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Abstract—A low-profile lens antenna with high efficiency is
desired in many millimeter-wave applications. In this work, a new
approach to integrate a dielectric lens and a metal-lens is studied
to minimize the lens height. The proposed integrated metal-
lens antenna minimizes the height while maintaining aperture
efficiency close to that of traditional elliptical integrated lens
antennas. In case of low permittivity materials, the height of
the designed lens can be 35% smaller. An integrated metal-
lens antenna with 8λ0 radius is designed with Teflon (εr = 2.1
and tanδ = 0.0002) and 0.575λ0 parallel plate separation for
operation at lower E-band, i.e., 71–76 GHz. The simulated
boresight directivity of the designed lens is 32.6 dB and the
peak aperture efficiency is 80%. The 3-dB gain bandwidth of the
designed dual-polarized integrated metal-lens antenna is approx.
10% and the gain scan loss is 7.4 dB for beam steering range of
±30°.

Index Terms— beam-steering antenna, integrated lens antenna,
low-profile lens, metal-lens antenna, millimeter-wave, matching
layers, square waveguides

I. INTRODUCTION

The beam focusing and steering properties of a lens antenna
has made it a popular choice in the field of communications,
radar, and imaging [1], [2]. The lens antennas are bulky
due to the focal distance requirement for beam collimation,
and therefore challenging to implement in commercial ap-
plications. Additionally, large focal distance of lens antenna
increases the spillover loss [3]. Apart from the low profile
requirement, the lens antennas are desired to be integrated
with feed antenna to improve the mechanical rigidity and
reduce the substrate modes of planar feeds and thus improving
the radiation efficiency [4]. Addtionally, the dual-polarized
antennas are favoured in many applications.

The integrated lens antennas (ILA) are mainly implemented
using homogenous dielectric materials and the focal distance
is determined by the permittivity of the material used and
the diameter [5]. The focal distance of a low permittivity
(Teflon/HDPE) elliptical ILA is greater than the diameter and
aperture efficiency is more than 90% [6], [7]. In [8], the
extended hemispherical ILA designed with 1.14 f/d ratio
gives approx. 80% aperture efficiency. The height of an
ILA can be minimized by using high permittivity material.
However, the radiation efficiency of the high permittivity ILA
tends to decrease due to higher dielectric and reflection losses
[9]. The multi-dielectric lens can be designed with smaller
f/d ratios [10], [11]. An off-body fed sub-wavelength gradient

Fig. 1. Side view and top view of the integrated metal-lens antenna (I-MLA).

index lens (SUB-L) is designed with 0.5 f/d ratio [12]. The
aperture efficiency of the designed SUB-L is 45%. Similarly,
an integrated gradient index lens is designed with 0.25 f/d
ratio [13]. However, the aperture efficiency of the lens is
approx. 25%. The ILA gives maximum aperture efficiency
when the focal distance is comparable with the diameter.
The efforts to minimize focal distance typically leads to the
degradation of aperture efficiency. Decrease in the radiation
efficiency leads to increase in the lens antenna aperture or
footprint in order to meet the gain requirement.

The beam focusing or collimation can also be achieved
with the off-body feed metal-lens antenna (MLA) [14]. In
general, the metallic plates separation distance of a MLA is
kept between 0.56 – 0.6λ0 in order to obtain low effective
permittivity and thus the minimum height [15], [16]. In [17],



the maximum directivity of the left side triangular notched
MLA of 13λ0 diameter and variable plate separation is used at
11.8λ0 focal length. A metamaterial based MLAs with 25.5λ0
× 21λ0 aperture and 9λ0 focal length, i.e., f/d = 0.35, is
designed, however the resulted efficiency is very low [18].
The trade-off exists between the the aperture efficiency and
the height of an MLA and ILA.

Therefore, the objective of this work is to design an inte-
grated lens antenna with reduced height as compared to the
traditional ILAs. In this work, we aim to design an axis-
symmetrical double lens antenna system based on dielectric
lens and metal-plate lens, see Fig. 1. The designed integrated
metal-lens antenna is expected to minimize the height of
the lens while maintaining the high aperture efficiency. The
gain, efficiency, and beam steering properties of the designed
integrated MLA are compared with those of the traditionally
used elliptical ILA.

The paper is organized as follows. In Section II, the
integrated metal-lens antenna and its operation is described.
The volumetric analysis of the HLA is presented in Section
III. Section IV presents comparison between the traditional
elliptical integrated lens antenna and the designed integrated
MLA. Finally, in Section V conclusions and future work are
discussed.

II. INTEGRATED METAL-LENS ANTENNA (I-MLA)

The operation of a dielectric ILA is based on the fact that
the velocity of the wave in dielectric medium, εr > 1, is slower
than in vacuum, εr = 1. In contrary, the phase velocity of a
wave travelling through parallel plates of a MLA, εr < 1, is
higher as compared to vacuum. The phase velocity difference
between dielectric and parallel plates can be used to achieve
beam collimation in short distance. Since the collimating
surface profile of a MLA and ILA are complementary to each
other, a MLA and an ILA can be stacked together as shown
in Fig. 1 to form an integrated metal-lens antenna (I-MLA).

The plane wave generation at the aperture of a lens is guided
by the principle of equal path length [14]. The dielectric-
metallic interface of the I-MLA is derived from the following
equation

(εr − εm)x2 + 2
√
εrf(
√
εr −

√
εm)x+ εry

2 = 0 (1)

where, f is the focal length, εr is the permittivity of the
dielectric material and εm is the effective permittivity of the
parallel plate region. The effective permittivity of the parallel
plate region can be calculated using the following equation

εm = 1−
(
λ0
2a

)2

(2)

where, λ0 is the free space wavelength and a is the separation
distance between parallel plates. The relation between effective
permittivity and plate separation a is also shown in Fig. 2.
Ideally, a ≈ λ0/2 is desired where εm ≈ 0, however the

reflections from the parallel plate interface increases consid-
erably when a < 0.55λ0. Thus, in this study the parallel plate
separation, a, range of 0.55λ0 < a < λ0 is considered as there
is still large variation in the εm.

In order to support dual polarization, the parallel plates are
placed in both orthogonal directions with the same spacing. A
square waveguide structure is formed, as shown in Fig. 1.

Fig. 2. Relation between the parallel plates separation a and effective
permittivity εm and refractive index ηm of the medium.

III. VOLUMETRIC ANALYSIS

Fig. 3 illustrates the total height reduction of an I-MLA with
respect to the permittivity of dielectric material (4λ0 radius
and a = 0.6λ0). An elliptical ILA of same radius is taken as
the reference for comparison. The figure shows that the use of
parallel plates is more effective for low permittivity materials,
i.e. 2 < εr < 5. In most of the commercial applications, the
dielectric permittivity ranges between 2 to 5 due to the low loss
tangent of the materials, for e.g. Teflon εr = 2.1, HDPE εr =
2.3, Rexolite εr = 2.53, and Ultem εr = 3. In case of commonly
used materials like Teflon, the height of the designed I-MLA
is 35.8% smaller compared to the conventional elliptical ILA.
The f/d of a traditional MLA is 0.93. In case of I-MLA, the
f/d varies between 0.75 and 0.6 when εr varies between 2
and 10.

The change in collimating surface profile and height of a
4λ0 I-MLA with respect to a can be seen in Fig. 4. The height
of the I-MLA decreases with smaller parallel plate separation
a. The height reduction is more prominent when 0.5λ0 < a <
0.8λ0 as the effective permittivity changes considerably in the
range. The eccentricity of the collimating surface of the lens
surface decreases with decreasing a. At a = ∞ (air), εm = 1,
the eccentricity of the lens surface is 1√

εr
(elliptical ILA) and

when a = 0.5λ0, εm = 0, then the dielectric-metallic surface
has 0.5 f/d, i.e., the surface is hemispherical.

Four I-MLAs of 4λ0 radius are designed using 0.55, 0.6,
0.7, and 0.8λ0 parallel plate separation and the Teflon as
dielectric material. The height of the I-MLAs are 5.4, 6.0, 6.8,
and 7.3λ0, respectively. A dielectric-filled waveguide of 2.34
× 2.34 mm2 aperture is used as feed antenna. The full-wave



Fig. 3. Total height and f/d ratio comparison between the elliptical ILA and
the I-MLA for varying material permittivity. Radius is 4λ0 and a = 0.6λ0.

Fig. 4. Collimating surface profile of the dielectric lens and the height com-
parison between elliptical ILA and the I-MLA with varying plate separation.
Radius of the lens is 4λ0 at 73.5 GHz. Metal-lens is not shown.

electromagnetic simulations of the designed I-MLAs are done
in CST Microwave Studio. The boresight directivity variation
of the I-MLAs with respect to frequency can be seen in Fig.
5. The results indicate that the boresight directivity and gain
bandwidth of the I-MLA starts to decrease with smaller a.
Figure 4 and 5 highlights the trade-off between the height
and the gain bandwidth of a I-MLA. As a decreases, the
permittivity difference in dielectric-metal interface increases
which consequently leads to higher reflections. The reflected
fields from dielectric-metal interface exits from the feeding
plane that reduces the boresight directivity, see Fig. 6. The
reflection can be minimized by introducing a quarter-wave
matching layer in the dielectric-metal interface.

IV. SIMULATION COMPARISON

The topology and dimensions of the designed I-MLA are
shown in Fig. 7. The I-MLA of 8λ0 diameter (λ0 = 4.078
mm) is designed using Teflon (εr= 2.1) and parallel plate
separation a = 0.575λ0 for operation in the lower E-band,
i.e., 71–76 GHz. The height of the designed lens is 46.9

Fig. 5. Boresight directivity of a 4λ0 I-MLA with Teflon material and varying
plate separation a w.r.t frequency.

Fig. 6. Directivity radiation pattern of 4λ0 I-MLAs with Teflon material and
varying plate separation.

mm. A waveguide feed with 2.34 × 2.34 mm2 aperture is
used as the feed antenna. A quarter-wave matching layer
is designed to minimize the reflections from the dielectric-
metallic interface. The matching layer is designed by inserting
the parallel plates λmatch

4 deep inside the dielectric, where
λmatch = λ0√

εmatch
. The effective permittivity of the matching

layer is εmatch =
√
εr · εm = 1.34.

The peak boresight directivity and gain of the designed I-
MLA are compared with the elliptical ILA in Fig. 8. The
maximum achievable directivity with uniform aperture field
distribution over the given aperture area is shown in the figure
by black line. The directivity of the elliptical ILA, with 1.19
f/d, is 33.35 dB and the aperture efficiency is 90%. The
boresight directivity and gain of the I-MLA peaks at the de-
signed frequency, i.e., 73.5 GHz, and the maximum directivity
with and without matching layer is 32.6 dBi and 31.6 dBi,
respectively, and their corresponding aperture efficiency, i.e.,
80% and 60%, respectively. The 3-dB gain bandwidth of the
I-MLA is approx. 7 GHz i.e. 71–78 GHz. As mentioned in
previous section, the reflected fields from dielectric-metallic
interface degrades the boresight directivity in case of no



Fig. 7. Cut view of the designed 8λ0 I-MLA structure with matching layer.

matching layer. The diffraction at the edges of the metal-air
surface of the I-MLA is a plausible reason for the slightly
higher side lobe level at θ = ±30◦, see Fig. 9.

At 74 GHz, the gain of I-MLA, 31.6 dBi, is equal to the gain
of the elliptical ILA. The slightly higher aperture efficiency of
the elliptical ILA is negated by high spillover and dielectric
losses.

Fig. 8. Maximum gain (- -) and directivity (—) comparison of elliptical ILA
and I-MLA with matching layer and without matching layer w.r.t. frequency.
Lens radius is 8λ0 at 73.5 GHz.

The waveguide feed is moved to the offset positions of
4.25, 8.5, 12.75, and 16 mm to steer the beams to 8°, 16°,
24° , and 30°, respectively. In case of the elliptical ILA, the
feed is moved 6, 13, 20 and 26 mm to achieved same beam
steering angles. The gain radiation pattern of the steered beams
are shown in the Fig. 9. The gain scan loss of the dual-
polarized I-MLA is 7.4 dB for the beam steering angle of
±30°, whereas the gain scan loss of the elliptical ILA is 8.46
dB for same steering range. The scan loss in I-MLA is caused
by the decrease in effective area and increasing reflection
at the dielectric-metallic interface with the steering angle. In
addition, the increase in scan loss is also contributed by under-
illumination of aperture surface in the direction opposite to
feed offset.

Fig. 9. Gain radiation pattern comparison between I-MLA (—) with matching
layer and elliptical ILA (:) w.r.t. various beam steering angles. Lens radius is
8λ0 at 73.5 GHz.

V. CONCLUSION

An I-MLA is designed using a dielectric lens and parallel-
plates. The designed I-MLA reduces the ILA height up to
approx. 35% while keeping the aperture efficiency close to
that of the traditional ILAs. The 8λ0 I-MLA is designed
with Teflon (εr = 2.1 and tanδ = 0.0002) and 0.575λ0 plate
separation results in 31.6 dBi simulated boresight gain at 74
GHz. The designed I-MLA have 10% gain bandwidth and the
scan loss is below 5 dB for the beam steering range of ± 30°.
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Beam-steerable integrated lens antenna system for 5G E-band access and
backhaul,” IEEE Transactions on Microwave Theory and Techniques,
vol. 64, no. 7, pp. 2244–2255, July 2016.

[2] M. K. Saleem, H. Vettikaladi, M. A. S. Alkanhal, and M. Himdi,
“Lens antenna for wide angle beam scanning at 79 GHz for automotive
short range radar applications,” IEEE Transactions on Antennas and
Propagation, vol. 65, no. 4, pp. 2041–2046, April 2017.

[3] A. Karttunen, J. Ala-Laurinaho, R. Sauleau, and A. V. Räisänen,
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