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Abstract—The main aim of this paper is to develop new
configurations of antennas compatible with 3D printing for
5G applications. Due to the 5G’s need for larger bandwidth
allocations, the millimeter-wave band must be used. The
antenna’s technology chosen are transmit-arrays, which are
composed of several unit-cells, since they can reach high gain,
are thin, lightweight and have a low cost of manufacture. This
paper presents a new concept of unit-cells compatible with
3D printing for the V-band, that consists in printing only the
dielectric part (PLA) of the unit-cells and then glue over it
a thin substrate (Polyester or Rogers Duroid 5880) with the
metallized elements. In this paper two types of transmit-arrays
are designed, a collimated-beam one and a shaped-beam one
to synthetize a radiation pattern complying with a cosecant-
squared radiation pattern template. As a proof of concept, two
collimated transmit-arrays’ prototypes are manufactured and
tested. One composed of PLA and Polyester unit-cells with
dimensions 42x42 mm2 and a focal distance of 30 mm, and
another composed of PLA and Rogers Duroid 5880 cells with
dimensions 63x63 mm2 and a focal distance of 45 mm. The first
one presents a gain of 23.5 dB at 62.3 GHz and a radiation
efficiency of 25% and the second one a gain of 24.5 dB at 60
GHz and a radiation efficiency of 14.1%. The experimental
results comply with simulated ones, validating this new concept
of unit-cells and the manufactured prototypes.

Index Terms - Transmit-arrays, millimeter-wave antennas,
collimated-beam antennas, shaped-beam antennas, isoflux
radiation pattern, 3D Printing

I. INTRODUCTION

The demand for high bandwidth services (ultra-high defi-
nition video, virtual reality applications, etc.) originated the
need for networks with higher capacity. Therefore, the 5th

generation of wireless networks (5G) is expected to target 1000
times higher capacity than 4G wireless communication [1].

Since millimeter-wave carrier frequencies allow for larger
bandwidth allocations, which means higher data transfer rates
are achieved, the millimeter-wave band (30-300 GHz) must be
used for 5G [2] in order to achieve such a major increase in
capacity.

Antennas will be a crucial part of the necessary technology
for the implementation of this new wireless network, forced to
overcome typical difficulties in these bands, such as efficiency
and production costs, without sacrificing the radiation char-
acteristics. For this type of network, the antenna must have
a high gain, a beam steering function to guarantee wireless
connections, must also be able to spatially focus the radio
signal to a specified direction, so that the energy consumption
for data transferring can be efficiently reduced [3] and must

be highly efficient to compensate the propagation loss of radio
signals over the air. To satisfy these requirements, transmit-
arrays are a promising technology[4] , since they are thin,
planar, lightweight and can reach high gain. Furthermore, this
type of antenna can be easily manufactured and with a reduced
cost by using a 3D printing technology.

The objective of this dissertation is to study and analyze
new configurations of antennas compatible with 3D print-
ing for the millimeter-wave band, more specifically for the
unlicensed V band, suitable for the characteristics of 5G
wireless networks, being the main goal to manufacture an all
3D printed antenna. Therefore, the design of the unit-cells
that compose the transmit-arrays must be compatible with the
printing technology of the 3D Printer [5] available in Instituto
de Telecomunicações (IT) of Técnico Lisboa.

A solution compatible with the 3D printer would be to have
unit-cells composed only of a dielectric material, however,
with that solution the unit-cells would be too thick. In order
to reduce the thickness of the cells, some metallized elements
must be introduced. Nevertheless, due to the characteristics
and printing technology of the 3D printer and to the melting
temperature of the dielectric, it is not possible to print the
dielectric part and the metallic elements in the same printer.

Therefore, a new concept of hybrid unit-cells compatible
with 3D printing is proposed. This new concept consists in
printing the dielectric part of the unit-cells on the 3D printer
and then glue on the bottom and top surfaces of the cells a
thin substrate with the printed metallized elements.

In this dissertation, two types of antennas are designed, a
collimated transmit-array with high-gain for backhaul and an
isoflux transmit-array for a 5G Wireless Hotspot. As a proof of
the new concept of unit-cells, two collimated transmit-arrays’
prototypes are manufactured and tested.

There has been extensive research on the design of wide-
band high gain antennas for applications of the millimeter-
wave band. The literature presents a wide variety of antennas
technologies, such as microstrip antennas [6, 7], waveguide
slot antenna arrays [8–10], parabolic reflectors [11], substrate
integrated waveguide (SIW) based planar arrays [12–15] and
transmit-array antennas [4, 16–22]. However, the microstrip
antenna arrays present high losses; the waveguide slot antenna
arrays have high manufacture costs; the parabolic reflector
antennas come with the cost of high weight and volume and
the substrate integrated waveguide based planar arrays will
incur in high amount of losses for larger arrays.

The transmit-arrays presented in recent literature to operate
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in V-band [4], [16], [19] and [21] are all manufactured using
a standard PCB technology. The transmit-arrays proposed in
this dissertation present a different approach, since they are
manufactured using a 3D printing technology.

Several antenna technologies have been used for antenna
radiation pattern shaping, such as arrays [23–25], reflectors
[26–28], dielectric lenses [29, 30], reflect-arrays [31, 32]
and transmit-arrays [33–36]. However, arrays may become
complex, bulky and with an elevated cost of manufacture
at millimeter-waves; reflectors are not very flexible, since
after being manufactured, the reconfigurability of the radiation
pattern is very low or even inexistent and dielectric lenses
tend to be bulky, heavy, lossy and the reconfigurability of the
radiation pattern is also low.

Reflect-arrays and transmit-arrays are good candidates for
beam shaping, since they are thin, planar, lightweight and have
a low cost of manufacture, being this last technology the best
candidate for beam shaping.

The transmit-array presented in [36] is different from the
one proposed in this thesis, since the radiation pattern of
the cosecant-squared transmit-array designed in section IV is
synthetized only through the different phase values introduced
by the unit-cells.

The paper is organized as follows. The analytical formula-
tion of the collimated and cosecant-squared transmit-arrays
is presented in section II. In section III, the unit-cells are
design and the simulation results are shown. The transmit-
arrays’ design and simulation results are presented in section
IV. The prototypes’ fabrication process and measurements are
shown in section V. Finally, in section VI the main conclusions
are drawn.

II. FORMULATION

This section presents the analytical formulation for
a collimated-beam transmit-array and for a shaped-beam
transmit-array to synthetize the radiation pattern complying
with a cosecant-squared radiation pattern template.

Transmit-arrays are quasi-periodic planar structures illumi-
nated by one or more focal sources located at a focal distance
F from the array. In a general way, transmit-arrays are planar
lenses that have the same behavior as dielectric lenses, but
with a lower weight, profile and cost of manufacture.

The transmit-array is composed by several phase shifting
elements (unit-cells), that are designed to compensate the
electrical path length between the focal source and each
element of the array by introducing a phase shift.

The unit-cells are distributed along the array according to
the phase correction function of the transmit-array in order
to transform an arbitrary incident wave front into a specific
outgoing wave front.

There are two types of unit-cells that can be used on the
design of transmit-arrays, phase delay [37, 38], and phase
rotation cells [39–41]. In the phase delay unit cells, the relative
phase is the difference of phases between adjacent unit-cells
(the unit-cell that is being analyzed and a reference cell), and
it is obtained through different equivalent transmission line

lengths for each cell, while in the phase rotation cells, the
relative phase is obtained through the relative angle of in-plane
rotation of the metallized elements between adjacent cells.

In this work only phase delay unit cells with different
geometries of metallized elements are used.

A. Collimated transmit-array

Fig. 1 shows the working principle of a generic transmit-
array located at the plane z = 0 fed by a focal source positioned
at the coordinates (0, 0,−F ).

Fig. 1. Transmit-array working principle.

The transmit-arrays studied in section IV are designed to
introduce a phase correction φlens(x, y, f) that transforms the
incident spherical wave front into a collimated outgoing planar
wave front. The phase correction function of the transmit-
array φlens(x, y, f) is given in terms of the frequency and
the position of the elements of the transmit-array and can be
written as:

φlens(x, y, f) = k0 · h(x, y) (1)

where k0 = 2πf/c is the free space wave number, being f
the frequency and c the speed of light in vacuum, and h(x, y)
is an equivalent compensation length, that besides being only
a physical length, it can include other phase compensation
conditions, for example, if α(a) is different from zero.

In order to obtain a collimated output beam with an ar-
bitrary tilt angle α0 in the zenithal direction, the equivalent
compensation length at each point (x, y) of the transmit-array
must be given by [38]:

h(x, y) =
√
x2 + y2 + F 2 − x · sin(α0) (2)

When α0 = 0, φlens(x, y, f) corresponds to the broadside
Fresnel correction, being h(x, y) simply the physical length
travelled by a ray from the phase center of the focal source to
each point (x, y) of the transmit-array.

B. Cosecant-squared transmit-array

Fig. 2 shows the geometry of a transmit-array with dimen-
sions DA and centered at the origin of the coordinate system,
that is illuminated by a primary source with a radiation pattern
U(θ) located at the plane z = −F . The transmit-array is
intended to introduce a phase distribution ϕ(x) in order to
transform the radiation pattern of the source into a desired
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radiation pattern template G(α), that in this case is a cosecant-
squared function.

Fig. 2. Geometry of the cosecant-squared transmit-array.

The design formulation is based on geometrical optics
(GO) and in the GO limit, the shape of the outgoing wave
front is sufficient to determine the shape of the far-field
radiation pattern template G(α). The design process involves
two independent steps, since it has a planar geometry. The
first step is to find the function α(x) and the second step is to
find the phase distribution ϕ(x), that makes each ray to exit
each point (x, y) of the transmit-array’ surface according to
the direction α(x).

The solution to step 1 can be obtained through a first order
differential equation, which results from the application of the
law of conservation of energy in a tube of rays originated
at the feed’s phase center propagating along the angle θ and
then transformed in the transmit-array following the direction
α (see tube of blue rays in Fig. 2). The first order differential
equation can be written as:

U(θ)dθ = KTG(α)dα (3)

where K is an energy normalization constant and T is the
power transmissivity of the transmit-array.

The equation (3) can be rewritten as:

dα

dθ
=

U(θ)

KTG(α)
=

U(θ)cos(α)

KG(α)cos(θ)
(4)

considering that T , which is the field transmission factor
through the transmit-array, is approximately one and is po-
larization independent, and that the only factor that influences
the transmissivity is the ratio between the areas dA1 and dA2

(see Fig. 2).
From Fig. 2, noting that

tan(θ) =
x

F
(5)

it becomes simple to demonstrate that:

dθ

dx
=
cos[θ(x)]2

F
=

F

F 2 + x2
(6)

Since this problem has a planar geometry is preferable
to express the equation (4) in function of x and not θ and
considering (6), it is possible to re-write (4) as:

dα

dx
=

U [θ(x)]cos[α(x)]

KG[α(x)]cos[θ(x)]

F

F 2 + x2

=
U [θ(x)]cos[α(x)]

KG[α(x)]

1√
F 2 + x2

(7)

The K constant is determined from the power balance be-
tween the incident and transmitted waves and can be expressed
as:

K =

∫ θmax

−θmax
U(θ) 1

cos(θ)dθ∫ αmax

αmin
G(α) 1

cosαdα
(8)

where αmin and αmax are the cosecant-squared roll-off angles,
that is, the limits of the interval where the target radiation
pattern is not negligible and θmax is the maximum subtended
angle by the feed and is given by:

θmax = tan−1
DA

2

F
= tan−1

DA

2F
(9)

The value of α(x) can be obtained directly from the
integration of the equation (7) in order to x with appropriate
initial conditions.

The solution to step 2 is now addressed. The phase distri-
bution ϕ(x) introduced by the transmit-array in each point x
must compensate the phase of the complete ray trajectory (see
Fig. 2), so:

ϕ(x) = k0[r(x) + L(x)] (10)

where r(x) is the distance from the source’s phase-center to
a point of the transmit-array and L(x) is the path length from
the transmit-array’ surface to the wave-front.

In order to calculate L(x), the fact that the wave front is
for definition normal in each point (of the wave front) to the
propagation direction α(x) of the output rays is taken into
account, as it can be seen in Fig. 3.

Fig. 3. Schematic of the output rays on the wave front.

When analyzing Fig. 3 it is possible to verify that:

dz

dx′
= −tan[α(x)] (11)

where x′ is a transformed radial coordinate associated with
the wave-front and is given by:
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x′ = x+ z · tan[α(x)] (12)

Since it is preferable to express (11) in order to x and
deriving (12), (11) can be rewritten as:

dz

dx
=
dz

dx′
dx′

dx
= −tan[α(x)]− dz

dx
tan[α(x)]2

− z dα(x)
dx

tan[α(x)]sec[α(x)]2
(13)

The coordinate z(x) of the wave front is solution to the
following first order differential equation:

dz

dx
= −tan[α(x)]1 + z(x)α′(x)sec[α(x)]2

(1 + tan[α(x)]2
(14)

where α′(x) is the first order derivative of α(x) in order to x
and is already defined in (7).
z(x) is obtained from the integration of the equation (14)

in order to x with z = L0 in x = xi as initial condition.
Therefore, L(x) is given by:

L(x) =
z(x)

cos[α(x)]
(15)

The cosecant-squared transmit-array is applied to a wireless
hotspot that is to be placed in a lightning pole to provide a
constant flux illumination of a sectored area of a street.

III. DESIGN AND SIMULATION RESULTS OF THE
UNIT-CELLS

Two family of unit-cells are studied in this dissertation,
one composed of PLA and a Rogers Duroid 5880 substrate
and another composed of PLA and a Polyester substrate. The
design of the unit-cells must comply with a desired set of
specifications, such as a transmission coefficient amplitude
better than -1.5 dB and the required phase value to achieve
a phase shift of 360° while having the smallest possible
thickness.

The unit-cells are simulated using the Frequency Solver of
CST Microwave Studio™[42] software with periodic bound-
aries conditions.

A. PLA unit-cells with Rogers Duroid 5880 substrate

This family of unit-cells is composed of four types of unit-
cells with a width of 1.5 mm and a thickness of 3.568 mm.
The first type of cell has six different unit-cells, the second
type has also six, the third type has five and the last type has
seven different unit-cells, making a total of 24 unit-cells.

The first type of cell is composed of a PLA layer of
thickness 2.992 mm with a Rogers Duroid 5880 substrate of
thickness 0.254 mm glued to the bottom and top surfaces of
it. The substrate has a metallized square patch of thickness
0.017 mm with a variable size printed on both sides of it.

The second type of cell is composed of a PLA layer of
thickness 2.8 mm and a vacuum layer of thickness 0.112
mm. The Rogers Duroid 5880 substrate of thickness 0.254
mm is glued to the bottom surface of the PLA layer and

to the top surface of the vacuum layer. The substrate has a
metallized square patch of thickness 0.017 mm with a variable
size printed on the top surface of it.

The third type of cell is composed of a PLA layer of
thickness 2.992 mm with a Rogers Duroid 5880 substrate of
thickness 0.254 mm glued to the bottom and top surfaces of
it. The substrate has a metallized square patch of thickness
0.017 mm with a variable size and a metallized strip loop of
thickness 0.017 mm with a width of 0.05 mm printed on both
sides of it.

The last type of cell is composed of a PLA layer with a
variable thickness and a vacuum layer also with a variable
thickness, that is the difference between 2.992 mm and the
thickness of the PLA layer. The Rogers Duroid 5880 substrate
of thickness 0.254 mm is glued to the bottom surface of the
PLA layer and to the top surface of the vacuum layer.

Fig. 4 shows the design of the basic unit-cell that has all
the components that compose the four types of unit-cells.

All unit-cells have a transmission coefficient magnitude
better than -1.5 dB around 60 GHz and with this family of
unit-cells it is possible to attain the desired phase shift of 360°.

Fig. 4. Design of the basic unit-cell.

B. PLA unit-cells with Polyester substrate

This family of unit-cells is composed of three types of unit-
cells and a vacuum cell with a width of 1.5 mm and a thickness
of 3.534 mm. The first type of cell has seven different unit-
cells, the second type has four and the last type has eight
different unit-cells, making a total of 20 unit-cells.

The first type of cell is composed of a PLA layer of
thickness 3.33 mm with a Polyester substrate of thickness
0.085 mm glued to the bottom and top surfaces of it. The
substrate has a metallized square patch of thickness 0.017 mm
with a variable size printed on the top side of it.

The second type of cell is composed of a PLA layer of
thickness 3.33 mm with a Polyester substrate of thickness
0.085 mm glued to the bottom and top surfaces of it. The
substrate has a metallized square patch of thickness 0.017 mm
with a variable size and a metallized strip loop of thickness
0.017 mm with a width of 0.05 mm printed on the top side
of it.

The last type of cell is composed of a PLA layer with a
variable thickness and a vacuum layer also with a variable
thickness, that is the difference between 3.33 mm and the
thickness of the PLA layer. The Polyester substrate of thick-
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ness 0.085 mm is glued to the bottom surface of the PLA
layer and to the top surface of the vacuum layer.

The vacuum cell is composed of a 3.33 mm vacuum layer
with a Polyester substrate of thickness 0.085 mm on the top
and bottom surfaces.

The design of these unit-cells is similar to the one of Fig. 4,
except that the PLA and Polyester unit-cells only have printed
metallized elements on the top surface of the substrate.

All unit-cells, except the first one of the first type of cells,
have a transmission coefficient magnitude better than -1.5 dB
around 60 GHz. Despite the configuration of these unit-cells
be the more similar to an all 3D printed solution, since the
Polyester substrate is very thin, it is only possible to achieve
a phase shift of 275° with them, due to the condition |S21| >
−1.5 dB.

IV. TRANSMIT-ARRAY DESIGN AND SIMULATIONS
RESULTS

In this section, three transmit-arrays, using the unit-cells de-
veloped in the previous section, are designed and simulated by
full-wave simulation in the unlicensed V-band. One transmit-
array is designed with the PLA unit-cells with Polyester
substrate, while the other two are designed with the PLA unit-
cells with Rogers Duroid 5880 substrate. Two of the transmit-
arrays are designed to collimate the output beam and the third
is designed to generate an output cosecant-squared radiation
pattern.

All transmit-arrays are illuminated by an ad hoc feed.

A. Feed

The ad hoc feed is composed of a rectangular waveguide
and a PLA mini-lens on the radiating side. The interior
aperture of the rectangular waveguide has dimensions 3.6 mm
x 1.9 mm and the waveguide has a length of 13 mm. The
PLA lens is a spherical cap with radius 6.2 mm and with a
hemisphere cutting the sphere at 5 mm of the sphere’s center.
The waveguide intersects the PLA lens 2.5 mm above the cut
in the sphere.

The ad hoc feed is analyzed by performing a full-wave sim-
ulation using the Time Solver of CST Microwave Studio™[42]
software. The simulated H and E plane far-field realized gain
radiation patterns of the feed at the frequency 62.3 GHz are
represented in Fig. 5.

-50 50
Theta [°]

-20

-10

10

Realized gain [dB]

H-plane E-plane

Fig. 5. Simulated H and E plane far-field realized gain radiation patterns at
62.3 GHz.

Analyzing Fig. 5, it is possible to verify that the feed
presents a realized gain of 11.9 dB. The feed has a directivity
of 13.6 dBi. It is also possible to see that the radiation patterns
are not equal in both planes, therefore, the radiation patterns
of the transmit-arrays are also going to be different in both
planes.

B. PLA and Polyester Transmit-array

The PLA and Polyester transmit-array is designed with the
PLA unit-cells with Polyester substrate to collimate the output
beam. The square transmit-array has as dimensions DAx =
DAy = 42 mm, being formed by 28 x 28 cells, and has a
thickness of 3.534 mm.

The transmit-array is illuminated by the ad hoc feed, with
its phase center placed at a focal distance F = 30 mm of the
bottom surface of the transmit-array to provide an edge taper
illumination around -10 dB.

The antenna structure is simulated by full-wave simulation
using the Time Solver of CST Microwave Studio™[42] soft-
ware with two plane symmetries to reduce the computation
time. The simulated H and E plane far-field realized gain
radiation patterns at the frequency 62 GHz are shown in Fig.
6.

-50 50
Theta [°]

-10

10

20

Realized gain [dB]

H-plane E-plane

Fig. 6. Simulated H and E plane far-field realized gain radiation patterns at
62 GHz.

Analyzing Fig. 6, it is possible to see that the transmit-array
presents a realized gain of 24.3 dB. The transmit-array has a
directivity of 25.6 dBi and presents a cross-polarization level
close to -100 dB in both planes. Also the transmit-array has
an aperture efficiency of 40.7% and a radiation efficiency of
30.2%. This value agrees with the values usually obtained for
this type of antenna (30-40%).

C. PLA and Rogers Duroid 5880 Transmit-array

The PLA and Rogers Duroid 5880 transmit-array is de-
signed with the PLA unit-cells with Rogers Duroid 5880
substrate to collimate the output beam. Since in a collimated
antenna when the dimension of the array increases the direc-
tivity tends to increase too, a compromise must be found in
order to have the smallest antenna possible with the highest
gain. Therefore, the dimensions chosen for the transmit-array
are DAx = DAy = 63 mm, corresponding to an array of 42 x
42 cells.

The transmit-array has a thickness of 3.568 mm and is also
illuminated by the ad hoc feed, with its phase center located
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at a focal distance F = 45 mm of the bottom surface of the
transmit-array. This focal distance is chosen to provide -10 dB
illumination tapering on the transmit-array edge.

The antenna structure is simulated by full-wave simulation
using the Time Solver of CST Microwave Studio™[38] soft-
ware with two plane symmetries to reduce the computation
time. The simulated H and E plane far-field realized gain
radiation patterns at the frequency 60 GHz are shown in Fig.
7.
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Fig. 7. Simulated H and E plane far-field realized gain radiation patterns at
60 GHz.

Analyzing Fig. 7, it is possible to see that the transmit-
array presents a realized gain of 26.5 dB. The transmit-array
has a directivity of 28.8 dBi and presents a cross-polarization
level close to -115 dB in both planes. Also the transmit-array
has an aperture efficiency of 38% and a radiation efficiency of
22.4%, since the maximum directivity for an aperture with the
same dimensions as this transmit-array is 33 dB. The radiation
efficiency is smaller than the values usually obtained for this
type of antenna.

D. Cosecant-squared Transmit-array

The output beam of the cosecant-squared transmit-array is
designed to follow a target radiation pattern G(α), that is given
by:

G(α) =

{
cscα2 if αmin ≤ α ≤ αmax
0 if α > αmax

(16)

where αmin=5° and αmax=86° are the roll-off angles.
The two remaining parameters still undefined are the di-

mensions of the transmit-array DA and its focal distance F .
As DA increases, so increases the agreement between the
output and target radiation patterns. Also as the focal distance
F increases, the variation of phase along the transmit-array
tends to slow, which leads to less phase jumps of 360°. This
is desirable, since too many phase jumps reduce the space to
have enough cells to properly represent the phase distribution
function, and therefore, accurately reproduce the outgoing
radiation pattern. However, it is desired to have a compact
antenna, which means, a reduced DA and F , and as such a
compromise must be found.

Therefore, the cosecant-squared transmit-array, which is
designed with the PLA unit-cells with Rogers Duroid 5880
substrate, has as dimensions DAx = 51 mm, DAy = 30 mm
and a thickness of 3.568 mm.

Similarly to the other two transmit-arrays previously de-
signed, this transmit-array is also illuminated by the ad hoc
feed, with its phase center located at a focal distance F = 25
mm of the bottom surface of the transmit-array to provide an
edge taper illumination around -10 dB.

The antenna structure is simulated by full-wave simulation
using the Time Solver of CST Microwave Studio™[42] soft-
ware with one plane symmetry to reduce the computation time.
The simulated H plane far-field directivity radiation pattern at
frequency 60 GHz is compared to the output radiation pattern
template G(α) in Fig. 8.

Analyzing Fig. 8, it is possible to verify the resemblance
between the simulated radiation pattern and the cosecant-
squared template radiation pattern, in spite of the presence of
nulls due to the transitions between distinct types of unit-cells.

20 40 60 80
Theta [°]

-10

-5

0

5

10

15

20
Directivity [dBi]

Cosecant squared Simulated

Fig. 8. Comparison of the simulated H plane far-field directivity radiation
pattern with the cosecant-squared radiation pattern template at 60 GHz.

Fig. 9 shows the flux distribution over the constant plane x
= 10. This means that in the simulated scenario, the antenna is
placed 10 m above the street level. In the simulated scenario,
a 50 m wide street is considered and the objective is to
illuminate the street up to a total distance of 100 m from
the antenna.

-20 -10 0 10 20
0

20

40

60
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y [m]

z
[m

]

-0.88

0.88

2.64

4.40

6.16

7.92

9.68

11.44

13.20

14.96

16.72

Fig. 9. Flux distribution over the plane x = 10.

Furthermore, from the same figure one can observe that
from y ∈ [−10, 10] the street good illumination starts 15 m
away from the transmit-array and keeps illumination up to the
100 m of the street. On the outer sections of the street, two
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zones (where the blue color dominates) show a less illuminated
area due mainly to the radiation pattern of the transmit-array.

V. PROTOTYPE AND MEASUREMENTS

In order to validate the new model of unit-cells designed
in this thesis, a prototype of the PLA and Polyester, and the
PLA and Rogers Duroid 5880 transmit-arrays are made. Since
the transmit-arrays are illuminated by a new feed design, a
prototype of the feed is also created.

A. Feed

The prototype of the ad hoc feed was manufactured with
the dimensions presented in section IV and the PLA lens of
the feed was printed on the 3D printer. After the lens being
printed the feed was mounted in the anechoic chamber for
measurements.

The comparison between the measured and simulated E
and H planes far-field realized gain radiation patterns of
the feed are represented in Fig. 10 (a) and Fig. 10 (b),
respectively. Observing those figures, it is possible to see that
the measured main beam is narrower than the simulated, being
more directive and that the side lobe level is lower in the
measured radiation pattern than in the simulated one. It is
also possible to verify that the measured radiation patterns are
different in the E and H plane, as happened with the simulated
results. Nevertheless, these differences between the simulated
and measured far-field realized gain radiation patterns of the
feed don’t have a significant impact on the performance of the
transmit-arrays.

The realized gain obtained for the feed was 10.8 dB. This
value is a bit smaller than the simulated one (11.9 dB) due to
the energy dissipation on the PLA lens, the reflections in the
waveguide and the abrupt passage from the waveguide to the
PLA lens.
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Fig. 10. Simulated and measured far-field realized gain radiation pattern of
the feed at 62.3 GHz

B. PLA and Polyester transmit-array prototype and measure-
ments

The PLA and Polyester transmit-array prototype was manu-
factured with the same dimensions as the simulated transmit-
array (Dx = Dy = 42 mm) and with the same focal distance
(F = 30 mm) from the phase center of the feed to the bottom
layer of the transmit-array.

The PLA part of the transmit-array was printed on the 3D
printer and the metallic elements were printed on the Polyester
substrate using a photolithographic process.

After the transmit-array being assembled, it was mounted in
the anechoic chamber on a dedicated 3D printed PLA support
designed to properly align the transmit-array in front of the
feed at the focal distance F . Fig. 11 shows the experimental
setup of the transmit-array and the feed on the PLA support
in the anechoic chamber.

The comparison between the measured and simulated E
and H planes far-field realized gain radiation patterns of the
transmit-array at the frequency 62.3 GHz are represented in
Fig. 12 and Fig. 13, respectively. Observing those figures, it
is possible to verify a significant correspondence between the
simulated and measured results.

The realized gain obtained for this transmit-array was 23.5
dB. This value is quite similar to the one obtained in the
simulations (24.3 dB), being the 0.8 dB difference attributed
to the difference between the measured and simulated re-
alized gain of the feed and to manufacturing, assembling
and measurement inaccuracies. Nevertheless, this difference
is considered acceptable to demonstrate the new concept of
the unit-cells.

Fig. 11. Experimental setup of the transmit-array and feed on the PLA support
in the anechoic chamber.

The transmit-array has a radiation efficiency of 25%. This
value is smaller than the ones usually obtained for this type of
antennas (30-40%), one part due to the impedance mismatch
of the feed and the other part due to the back reflections and
energy dissipation of the transmit-array.
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Fig. 12. Simulated and measured E plane far-field realized gain radiation
pattern of the transmit-array at 62.3 GHz.
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Fig. 13. Simulated and measured H plane far-field realized gain radiation
pattern of the transmit-array at 62.3 GHz

C. PLA transmit-array with silver ink prototype and measure-
ments

The PLA transmit-array with silver ink prototype was
manufactured with the same dimensions and the same focal
distance as the PLA and Polyester prototype.

The PLA part of the transmit-array was printed on the 3D
printer and the metallic elements were printed with silver ink
on a PET substrate using a piezoelectric inkjet technology.

After the transmit-array being assembled, it was mounted in
the anechoic chamber on a dedicated 3D printed PLA support
designed to properly align the transmit-array in front of the
feed at the focal distance F . Fig. 14 shows the experimental
setup of the transmit-array and the feed on the PLA support
in the anechoic chamber.

Fig. 14. Experimental setup of the feed and the transmit-array on the PLA
support in the anechoic chamber.

The comparison between the measured and simulated E
and H planes far-field realized gain radiation patterns of the
transmit-array at the frequency 62.3 GHz are represented in
Fig. 15 and Fig. 16, respectively. Observing those figures, it
is possible to verify a significant correspondence between the
simulated and measured results, despite the measured realized
gain being lower than the simulated value.
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Fig. 15. Simulated and measured E plane far-field realized gain radiation
pattern of the transmit-array at 62.3 GHz.
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Fig. 16. Simulated and measured H plane far-field realized gain radiation
pattern of the transmit-array at 62.3 GHz.

The realized gain obtained for this transmit-array was 21.63
dB. This value is smaller than the one obtained in the
simulations (24.3 dB) due to some deviation when measuring
the radiation pattern and to manufacturing, assembling and
measurement inaccuracies.

This transmit-array has a radiation efficiency of 16.3%.
This value is even smaller than the radiation efficiency of the
PLA and Polyester transmit-array, due to the deviation when
measuring the radiation pattern, the impedance mismatch of
the feed and the back reflections and energy dissipation of the
transmit-array.

D. PLA and Rogers Duroid 5880 transmit-array prototype and
measurements

The PLA and Rogers Duroid 5880 transmit-array prototype
was manufactured with the same dimensions as the simulated
transmit-array (Dx = Dy = 63 mm) and with the same focal
distance (F = 45 mm) from the phase center of the feed to
the bottom layer of the transmit-array.

The PLA part of the transmit-array was printed on the 3D
printer and the metallic elements were printed on the Rogers
Duroid 5880 substrate using a photolithographic process.

After the transmit-array being assembled, it was mounted in
the anechoic chamber on a dedicated 3D printed PLA support
designed to properly align the transmit-array in front of the
feed at the focal distance F . Fig. 17 shows the experimental
setup of the transmit-array and the feed on the PLA support
in the anechoic chamber.

The comparison between the measured and simulated nor-
malized E and H planes far-field radiation patterns of the
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transmit-array at the frequency 60 GHz are represented in Fig.
18 and Fig. 19, respectively. It is represented the normalized
radiation patterns to better represent the correspondence be-
tween the measured and simulated results in term of directivity.
Observing those figures, it is possible to verify a significant
correspondence between the simulated and measured results
in terms of directivity. However, since the vector network an-
alyzer (VNA) used in the measurements doesn’t have enough
dynamic range, the measured value of the secondary lobes
of the radiation pattern isn’t the real value, and, therefore, the
measured sidelobe level appears to be lower than the simulated
one.

Fig. 17. Experimental setup of the feed and the transmit-array on the PLA
support in the anechoic chamber.

The realized gain obtained for this transmit-array was 24.5
dB. This value is smaller than the one obtained in the
simulations (26.5 dB), due to the two substrates not being
completely aligned, the difference between the measured and
simulated realized gain of the feed and to manufacturing,
assembling and measurement inaccuracies.

The transmit-array has a radiation efficiency of 14.1%. This
value is significantly smaller than the ones usually obtained
for this type of antennas (30-40%), due to the misalignment
of the substrates, the impedance mismatch of the feed, and the
back reflections and energy dissipation of the transmit-array.
However, it is important to note that the simulated radiation
efficiency is also smaller than the typical values for this type
of antennas.
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Fig. 18. Simulated and measured normalized E plane far-field radiation pattern
of the transmit-array at 60 GHz.
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Fig. 19. Simulated and measured normalized H plane far-field radiation
pattern of the transmit-array at 60 GHz.

VI. CONCLUSIONS

The main contribution of this paper was to present the
design of a new concept of unit-cells compatible with 3D
printing and with the minimum thickness possible for the V
band, that consists in printing the dielectric part of the unit-
cells on the 3D printer and then glue on the bottom and top
surfaces of the cells a thin substrate with the printed metallized
elements. Thereunto, two families of unit-cells were studied,
one composed of 24 cells of PLA with a 0.254 mm thickness
Rogers Duroid 5880 substrate and another composed of 20
cells of PLA with a 0.085 mm thickness Polyester substrate.

The unit-cell concept was demonstrated by full-wave sim-
ulation for three transmit-arrays: two to collimate the output
beam and another to synthetize a radiation pattern according
to a cosecant-squared radiation pattern template. The full-
wave results of the cosecant-squared transmit-array showed
the resemblance between the simulated radiation pattern and
the cosecant-squared radiation pattern template, thus validating
the new analytical formulation presented to synthetize a radi-
ation pattern according to a cosecant-squared radiation pattern
template.

As a proof of concept, three prototypes of the collimated
transmit-arrays were manufactured and tested. The measured
results agreed well with the simulated ones, thus validating
this new concept of unit-cells and the prototypes manufac-
tured. Furthermore, using this new concept, it was possible to
reduce considerably the thickness of the transmit-array, while
compared to dielectric lenses.
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of array radiation pattern footprints using radial stretching, fourier
analysis, and hankel transformation. IEEE Transactions on Antennas
and Propagation, 60(4):2106–2109, 2007.

[25] Anthony D Fagan and Barry Cardiff. Synthesis of radiation patterns
in arbitrary geometry antenna arrays. In 83rd Vehicular Technology
Conference (VTC Spring), 2016.

[26] Okan Yurduseven. Compact Parabolic Reflector Antenna Design with
Cosecant-Squared Radiation Pattern. In Microwaves, Radar and Remote
Sensing Symposium, MRRS, pages 382–385, 2011.

[27] O. M. Yucedag, M. D. Senturk, and A. S. Turk. Parametric analysis
of open-ended waveguide array feeder for cosecant-squared and pencil

beam radiation pattern. In 19th Internationa Conference on Microwave
Radar and Wireless Communications (MIKON), 2012.
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