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Abstract—In this paper, we introduce a method to realize 3-D
inhomogeneous and nearly isotropic gradient-index materials in
the microwave regime. The unit cells of such gradient-index mate-
rials are drilled-hole dielectric structures, which can be easily fab-
ricated by using the traditional printed circuit boards. To demon-
strate the feasibility of the proposed method, we design and realize
two functional devices in the microwave frequencies—a half-spher-
ical Luneburg lens and a half Maxwell fisheye lens—based on 3-D
gradient-index materials. The measurement results show that both
devices have very good performance, which have good agreements
to the numerical simulations, illustrating the great application po-
tentials of the 3-D gradient-index materials.

Index Terms—Gradient-index materials,
Maxwell fisheye lens, three dimensions.

Luneburg lens,

I. INTRODUCTION

RADIENT-INDEX materials have the property that the

index of refraction changes gradually according to the ge-
ometry. There have been several well-known functional devices
based on gradient-index materials, such as Luneburg lens [1],
Maxwell fisheye lens [2], Eaton lens [3], and Fresnel lens [4],
which are very useful in the engineering applications. Hence,
how to fabricate such gradient-index materials is a key point to
realize the above functional devices. Take the Luneburg lens and
the Maxwell fisheye lens as examples. The Luneburg lens has a
gradient distribution of the index of refraction in a sphere: n =
(2 — 72 /R%)1/2, where R is the sphere radius. The Luneburg
lens can guide the incoming collimated rays from infinity to
a focal point on the opposite surface of the lens [1]; hence, it
can be used as a good antenna in the microwave regime. The
Maxwell fisheye lens, which was proposed in 1854 with the
distribution of index of refraction as n = no/(1 + 7%/ R?)
[2], is a type of imaging device to transform a point source at
the lens surface into a focus at the diametrically opposite side
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of the lens. Half-spherical Luneburg lens and half fisheye lens
have also important applications as high-directive microwave
antennas [5]—[8]. Traditionally, the Luneburg and fisheye lenses
have been produced by a series of concentric inhomogeneous
dielectric shells, whose electric permittivity is varied discretely
from 1 to 4 [5]-[10]. However, the fabrication of such con-
centric dielectric shells is quite complicated and there exists
impedance mismatch among dielectric shells, which will de-
grade the performance. There have been some interesting works
for designing the Luneburg lenses by using artificial electro-
magnetic structures [11]-[14]: the refractive index of the lens is
controlled by drilled holes and changing the geometry dimen-
sion of dielectrics [11], [12], or by designing special metal sur-
face structures on printed circuit boards (PCBs) to realize the
desired index [13], [14]. However, such Luneburg lenses are
planar structures, in other words, they are all 2-D cases.

Based on the effective medium theory [15], gradient-index
materials can be designed by cell to cell using a series of
electromagnetic unit cells, whose dimension is about one-tenth
wavelength. Because the unit cells are small enough, the
structures composed of such unit cells can be treated as an
effective medium accurately. Each unit cell can be designed
independently to achieve the desired index of refraction. Hence,
the gradient-index materials can be fabricated accurately and
nearly continuously. Meanwhile, because of cell-to-cell design,
the change in impedance for adjacent cells is minor, resulting
in good impedance match. A 3-D flattened Luneburg lens
based on transformation optics has been developed [16] in our
previous work.

In this paper, we propose a general method to realize
3-D inhomogeneous and nearly isotropic gradient-index ma-
terials using the drilled-hole approach on the commercial
dielectric boards. Based on the proposed method, we have
designed and fabricated two 3-D microwave gradient-index
materials devices: a half-spherical Luneburg lens and an
impedance-matched half-spherical Maxwell fisheye Iens,
which have excellent performance in radiating high-directivity
beams in the designed directions and hence can be used as
high-performance lens antennas.

Different from the traditional approach in the realization of
the Luneburg and fisheye lenses, gradient-index materials can
make the impedance change between two adjacent unit cells
very small to generate high directivity with low return loss. Re-
cently, there have been several papers on Luneburg lens and
fisheye lens made of gradient-index materials [17]-[21] based
on the effective medium, but all of them are 2-D mimicking. In
this paper, 3-D half-spherical Luneburg and fisheye lenses are
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Fig. 1. 3-D gradient-index material unit cells. (a), (b) Spherical dielectric shell
unit cell, whose outer diameter is Dout and inner diameter is Din. (c), (d) Drilled-
hole dielectric cuboid unit cell, whose side lengths are a, b, and ¢ with the di-
ameter of via hole D.

produced by nearly isotropic gradient-index materials, which
are realized using the commercial PCBs (F4B and FR4), with
the relative permittivity 2.65 and 4.4 and loss tangent 0.001 and
0.025, respectively. Such gradient-index material lenses are de-
signed, fabricated, and measured, which have good performance
of high gain, narrow half-power beam width, and low loss over
a broad bandwidth from 12 to 18 GHz (the Ku band).

II. MATERIALS AND METHODS

In nature, most materials are made up of molecules and
atoms, both of which have spherical symmetry, and hence are
isotropic. Similarly, to realize 3-D isotropic gradient-index ma-
terials, which are made up of nonperiodic artificial structures,
the unit cell should also have the spherical symmetry, as shown
in Fig. 1(a) and (b). However, in the microwave frequency, it
is difficult to fabricate 3-D gradient-index materials by using
the spherical unit cells. An easy way to realize nearly isotropic
gradient-index materials is to use the drilled-hole dielectric unit
cell, as demonstrated in Fig. 1(c) and (d). Such a unit cell can
be treated as approximately isotropic and is easy to fabricate by
using the PCB technology. Fig. 1(c) illustrates a whole unit cell,
in which the side lengths and diameter of the via-hole are a, b,
¢, and D, respectively. The effective index of refraction of the
unit cell can be controlled by changing the via-hole diameter,
D . Fig. 1(d) shows the sectional drawing of the unit cell.

To investigate the characteristics of the drilled-hole 3-D gra-
dient-index materials based on PCBs (FR4 and F4B), we make
a detailed analysis. From the effective medium theory [12], the
effective indices of refraction are obtained, and their variations
to the PCB dielectrics, unit heights, and via-hole diameters are
demonstrated in Fig. 2. Here, P1, P2, and P3 represent different
polarizations for the electrical field parallel to length a, length
b, and length ¢, separately, as shown in Fig. 2(a). In our design,
a, b, and ¢ are all set as 2 mm (0.1 wavelength at 15 GHz) to
obtain the required indices of refraction. Hence, the unit cells
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Fig. 2. Effective medium parameters under different polarizations.
(a) 2% 2x2mm® FR4 dielectric unit cell (Ul). (b) 2 x 2 x 2 mm® F4B
dielectric unit cell (U2). (¢) 2x 2 x 1 mm® F4B dielectric unit cell (U3).
(d) The errors between P1 and P2 (or P3) as the via-hole diameter changes
gradually.

investigated in this paper are used in the Ku band (12-18 GHz),
whose central frequency is 15 GHz. Similarly, the unit cells can
also be designed in other frequency bands using different di-
mensions [21].

Fig. 2(a) and (b) illustrates the indices of refraction for the
2 x 2 x 2mm3 FR4 (Ul) and F4B (U2) unit cells with different
via-hole diameters, from which we notice that the refractive
index (n) decreases gradually as the diameter (D) increases.
The above results also show that the unit cells have the same re-
sponses for the P2 and P3 polarizations, as depicted in the black
solid line and red dashed line in Fig. 2(a) and (b). The response
for the P1 polarization has a small difference from those for the
P2 and P3 polarizations, as shown in the blue dashed line. When
D increases, the index for P1 polarization becomes larger com-
pared to the P2 and P3 polarizations.

Fig. 2(c) demonstrates the effective refractive index of the
2 % 2 x 1 mm3 F4B (U3) unit cell, whose height is 1 mm. Un-
like the cases of Ul and U2 cells, the refractive index of U3
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Fig. 3. Fabrication of the half spherical Luneburg lens. (a) The photograph of
the lens. (b) The permittivity of the Luneburg lens varying along the radius.
(c) 2 x 2 x Imm® F4B unit cell. (d) 2 X 2 x 2 mm® F4B unit cell.

for the P1 polarization becomes smaller compared to the P2 and
P3 polarizations as D increases. The solid blue line and black
dashed line in Fig. 2(d) give the errors of n between P1 and
P2/P3 polarizations for Ul and U2 cells, respectively. We ob-
serve that, as [ increases from 0.1 to 1.9 mm, the error of n is
varied from 0 to 0.125 for U1, while varied from 0 to 0.55 for
U2. Differently, the error of n is decreased from 0.13 to 0 for
U3, as D increases from 0.1 to 1.9 mm. In order to design the
nearly isotropic 3-D gradient-index materials, we chose Ul to
realize the refractive indices between 2.1 and 1.63 by changing
D from 0.1 to 1.4 mm; chose U2 to realize indices between 1.63
and 1.18 by changing D from 0.1 to 1.9 mm; and chose U3 to
realize indices between 1.18 and 1.1 by changing D from 1.5 to
1.9 mm. Using the above three kinds of unit cells, we can design
arbitrarily 3-D nearly isotropic and inhomogeneous metamate-
rials with the refractive index changing from 2.1 to 1.

III. Two KINDS OF GRADIENT-INDEX MATERIAL LENS

Using the proposed inhomogeneous and nearly isotropic 3-D
gradient-index materials, we have designed, fabricated, and
measured two functional devices: half-spherical Luneburg lens
antenna and half-spherical fisheye lens antenna. Measurement
results show very good performance of such devices.

A. The 3-D Half-Spherical Luneburg Lens

The designed half-spherical Luneburg lens is given in
Fig. 3(a). According to the distribution of refractive index, the
permittivity of Luneburg lens varies from 2 to 1 continuously
from the spherical centre to surface, as illustrated in Fig. 3(b).
Hence, we only need the 2 x 2 x 1 mm? and 2 x 2 x 2 mm?
F4B unit cells depicted in Fig. 3(c) and (d) to realize the
corresponding index of refraction.

In our experiments, we begin to design the Luneburg lens
with radius of 2 = 70 mm, and the final fabricated lens has
the radius of 12’ = 65 mm. A Ku-band (12.3-18 GHz) coax-to-
waveguide transition with aperture size of 16 x 8 mm? is used
as the feeding source, and a PEC plate is attached to the half
Luneburg lens as the reflector, as demonstrated in Fig. 4(a). Two
polarizations have been considered in our measurements by ad-
justing the polarizations of feeding device: perpendicular polar-
ization, in which the magnetic field is parallel to the PEC plate
(HPP), as shown in Fig. 4(b), and parallel polarization, in which
the electric field is parallel to the PEC plate (EPP), as shown in
Fig. 4(c). Far fields of the Luneburg lens antenna were measured
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Fig. 4. Measurement demonstration of the half spherical Luneburg lens, in
which the lens radius is 70 mm, and side lengths of feed are # = 16 mm and
b = 8 mm, respectively. (a) A half spherical Luneburg lens combined with a
PEC plate. (b) The HPP polarization, in which the long side of feed is parallel
to the PEC plate. (¢c) The EPP polarization, in which the short side of feed is
parallel to the PEC plate. (d) The measurement setup in a fully anechoic mi-
crowave chamber.
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Fig. 5. Measured return loss of the feeding source and half-spherical Luneburg

lens antenna, in which black solid line is the S11 of feeding source and blue solid
line is the S11 of the half-spherical Luneburg Lens.

in a fully anechoic microwave chamber, and Fig. 4(d) illustrates
the experiment setup of the measurement.

The return loss was measured using the Agilent Vector Net-
work Analyzer N5230c (10 MHz—40 GHz), as shown in Fig. 5.
The results show that the return loss of feeding source (black
solid line in Fig. 5) and the half-spherical Luneburg lens an-
tenna (blue solid line in Fig. 5) are lower than —13.7 dB and
—14.2 dB in a wide frequency range from 11.6 to 19.4 GHz, re-
spectively, implying that the antenna has low reflection over the
whole Ku band.

In the measurements of far-field features, we first consider the
HPP polarization, in which the long side b of the feeding device
is parallel to the PEC plate and hence the magnetic field emit-
ting from the feed is also parallel to the PEC plate, as shown
in Fig. 4(b). The measured far-field radiation patterns under
the HPP polarization are illustrated in Fig. 6. Here, Fig. 6(a)
shows the E-plane patterns at 12.5, 15, and 18 GHz, respec-
tively, in which the measurement plane is parallel to the XOZ
plane (i.e., ¢ = 0). Because the feeding device is placed at
IR = 70 mm with ¢ = 0 and # = 45°, the waves will be trans-
formed into plane waves, and emitted from the direction ¢ = 0
and # = —45° by propagating through the half Luneburg lens
and be reflected by the PEC plate. The radiation patterns on the
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E plane demonstrate that the half-power bandwidths (HPBWs)
are narrow, and the sidelobes are lower than — 10 dB within the
whole Ku band. Fig. 6(b) depicts the H-plane far-field radia-
tion patterns at 12.5, 15and 18 GHz, respectively, in which the
measurement plane is parallel to the plane with # = —45°. The
H-plane patterns also show the narrow HPBWs and low side-
lobes (less than —20 dB in the whole Ku band).

In measurements of the EPP polarization, the short side a of
the feeding device is parallel to the PEC plate, so that the elec-
tric field emitting from the feed is parallel to the PEC plane, as
shown in Fig. 4(c). Similar to HPP polarization, we also measure
both E- and H-plane radiation patterns under the EPP polariza-
tion, as depicted in Fig. 6(c) and (d), respectively. We observe
that the sidelobes in E and and H planes are lower than —10 dB
and —17 dB in the whole Ku band. The measured sidelobes,
gains and efficiencies of the half-spherical Luneburg lens an-
tennas under HPP and EPP polarizations are shown in Table I.
The results show that the sidelobes in E and H planes for both
HPP and EPP polarizations are smaller than —9 dB and — 15 dB
in the whole Ku band, respectively. The gains range from 23
to 24.5 dB under the EPP polarization, and range from 24.4 to
25.7 dB under the HPP polarization, over the whole Ku band.
In order to further investigate the performance of the designed
half-spherical Luneburg antenna, we calculate the efficiency of
the antenna under both EPP and HPP polarizations. The effi-
ciency is defined as e ,nt = G/ Dinax, in which G, is the mea-
sured gain, and D, is maximum directivity corresponding to
the uniform aperture illumination, which is defined as

dr A,

Dmax = 22

(1

where A, = 7% is the physical aperture of the lens, and X is the
wavelength. The measured efficiencies are illustrated in Table I,
which show that the efficiencies under the HPP polarization are
larger than that of the EPP polarization.

The unit cells to realize the lens are almost isotropic, but they
still have minor anisotropy according to Fig. 2. Hence, in order
to show the sensitivity to fabrication tolerance of the designed
half-spherical Luneburg lens, we carry out a full wave simu-
lation of the same lens with ideal isotropy using commercial
software, CST-Microwave studio. In simulation, the radius of
Luneburg is 12, = 70 mm, whose index of refraction is isotropic
and obeys n, = (2—72/R2)1/2 The lens is discretized by using
35 spherical shells with different indexes, and the thickness of
each shell is 2 mm.

Because of the length limitation, only the HPP polarization
is considered for comparison. Fig. 7 shows far-field radiation
patterns of the simulation and measurement results at 15 GHz.
Except that the measured sidelobe on the E plane in the direc-
tion of —50 degrees is 8 dB higher than the simulation, the two
results have good agreements with each other.

Fig. 8(a) and (b) gives the simulated and measured sidelobes
on E and H planes, respectively. The biggest error between
simulated and measured sidelobes on the E plane is at 15
GHz, where the measurement is about 7 dB higher than the
simulation; while the biggest error on the H plane is at 14 GHz,
where the measurement is about 10 dB higher than simulation.
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Fig. 6. Measured far-field radiation patterns of the half Luneburg lens antenna.
(a), (b) The HPP polarization, in which the main lobes direct to & = 0 and
8 = —45°; (a) indicates the E-plane patterns measured on the plane 8 =
—45°; while (b) indicates the H-plane patterns measured on the plane ¢ = 0.
(c), (d) The EPP polarization, in which the main lobes direct to & = 0 and
6 = —45°; (c) indicates the E-plane patterns measured on the plane & = 0;
while (d) indicates the H-plane patterns measured on the plane § = —45°.

The simulated directivities and measured gains are shown in
Fig. 8(c), and the biggest error happens at 18 GHz, where
the simulated directivity is 1.8 dB higher than the measured
gain. The above results show that the sidelobes of measured
results are higher than simulations at some frequencies. Ex-
cept sidelobes, the measured and simulated results have good
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TABLE I
THE FAR-FIELD CHARACTERISTICS OF MEASURED RESULTS FOR HALF-SPHERICAL LUNEBURG LENS ANTENNA
f/GHz Sidelobe (dB) Gain (dB) Efficiency (%)
HPP EPP
E Plane | Hplane | E plane | H plane HPP | EPP HPP EPP
13 -13.3 -19.9 -10.6 -20.8 243 | 23.1 85.9 65.2
14 -11.7 -17.2 -11.4 -20.8 253 | 23.7 93.3 65.3
15 -9.2 -21.1 -10.5 -22.8 253 | 233 81.3 51.3
16 -11.3 -18.9 -10.4 -25.0 25.7 | 24.1 78.3 54.2
17 -10.5 -18.4 -11.9 -16.8 257 | 244 69.4 51.4
18 -9.5 -22.1 -11.5 -15.1 253 | 245 56.4 46.9
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agreements, particularly for the far-field radiation patterns,
as shown in Fig. 7. In Fig. 8, the measurement results show
larger sidelobes and lower directivities than simulations, which
may be caused by the following reason. In simulations, the
half-spherical Luneburg lens is modeled by using CST with
ideal lossless dielectrics. In experiments, however, the sample
is fabricated by using PCBs (F4B), whose loss tangent is 0.001,
and the PCB plates are bonded by using double-sided tapes.
Since dozens of PCB plates are used to form the half-spherical
Luneburg lens, the total error caused by double-sided tapes
cannot be ignored. Hence, the losses of PCBs and double-sided
tapes are possibly two key factors to lead to higher sidelobes
and lower gains in experiments.

45
0 (Deg)

Fig. 9. Simulated far-field radiation patterns for different incident angles.

In order to show the advantage of Luneburg lens antenna,
which can be worked for all incident angles, we carried out the
full-wave simulations when the feeding source is located at dif-
ferent incident angles. In Fig. 9, the simulated far-field radia-
tion patterns under HPP polarizations show that the main lobes
of the half-spherical Luneburg lens antenna appear in the di-
rections # = —15°, —30°, —45°, —60°, and —75° when the
incident angle is # = 15°,30°, 45°, 60°, and 75°, respectively,
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Fig. 10. Sketch and fabrication of the half-spherical fisheye lens. (a) Sketch of
lens. (b) Photograph of the fabricated lens. (c) Photograph of the fisheye lens
body. (d) Photograph of IML.
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Fig. 11. Measured return loss of the feeding source (black solid line), the half-

spherical fisheye lens antenna without (blue solid line) and with (red dashed)
impedance matching layer.

in which ¢ = 0. The above results show that the half-spherical
Luneburg lens can be operated for different incident angles with
good performance.

B. The 3-D Half-Spherical Fisheye Lens

The other device we have designed is a 3-D half-spherical
fisheye lens, whose index distribution is n = 2(1+72/R?) -1,
where I? is the radius of the lens, and 0 < r < IZ. A sketch of
the designed lens is shown in Fig. 10(a), which includes three
parts: the feeding source, lens, and the impedance matching
layer (IML). Here, IML is designed using a single-layer
quarter-wave transformer to reduce the reflection on the air-lens
interface. The demonstration shows that the quasi-spherical
waves emitted from the feed source are transformed to plane
waves after propagating through the half lens, as illustrated
in Fig. 10(a). Using the proposed 3-D nearly isotropic gra-
dient-index materials, we design the half-spherical fisheye lens
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Fig. 12. Measured far-field radiation patterns of the half-spherical fisheye lens
antenna. (a) E-plane. (b) H-plane.

== Simulation
10l = Measurement |

1
of
1 v n \ % ]
-40 + - 14
i ]
I 1
-50 :
(a) I
4180 120 60 0 60 120 180
0 (Deg)
0 - -
==Simulation
10 I= Measqrement,‘_

(b)

420 -80

-180 180

0
6 (Deg)

Fig. 13. Simulated and measured far-field radiation patterns of the half f lens
antenna under HPP polarization at 15 GHz. (a) E-plane. (b) H-plane.

with the radius I = 60 mm, and the final fabricated lens has
the radius of R’ = 55 mm. Fig. 10(b) is the photo picture of
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TABLE 11
FAR-FIELD CHARACTERISTICS OF MEASURED RESULTS FOR THE
HALF-SPHERICAL FISHEYE LENS ANTENNA

f/GHz Sidelobe (dB) Gain | Efficiency

E plane | H plane | (dB) (%)
13 -15.6 -33.6 19.8 42.6
14 -16.9 -33.3 20.4 42.2
15 -17.8 -35.6 20.3 36.7
16 -15.9 -35.5 22.5 52.4
17 -18.0 -36 23.3 55.6
18 -23.2 -37.1 24.3 62.6

the fabricated lens system, including the feeding source and
IML. The feeding source used here is the same as that in the
Luneburg lens. The detailed fisheye lens and IML are given in
Fig. 10(c) and (d). For the fisheye lens body, all three kinds of
unit cells U1, U2, and U3 are required to realize the indices of
refraction from 1 to 2; and for IML, whose index obeys the rule
of npvr = n1/2, only the unit cells U2 and U3 are needed to
realize the index from 1 to 1.414.

Fig. 11 demonstrates the measured return losses of the fabri-
cated lens from the Agilent Vector Network Analyzer N5230c,
in which the blue solid line and red dashed line represent the
cases with and without IML, respectively. The results show
that the reflection from the air-lens interface is significantly de-
creased after using IML, which is lower than —12 dB in the
wide frequency band from 11.5 to 20 GHz, as seen in Fig. 11.
The far-field radiation patterns of the fisheye lens on the E and
H planes are illustrated in Fig. 12, from which we notice that the
sidelobes in E- and H-plane patterns are lower than —15 dB and
—30 dB over the whole Ku band, respectively. The back scat-
tering in the H plane is a little bit higher, but it is still smaller
than —27 dB.

Similar to the half-spherical Luneburg lens, we also calculate
the efficiency of the half-spherical fisheye lens, as illustrated in
Table II. Meanwhile, in order to investigate the sensitivity of
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Fig. 15. Simulated far-field radiation patterns of the horn antenna with dielec-

tric lens and half-spherical fisheye lens antenna. (a) The E plane. (b) The H
plane.

fabrication tolerance and experimental errors of the designed
lens, we make the corresponding full-wave simulations using
CST. In our simulation, the radius of half-spherical fisheye lens
is I?; = 60 mm, whose index of refraction is isotropic and obeys
n = ng/(1 + r2/Rs?). The lens is discretized by 30 spher-
ical shells with different index in the simulation model, and the
thickness of each shell is 2 mm. The simulated and measured
far-field radiation patterns have good agreements at 15 GHz, as
shown in Fig. 13. Fig. 14(a) and (b) is simulated and measured
sidelobes on E and H planes, respectively. The measurements
are generally higher than the simulations, but the error is smaller
when the frequency is higher. Fig. 14(c) gives the simulated di-
rectivities and measured gains of the half-spherical fisheye lens.
Similar to the case of half-spherical Luneburg lens antenna, the
measurement results have higher sidelobes and lower gains than
simulations due to the same reason. However, compared to the
half Luneburg lens, the fisheye lens shows better agreements be-
tween simulations and measurements.

To further investigate the performance of the half-spherical
fisheye lens, a horn antenna with dielectric [22] with aperture
diameter D, = 60 mm was simulated to compare with the
fisheye lens at 15 GHz. The dielectric inserted in horn is a hy-
perbolic lens with permittivity ,, = 2, which is generated from
the equation 2% /u® — (2% + y2)/v? = 1, where v = 30 mm
and v = 32 mm. According to the simulation results as shown
in Fig. 15, the directivity of the horn antenna with dielectric
(23.6 dB) is 1.2 dB higher than that of the fisheye lens (22.4 dB),
but the side lobes of the horn antenna with dielectric (—16.3 dB
and —25 dB for E- and H planes) are higher than those of fisheye
lens (—21.7 dB and —36.4 dB for E- and H planes), and the
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half-power bandwidths of two antennas are the same for both E
plane (11°) and H plane (14°). The far-field radiation patterns of
two antennas show that the back scattering of the horn antenna
with dielectric is smaller than that of the half-spherical fisheye
lens.

IV. CONCLUSION

In this paper, an easy method for designing and fabricating
3-D inhomogeneous and nearly isotropic gradient-index mate-
rials has been presented, from which two 3-D gradient-index
material devices, half-spherical Luneburg and fisheye lenses,
have been realized in the Ku band. The losses in the designed
3-D gradient-index materials are small enough since the unit
cells are nonresonant structures, in which the imaginary part of
the effective index of refraction is nearly zero. The measurement
results illustrated very good performance of two lenses, which
also have good agreements with the isotropic simulation results.
This paper provides a way to realize general 3-D inhomoge-
neous and nearly isotropic gradient-index material devices.
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