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Design and Fabrication of 3-D-Printed High-Gain
Broadband Fresnel Zone Lens Using Hybrid
Groove-Perforation Method for
Millimeter-Wave Applications

Shiyu Zhang

Abstract—This letter presents a novel hybrid design approach
for the Fresnel zone lenses (FZL). The method combines the two
conventional design approaches: grooved and perforated methods.
Perforated lenses minimize the shadow blockage that grooved
lenses suffer from, and therefore provide improved antenna gain.
However, the fabrication of the low refractive index regions in the
perforated lenses is challenging due to the limited manufacturing
resolution, which means low refractive index dielectrics cannot be
realized. The proposed hybrid FZL design utilizes the perforated
method for the inner regions and applies the grooved method for the
outer regions. This letter describes the equations used to optimize
the design and gives the general design guidelines. A hybrid FZL
antenna that operates at the center frequency of 33 GHz is pre-
sented. Measurement results show that the hybrid FZL improved
the realized gain by up to 3.2 dB and the -3 dB gain bandwidth by
up to 2 GHz when compared with the equivalent grooved FZL.

Index Terms—3-D printing, dielectric lenses, Fresnel zone lens
millimeter-wave.

I. INTRODUCTION

LENS is a well-known collimation component that is

A widely used for antenna directivity enhancement [1]-[3],
to mitigate limitations of path loss for long-range applications,
or to shape spot beams. Fresnel zone lenses (FZL) are known
for their thin profile, short focal length, and planar geometry
when compared with the traditional convex lenses, which benefit
compact lens antenna designs [4]—-[6]. It has been attractive for
consumer applications where the cost and the size of the antenna
are design criteria as well as their electromagnetic performance.
There are two main methods to design a single-material FZL.
The first one is called the “grooved” method, which replaces
the curved convex lens surface with a series of concentric
grooves. The grooves have different thicknesses, which realizes
individual refracting surfaces to adjust the phases of the waves
that pass through, and achieves an equal phase condition across
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the lens surface [7], [8]. However, because of the thickness
difference between contiguous grooves, the grooved Fresnel
lens (GFL) suffers the shadow blockage effect, which decreases
the gain when it is used for antenna applications [9], [10]. A
compact GFL with F/D < 0.5 is prone to the shadow blockage
effect [10]. The second method is known as the “perforated”
design. A perforated Fresnel lens (PFL) has a planar profile and
is composed of a series of concentric dielectric rings with the
same thickness. Each dielectric ring has its own effective relative
permittivity €,.g to offer phase compensation of the waves that
pass through, which also realizes the equal phase across the
lens surface. The desired e,.g are realized by perforating the
dielectric rings with varying the volume fractions of holes [11].
Because of the planar profile of the PFL, the shadow blockage
effect can be minimized and the gain of a PFL can be improved
by ~1 dB compared with an equivalent GFL [9]. Recently,
the advanced additive manufacturing (AM) technique has been
applied to perforated lens fabrication; the air/dielectric ratio can
be significantly increased with a reduced tooling cost thanks to
the AM process [12]-[15].

Although the PFL has a better electromagnetic performance
than the GFL, it is more challenging to fabricate the perforations
due to the required tight tolerance of tooling. Sometimes a
limited air/dielectric ratio is applied to prevent the material
from physically cracking. Moreover, the rings of the PFL are
constructed by periodical unit cells, and the unit cell designs
follow the effective medium theory to define the €,..¢. In practice,
since the minimum manufacturable feature is applied, the unit
cell size has to be large enough to realize a low air/dielectric
ratio for a low €,.g value [15]. However, an FZL has a decreased
zone width from the center to the outer of the lens [16], [17].
Therefore, towards the outer radius of the lens, the unit cell may
become greater than the width of the zone that hosts the unit cell.
In practice, this situation is common when a large zone number
or a large radius is chosen in the lens design. When the unit cell
is larger than the zone width, the ,.g of the fabricated zone may
not accurately agree with the designed value, which reduces the
effective aperture and gain of the lens.

In this letter, a novel hybrid single-material FZL design is
proposed to take advantage of both GFL and PFL designs. The
hybrid design includes both grooved and perforated features: it
replaces the PFL zones that have the unit cell greater than the
zone width by using the grooved zones, so the lens aperture size
is not compromised. In addition, the inner part of the lens is still
fabricated using the perforated design so the shadow blockage
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Fig. 1. Three unit cell designs. Dotted lines highlight one complete unit cell.
The three unitcellshave € o (a) > Erefr(b) > Eref(c) » Wmin(a) > Wmin(b) =
Wmin(c), and p(a) =p ) < p(c)-
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Fig. 2. Three perforated dielectrics that have designed effective permittivity
Ereff(a) > Erefi(b) > Eref(c)- Red boxes highlight the limited spaces that can
host the unit cells. Blue lines indicate the dielectrics and white areas are the air.
Faded blue lines outside the red boxes are for visualizing the unit cell sizes and
do not physically exist. In the limited spaces (outlined by the red boxes), the
effective permittivities have €,ef(q) > Ereff(b) = Erefi(c)-

can be minimized, which improves the gain and bandwidth of
the lens compared with a GFL. To prove the concept, a hybrid
FZL is presented. Three-dimensional (3-D) printing was used for
rapid prototyping the lens and offers the capability of realizing
an artificial dielectric with a high air/dielectric ratio and low
Ereff-

II. UNIT CELL AND HYBRID LENS DESIGN

A rectangular grid pattern was chosen to maximize the
air/dielectric ratio, which enables a wide range of ¢,.g values to
be realized. Fig. 1 shows the rectangular grid unit cell design.
This heterogeneous unit cell is defined by the periodical dielec-
tric grid lines. Air cubes are created by the surrounding dielectric
grid lines. An effective way to reduce the ¢, of the unit cell is
to reduce the grid line width so the air volume is increased, see
Fig. 1(a) and (b). However, the line width cannot be reduced
to an infinitesimal dimension in practice. And the minimum
realizable line width is determined by the minimum manufacture
feature size. In conventional perforation or injection molding
manufacturing approaches, this can be the minimum distance
between the perforated holes or the minimum width of the mold
walls. Therefore, to further reduce the ¢, of the unit cell, the
unit cell size (periodicity) can be increased but the dielectric
line width remains the minimum manufacturable width, see
Fig. 1(b) and (c). Note, the unit cell size should be smaller than
the wavelength to satisfy the periodical boundary condition.

When the unit cells are used in a limited area, such as concen-
trical lens rings, extra care should be taken to ensure at least one
complete unit cell falls in the defined space so the e, for that
area is accurate. Fig. 2(a) shows a perforated dielectric material
that has the unit cell smaller than the entire effective medium
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Fig. 3. Hybrid FZL design sketch. (a) Fresnel zones and the cross section of
a GFL. (b) PFL design. (c) Hybrid design.

area; in this scenario, the e, is defined by the air/dielectric ratio
of the unit cell. However, when the perforation unit cell is larger
than the entire effective medium area, shown in Fig. 2(b) and
(c), the calculated €, by using the effective medium theory is
no longer accurate because Fig. 2(b) and (c) shows that the two
dielectric areas have a similar air/dielectric ratio but the designed
Ereff(p) IN Fig. 2(b) is greater than e,qq (., see Fig. 2(c). This
inaccurate €. scenario often occurs at the outer region of the
lens where the zone width is too small to host an entire unit cell.

The concept of the hybrid design, shown in Fig. 3, is to keep
the perforated inner part that has the unit cell smaller than the
zone width and use the grooved design for the outer part that has
the unit cell larger than the zone width. An FZL has multiple
full-wave zones and subzones, shown in Fig. 3(a). The equivalent
GFL in Fig. 3(a) and PFL in Fig. 3(b) have the same radius, the
number of subzones and the subzones widths. The hybrid FZL
in Fig. 3(c) utilizes the perforated dielectrics that have the same
thickness in the central part of the lens. For the outer region of
the hybrid lens, the grooved dielectric zones that have the same
dielectric constant are applied.

Inan FZL, a subzone is a part of one full-wave zone. The wave
that passes through all the full-wave zones will be considered
to have the same phase. The full-wave zone is usually divided
into P subzones and each subzone will correct the phase every
27/ P. Usually, the subzone number P is chosen as 4, 8, or 16
that means each subzone will correct the phase everyn/P. A
large P value leads to a small phase difference between adjacent
subzones for maximum radiation efficiency of the FZL; and to
a narrow subzone width, which requires smaller unit cells to be
completely fitted in the zone. This requires a fine manufacture
feature size with tight tolerance.
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The full-wave zone number W can be estimated by
VF?2+R?>-F
A

where R is the radius of the lens, F is the focal length, and A is
the design wavelength. The focal length and the lens diameter
result in the full-wave zone number W = 3.

The outer radius of sth subzone of the FZL is obtained by [7]

2SAF+ a2 19
Ts = e s = g Ly e
: P p)°

where s is the subzone number, and WP is the product of W and
P. The zone number s determines the location of this subzone.
The subzone width of sth subzone d is

ds=1s—7151,8 =1,2,...., WP, rg=0 3)

W= (N

WP (2)

The required €, of each subzone can be found by:
2
e = {M;”_l VEDO (WP — s+ 1) mod P| + \F,.O}

s=1,2,..., WP )

where mod is the modulo operation to find the remainder after
a division, €,.,,4, 1S the maximum material relative permittivity
equal to the permittivity of the 3-D-print filament, and €, = 1.
Then, unit cell simulations with periodic boundary conditions
were carried out to determine the perforation unit cell structures
for the desired &, values. The unit cell size can be estimated
from the material infill % [18]
i = _Er—¢&0 5)
Ermaz — Er0
The unit cell size (periodicity) p is a function of the infill
percentage i and the minimum infill grid width wyy;,

Wmin + Wmin Vv 1—1

7

= (6)

Once the unit cell is finalized, the unit cell size is used to
compare with the subzone width d to decide whether a grooved
subzone should be used. The thicknesses of the grooved zones
depend on their location of the subzone and are different from
each other, which can be found by

A

ly, =————— [WP—-5s5+1 dP
= =y p (WP s+ 1) mod
s=1,2,...,WP. (7)

The thicknesses of all perforated subzones ¢,, are the same
A

tp="+———"""——
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III. RESULTS

(P—1). ®)

In this letter, the lens is designed to operate at the center
frequency of 33 GHz. The lens is fed by an WR28 open-ended
waveguide. The edge taper is chosen at —10 dB, which is consid-
ered as the optimal value for dielectric lens antennas [19]. The
lens is designed to have a focal length of 30 mm and a diameter
of ~100 mm, which results in an F/D ratio of ~ 0.3.

TABLE I
LENS PARAMETERS AS CALCULATED FROM (1) TO (8) FOR THE GROOVED LENS
(GFL), PERFORATED LENS (PFL), AND HYBRID LENS (HL)

Subzone
number

Radius /mm |11.9(17.1|21.3]|25.1|28.5|31.7(34.8(37.7|40.6|43.4|46.1| 48.8

12|34 (5|67 |89 (101112

Thickness AGEL 0 [93 62311 0 JosT62]s1] o [93]62] 51
1eNESS MpEL 9.3
mm
HL 9.3 [31] 0 J93]62]31
Relative |GFL 3
claive el 1 [3 2215 1 [ 3 [22]15] 1] 3 [22] 15
Permittivity
HL| 1|3 [22]1s] 13 [22 3

The lens was 3-D printed by using the low-cost fused filament
fabrication 3-D-printer (Raise 3-D) with low-loss ABS based 3-
D-print filament PREPERM TP20279 (&, = 3, tand = 0.0046).
The infilled grid lines were extruded by the printer nozzle that
has a 0.4 mm diameter. The nozzle diameter determines the size
of the minimum printed feature. The relationship between the
unit cell size and the €,.g was simulated by using CST Studio
Suite. The unit cell size for e.eg = 2.2 is 1.1 mm, and for
ereft = 1.51s 3 mm. Simulations of the unit cell designs showed
stable angular stability, which ensured the effective permittivity
remains constant when the incident angles (in both axes) were
increased up to 60°.

The lenses with P = 2, 4, 6, and 8 were simulated. The
lens with P = 2 had a relatively low gain and bandwidth when
comparing with the lenses with P = 4, 6, and 8. However, the
lenses with P = 6 and 8 had narrow subzone widths, which
means that the required unit cells cannot be realized using the
0.4 mm 3D printer nozzle. Therefore, P = 4 was chosen.

The final designed parameters of the hybrid FZL are shown
in Table I. The parameters of the equivalent GFL and PFL are
also included for comparison. The lowest permittivity is made
to equal to 1 so air rings can be used to minimize the weight. The
design sketch of the proposed hybrid lens is shown in Fig. 4. The
zones that have £,. < 3 were realized by the perforated dielectrics
with grid infill patterns.

For comparison, a GFL was also fabricated. Note, the PFL
cannot be fabricated as the unit cells at the outer region of
the lens were larger than the subzone width. Therefore, only
the simulated results of the PFL were included for comparison.
CST Studio Suite was used for the full-wave simulations. The
effective dielectric mediums with the grid infill patterns were
simulated as homogeneous dielectrics for reducing the required
computational resources. Therefore, the simulated PFL was an
ideal case and the simulated results of the PFL were used to
benchmark the lenses’ performance. The feed points of all three
lenses were optimized so the highest directivities were obtained
at the design frequency of 33 GHz. Note, the optimized feed
distance of the GFL is ~1 mm longer than the feed distances
of the hybrid FZL and PFL. The hybrid FZL and the GFL
were measured in a spherical near-field anechoic chamber. The
fabricated hybrid FZL and the GFL are shown in Fig. 5(a) and
the measurement setup is shown in Fig. 5(b).

The measured directivity patterns at the frequencies of 30, 32,
34, and 36 GHz show good agreement with the simulations see
Fig. 6. The measured side lobes were all under —16 dB, and the
3 dB beamwidth ranged from 5.1° to 6.8°. The directivity as a
function of the frequency of the hybrid FZL and the GFL are
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Fig. 4. Design sketch of the proposed hybrid FZL. (a) PFL. (b) GFL.
(c) Perforated part of the PFL that is used for the hybrid FZL. (d) Grooved
part of the GFL that is used for the hybrid FZL. (e) Hybrid FZL that has the
perforated center and the grooved outer. Each color represented different &,..

(a) b)

Fig. 5. (a) Photographs of the fabricated hybrid lens, with zoomed-in view
of perforated zones that utilize the rectangular grid patterns. (b) Measurement
setup: the lens holder was 3-D-printed and hollow to minimize the effect on the
radiation pattern.

shown in Fig. 7(a), compared with the simulated directivity of the
PFL. As shown in Fig. 7(a), the hybrid FZL offers a broadband
performance that is close to an ideal PFL that is composed
of multiple homogenous dielectric rings. Fig. 7(a) shows that
hybrid FZL and GFL lenses have similar directivities below
33 GHz, which indicates that the diffraction due to the shadow
blockage is small when the frequency is lower than the designed
frequency of the lenses. However, the hybrid FZL improves the
directivity by up to 3.2 dB at the higher-end frequencies when
compared with the GFL. A hybrid FZL with a reduced number of
outer grooved rings was also simulated, to verify the contribution
of the outer grooved rings to the collimation of the main beam.
After removing the five outer grooved rings, only the perforated
region of the hybrid FZL is left, and the directivity of this smaller
lens is ~2.5 dB smaller than the full hybrid lens at the design
frequency of 33 GHz. The measured realized gain (including
the mismatch loss) of the hybrid FZL ranged from 13.2 dBi
to 25.6 dBi, and achieved a —3 dB gain fractional bandwidth of
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Fig. 6. Simulated and measured directivity patterns of the proposed hybrid
FZL. (a) 30 GHz. (b) 32 GHz. (c) 34 GHz. (d) 36 GHz.
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Fig. 7. (a) Simulated and measured directivity (left) of the hybrid FZL, and

the equivalent GFL and PFL. (b) Measured total efficiency and the aperture
efficiency (right) of the hybrid FZL and the GFL as a function of frequency.

~25%. The measured total efficiency and the aperture efficiency
(both include the mismatch loss) of the hybrid FZL and the GFL
are shown in Fig. 7(b). It shows that the proposed hybrid FZL
antenna offers ~74% to 95% total efficiency at the frequency
range between 26 and 40 GHz with the aperture efficiency of
up to 31.1% at the center frequency of 33 GHz, and the hybrid
FZL clearly improves the aperture efficiency and the bandwidth
compared with the GFL.

IV. CONCLUSION

In this letter, a high-gain and wideband FZL that utilized the
groove-perforation hybrid method is proposed, additively man-
ufactured, and verified experimentally. The hybrid approach has
been developed to overcome the challenge when the perforated
unit cell is larger than the Fresnel zone ring width. In practice,
a tabular database for the manufacturable unit cell sizes and the
€reft can be created using (5) and (6). A perforated FZL can
be initially designed based on the required F/D ratio. Then, the
grooved rings are used to replace the perforated rings that have
their width smaller than the required unit cell size. Compared
with a GFL, the hybrid approach improves the directivity, total
efficiency, aperture efficiency, and bandwidth of the lens antenna
and offers the performance close to an ideal PFL which cannot
be practically manufactured. The hybrid approach gives an extra
degree of freedom for the design and fabrication of the FZL
because the outer zones do not have to comprise the unit cell
size of the effective dielectrics. This is particularly useful for
the compact, low-cost mm-Wave lens antenna applications.
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