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A Broadband Bessel Beam 

Launcher Using Metamaterial Lens
Mei Qing Qi1,2, Wen Xuan Tang1,2 & Tie Jun Cui1,2

An approach of generating broadband Bessel beams is presented. The broadband Bessel beams 

are produced by a gradient index (GRIN) metamaterial lens illuminated by broadband waveguide 

antenna. The metamaterial lens is constructed with multi-layered structure and each layer is 

composed of GRIN metamaterials. The metamaterials are designed as dielectric plates printed with 

metallic patterns in the center region and drilled by air holes near the edge, which operate in wide 

band. The metamaterial lens serves as a convertor which transforms the spherical beams emitted 

from feed into conical beams. The conical beams form quasi-Bessel beams in the near-field region. 
The aperture diameter of the GRIN lens is much larger than the operating wavelength to guarantee 

the transformation. In principle, this kind of metamaterial lens can produce Bessel beams at arbitrary 

distance by designing the refractive-index distribution. To verify the approach, we have designed, 

fabricated and tested a metamaterial lens. Full-wave simulation and experiment results have proved 

that the generated Bessel beams can be maintained in distance larger than 1 meter within a ranging 

from 12 GHz to 18 GHz.

�e non-di�racting beam solutions to the free-space homogeneous Maxwell’s equations, i.e., the Bessel 
beams, were proposed by Durnin in 19871. �e beam exhibits the property of remaining con�ned and 
not su�ering di�ractive propagating. Bessel beams are of considerable potential applications such as 
electromagnetic propulsion, remote power transmission, and secure communication. An ideal Bessel 
beam can be thought to be a superposition of plane waves with wave vectors lying on a cone. �is is 
the basis idea for launching Bessel beams. However, the truth is that an ideal Bessel beam does not exist 
due to the fact that they are not square integrable. In practice, a truncated Bessel beam, termed as the 
quasi-Bessel beam, can be realized with the di�raction-free characteristic of remaining main lobe up to 
a signi�cant distance2.

In the latest decades, there have been a series of studies on the method of launching Bessel beams. 
In optics, the �rst experiment for generating Bessel beam was presented by Durnin3. Later, an axicon 
lens as a Bessel beam launcher was proposed by Herman and Wiggins, and rapidly became widely-used 
approach for forming Bessel beams in optical experiment4. Holograph illuminated by a laser beam is 
another proposal to generate Bessel beam. Its experimental arrangement was based on a holographic 
optical element to generate Bessel beams e�ciently5,6. Pendry presented the method of localized waves 
to launch Bessel beams7. Recently, to help the user to avoid preliminary optical adjustments, axicon on a 
gradient index lens for Bessel beam generation from a point-like source was proposed by Xie8.

To be remarked, it is more di�cult to achieve a plane wave in a small distance to illuminate the 
axicon lens at microwave frequency than in optics. In fact, in the microwave or millimeter (mm)-wave 
regime, the implementation of Bessel beams is much less reported. �e �rst generation of Bessel beams 
in the millimeter-wave region of the spectrum was proposed by Monk et al. in 1999 using an axi-
con9. �e microwave launcher of Bessel beams was based on the study by Mugnai in 200010. In 2001, 
a computer-generated binary amplitude hologram was used to transform an initial Gaussian electro-
magnetic �eld with spherical phase front into a non-di�racting Bessel beam11. By locating a circular 
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grating-like structure in front of a subwavelength aperture, a di�raction-free beam can also be gener-
ated in microwave region12. A new method was presented by Salem et al. that a truncated Bessel beam 
was set to be the aperture �eld at the open-end of a �anged metallic circular waveguide section13. By 
controlling the excitation currents of the loop antennas in the waveguide, one was able to manipulate 
the beam intensity, spot size and modulation. Recently, Grbic and coworkers presented several new 
approaches for generating Bessel beams in microwave regime, including leaky-wave modes14, near-�eld 
plates for evanescent Bessel beams15, and metamaterial Huygens’ surfaces16,17. Caloz and coworkers pre-
sented a method of generating Bessel beams using two-dimensional antenna array at millimeter-waves2. 
�e method based on a radial line slot array was also proposed at millimeter-wave frequency to generate 
Bessel beams18.

More recently, Cui et al. proposed a method to realize planar Bessel beams using arti�cial 
meta-surfaces19. �is design bene�ted from the metamaterial that has the ability to manipulate electro-
magnetic waves �exibly. Metamaterials are arti�cial materials composed of periodic structures in the 
sub-wavelength scales, and have provided an unprecedented skill to control electromagnetic waves and 
create new devices such as invisibility cloaks20–24, perfect absorbers25,26, metamaterial lenses27–31 and met-
amaterial antennas32–35. Among various metamaterials in literatures, gradient refraction index (GRIN) 
metamaterials which possess gradient permittivity and/or permeability have played an important role. 
�e GRIN metamaterials can be arti�cially implemented with di�erent unit cells with varying geometries 
and dimensions, and therefore, is simple to design. Since the �rst GRIN metamaterial27 the GRIN meta-
materials have been utilized in achieving a variety of microwave applications, such as Luneburg lens30,31, 
highly directive antennas32, Maxwell �sh-eye lens33,34, low sidelobe lens antennas35, and beam-scanning 
antennas29.

In this work, we present a novel method to generate the Bessel beams in a wide bandwidth using 
broadband gradient index (GRIN) metamaterial lens. �rough manipulating the distribution of refrac-
tion index, the GRIN lens transforms spherical waves into conical waves and forms a Bessel beam within 
a distance named as the maximum propagating distance (Zmax), which can be tuned by changing the 
refraction index distribution. It is remarkable that, up to date, only a few of the proposed approaches 
for launching Bessel beams can operate in a wide bandwidth. However, proposed GRIN lens works in a 
very wide band because the transformation of wave fronts are frequency-independent, and the metama-
terial unit cells adopted to construct the lens preserve the same refraction properties in the wide band. 
Full-wave numerical simulation and measurement results validate the predictions.

Results
Mechanism of the Bessel beam launcher. As shown in Ref. 4, an axicon can be adopted as the 
Bessel beam launcher. In fact, such an axicon is a converter which transforms plane waves into conical 
waves. In microwave, however, an ideal plane wave is hard to generate. Moreover, the re�ection at the 
interface between the axicon and the air also decreases the e�ciency. To implement a simple, low-loss, 
and operating in broadband Bessel beam launcher, a novel method of Bessel beam launcher based on 
GRIN metamaterial lens is proposed here.

It has been shown that a well-designed planar GRIN metamaterial lens can transform a point source 
with spherical wavefront to a de�ection beam29. If we make the refraction index to have a special 
axially-symmetric distribution, a conical wavefront will be directly generated, as illustrated in Fig. 1(a). 
�is Bessel beam launcher includes two parts: one is the planar GRIN metamaterial lens and the other is 

Figure 1. Schematic diagram and refraction index distribution of the broadband Bessel beam launcher. 

(a) Schematic diagram. (b) Refraction index distribution along radial direction.
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a feed with axially symmetric radiation patterns36. In contrast to the axicon setup which needs Gaussian 
beams for excitation, the GRIN lens is illuminated by a nearly spherical wave emitted from the feed, 
a broadband waveguide antenna. �e GRIN metamaterial lens is designed to transform the spherical 
beam to the conical wave. �e formation zone shown in the �gure is the area of existing Bessel beams. 
�erefore, in other words, the GRIN lens here is a transformer that converts a spherical wave to a Bessel 
beam. To be noted, to reduce the re�ection loss, two impedance matching layers (IMLs) are used to cover 
the core layer (CL) of the GRIN lens35. Aditionally, the paraxial approxiamtion is assumed in the design, 
therefore, the launcher is designed based on the refractive index of the lens without consideration for 
polarization conversion. �e polarization of the beam is based on that of the feed36.

Moreover, we can change the formation zone through adjusting the de�ection angle of the beam, and 
the de�ection angle is determined by the refraction index of the GRIN lens. �erefore, we can manip-
ulate the Bessel beams through designing refraction index of the lens. �e relative phase distribution of 
the aperture �eld is designed to have the following form as:

Φ Φ(ρ) =
ρ

,
( )R 1max

in which R is the lens’ radius, and Φmax is the relative phase of electric �eld at the edge which is deter-
mined by the refraction index of the lens. According to the geometrical relation shown in Fig.  1, the 
maximum propagating distance of the Bessel beam Zmax can be obtained as

Φ
=
π
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From Eq. (2), we conclude that the maximum propagating distance of the Bessel beam is determined 
by three factors: R, λ, and Φmax. �e larger R is, the larger Zmax is; the smaller λ or Φmax is, the larger Zmax. 
is. �erefore, we can obtain Bessel beams in a longer distance through reducing Φmax when the other 
two factors are �xed. Moreover, when the product of λΦmax is �xed, the range of the Bessel beam is a 
constant and does not change with operating frequency. �at is, in this case, the launcher is operating 
in a broad band.

Design process of the Bessel beam launcher. We designed a GRIN metamaterial lens operating 
in the whole Ku band to validate the approach above. To obtain the phase distribution illustrated in Eq. 
(1), a gradient refraction index distribution is designed as follow:

Φ
(ρ) = − ρ −

ρ + −
,

( )
n n

kRt

s s

t 3

max

0

2 2

where, n0 is the refraction index at ρ =  0, k is the free space propagation constant, and s is the distance of 
the feed away from the GRIN lens. �e lens’ radius R =  125 mm and thickness t =  100 mm are selected. 
�e thickness of each IML is 4 mm. �e rectangular waveguide antenna is adopted as the feed and placed 

Figure 2. Electric �eld distribution of 2-D Bessel beams generated by the lens at di�erent frequencies. 

(a) 12 GHz; (b) 15 GHz; (c) 18 GHz. (dimension unit: m).
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s  =  78 mm away from the GRIN lens. �e Φmax is selected as 2π /3 at the center frequency of 15 GHz. 
From Eq. (3), we know that the refraction index decreases as ρ increases. �erefore, the minimum refrac-
tion index will emerge at the edge of the lens. To guarantee the minimum refraction index larger than 
one in practice, n0 is selected as 1.7. �e theoretical value of Zmax is 1.2 m at the center frequency. �e 
distribution of the refraction index is shown in Fig. 1(b). �e refraction index ranges from 1.0 to 1.7. �e 
index can be easily realized through drilled-hole dielectrics or metallic-ring particles.

We computed the property of the device in the simulation tool of COMSOL. �e boundary is set to 
be perfectly absorbing boundary. �e point source is placed in an open-ended waveguide to produce TE 
mode wave. �e calculated �eld is obtained within the distance of 2.4 m away from the lens. �e relative 
electric �eld generated by the GRIN lens at three sample frequencies, 12, 15 and 18 GHz, are shown in 
Fig. 2, respectively. It can be observed clearly that the beams generated by the lens maintain in a distance 
more than 1 m non-di�ractive at these frequencies. Moreover, the non-di�raction range is longer at 
higher frequency. �is agrees well with Eq. (2) that Zmax increases as λ decreases.

To further investigate the property, we have also performed the numerical simulations of 
three-dimension (3D) metamaterial lens using CST Microwave studio. �e GRIN lens is constructed 
with a series of concentric annulus. Each annulus is made of one kind of dielectric with permittivity 
corresponding to the designed refraction index distribution. �e transverse component of electric �eld 
distributions at the aperture of the GRIN lens, including amplitude and phase, are depicted in Fig. 3. It 
can be observed that the distributions are rotationally symmetric, which is guaranteed by the feed with 
axially symmetric radiation patterns36. �e symmetric property of the aperture �eld also guarantees 

Figure 3. Electric �eld distributions at the aperture of the proposed GRIN lens at di�erent frequencies. 

(a,b) 12 GHz. (c,d) 15 GHz. (e,f) 18 GHz.
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the symmetric property of the beams generated by the lens. �e amplitude distributions of the �eld are 
tapered ones along the radial direction, which to some extent mimics the Gaussian function. �e phase 
distributions along the radial direction are linear, which is in good agreement with the relation shown 
in Eq. (1). �e maximum relative phase at 15 GHz has a value of Φmax =  2π /3.

�e beams generated by the GRIN lens at three sample frequencies, 12 GHz, 15 GHz and 18 GHz, 
are shown in Fig.  4. �e beams propagate along the longitudinal direction (along z-axis here) without 
di�raction in a distance more than 1 m. Moreover, the propagating distance at higher frequency is longer 
than that at lower frequencies. �e transverse component of electric �eld distributions in the transverse 
planes z =  0.4, 0.8, 1.2, and 1.6 m are also shown in Fig.  4. We notice that the beams are con�ned in 
a small region (about several wavelengths) and are axially symmetric. Especially, in the region from 
z =  0.4 m to 1.2 m, the beams are emerged as good di�raction-free beams. �e energy of the beams is 
gathered near the longitudinal axis for a long distance, and the beam width in the transverse direction 
is about several wavelengths. To further quantify the non-di�ractive properties of generated beams, the 
pro�les of the beam energy along transversal directions at di�erent position of the optical axis are shown 
in Fig. 5. �e energies for the beams are con�ned in a beamwidth narrower than 0.1 m as the sidelobes 
of the beams are signi�cantly low with respect to the main lobe. Moreover, the shapes of the beams are 
almost the same at di�erent frequencies. �erefore, this Bessel beam launcher has the ability of operating 
in a broad band. �e pro�les of the beam energy along the optical axis are shown in Fig. 6. �e energies 
are signi�cantly �uctuant for a distance near the lens and then maintain a high level for a distance before 
they decay. �is is the common phenomenon for the Gaussian-Bessel beam.

Figure 4. Electric �eld distributions of 3-D Bessel beams generated by the lens at di�erent frequencies. 

(a) 12 GHz; (b) 15 GHz; (c) 18 GHz. (dimension unit: m)
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Figure 5. Transverse pro�les along E- and H-direction at various distances from the lens. (a) In YOZ 

plane at 12 GHz. (b) In XOZ plane at 12 GHz. (c) In YOZ plane at 15 GHz. (d) In XOZ plane at 15 GHz. (e) 

In YOZ plane at 18 GHz. (f) In XOZ plane at 18 GHz.

Figure 6. Normalized Magnitude of E �eld along z-axis at 12, 15 and 18 GHz, respectively. 



www.nature.com/scientificreports/

7Scientific RepoRts | 5:11732 | DOi: 10.1038/srep11732

Implementation of the Metamaterial Lens. It should be noted that the GRIN lens is modeled in 
CST microwave studio using a series of cylinder dielectrics with the correlated designed permittivities. In 
practice, dielectrics with di�erent permittivities are hard to be realized directly. To implement the GRIN 
lens, the theory of equivalent medium is used, that is, the metamaterial unit cells are used to replace the 
ideal dielectrics.

To guarantee the launcher to be broad band, the GRIN lens should maintain the same refraction 
index distribution in the whole operating band. �erefore, metamaterial unit cells adopted here should 
have broadband property as well. �ree kinds of metamaterial unit cells have been used to construct the 
GRIN lens. �e �rst one is metallic rings printed on F4B substrate with relative permittivity 2.65 and 
loss tangent 0.001. �e second one is F4B unit cells with drilled holes. �e thickness of the F4B substrate 
is 2 mm. �e third one is similar to the second one but the thickness of the F4B substrate is 1 mm. �e 
properties of these unit cells are shown in Fig. 7. For the metallic ring, the refraction index decreases as 
the diameter of the rings (D) decreases. �e refraction index is larger than that of the substrate. For the 

Figure 7. Characteristics of the metamaterial unit cells. (a,b) Metallic ring. (c,d) Drilled-hole unit cell 

with thickness of 2 mm. (e,f) Drilled-hole unit cell with thickness of 1 mm.
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drilled-hole substrate, the refraction index decreases as the hole diameter (D) increases. For the unit cell 
with thinner substrate, the smaller refraction index can be achieved. �e relation between the refraction 
index and the frequency are also shown in Fig. 7 for the three kinds of unit cells. For the metallic-ring 
unit cells, the small ring can maintain the same refraction index across the Ku band. But for the large 
ring (for example, D =  1.05 mm), the refraction index will slightly increases as the frequency increases. 
�is is because that the resonant frequency is lower for the larger ring and it approaches the operating 
frequency. Note that the maximum refraction index for designed lens is 1.7, and the largest ring adopted 
in the lens has D =  0.97 mm. �erefore, the metallic rings adopted in the lens can maintain constant in 
the operating frequency band. For the drilled-hole F4B unit cells, the refraction index maintains almost 
the same when the dimension of D varies. To conclude, the refraction index of all metamaterial unit 
cells used in the lens remains almost constant within the entire Ku band and they are all able to operate 
in a broad band.

To be noted, the required refraction index in the center region of the lens is larger than the index of 
F4B. So the metallic-ring unit cell is designed to satisfy the larger index. �e drilled-hole unit cells are 
used to satisfy the refraction index smaller than that of F4B.

Discussion
We �nally constructed the broadband Bessel beam launcher shown in Fig.  8. �e GRIN metamaterial 
lens consists of multilayer plates. �e substrate is F4B. For the core layer of the lens, because the required 
refraction index is larger than that of F4B when the radius is smaller than 60 mm, metallic rings with dif-
ferent scales are printed on one side of the plate in the center region. �e diameter of the ring decreases 
as the radius increases. For the region where the radius is larger than 60 mm, the substrates are drilled 
with air holes. �e diameter of the hole increases as the radius increases. �e thickness of each plate is 
2 mm, and 46 pieces of the same plates all together form the core layer of the lens. For the impedance 
matching layer of the lens, the plates are all drilled with air holes. �e thickness of each plate is 1 mm 
and 4 pieces of the same plates construct the IMLs. To ne noted, there is 1-mm-thick foam plate added 
between neighboring F4B plates.

�e setup for measuring the electric �eld is also shown in Fig.  8. �e lens is fed by a broadband 
waveguide antenna placed 78 mm away from the lens. A foam block with relative permittivity about 1.05 
was adopted to separate the feed and the GRIN lens. �e feed is a special open-ended waveguide antenna 
which possesses axial symmetric radiation patterns36. �e electric �eld emitted from the feed is mainly 

Figure 8. Photos of the Bessel beam launcher and the experimental setup. (a) �e experimental setup. (b) 

Details of the metamaterial plates.
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in y direction. So the Ey component is the main electric �eld for the generated beams. �e Bessel beam 
launcher is placed on a 2D stepping platform. �e electric probe used was approximately 2 mm which is 
one tenth wavelength at the center frequency. �e probe used for detecting the transverse component of 
electric �eld is �xed at di�erent positions away from the lens. We used Agilent vector network analyzer 
to test the signal. �e launcher and the probe were enclosed by radar absorbing materials to reduce the 
spurious interference.

Figure 9 illustrates the experimental transversal pro�les of the beams at z =  0.4, 0.6 and 0.8 m planes. 
�ere exists a main spot in the center of each �gure. �e spot is the main lobe of the Bessel beams. �e 
width for the spot is around 80 mm. �at is, the width of the generated Bessel beam is about 4 times of 
the wavelength at the center frequency. If we increase the transverse wavenumber of the beam, a nar-
rower beam width can be obtained. Of course, the propagating distance for the existing Bessel beams will 
decrease accordingly. �e �eld distributions are rotationally symmetric. Around the main spots, several 
very low side-lobes can be observed. �is is in good agreement with the Bessel function.

�e �eld pro�les in H-plane (XOZ plane) and E-plane (YOZ plane) at 12 GHz, 15 GHz and 18 GHz 
are measured respectively in Fig. 10. It is observed that the energy is mainly con�ned around the optical 
axis and propagates along the axis over considerable distance (more than 1 m) without di�raction. �e 
3-dB beam widths for the beams are about 80 mm for both the H-plane and the E-plane. �e beams for 
H-plane are specular symmetric. While the beams for E-plane are not specular near the lens aperture. 
�is is due to the fact that although the GRIN lens is symmetric for both E-plane and H-plane, the feed 

Figure 9. Experimental transversal pro�les at di�erent transversal planes at 12, 15 and 18 GHz, 

respectively. (a–c) z =  0.4 m. (d–f) z =  0.6 m. (g–i) z =  0.8 m.
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is only symmetric for H-plane, because the rectangular waveguide is fed by a probe along the E-�eld 
direction.

In summary, we have proposed an approach to generate broadband Bessel beams with a long propa-
gation distance using the GRIN metamaterial lens. �e metamaterial lens transforms spherical beams to 
conical beams and constructs truncated Bessel beams within the formation zone. Numerical simulation 
and experiment results show that the Bessel beam can be preserved in a distance more than 1 meter in 
a broad band ranging from 12 GHz to 18 GHz. Metamaterials composed of dielectric plates printed with 
metallic patterns and dilled by air holes are implemented. It should be pointed out that there is a trade-o� 
between the electrical thickness and the bandwidth of our design. If one only needs a non-di�racting 
beam operating in narrow band, a meta-surface with low pro�le can be adopted to replace the thick 
metamaterial lens.

Methods
Numerical simulations of the Bessel beam launcher were performed by the commercial so�ware, 
COMSOL and CST Microwave Studio. �e material used to fabricate the feed was aluminum. �e sub-
strate printed with varies dimensions was F4B with the relative permittivity 2.65 and loss tangent 0.001. 
We used Agilent Vector Network Analyzer to measure the electric �eld of the fabricated Bessel beam 
launcher through using a small probe.

References
1. Durnin, J. Exact solutions for nondi�racting beams. I. �e scalar theory. J. Opt. Soc. Am. A 4, 651–654 (1987).
2. Lemaitre-Auger, P., Abielmona, S. & Caloz, C. Generation of Bessel Beams by Two-Dimensional Antenna Arrays Using Sub-

Sampled Distributions. IEEE Trans. Antennas Propag. 61, 1838–1849 (2013).
3. Durnin, J., Miceli, J. J. & Eberly, J. H. Di�raction-free beams. Phys. Rev. Lett. 58, 1499–1501 (1987).
4. Herman, R. M. & Wiggins, T. A. Production and uses of di�ractionless beams. J. Opt. Soc. Am. A 8, 932 (1991).
5. Turunen, J., Vasara, A. & Friberg, A. T. Holographic generation of di�raction-free beams. Appl. Opt. 27, 3959–3962 (1988).
6. Vasara, A., Turunen, J. & Friberg, A. T. Realization of general nondi�racting beams with computer-generated holograms. J. Opt. 

Soc. Am. A 6, 1748–1754 (1989).
7. Williams, W. B. & Pendry, J. B. Generating Bessel beams by use of localized modes. J. Opt. Soc. Am. A 22, 992–997 (2005).
8. Xie, Z., Armbruster, V. & Grosjean, T. Axicon on a gradient index lens (AXIGRIN): integrated optical bench for Bessel beam 

generation from a point-like source. Appl. Opt. 53, 6103–6107 (2014).
9. Monk, S., Arlt, J., Robertson, D. A., Courtial, J. & Padgett, M. J. �e generation of Bessel beams at millimetre-wave frequencies 

by use of an axicon. Opt. Commun. 170, 213–215 (1999).
10. Mugnai, D., Ranfagni, A. & Ruggeri, R. Observation of Superluminal Behaviors in Wave Propagation. Phys. Rev. Lett. 84, 4830–

4833 (2000).
11. Salo, J. et al. Millimetre-wave Bessel beams using computer holograms. Electron. Lett. 37, 834–835 (2001).
12. Li, Z., Alici, K. B., Caglayan, H. & Ozbay, E. Generation of an Axially Asymmetric Bessel-Like Beam from a Metallic Subwavelength 

Aperture. Phys. Rev. Lett. 102, 143901 (2009).
13. Salem, M. A., Kamel, A. H. & Niver, E. Microwave Bessel Beams Generation Using Guided Modes. IEEE Trans. Antennas Propag. 

59, 2241–2247 (2011).
14. Ettorre, M., Rudolph, S. M. & Grbic, A. Generation of Propagating Bessel Beams Using Leaky-Wave Modes: Experimental 

Validation. IEEE Trans. Antennas Propag. 60, 2645–2653 (2012).
15. Imani, M. F. & Grbic, A. Generating Evanescent Bessel Beams Using Near-Field Plates. IEEE Trans. Antennas Propag. 60, 3155–

3164 (2012).

Figure 10. �e measured E-�eld distribution in YOZ plane and XOZ plane. (a,b) 12 GHz. (c,d) 15 GHz. 

(e,f) 18 GHz.



www.nature.com/scientificreports/

1 1Scientific RepoRts | 5:11732 | DOi: 10.1038/srep11732

16. Pfei�er, C. & Grbic, A. Metamaterial Huygens’ Surfaces: Tailoring Wave Fronts with Re�ectionless Sheets. Phys. Rev. Lett. 110, 
197401 (2013).

17. Pfei�er, C. & Grbic, A. Controlling Vector Bessel Beams with Metasurfaces. Phys. Rev. Appl. 2, 044012 (2014).
18. Mazzinghi, A. et al. Large Depth of Field Pseudo-Bessel Beam Generation With a RLSA Antenna. IEEE Trans. Antennas Propag. 

62, 3911–3919 (2014).
19. Li, Y. B., Cai, B. G., Wan, X. & Cui, T. J. Di�raction-free surface waves by metasurfaces. Opt. Lett. 39, 5888–5891 (2014).
20. Metamaterials: �eory, Design, and Applications. (Springer, 2009).
21. Schurig, D. et al. Metamaterial Electromagnetic Cloak at Microwave Frequencies. Science 314, 977–980 (2006).
22. Liu, R. et al. Broadband Ground-Plane Cloak. Science 323, 366–369 (2009).
23. Valentine, J., Li, J., Zentgraf, T., Bartal, G. & Zhang, X. An optical cloak made of dielectrics. Nat. Mater. 8, 568–571 (2009).
24. Ma, H. F. & Cui, T. J. �ree-dimensional broadband ground-plane cloak made of metamaterials. Nat. Commun. 1, 1–6 (2010).
25. Landy, N. I., Sajuyigbe, S., Mock, J. J., Smith, D. R. & Padilla, W. J. Perfect Metamaterial Absorber. Phys. Rev. Lett. 100, 207402 

(2008).
26. Cheng, Q., Cui, T. J., Jiang, W. X. & Cai, B. G. An omnidirectional electromagnetic absorber made of metamaterials. New J. Phys. 

12, 063006 (2010).
27. Smith, D. R., Mock, J. J., Starr, A. F. & Schurig, D. Gradient index metamaterials. Phys. Rev. E 71, 036609 (2005).
28. Greegor, R. B. et al. Simulation and testing of a graded negative index of refraction lens. Appl. Phys. Lett. 87, 091114 (2005).
29. Ma, H. F. et al. Experiments on high-performance beam-scanning antennas made of gradient-index metamaterials. Appl. Phys. 

Lett. 95, 094107 (2009).
30. Kundtz, N. & Smith, D. R. Extreme-angle broadband metamaterial lens. Nat. Mater. 9, 129–132 (2010).
31. Ma, H. F. & Cui, T. J. �ree-dimensional broadband and broad-angle transformation-optics lens. Nat. Commun. 1, 124 (2010).
32. Chen, X., Ma, H. F., Zou, X. Y., Jiang, W. X. & Cui, T. J. �ree-dimensional broadband and high-directivity lens antenna made 

of metamaterials. J. Appl. Phys. 110, 044904 (2011).
33. Mei, Z. L., Bai, J., Niu, T. M. & Cui, T.-J. A Half Maxwell Fish-Eye Lens Antenna Based on Gradient-Index Metamaterials. IEEE 

Trans. Antennas Propag. 60, 398–401 (2012).
34. Ma, H. F. et al. �ree-Dimensional Gradient-Index Materials and �eir Applications in Microwave Lens Antennas. IEEE Trans. 

Antennas Propag. 61, 2561–2569 (2013).
35. Qi, M. Q., Tang, W. X., Xu, H.-X., Ma, H. F. & Cui, T. J. Tailoring Radiation Patterns in Broadband With Controllable Aperture 

Field Using Metamaterials. IEEE Trans. Antennas Propag. 61, 5792–5798 (2013).
36. Qi, M. Q. et al. A Wideband Waveguide Antenna with Nearly Equal E- and H-Plane Radiation Patterns. Int. J. Antennas Propag. 

2013, e608393 (2013).

Acknowledgments
�is work was supported by the National High Tech Projects (2011AA010202 and 2012AA030402), 
National Science Foundation of China (61138001, 61171024, 61171026, 60921063 and 61401089), 111 
Project (111-2-05).

Author Contributions
M.Q.Q. and T.J.C. conceived the idea. W.X.T. did the theoretical analysis. M.Q.Q. did the simulations and 
performed the fabrication and measurements. M.Q.Q., W.X.T. and T.J.C. wrote the manuscript based on 
input from all authors. All authors contributed to the discussions.

Additional Information
Competing �nancial interests: �e authors declare no competing �nancial interests.

How to cite this article: Qing Qi, M. et al. A Broadband Bessel Beam Launcher Using Metamaterial 
Lens. Sci. Rep. 5, 11732; doi: 10.1038/srep11732 (2015).

�is work is licensed under a Creative Commons Attribution 4.0 International License. �e 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	A Broadband Bessel Beam Launcher Using Metamaterial Lens
	Introduction
	Results
	Mechanism of the Bessel beam launcher
	Design process of the Bessel beam launcher
	Implementation of the Metamaterial Lens

	Discussion
	Methods
	Additional Information
	Acknowledgements
	References


