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Abstract—In telecommunications (5G/6G) lenses can be used to
manipulate the electric field emitted by an antenna. In this paper
different permittivity lenses were studied with 3x3 dipole array
acting as antenna source. Iterative study to the lens eccentricity
showed different lenses for different permittivity where a low
permittivity lens with heavily eccentric shape increased antenna
gain by 14.6 dB and high permittivity lens gain by 9.9 dB and
the total gain was 32 dB for low permittivity lens and 27 dB
for higher permittivity lenses. With high permittivity lenses the
whole lens surface was not illuminated by the feeding antenna.

Index Terms—5G, 6G, Far field patterns, Lens antennas,
Millimeter wave propagation, Near field patterns

I. INTRODUCTION

In telecommunications frequency is climbing to the sub
teraherz and interest to lenses with 5G/6G applications have
grown significantly. Lenses came in varied sizes and shapes
with lenses radiation pattern generated by an antenna can be
manipulated. Lenses can turn the propagated field either a
plane wave or focus it to a spot. Due the path loss high gain
antenna needs to have 25-40 dBi in gain. [1]. The research
question is how lens material should be selected and adjusted
for the purpose of the lens. Currently available material options
are silicon (εr11.5) [2]–[4] and polymers (εr2.3) [5]–[10]. In
this paper three different half spherical lenses which have a
radius 15 mm and a permittivity 2, 5, and 11, the lenses’ effect
on the antenna gain at 300 GHz is investigated by simulations.
Theoretical maximum directivity for 15 mm lens antenna is 40
dBi. The above mentioned permittivity were chosen because
εr2 is close to the plastics and εr11 is near to the permittivity
of the silicon and εr5 is just between of the other two. The
lens size as wavelengths are 42λ, 67λ and 99λ, respectively.
The loss tangent was set to be 4E-4 for all materials. 3x3
dipole array with a reflector was chosen to present a focused
antenna. The antenna array to lens size ratios were 28, 44 and
66. Study was conducted without any changes to the antenna
or loss tangent as the interest lays in the permittivity change.
In Section 2 is given brief introduction to theories related to
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the antenna and lens parameters. Section 3 simulation results
are reported and discussed. Section 4 concludes this paper.

II. THEORY

Directivity is defined as the ratio of the radiation of intensity
in a certain direction to the average radiation intensity [11],
or

D(θ, φ) =
U(θ, φ)

Uave
(1)

Directivity can also be presented using ratio between effec-
tive area Ae and wavelength λ,

D =
4πAe

λ2
(2)

For aperture antennas, effective apertures are approximately
equal to physics apertures (Ae ' Ap).

Gain is directly related to the directivity. The maximum gain
of an antenna is equal to its maximum directivity multiplied
by radiation efficiency [11], or

G = erD (3)

Focal length and focus spot
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where F is the focus, n is the refractive index, using relative
permittivity this changes to

√
εr [12] and the radiuses of

curvatures R1 and R2.
Different field regions: Field around the antenna is typically

divided into three different regions where size of the antenna
element (D) and wavelength λ determines the region distance
from the antenna. Closest to the antenna is reactive field where
E- and H- fields are are out of phase by 90◦. After the reactive
field is radiating field (fresnell region) where E- and H- fields
starts to align and then there is far field where E- and H- field
are orthogonal to each other. Equations for different regions
are given in TABLE I.



Table I
DIFFERENT FIELD REGIONS

Region distance from antenna (r)

Reactive near field 0 to 0.62
√
D3

λ

Radiating near field 0.62
√
D3

λ
to 2D2

λ

Far field 2D2

λ
to inf

III. SIMULATIONS

Simulations were done with CST, simulation parameters are
following: Transient solver, hexahedral mesh having precision
λ/10 and simulation precision -40 dB. Simulation model is
following 3x3 dipole array acting as a focused antenna having
17 dB gain. Half spherical lens (15 mm radius) was set
at 0.25 mm from the antenna array and antenna array was
located at the center of the lens. Behind the array (0.25 mm)
was a rectangular metal reflector (the length of the side of
the reflector was the same as the lens diameter). Iterative
simulations were used to change the height of the lens by
scaling the z-axis of the lens in 0.1 steps. Iterations were
performed until the gain was no longer increased and began
to decrease. Iterative simulation was done for all the different
permittivity lenses starting from the half spherical shape. Lens
shapes from the iterative simulations are presented in the Fig.
1. From the single lens, three unique lenses with different gains
are the results; a low permittivity lens has 24.45 mm height
and eccentricity 0.79, medium permittivity has 16.50 mm and
0.42 and high permittivity has 15.00 mm and 0. Antenna lens
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Figure 1. Result lenses from the simulation for different permittivities (εr),
resulted shapes have different eccentricity (e). (Dimension units are in mm).

electrical properties are presented in Table II. With different
eccentrics, lens antenna gains vary between 26.9-31.6 dB, the
lens increased the antenna gain by 9.9-14.6 dB. Form the
original (15 mm radius) shape eccentricity increase with εr2
lens gain improves by 11.9 dB and εr5 lens gain improves
only 3.3 dB. εr11 lens did not have any improvement in gain
even when the lens was made flatter.

As the resulted shapes are eccentric lens focus spot is sim-
ulated rather than calculated from the equation 4. Simulation

Table II
ANTENNA PARAMETERS

εr Gain (dB) Direction HPBW FNBW SLL (dB)
Antenna 17.0 0.0◦ 38.0◦ 88.0◦ 14.5

2.0 31.6 0.0◦ 3.0◦ 7.0◦ 14.3
5.0 27.2 0.0◦ 8.0◦ 12.0◦ 12.3

11.0 26.9 0.0◦ 4.0◦ 22.0◦ 19.4
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Figure 2. Simulated plane wave propagation with different lenses. The Plane
wave was excited from -25 mm and the lens flat surface is at 0 mm and focal
spots are located at the peaks’ maximum on the positive side of the x-axis.

was conducted using a plane wave to illuminate the lens and
line plot of the resulting 2D-electric field was plotted. The
plotted result shows a line from the dead center of the lens
spanning from the entire simulated length Fig2. Calculated
focal lengths are following: 15 mm, 3.75 mm, and 1.5 mm
(εr2, εr5, and εr11). As the lenses’ have the different radius
of curvatures their focal lengths differ. Form the Fig.2, focal
lengths locations are following: 5.4 mm, 1.9 mm, and 1.1 mm.
None of the focal lengths are the same length and do not even
match the antenna’s distance from the lens (antenna array was
at 0.25 mm from the lens). Electric field values at the peaks
are following 37 V/m and 14-15 V/m where the excited plane
wave had strength 1 V/m. The εr11 lens has a visible electric
field peak inside the lens (-5 mm) that indicates a resonance
point. E-field 2-dimensional pictures are presented in Fig. 3.
Near by lens E-field pattern are shown that antenna main lobes
are gradually pushed towards the main lobe as the permittivity
is increased. The lens surface is not well illuminated within the
high permittivity material lenses, and almost the same beam
characteristics might be achievable with a lower diameter lens.
Almost the same directivity for silicon lenses can be achieved
by 10 mm diameter lens presented in [2]–[4]. Low permittivity
lens gain results are consistent with [8]–[10].

Part of the main beam investigated in line plot Fig4. In the
plot electric field values from the 2D electric field plot are
taken and presented as a line going through the dead center of
the lens. In the plot is clear that electric field from the antenna
array has the highest value at the antennas location and starts
gradually dropping. The lenses with different permittivity have
a different electric field intensity inside the lens and exited
electric field intensity differs (also frequency have effect on
the electric field behavior inside the lens and to the exited
electric field [13]). Those intensity peaks inside the lens can
be explained by the standing wave resonance that increases
with the permittivity as the reflection intensity from the lens
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Figure 3. Simulation results of near fields a) antenna b) εr2.0 c) εr5.0 d)
εr11.0. Dotted line shows the approximate maximum angle of the near field.

surfaces increases and due to the case where a reflection
matching layer is not used.
Phases of E- and H-field vectors were simulated in Fig. 5.

The E- and H-field phases show far field characteristics close
to 5 mm which is a lot closer than the calculated far field
distance for 30 mm antenna (1800 mm Table I). The lens
material is a passively behaving component for E- and H-
fields, thus far field propagation is achieved before the wave
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Figure 4. Simulated electric field change
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Figure 5. Simulated phase angle E- and H-field vectors of εr5 lens

leaves the lens. Far field antenna patterns follow the near- by
lens E-field patterns. Far field results are presented in Fig6.
and antenna parameters in table II. Lens focuses the main
lobe ie. collimate the beam which is seen as an increase in
the lens antenna gain. As the antenna has half power beam
width (HPBW) is 38 degrees and with lenses it shrinks by
30-35 degrees down to 3-6 degrees. Total radiation efficiency
was -0.04 dB, -2.16 dB, -3.35 dB and -3.0 dB and radiation
efficiency -1.41 dB -0.42 dB, -0.58 dB and -0.7 dB for the
antenna and permittivity 2,5 and 11.

030
60

90

120
160 180 160

120

90

60
30

-40-30-20
-10010
2030

(a)

030
60

90

120
160 180 160

120

90

60
30

-40-30-20
-10010
2030

(b)

030
60

90

120
160 180 160

120

90

60
30

-40-30-20
-10010
2030

(c)

030
60

90

120
160 180 160

120

90

60
30

-40-30-20
-10010
2030

(d)

Figure 6. Simulation results of far fields a) antenna b) εr2.0 c) εr5.0 d)
εr11.0



IV. CONCLUSION

Table III has the comparison of different permittivity lenses
and their impacts on different attributes. As the antenna and
the loss tangent was kept the same then the results only show
the effect to the lens shape and gain form the permittivity
change. As its clear that lens made of low permittivity material
tends to be more ellipsoidal (bullet shape) lens than lenses
made of high permittivity material because lens focal distance
needs to be close to the distance between the lens and the
antenna. Inside the lens electric field strengths varies related
to the permittivity and the field strength immediately after
the lens varies as well. Phase behavior is not consistent
with the different field region equations (Table I). The far
field characteristics were achieved at 5 mm, way before the
calculated distance 1.8 m. It is interesting to see the lens
permittivity having an effect on the side lobe directions. As the
permittivity increased side lobes tend to be pushed towards the
main lobe. The high permittivity lens will give improvements
to gain but the use of lower permittivity lens improvements to
gain would be +4 dB more than the silicon-based lens. In the
future low permittivity sustainable lenses will be studied.

Table III
PERMITTIVITY COMPARISON

Attribute Small (εr2) Medium (εr5) High (εr11)
Eccentricity Big Low None

Focus Long
(5.0 mm)

Small
(1.5 mm)

Small
(1.0 mm)

Near-field angle Wide
(15 mm)

Medium
(35 mm)

Small
(65 mm)

Main beam width Narrow Wide Narrow
Directivity Great Medium Medium
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