23]

Eyðx0; y0; zÞ ¼ � 1

2�

ZZ 1

�1
Eyðx; y; 0Þ zR

�
ik0 � 1

R

�

� eik0R

R
dxdy; (3)

where R2 ¼ ðx0 � xÞ2 þ ðy0 � yÞ2 þ z2. The incident

amplitude consists of four parts: Eyðx;y;0Þ¼
r�1=2e��rFðr;’Þe�i�r. The term r�1=2 describes the radius
dependence of the amplitude for the cylindrical-like wave.
e��r measures the radiation and absorbing losses, where �
is a lossy coefficient and is set to be 0:008 mm�1 according
to our simulation result. Fðr; ’Þ is an aperture function.
Here, Fðr; ’Þ ¼ 0 when r < r1 or r > r15, and Fðr; ’Þ ¼
cos’ cos�d cos’ when r1 � r � r15, where the first cos’
comes from the linearly polarized incidence which results
in an axial-asymmetrically cylindrical wave between the
two metal plates, and the term cos�d cos’ is due to the
extraction of Ey component from the diffracted field. The

term e�i�r describes the phase function of the grating
axicon, where � is the transverse wave number and is
equal to k0 sinð�dÞ ¼ 0:1 mm�1. Figure 5(b) shows the
calculated Eyðx; y; 0Þ amplitude distribution. The inset of

Fig. 5(b) illustrates both the analytical and simulation
results along the y axis for comparison. Except for some
inevitable fluctuations on the simulation data, the two sets
of Ey amplitude distribution are in good agreement.

Figure 5(c) shows the calculated diffraction field
Eyð0; 0; zÞ intensity distribution along the z axis according

to Eq. (3), and the two insets depict the Ey intensity

distributions for the cross sections at z ¼ 240 and
360 mm, respectively. Comparison between Figs. 5(c)
and 3(a) reveals that our analytical results are in excellent
agreement with the simulation results. Since we do not take
into account the possible resonance effects caused by the
front metal grating in the theoretical calculations, this also
implies that the possible resonance practically has very
limited influence on the formation of the Bessel-like
beam. It should be noted that if the aperture function
Fðr; ’Þ is axially symmetric here (for instance, by using
circularly polarized or unpolarized incidence), we will
obtain an apertured Bessel J0 beam which is also axially
symmetric [22,23]. Accordingly, the formed Bessel-like

beam can also be regarded as an apertured Bessel J0
beam with the aperture being axially asymmetric.
In summary, we demonstrate via simulation, experi-

ment, and theoretical analysis that a nondiffractive
Bessel-like beam can be generated from a metallic sub-
wavelength aperture by placing a metallic gratinglike
structure in front of the aperture. When the incident wave
is linearly polarized, the beam shows axial asymmetry. Our
analytical calculation reveals that this beam can be virtu-
ally regarded as an apertured Bessel beamwith the aperture
being axially asymmetric.
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