IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 17, NO. 9, SEPTEMBER 2018

1639

3-D-Printed £-Band Compressive Horn Antenna for
High-Sensing-Capacity Imaging Applications

Ali Molaei, Anthony Bisulco

Abstract—Spectral coding is of special interest in high-sensing-
capacity imaging applications. This letter presents the design, fab-
rication, and experimental validation of a lightweight and robust
3-D-printed compressive horn antenna, capable of performing
spectral coding for such applications. First, a pyramidal horn an-
tenna is designed to operate within the E-band. Then, a dielectric
piece with a pseudorandom geometric pattern is inserted inside
the horn to distort the radiation pattern of the antenna in both
near- and far-field regions. The performance of both antennas is
evaluated by their return loss and radiation patterns.

Index Terms—Compressive antenna, high-sensing-capacity,
millimeter-wave (mm-wave) antenna, pyramidal horn antenna
(PHA), 3-D printing.

1. INTRODUCTION

RANSMITTING and receiving antenna modules that are
being used in conventional imaging systems have radi-
ation patterns that do not change significantly over the opera-
tional frequency band (spectral domain). They also usually have
a directional main lobe in the boresight or endfire axis (spatial
domain) of the antenna [1]. In other words, they do not take
into consideration that consecutive measurements at different
frequencies for different antenna elements contain similar in-
formation. However, antennas used in sensing applications can
be engineered to compress the transmitting and receiving data.
Several groups have recently proposed imaging systems with
the aim of maximizing the information transfer efficiency, also
known as the systems sensing capacity, between the imaging
domain and the radar sensors [2]-[8]. For example, in [2],
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a spatially dependent compressive reflector antenna (CRA) is
presented to enhance the sensing capacity of a millimeter-wave
(mm-wave) radar system. The proposed CRA spatially codes
the electromagnetic field in the imaging domain, while in [7],
the CRA is used to code the electromagnetic field in the spectral
domain. Notwithstanding, both designs use a large aperture to
code the electromagnetic field. In this letter, we have aimed to
reduce the hardware complexity of the CRA, shifting the spec-
tral coding burden to the 3-D-printed feeding antenna elements
of the reflector.

Additive manufacturing, or 3-D printing, refers to the process
of building a component by depositing successive layers of ma-
terials, such as plastic or metal. Recently, 3-D printing has been
introduced as a feasible alternative to traditional mechanical
fabrication techniques for microwave [9]-[11] and mm-wave
[12]-[16] antenna applications due to its cost-effective, rapid,
lightweight, and robust manufacturing.

This letter describes the design, fabrication, and experimen-
tal validation of a small, low-cost, and lightweight 3-D-printed
compressive horn antenna (CHA), which may be used to enable
spectral coding in high-sensing-capacity mm-wave imaging ap-
plications. The CHA is built by inserting a dielectric with a
pseudorandom geometric pattern in the aperture of a 3-D-printed
pyramidal horn antenna (PHA). The performance of the antenna
is evaluated in terms of its near- and far-field radiation pattern
and return loss.

II. ANTENNA DESIGN AND FABRICATION
A. Pyramidal Horn Antenna

The PHA has been investigated thoroughly in literature [17],
and some general design modifications are described in [18]
and [19]. The design presented here targets the £/-band and is
composed of a pyramidal horn connected to a WR-12 rectangu-
lar waveguide interface with a UG-387/U flange. Fig. 1(a) and
(b) shows the geometry of the proposed PHA. The antenna is
simulated using the commercial finite-element-analysis method
software HFSS. It is modeled using 50 um of silver on top of
a 2.4 mm thick VeroWhitePlus dielectric material with a rel-
ative permittivity of €, = 2.8 and a dielectric loss tangent of
tan § = 0.04. The dielectric serves only as a supportive struc-
ture for the silver layer.

For fabrication purposes, the antenna model is split into two
assembly pieces to facilitate the metalization process. Align-
ment pins and snug fit holes are configured on each split piece
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Fig. 1.  Geometry of the designed E-band PHA. (a) Perspective view and
(b) top view of the CAD model. (c) Perspective view and (d) top view of the
fabricated model. All dimensions are in millimeters.

to ensure that there is no misalignment when the pieces are
integrated. The computer-aided design (CAD) models are fabri-
cated by an Objet Eden 260V S 3-D printer with VeroWhitePlus
as the filament material. Then, the printed pieces are metalized
using an acrylic-based silver conductive coating spray (842AR—
SUPER SHIELD). Each piece is sprayed three times with a
5 min break between each spray to avoid trapping solvents be-
tween the coats. The pieces are then cured at room temperature
for 45 min. Finally, antenna pieces are assembled with the align-
ment pins and fixed by #4 — —40 bolts and nuts. Fig. 1(c) and
(d) shows the perspective and top views of the fabricated PHA,
respectively.

B. Compressive Horn Antenna

The design of the PHA can be customized in order to build
a CHA [see Fig. 2(a) and (b)] with spectral coding capabilities.
For this purpose, a pseudorandom dielectric structure is 3-D
printed and inserted into the PHA. The pseudorandom struc-
ture is built using the same VeroWhitePlus material used for
printing the PHA; it has a relative permittivity of ¢, = 2.8 and
a dielectric loss tangent of tand = 0.04. The pseudorandom
structure is designed using a MATLAB code that pseudoran-
domly places 2mm x 2mm x 2 mm dielectric voxels inside a
20mm x 16 mm x 14 mm volumetric region. The code uses
a Bernoulli distribution to determine whether a voxel is filled
with a dielectric material or not, where each outcome has equal
probability p = 0.5. Moreover, an additional constraint is used
to ensure that each voxel is connected to at least one face of an-
other voxel in the space, thus resulting in a single united piece.
Finally, the CAD model of the dielectric structure is cut to freely
fit inside the PHA. Fig. 2(c) and (e), respectively, shows the
CAD model and the fabricated pseudorandom dielectric piece.
Alignment pins and snug fit holes are added to the horn and the
dielectric piece, respectively, to fix the inserted dielectric inside
the horn. Fig. 2(d) and (f) shows the pseudorandom model in-
serted into the aperture of the horn. One of the top split assembly
parts is removed in these figures to have a better visual view of
the integrated part.

IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 17, NO. 9, SEPTEMBER 2018

(b)

Alignment pin |-/ Pseudo-random
plastic

——1Snug fit

(© ®

Fig. 2. (a) CAD and (c) fabricated model of the designed pseudorandom
plastic piece. (b) CAD and (d) fabricated model of the pseudorandom plastic
piece inserted inside the printed horn. One of the horn split assembly parts is
removed to have a better visual view of the integrated part. (e) Perspective view
and (f) top view of the fabricated CHA. All dimensions are in millimeters.
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Fig. 3. Experimental setup for measuring the boresight gain and return loss
of the fabricated antennas.

III. RESULTS

Fig. 3 shows the experimental setup for measuring the bore-
sight gain of the PHA. Measurements are performed using the
N5242A PNA-X Network Analyzer equipped with VDI mm-
wave extender modules. The printed antenna is mounted on the
transmit side of the setup. The receiving antenna is a Millitech
standard gain pyramidal horn (SGH-12-RP000). The PHA has
a boresight gain varying from 15 to 20dB in the E-band, with
a value equal to 18 dB at the center frequency (75 GHz). Com-
pared to the simulation results, the fabricated antenna shows
about 3dB less gain. This could be due to the impurity of
the silver spray, which reduces its conductivity. There are two
other possible reasons to explain the reduced gain of the fabri-
cated antenna when compared to the simulation. First, coating
each one of the WR-12 waveguides with the metallic paint
results in slightly rounded edges, and second, the mechanical
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Fig. 4. Measured S1; for the fabricated PHA and CHA.
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Fig. 5. E-Plane far-field graphs. (a) PHA E-field. (b) CHA E-field.

alignment of the top pieces introduces certain nonuniformity at
their intersection. These make the wave propagation through the
3-D-printed WR-12 waveguide maybe present additional losses,
thus presenting additional gain degradation.

The performance of the presented CHA is studied in terms of
S11, as well as near- and far-field radiation patterns, and then
compared with those of the PHA. As shown in Fig. 4, both the
CHA and the PHA have a return loss better than 16 dB within
the frequency range of 60—-90 GHz. Figs. 5 and 6, respectively,
compare the E-plane and H -plane normalized radiation patterns
of the PHA and CHA. Also, the near field of the antennas is
plotted in Fig. 7 at 60 GHz [see Fig. 7(b) and (c)], 75 GHz [see
Fig. 7(d) and (e)], and 90 GHz [see Fig. 7(f) and (g)]. As can
be seen from both the near- and far-field plots, the radiation
pattern of the CHA varies with frequency, while for the PHA,
these patterns remain fairly consistent. This unique feature of the
CHA can be used to enable spectral coding in near- or far-field
imaging applications.

To validate the performance of the 3-D-printed horn anten-
nas, near-field measurements for both the PHA and the CHA
are performed, and the results are compared with those of the
simulations. For this purpose, the magnitude and phase of FE,
are measured on a 2-D plane in front of the antenna, as shown
in Fig. 8(a). The simulated and measured near fields of the
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Fig. 6. H-plane far-field graphs. (a) PHA H-field. (b) CHA H-field.
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Fig. 7. Magnitude of E-field in near field of the antennas. (a) E-fields are
plotted on a 15cm x 15cm plane, which is 5 cm far from the antennas. The
fields are plotted at (b) and (c) 60 GHz; (d) and (e) 75 GHz; and (f) and (g)
90 GHz.
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Fig. 8. (left) Simulated and (right) measured near field of the CHA. The
E-fields are plotted on a 30cm x 30cm plane, which is 10 cm far from the
antenna. The magnitude of the £, is plotted at (a) and (b) 71.66 GHz and (e)
and (f) 75.20 GHz. The phase of the ), is plotted at (¢) and (d) 71.66 GHz and
(g) and (h) 75.20 GHz.

CHA are plotted in Fig. 8 for 71.66 and 75.2 GHz. As it can be
seen from these two figures, the measurements follow well the
simulation results.

IV. CONCLUSION

This letter presented the design, fabrication, and experimen-
tal validation of a low-cost and lightweight CHA. The CHA is
built by customizing the design of the PHA to perform spectral
coding in the E-band. Additive manufacturing or 3-D printing
is used to fabricate the antennas. The CHA has the ability to
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create spectral codes in the near and far fields of the antenna.
This would be especially useful for sensing and imaging appli-
cations with high-sensing-capacity requirements. Here, a quan-
titative analysis of the spectral coding efficiency (or sensing
capacity [2]) and imaging performance of the CHA have not
been addressed, given its dependence on the location of the an-
tennas and the imaging region. However, this will be done in the
future by building an imaging system that uses CHAs as sensing
elements.
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