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The energy crisis has aroused widespread concern, and the reform of energy structure is imminent. In the future,
the energy structure will be dominated by the solar energy and other renewable energy sources. The solar concentrating
technology as a promising method has been widely studied for collecting solar energy. However, the previous solar con-
centrating technologies suffer from some drawbacks, such as low focusing efficiency and large concentrating size. The
Luneburg lens with highly efficient aberration-free focusing provides a new route for solar/energy concentrator. In this
work, we designed a plane focal surface Luneburg lens (PFSLL) by transformation optics (TO). The PFSLL provides a
relatively high focusing efficiency and concentration ratio of collection of energy. At the same time, it circumvents the dis-
advantage of curve surface of the classical Luneburg lens in device integration. Based on the reciprocity of electromagnetic
waves, the PFSLL can also be applied to the antenna field to achieve broadband wide-angle scanning and highly directional

radiation.

Keywords: plane focal surface Luneburg lens (PFSLL), focusing efficiency, concentration ratio of collection

of energy
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1. Introduction

With the reality of dwindling non-renewable resource re-
serves, the world continues to focus on renewable energy tech-
nology development in hopes of filling the huge energy gap.
Between them, solar energy as a clean, inexhaustible and re-
liable energy has aroused much attention in the development
of renewable energy field. Solar energy technology has been
developing currently involving photovoltaic (PV)!!? and con-
centrating solar power (CSP).3-61 PV utilizes large optical el-
ements to collect solar energy directly and then transfers it to
small PV cells. This commercial technology has been devel-
oping swiftly and gaining worldwide recognition.!”! Never-
theless, PV systems have cost and connectivity issues. '] CSP
technology is also cost-reducing method and now there are

H=13] parabolic trough

mainly linear Fresnel reflectors (LFR),!
collectors (PTC),[14‘16] etc. However, CSP technology exists
disadvantages of low focusing efficiency and large concentra-
tor size.

On the one hand, metalens with light weight and photonic
crystal plat lenses with scatter-size gradient has attracted much
attention.!'’-2!1 They have provided unprecedented approach
to planar focusing, leading to intriguing applications such as
light collector. However, their high focusing efficiency and
broadband are relative, and there are still certain limitations.
The Luneburg lens (LL)!*?! is an ultra-broadband wide-angle
aberration-free focusing lens,”! which may provide an alter-
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native way for the solar collector. With superior beam focusing
and beam coherence, the LL can be widely used in directional

[27.28] As a so-

radar,?*?1 optical imaging,?®! and antenna.
lar collector, the classical LL is disadvantaged to be realized
highly efficient energy collecting and integration system on
account of the curve focusing surface and low concentration
ratio. To solve these problems, an LL with plane focal surface
is an applicable alternative.

In this work, we designed a plane focal surface Luneburg
lens (PFSLL) by the Schwarz—Christoffel (SC) method.?-31]
Through simulation, we find that the PFSLL has a relatively
high focusing efficiency and concentration ratio of collection
of solar energy. According the reciprocity of electromagnetic
wave, the PFSLL as an antenna field can achieve broadband
wide-angle scanning and highly directional far-field radiation.
The PFSLL may provide a way to highly efficient solar collec-
tor and wide-angle multi-beam antenna.

2. Result

LL with gradient refractive index distribution can convert
a point source into plane wave, as shown in Fig. 1(a).>*3%! The
refractive index profile of classical LL located at the physical
space z = x + iy is governed by the formula

ny=1/2— (1)2, (1
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where r = \/x2 +y? represents the distance from a fixed point
to the center of LL, R is the radius of the lens. The LL has
excellent ability of beam focusing or collimation. However,
the curve surface of the classical LL is unsuitable for energy
collector miniaturization and integration system. To facili-
tate the integration and achieve excellent concentrating per-
formance, we redesigned a PFSLL based on the SC conformal
mapping.'*°! In the design, two spaces are involved: the phys-
ical space (Fig. 1(b)) and the virtual space (Figs. 1(d)-1(f))
based on conformal TO (CTO).[33! A classical LL with gra-
dient refractive index profile and radius R = 1 (Figs. 1(a) and
1(b)) is located at the physical space z = x4+ iy. According
to the SC approach, the LL could be mapped into a PFSLL in
virtual space w = u+ iv, and the structure after transformation
is shown in Fig. 1(c). In the figure, the flat plate width of the
PFSLL is d, and the semicircle has a radius 1. Its center is at
(0,0). This transformation is achieved by directly compress-
ing the semicircle of the classical LL into plane AB that make
up the focal plane of lens, and the mapping function is nu-
merically calculated by the SC program.3#! It is worth noting
that the orthogonal grid in the direction in Fig. 1(b) is confor-
mally transformed to obtain the orthogonal network shown in
Figs. 1(d)-1(f) respectively, thus obtaining PFSLL with dif-
ferent plates of width d. The approximate refractive index of
PFSLL can be given by

2

where 7, is the refractive index of the classical LL as shown
in Eq. (1), and f’ represents the derivative of the analytic
function. 3 The refractive index distributions of PESLL with
d of 0.5, 0.4, and 0.3 respectively are corresponding to
Figs. 1(d)-1(f). It shows that as the PFSLL’s plate width de-
Thus, it means that

creases, the refractive index increases.
the impedance mismatch between the lens and air interface in-
creases. At the same time, the spatial range of refractive index
less than 1 becomes larger, which will also cause more scat-
tering during the focusing process.

—050 1

—040 1

—030 1

Fig. 1. (a) Geometrical optical properties of Luneburg lens (LL). (b) Re-
fractive index distribution and orthogonal grid of LL in physical space.
(c) The structure of plane focal surface Luneburg lens (PFSLL) with a
plate width d in the virtual space. (d)—(f) The refractive index distribu-
tion and transformed orthogonal grid of PEFSLL with plate width d of 0.5,
0.4, and 0.3 (in arbitrary units) in the virtual space respectively.

To explore the change of focusing region with respect
to the plate width d of PFSLL, full wave numerical simula-
tions are performed by commercial software COMSOL Mul-
tiphysics. It is well known that the optical path is reversible.
Thus, here we only discuss the case of point source incidence.
Figure 2 shows the z component of the electric fields in PESLL
with different plate widths d at the frequencies of 150 GHz, re-
spectively. Figures 2(a) and 2(d) show the z component of the
electric fields in PFSLL with flat plate width of 0.5 cm when
the point source is located at (—0.5 cm, 0 cm) and (—0.5 cm,
0.1 cm), respectively. It is found that the angle of beam scan-
ning on the other side changes with the distance from the point
source to the central axis (u axis). When the point source is
placed on the focal surface AB at different distances of 0 cm
and 0.1 cm from the u axis, figures 2(b) and 2(e) and fig-
ures 2(c) and 2(f) show the z component of the electric fields
in PFSLL with flat plate width d of 0.4 cm and 0.3 cm, respec-
tively. From Figs. 2(d)-2(f), it reveals that the beam scanning
angle of PFSLL increases with the plate width d decreases
from 0.5 cm to 0.3 cm. That is, a compact focusing region
of PFSLL can be achieved by shrinking the plate width d.
However, it should also be noted that there is more scattering
when the beam is generated on the other side of lens, with the
plate width decreasing. The degree of impedance mismatch
between the lens and air interface and the scattering loss both
increases. Therefore, it is essential to choose an appropriate
width d of PFSLL to avoid excessive energy loss in solar con-
centrator or antenna systems.

2.5

v (cm)

-1 4 -1
u (cm)

u (cm)

Fig. 2. The z component of the electric field of PFSLL with different plate
width d at the frequencies of 150 GHz. (a) and (d) The PFSLL with a plate
width d of 0.5 cm when the point source is located at (—0.5 cm, 0 cm)
and (—0.5 cm, 0.1 cm). (b) and (e) The PFSLL with a plate width d of
0.4 cm when the point source is located at (—0.4 cm, 0 cm) and (—0.4 cm,
0.1 cm). (c) and (f) The PFSLL with a plate width d of 0.3 cm when the
point source is located at (—0.3 cm, 0 cm) and (—0.3 cm, 0.1 cm).

To find a highly efficient PFSLL with satisfactory fo-
cusing performances, two parameters, focusing efficiency and
concentration ratio of collection of solar energy, are analyzed
with respect to the width d of PESLL. Here, the focusing effi-
ciency is defined by the ratio of the light collected in a circle
with a diameter equivalent to six times full width at half maxi-
mum (FWHM) of focus spot to the light intensity at the focus-

ing line after the incident light passes through the lens.36-37]
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And when the incident plane wave with 60° to the central axis
focuses on a point at the focal surface AB, the ratio of the in-
cident arc length to the distance from the focal point to the
central axis is defined as concentration ratio of collection of
energy. With the plate width d of the PFSLL artificially varied
from 0.3 cm to 0.5 cm with a step of 0.01 cm, the focusing ef-
ficiency and concentration ratio of collection of energy of the
PSFLL are investigated at the frequency of 150 GHz, as shown
in Fig. 3(a). It shows that as the plate width d of the PFSLL
decreases, the focusing efficiency decreases, but the concen-
tration ratio of collection of energy increases instead. The rea-
son for this phenomenon is because the refractive index of the
designed PFSLL is affected by the width of the flat plate. It
is noted that a compact wave propagation path in the PFSLL
can be achieved by shrinking the plate width d, leading to the
increasement of concentration ratio of collection of energy. At
the same time, the impedance mismatch between the lens and
air interface exacerbates, which results in larger scattering and
lower focusing efficiency. Based on the above simulated, the
change trend of the two parameters is basically completely op-
posite, considering from the perspective of energy comprehen-
sive, and to better evaluate the focusing effect of PFSLL, here,
the produce values of the two parameters is proposed as the en-
ergy utilization ratio, as shown in Fig. 3(b). It is clearly seen
that the energy utilization ratio first rises and then falls with the
plate width d increases from 0.3 cm to 0.5 cm. When the plate
width is around 0.4 cm, the energy utilization ratio reaches a
peck. Hence, the PFSLL with plate width d of 0.4 cm may be
used to design the highly efficient energy concentrator.

The above studies on the PFSLLs’ planar focusing per-
formance pave the way for planar focusing array. Then, three
PFSLLs are cascaded in a row to make up a planar focus-
ing array to explore its wide-angle focusing characteristics.
Figures 4(a)—4(d) show the z component of the electric fields
when plane waves with incident angles of 85°, 65°, 55°, and
0° to u axis are incident to the focusing array at 150 GHz, and
the red curve is the electric field intensity observed at the focal
plane of the array. The blue dotted line shows the focal plane
of the array. Obviously, the focusing effect of the array is poor
at the plane wave with incident angle of 85° to u axis, of which
only the first lens can focus incident wave and collect energy.
When the incident angle reduces to 65°, a slightly better focus-
ing effect of the array can be achieved. The results reveal that
the designed planar focusing array can achieve beam scanning
angle of about +65°. By comparing the electric field intensity
curves of the focusing array’s plane with the incident angle of
55° and 0°, it can be found that in order to realize excellent
focusing effect, the beam scanning angle should be controlled
within £55°. The PFSLL focusing array based on classical LL
can concentrate the light on flat surface of the lens. However, it
is not easy to collect light due to the focusing spot close to the
lens. The generalized LL, of which focal point can be tuned
at outside from the surface of the lens*®) may can solve this

disadvantage. Combined with the SC method, a new focusing
array with a certain working distance is designed. The z com-
ponent of the electric fields of the new focusing array at the
same incidence angle and frequency are shown in Figs. 4(e)—
4(h). It is noted that comparing with the planar focusing ar-
ray designed by transforming the classical LL and the focal
plane of the new focusing array is outside the array. Thus,
it provides more accessibility of collecting light. Therefore,
the plane focusing array designed by the PESLL with a plate
width of 0.4 cm can achieve a wide-angle focusing and energy
collector, which is potential to application in broadband highly
efficient energy concentrators.

1.0 16

(a) —A—Focusing efficiency
—#— Concentration ratio of
collection of energy

0.9r

0.8r

0.7r

0.6

Focusing efficiency

collection of energy

Concentration ratio of

0.5F

0.4

9.5

9.0r

8.5

8.0r

7.5F

7.0r

6.5

Focusing efficiency X concentration
ratio of collection of energy

6.0 0.30 0.35 0.40 0.45 0.50
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Fig. 3. (a) Focusing efficiency and concentration ratio of collection of
energy with different plate width d of PFSLL. (b) Energy collecting ra-
tio (the product of the focusing efficiency and the concentration ratio of
collection of energy) with different the plate width d.

Although the LL has been widely used in the field of
antennas, 2240 but with the large scanning angle and the
ability to accommodate multiple feed sources is still a great
challenge. Due to the designed PFSLL with high concentra-
tion ratio of collection of energy, the antenna system based on
PFSLL can realize the miniaturization of the feeds, which is
more conducive to the integration into the on-chip system. In
addition, the lens can achieve a large angle scanning beam. To
verify the effect, five feed sources as excitation are separately
placed on the plane AB from —0.2 cm to 0.2 cm at the same
intervals 0.1 cm. Figure 5(a) shows the normalized far-field
amplitude of the feed sources at different locations separately
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at the frequency 50 GHz. The results verify that when the
feed sources are fired simultaneously at different locations, the
highly directional plane wave generates in different directions.
It is worth noting that the beam scanning range is +64°. The
similar normalized far-field amplitude also respectively cal-
culated at frequencies of 100 GHz, 150 GHz, and 200 GHz,
as shown in Figs. 5(b)-5(d). It can be found that as the fre-

quency increases, the range of the beam scanning will decrease
slightly but the scanning angle is still more than +60°. It in-
dicates that the designed PFSLL is capable of achieving wide
scanning angle and multibeam. The PFSLL is easy integration
and high directionality, so it has great advantages to be applied

in the antenna systems as well.
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Fig. 4. (a)—(h) The z component of the electric field (perpendicular to the surface of the paper) for plane waves with incident angles of 85°, 65°,
55°, and 0° to u axis at 150 GHz. The red curves are the electric field magnitude of the focusing point observed by the focal plane of the array.
The blue dotted line shows the position of the electric field amplitude curve.
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3. Conclusion

In conclusion, this paper describes the design of PFSLL
concentrators with different plane widths using the SC map-
ping method. Then, the focusing efficiency and concentration
ratio of collection of solar energy are calculated by simulation
and the results show that the PFSLL has the best focusing ef-
fect when the plate width is 0.4 cm. The optimized PSFLL
can not only form a plane focusing array with a wide scan-
ning angle, but also realize a multi-beam, wide-bandwidth and
wide-angle directional far-field radiation antenna. The focus-
ing properties of the proposed design make it suitable for use
in solar concentrator systems and antenna systems.
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