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Microwave dielectric stepped-index flat lens
antenna

hernan barba molina and jan hesselbarth

Dielectric stepped-index flat lens antennas for operation at 12 GHz are presented. A brick-shaped dielectric with a permit-
tivity profile optimized for focusing is sandwiched between the metallic plates of an open-ended parallel-plate waveguide.
A tapered slot antenna is placed at the focal point of the dielectric lens, thereby creating antennas with high directivity of
16.8 and 15.8 dBi, respectively. In the two versions of the antenna, the parallel-plate waveguide operates in TEM-mode
and in the first higher-order TE-mode, respectively. The dielectric profile is realized by appropriate mixtures of alumina
ceramic powder and microscopic hollow glass spheres, realizing permittivity ranging from 1rel ¼ 1.31 to 1rel ¼ 3.24. The
design of the complete antennas is based on geometrical optics followed by optimizations with a full-wave electromagnetic
solver. Measurements show good agreement with simulations.
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I . I N T R O D U C T I O N

Dielectric lens antennas are gaining ground in diverse applica-
tion areas in microwave and millimeter-wave systems because
of their acceptable size and attractive performance regarding
beam shaping, sidelobe suppression, and beam steering,
among others [1]. The availability of low-loss dielectric mate-
rials and efficient manufacturing processes give way to the
realization of lens structures for integrated systems featuring
one-dimensional (1D) or two-dimensional (2D) electronically
controlled beam steering [1–7]. Lens-based systems, however,
experience a limitation of coverage to rather narrow sectors
because of aberration effects reducing the focusing at larger
off-axis angles [8, 9].

The quest for solutions allowing electronic beam steering
over particularly wide solid angle leads to renewed interest in
gradient-index lenses. The historic Luneburg lens [10] with
spherical symmetry and radially varying permittivity operates
theoretically over a 4p sr solid angle. The challenges of the real-
ization of Luneburg lens are twofold. First, the practical realiza-
tion of a dielectric material with the prescribed spatial variation
of permittivity, to be realized in combination with require-
ments regarding low loss, homogeneity to a scale of a fraction
of a wavelength, low weight, low cost of production. Second,
the radiation elements are placed at the foci of lens and thus
must be mounted on a spherical surface which is a requirement
incompatible with cost-efficient assembly technology. The
problem of a dielectric material with spatially varying, well-

defined permittivity can be somewhat alleviated by a stepwise
approximation of the required profile of the permittivity [11,
12]. However, materials of some specific required permittivity
may not be available; then the design of the step approximation
is constrained and likely severely compromised by the choice of
materials. Alternatively, an effective permittivity of arbitrary
value can be realized by a mixture of a dielectric and air. This
is often accomplished by either drilling holes of specific diam-
eter and density into dielectric solids [13, 14], or by 3D printing
a “honeycomb” structure of the dielectric [15]. In both cases,
the maximum frequency of operation of the lenses obtained
by the machining process is limited as the inhomogeneity of
the material must be much smaller than the wavelength. An at-
tractive method to control a local variation of the effective per-
mittivity of a material is based on pressing plastic foam to a
desired density corresponding to a specific value of permittivity
[16, 17]. Thermal treatment of the foam after pressing causes
plastic deformation instead of elastic deformation. At milli-
meter waves, however, loss tangent of the material can be sig-
nificant. Applying this technique, different planar lens
structures operating at millimeter waves have been demon-
strated [18, 19].

In this paper, a dielectric lens with stepwise varying permit-
tivity is realized using dielectric materials made as mixtures of
fine-grained high-permittivity alumina ceramic powder and
fine-grained low-permittivity hollow glass bubble powder. In
a range defined by the two mixed components, an arbitrary
permittivity can be obtained by simply changing the ratio
of the two mixed powder parts. In addition, the grain size of
, 0.1 mm guarantees homogeneity of the mixture up to
very high frequency.

The basic topology of the lens antennas is described in
Section 2. The design, construction, and measurements of a
planar antenna, which is utilized as feed radiator for the
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lenses is presented in Section 3. Then, two examples of lens
antennas are described in Section 4, and simulations as well
as measurements results are shown in Section 5.
Conclusions are given in Section 6.

I I . A N T E N N A T O P O L O G Y

Figure 1 shows the basic topology of the proposed antenna.
The structure is composed by a brick-shaped stepped-index
focusing lens and a low-gain feed radiator positioned at the
focal point. The lens brick is sandwiched between two metal
plates forming a parallel-plate waveguide. Depending on the
orientation of the feed radiator placed between the two
metal plates, the antenna operates in the TEM (transverse
electromagnetic) mode or in the first higher-order TE (trans-
verse electric) mode of the parallel-plate waveguide.
Diffraction at the end of the metal plates is reduced by a
short linear taper. The taper dimensions (length 9 and
height 3 mm) are optimized by field simulations with the
goal to reduce reflection of a transmitted TEM mode. As a
result, the taper reduces some of the larger side lobes of the
TEM-mode antenna and slightly increases the directivity of
both TEM- and TE-mode antennas. Simulations of the com-
plete antennas with and without taper indicate an increase
of directivity of about 0.5 dB due to the presence of the taper.

The two antenna prototypes are designed for a frequency of
12 GHz. The transverse dimension of the lens brick is
125 mm, corresponding to five free-space wavelengths. The
distance between the two metal plates, equaling the height
of the lens brick, is hTEM ¼ 26 mm for the TEM-mode
antenna, and it is hTE ¼ 20 mm for the TE1-mode antenna.
The TE1 mode is dispersive and for the chosen distance hTE,
cutoff is at 7.5 GHz.

The overall lens antenna and the low-gain feed radiator are
analyzed using a finite-element electromagnetic field simula-
tion tool (CST Microwave Studio, CST GmbH, Darmstadt,
Germany).

I I I . F E E D R A D I A T O R

A compact planar slot antenna acts as a feed radiator to excite
the lens in its focal point. The slot antenna excites the parallel-
plate waveguide in either TEM or TE1 mode and shows a wide
end-fire radiation beam with small sidelobes. Starting with the
design proposed in [20], the slot antenna radiation pattern has
been improved for reduced main beam tilt and better pattern
symmetry. This is primarily achieved by replacing the

microstrip feed of [20] by an in-line coax-to-CPW (co-
planar waveguide)-to-slotline transition.

The antenna shown in Fig. 2 is realized on dielectric sub-
strate Rogers RO4003C (thickness 1.52 mm, datasheet permit-
tivity 1r ¼ 3.38, and tan d ¼ 0.0027). The dimensions L ¼
13.3, W ¼ 7.5, Ld ¼ 6.3, and wd ¼ 0.6 mm are optimized for
the low sidelobe level.

A coaxial connector feeds the slot antenna. The
coaxial-to-slotline transition is implemented in four steps:
(1) a coaxial-to-50-V-grounded CPW (1–1′) transition is
optimized by using vias holes along the CPW line; (2) a quar-
terwave impedance transformer transforms the grounded
50-V CPW to an ungrounded 100-V CPW (2–2′); (3) based
on [21], the odd mode ungrounded CPW (3–3′) is achieved
by extending only one slot of the previous CPW structure
by a 1808 length; and (4) the center conductor ends thus
forming the slotline (4–4′). A slotline shunt capacitance
(LC ¼ 1.95 mm) improves the antenna impedance match.

Figure 3 shows a photograph of the planar slot radiator
with mounting holes as used for the TE1-mode lens antenna
prototype. The slot radiator for the TEM-mode lens antenna
prototype is identical but the mounting holes are clipped off
to fit the radiator between the metal plates of the parallel-plate
waveguide. The simulation of the radiation characteristics of
the antenna indicates the phase center located at the beginning
of the linear slot tapers.

Figure 4 shows measured and simulated impedance match
of the planar slot radiator within a free-space environment.
The simulated gain is 8.6 dBi at 12 GHz and the simulated ef-
ficiency is 95%. Figure 5 shows measured and simulated radi-
ation patterns at 12 GHz. There is good agreement between
simulations and measurements.

I V . D E S I G N O F T H E D I E L E C T R I C
S T E P P E D - I N D E X F L A T L E N S

Mixing different microscopic dielectric particles of different
permittivity leads on a macroscopic scale, to a resulting dielec-
tric with new, specific permittivity. Depending on mixing
ratio, particle size and shape and orientation, and respective
permittivities of the mixing partners, the resulting dielectric
permittivity can be predicted by several electromagnetic
models [22]. For the special case of high-permittivity particles
embedded in a low-permittivity environment, particularly
high sensitivity of the resulting dielectric permittivity is
observed a high-volume fraction of the high-permittivity par-
ticles. This behavior can be explained by the onset of percola-
tive strings of high-permittivity particles and their orientation.
As a consequence, modeling will typically not result in reliable
results for the resulting dielectric permittivity. Thus, accurate
measurements of the resulting dielectric permittivity are
necessary.

Mixtures of alumina ceramic, glass, and air are used for the
dielectric stepped-index flat lens. The mechanical and dielec-
tric properties of fine-grained alumina ceramic powder from
Inframat and tiny hollow glass bubbles from 3 M are shown
in Table 1. Mixing these two components in different ratios
leads to permittivity values in the range from 1rel ¼ 1.13
(glass bubbles only) and 1rel ¼ 3.24 (alumina powder only).
Considering the small particle sizes and the operation fre-
quency, the mixture on a macroscopic scale is assumed as iso-
tropic and homogeneous. The pure glass bubbles tend toFig. 1. Basic topology of flat lens antenna.
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behave very dusty, therefore a minimum alumina volume
fraction of 10% is mixed with the glass bubbles, leading to a
minimum permittivity of 1rel ¼ 1.31 as a constraint for the
design of the dielectric stepped-index flat lens. In addition
to mixing different ratios, applying large mechanical pressure
to the mixture will also lead to an increase of permittivity by
irreversibly breaking some of the hollow glass bubbles.
Using a suitable form and a press, the resulting dielectric per-
mittivity of a mixture can be fine-tuned rather easily.

The dielectric characteristic of the mixture is measured
using a rectangular waveguide setup as shown in Fig. 6. A
shorted WR90 waveguide section of 2 cm length is filled

with the mixture. The measured complex reflection coefficient
is then compared with the electromagnetic field simulation of
the setup where complex permittivity (1rel and tan d) is a
fitting parameter.

The calculation of the permittivity profile of the dielectric
stepped-index flat lens is based on a geometrical optics ap-
proach. As described in [1] for the similar case of a
one-surface-refracting lens, the rays originating from the
focal point and crossing through the flat lens structure are
delayed by materials of appropriate permittivity in order to
produce an equal-phase wave front on the adjacent lens
surface. Referring to Fig. 7, the phase of a signal along
trace FOP must equal the phase of a signal along FO′P′.
Therefore,

b0F + abL y = 0
( )

= b0

���������
F2 + y′2

√
+ abL y = y′

( )
. (1)

Fig. 2. Planar slot antenna as feed radiator. Left: Overall layout. Right: Detailed view of the CPW-to-slotline transition with schematic drawings of E-field
distribution in different cross-sectional planes of the transition.

Fig. 3. Photograph of the planar slot radiator with mounting holes as used for
the TE1-mode lens antenna prototype (Wg ¼ 30 mm). The simulated phase
center is located at Lp ¼ 15 mm from the antenna aperture.

Fig. 4. Measured and simulated impedance match of the planar slot radiator.

Fig. 5. Measured and simulated radiation patterns at 12 GHz of the planar slot
radiator. Top: E-plane. Bottom: H-plane.
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The propagation constant b depends on both permittivity
and propagation mode. For the TEM mode of the parallel-
plate waveguide (resulting in a x-polarized radiation accord-
ing to the coordinate system in Fig. 7),

b0 =
2pf
c0

, (2)

bL = 2pf
c0

����
1rel

√
, (3)

where c0 denotes the speed of light in free space. For the TE1

mode (y-polarized radiation) follows accordingly:

b0 =

������������������
2pf
c0

( )2

− p

h

( )2
√

, (4)

bL =

����������������������
2pf
c0

( )2

1rel −
p

h

( )2
√

, (5)

where h is the separation distance of the parallel plates. The
permittivity profile of the lens is derived from (1) to (3) for

the TEM version as

1TEM
rel y′

( )
= F − ���������

F2 + y′2
√

a
+

��������������
1TEM

rel y = 0
( )√( )2

(6)

and from (1), (4), (5) for the TE-mode version of the antenna
as

1TE
rel y′
( )

=
( ��������������

1 − (l0/2h)2
√

(F − ���������
F2 + y′2

√ )
a

+

�����������������������
1TE

rel y = 0
( )

− l0

2h

( )2
√ )2

+ l0

2h

( )2

.

(7)

The separation distance of the parallel plates determines one
dimension of the antenna aperture and therefore beamwidth
and directivity. In order to achieve large directivity, h
should be large. On the other hand, the distance h must be
small enough to avoid the propagation of unwanted modes.
For the TE1 mode (y-polarization in Fig. 7), the plate separ-
ation distance must be at least half-wavelength (cutoff of
TE1 mode). The first unwanted higher-order mode TE3 has
cut off when the separation distance h equals three half wave-
lengths. Because of the symmetry of the structure, the TE2

mode, though above cutoff in parts of the lens, is not
excited. Considering a maximum permittivity of 1rel ¼ 3.24
in the lens, the criterion of “three half wavelengths” plate sep-
aration at 12 GHz calls for h , 20.8 mm. Therefore, for the
antenna operating in TE1 mode, the plate separation distance
is set to hTE ¼ 20 mm. For this distance, the cut-off frequency
of the TE1 mode in air is 7.5 GHz. For the TEM mode
(x-polarization in Fig. 7), the plate separation must be
increased to fit the feed radiator between the plates. For this
mechanical reason, hTEM ¼ 26 mm is chosen.

The location of the feed radiator determining the focal
length F of the flat lens is found from several considerations.
First, the lens shall collect a large fraction of the radiated
power. Second, the lens aperture shall be illuminated in its en-
tirety. Third, reflections from the lens surface cause deterior-
ation of the feed radiator match. The latter effect is minimized
by field simulations. As a result, for the TEM-mode antenna,
the focal length F is set to FTEM ¼ 40.8 mm. This corresponds
to field strength decaying by 27 dB from the center of the lens
towards the edge of the lens. On the other hand, for the
TE1-mode antenna, F is chosen FTE ¼ 78.4 mm. Here, the
field strength decays by 25 dB from the center of the lens
toward the edge of the lens.

The lens dielectric permittivity is set to the maximum pos-
sible value at the center (1rel ¼ 3.24 at y′ ¼ 0) and to the
minimum value at the lens edges (1rel ¼ 1.31 at y′ ¼
+62.5 mm). For the TEM-mode antenna, it follows the lens
brick depth aTEM ¼ 46.5 mm from equations (1) and (6).
For the TE1-mode antenna, aTE ¼ 20.8 mm from equations
(1) and (7).

Further applying equations (6) and (7), a permittivity
profile 1rel(y′) is found and approximated by 17 discrete
steps as shown in Fig. 8. The distribution of the transverse
widths of the respective steps is set identical for the TEM-
and TE1-mode antennas. The steps are realized by boxes
made of Plexiglas sheets of thickness 0.38 mm and filled with
powder mixtures of the required permittivity. The dielectric

Table 1. Characteristics of the materials used for the dielectric
stepped-index flat lens.

Alumina ceramic Hollow glass bubbles

Type/manufacturer a-Al2O3 of Inframat K20 of 3 M
Particle size 0.035 mm 0.090 mm
Density 3.97 g/cm3 0.21 g/cm3

Permittivity at 12 GHz 3.24 1.13
Loss tangent at 12 GHz 0.013 0.0025

Fig. 6. Photograph of the WR90 section filled with dielectric mixture, used to
determine the complex permittivity.

Fig. 7. Geometry of the dielectric stepped-index flat lens.
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properties of the Plexiglas are determined using a low-loss res-
onator test fixture at 1.7 GHz as 1rel ¼ 2.5, tan d ¼ 0.002.
Simulations reveal that small variations of the Plexiglas dielec-
tric properties have no influence of the lens antenna behavior.

The permittivity profiles for the two antennas are slightly
different, as shown in Fig. 8 and Table 2, but the two prototype
antennas are built with the same mixtures representing the re-
spective permittivity. Simulations revealed that this small dis-
crepancy in permittivity has no visible effect on overall
radiation pattern. As detailed in Table 2, some powder mix-
tures of the specified effective permittivity are realized by
simply mixing alumina powder and hollow glass bubbles in
the appropriate ratio, whereas other permittivity values are
created by subsequently mechanically pressing the mixture
in order to break some glass bubbles, causing a reduction of
the air fraction in the mixture, and thereby to increase effect-
ive permittivity. The pressure process takes place with the
mixture in a separate cylindrical cavity resonator with move-
able plug, where pressure can be controlled while watching the
variation of resonator resonance frequency. Unlike pressing
foam materials to increase density and permittivity, the pres-
sure process does not involve heat treatment and is non-
reversible (since non-elastic glass bubbles will break). The
fine granularity of the mixture will lead to high homogeneity,

which makes the proposed technique suitable up to very high
frequencies. The alumina powder could eventually be replaced
by powder made of grinded high-resistivity silicon, a material
with high-permittivity and exceptionally low-loss tangent at
frequencies beyond 100 GHz.

V . A N T E N N A M E A S U R E M E N T S

The antenna prototypes are shown in Fig. 9. The different
powder mixtures of the stepped-index lens are filled into
boxes formed from Plexiglas plates (thickness 0.38 mm) and
Rohacell support. Measurement of radiation pattern is
carried out in an anechoic chamber. Figure 10 shows mea-
sured and simulated radiation pattern in the horizontal and
vertical cutplanes. Also shown is the simulated pattern of
the feed radiator between the metal parallel plates, without
lens, clearly indicating the focusing effect of the lens.

Measurement of directivity is based on a spherical scan
around the antenna, integration over all directions and com-
parison of peak power density to average. Measured directivity
is found as 16.8 dBi for the TEM-mode antenna and 15.8 dBi
for the TE1-mode antenna. This compares well with the simu-
lated directivity of 17.2 and 15.6 dBi, respectively. Measurement
of radiation efficiency (determined by conductive loss and di-
electric loss) is based on comparison with the measurement
of a well-known, low-loss open-ended waveguide probe. The
measured radiation efficiency of the TEM-mode antenna is
63% (simulated, 78%) and the radiation efficiency of the
TE1-mode antenna is 80% (simulated, 87%).

V I . C O N C L U S I O N

Two dielectric stepped-index flat lens antennas are realized for
frequency of 12 GHz. The lenses are sandwiched between par-
allel metal plates and excited in the focal point by a planar slot
radiator. One antenna operates in the TEM mode of the
parallel-plate waveguide, whereas the other antenna uses the
higher-order TE1 mode. Each lens has a stepped permittivity
profile with 17 steps. The permittivity ranges from 1rel ¼

1.31 to 1rel ¼ 3.24. The different dielectric materials are ap-
propriate mixtures of fine-grained alumina ceramic powder
(1rel ¼ 3.24) and small-sized hollow glass bubbles (1rel ¼

1.13). For some required dielectric values, the mixture permit-
tivity was fine-tuned by applying mechanical pressure leading
irreversibly to breaking of some bubbles and thus to some

Fig. 8. One-dimensional permittivity distribution and stepped approach. The
Plexiglas wall separating the mixtures have a thickness of 0.38 mm. Top:
Permittivity distribution given by (6) for the TEM-mode antenna and
distribution given by (7) for the TE1-mode antenna. Bottom: Distribution
scheme of the boxes forming the flat lens.

Table 2. Lens structure and dielectric materials for the TEM- and TE1-mode antennas.

Box
no.

Width
(mm)

Composition K20: alumina
(vol.%)

Volume after additional
compression

Measured
permittivity

Required permittivity

TEM-mode TE1-mode

B1 25 0:100 – 3.24 3.24 3.24
B2 9 5:95 90% 2.99 3.09 3.11
B3 10:90 – 2.74 2.82 2.86
B4 5 25:75 – 2.49 2.46 2.52
B5 40:60 – 2.16 2.23 2.29
B6 55:45 90% 1.97 1.99 2.04
B7 90:10 35% 1.79 1.76 1.80
B8 90:10 80% 1.51 1.53 1.55
B9 4 90:10 – 1.31 1.31 1.31
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increase of mixture permittivity. The respective mixtures were
filled into boxes made of Plexiglas and Rohacell thereby
forming the stepped-index dielectric flat lens. With a lens
width of 125 mm and a lens height of 26 mm (TEM-mode
antenna) and 20 mm (TE1-mode antenna), respectively,
the measured peak directivity and radiation efficiency of the
antenna are 16.8 dBi and 63%, respectively, for the
TEM-mode antenna and 15.8 dBi and 80%, respectively,
for the TE1-mode antenna. Simulations and measurements
of the radiation pattern agree well. The proposed approach
for the realization of dielectric material of engineered

permittivity leads to low-loss dielectrics of very high homogen-
eity, which are also usable at much higher frequency. The
approach can be extended in a straightforward manner to
stepped-index flat lenses with 2D permittivity gradient by
using concentric rings of appropriate, locally constant permit-
tivity. The focusing performance and the sidelobe levels of the
realized antennas are good even though the stepwise approxi-
mation of the permittivity profile is rather rough and the prac-
tical realization of the respective permittivity levels is sometimes
inaccurate. This indicates that these lens antennas are forgiving
in view of some disadvantageous engineering constraints.

Fig. 9. Prototypes of the lens antenna. Top: TEM-mode antenna. Bottom: TE1-mode antenna.

Fig. 10. Measured co-polarized (solid line), cross-polarized (dash-dotted line), and simulated (dashed line) radiation pattern of the dielectric stepped-index flat
lens antenna. Also shown is the simulated pattern of the feed radiator between the metal parallel plates, without lens (dotted line). Top: TEM-mode antenna.
Bottom: TE1-mode antenna.
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