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ABSTRACT The paper presents a method to design beam-steering antennas using a pair of 3D printed
perforated dielectric structures (PDSs) placed in the near-field region of a base antenna, which has a fixed
beam. Detailed designs and quantitative comparison of two beam-steering antenna systems are presented.
One antenna system has a conical horn antenna and the other uses a resonant-cavity antenna (RCA) as
the base antenna. In both cases, the first PDS transforms the phase distribution of the aperture near field
and hence tilts the antenna beam to an offset angle. The second PDS, placed above the first, introduces
an additional linear progression to the phase of the near field. The two PDSs are rotated independently to
steer the beam in both azimuth and elevation. The PDSs have been 3D-printed using acrylonitrile butadiene
styrene (ABS) filaments. Each prototype was fabricated in about 16 hours, weighs 300 grams, and costs
approximately 5.5 US Dollars. The measured results show that, at the operating frequency of 11 GHz, the
RCA-based system has a peak gain of 17.7 dBi compared to the 16.6 dBi gain obtained with the horn-based
system. In a fixed E-plane, the variation in the aperture near-field phase of the horn antenna (115◦) is much
less than that of the RCA (360◦). This reduces the efforts required for phase correction and hence led to the
former having a larger 3dB measured gain bandwidth of 1.2 GHz compared with the 0.7 GHz bandwidth of
the latter, but at the cost of 35.6% increase in the total height of the antenna system.

INDEX TERMS Acrylonitrile butadiene styrene, additive manufacturing, beam steering, meta-steering, near
field, non-homogenous, phased array, rapid prototyping, reconfigurable antennas, resonant-cavity antenna,
transmission phase delay.

I. INTRODUCTION
Beam-steering is one of the most desired characteristics of
front-end antennas required for communications, radar, and
remote sensing systems [1]–[3]. It is one of the main fea-
tures of 5G communications systems, to mitigate inherent
limitations of path loss, obstacle attenuation, and misalign-
ment due to wind sway [4]–[7]. Continuous beam-steering
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technologies are also pivotal for the success of communica-
tion systems with mobile transmitter or receivers [8], [9].

There exist several high-gain antenna beam-steering tech-
nologies [10], [11]. The popular electronic beam-steering
antenna systems, designed using phase shifters, are expen-
sive for some wireless applications [12], [13]. On the other
hand, beam-steering antenna systems that involve mechan-
ical tilting of a reflector antenna or a flat-panel antenna
are also expensive due to the required motion in three-
dimensional space (tilting and rotation) to steer the beam [4].
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A low-cost and rapidly coinable beam-steering antenna tech-
nology is desirable for price-sensitive consumer markets.

A relatively new method of steering a high-gain antenna
beam by rotating a pair of metasurfaces in the near-field
region of a fixed base antenna has attracted significant
attention of the research community [14]–[16]. Also known
as Near-Field Meta-Steering, this method has the poten-
tial to deliver medium-to-high gain antennas for a range
of applications. However, the early development focused
on demonstrating the concept by using multilayered printed
metasurfaces, which have a large price tag associated with the
material and fabrication [4], [17], [18].

The two phase transformationmetasurfaces in a Near-Field
Meta-Steering system can be replaced with two dielectric
wedges or two stepped dielectrics, which can be fabricated
using dielectric blocks or 3D printing of plastics [19], [20].
Nevertheless, this is only feasible for antenna systems with
low to medium gain and a small aperture. The resulting
structure is both complicated and fragile when it comes
to medium-to-high-gain large aperture antennas [21], [22].
A dielectric wedge maintains a constant slope and can be
extremely thick on one side relative to the other. This dis-
parity in heights at two ends makes it difficult to rotate.
A concept called ‘phase wrapping’ can be used to create a
sawtooth-shaped structure that reduces the maximum height
of the wedge but compromises the structural integrity of the
structure because of extremely small thickness at each wrap-
ping point [23]. These phase-wrapped versions of dielectric
wedges, additionally, suffer from shadowing effects due to
their non-planar geometry [22].

To address the limitations of such wedge-based beam-
steering antennas, this paper presents two antennas with
planar perforated dielectric structures (PDSs). Each PDS
is a cylinder with different sizes of square perforations
distributed throughout the structure. Each PDS has planar
constant-height geometry and hence does not suffer from
shadowing effect even when applied for large aperture anten-
nas where multiple wrapping points exist. The two PDSs
have been designed so that they can be 3D printed using
simple printers, to leverage on low-cost advantage of this
technology. The maximum perforation size in the PDSs is
kept within a safe limit in the design process to ensure that
the structure is structurally rigid and suitable even for harsh
mobile environments.

The PDSs presented here have square perforations that
offer a wider transmission phase range when compared
with traditional circular perforations [24]. The PDSs were
fabricated in a single step using 3D printing; bonding or
soldering is not required for their fabrication. Both PDSs
were developed from one kg spool of Acrylonitrile butadi-
ene styrene (ABS) filament that costs around US$ 16.30.
The alternate low-cost candidates for design of PDSs are
Polylactic Acid (PLA), High Impact Polystyrene (HIPS)
and nylon filaments but ABS is particularly considered here
because of its robustness and compatibility with most of
the household and industrial grade 3D printers. High radio

frequency (RF) loss of currently common low-cost ABS com-
promises antenna performance at present. Nevertheless, with
advancements in Material Science, RF characteristics of 3D-
printable material are improving rapidly. Already there are
low-loss 3D-printable material (e.g. PREPERM R©), that are
economical compared to traditional dielectrics but are a lot
more expensive than commonly available ABS. With time,
more low-loss 3D-printable material will be available and
prices will decrease, and hence the radiation performance
of antennas designed following the method presented in this
manuscript will improve.

The concept is demonstrated by developing two beam-
steering systems, one using a resonant-cavity antenna (RCA)
as the base antenna and the other using a conical horn. The
paper is organized as follows. Section II describes the mech-
anism that is employed to steer the beam in both azimuth
and elevation using a pair of PDSs. The characterization of
inhomogeneous dielectric, which forms the basis of PDSs,
is explained in Section III. Complete system designs are dis-
cussed in Section IV and V. Measured results and detailed
performance comparison are included in Section VI. Finally,
a conclusion is given in Section VII.

II. BEAM-STEERING MECHANISM
A quintessential depiction of the proposed beam-steering
antenna system is given in Fig. 1. The system comprises a
pair of PDSs that are placed in a near-field region of a base
antenna so that the phase of the field is sequentially modified
by the pair of PDSs. Each of the two PDSs introduce a linear
phase-delay profile that tilts the antenna beam in a direction
away from the broadside direction (i.e. z-axis). The aperture
phase distribution and thus the antenna beam direction is
dynamically controlled by independently rotating the two
PDSs. In addition, the first PDS improves the non-uniformity
existing in the near-field phase of the base antennas along
with introducing the linear phase progression. It is for this
reason that we refer to the lower PDS as Steering and Correc-
tion PDS (SCP). The SCP transforms the non-uniform phase
distribution of the base antenna aperture by near-field phase
correction and tilts the antenna beam to an offset angle δ1.
The upper PDS does the function of steering only, and thus is
called Steering Only PDS (SOP). The SOP placed a fraction
of a wavelength above the SCP, introduces an additional
linear progression to the phase distribution of the near- field,
which in the absence of the lower PDS would tilt the beam by
an angle of δ2. Each PDS in the pair can be physically rotated
independently by angles α1 and α2 respectively, to steer the
beam in both azimuth and elevation. The beam direction in
the far-field region is represented by elevation and azimuth
angles θ and ϕ, respectively. They depend on δ1, δ2, α1 and
α2 and can be accurately predicted using the recently reported
Phase Method [25]. The phase-delay gradient (pi) of each
PDS is related to its tilt angle according to:

pi = sin δi × k0 (1)

153996 VOLUME 9, 2021



T. Hayat et al.: Use of Pair of 3D-Printed Near Field Superstructures to Steer Antenna Beam in Elevation and Azimuth

FIGURE 1. Configuration of a Near-Field Meta-Steering system
comprising a pair of PDSs placed in a near-field region of a base antenna.

TABLE 1. Theoretically calculated beam direction when SCP is fixed and
SOP is rotated.

where, k0 is the wavenumber in free space and δi is the
individual tilt angle of the PDS. In an antenna system that
has two PDSs with the phase-delay gradients of p1 and p2
and that are rotated by arbitrary angles α1 and α2, the ele-
vation and azimuth angles of the beam direction are given
by [25]:

θ = sin−1
{
1
k
[p21 + p22 + 2p1p2 cos (α1 − α2)]

1
2

}
(2)

ϕ = tan−1
(
p1 sinα1 + p2 sinα2
p1 cosα1 + p2 cosα2

)
(3)

It can be observed that the elevation and azimuth angles
of the beam direction can be independently changed dynam-
ically by appropriate rotation of the two PDSs, as done in
previous recent works [15], [20], [26].

To understand this, consider a hypothetical scenario of
two PDSs, which are designed for an identical tilt angle
of 22◦ (.δ1 = δ2 = 22◦) and at the operating frequency
of 11 GHz and are placed in the near-field region of an
antenna. Because of the same tilt angles, the phase delay
gradients p1 and p2 of the two PDSs will be identical, which
is equal 4.945 deg/m. The SCP is fixed along x-axis (i.e.
α1 = 0◦) and the SOP is rotated between 0◦ and 180◦ in
counter-clockwise direction with a step of 60◦ (i.e. α2 = 0,

FIGURE 2. Depiction of antenna beam direction in elevation (θ) and
azimuth (ϕ) when SCP is fixed and SOP is rotated in counter-clockwise
direction at (a) α2 = 0◦ (b) α2 = 60◦(c) α2 = 120◦ and (d) α2 = 180◦.

FIGURE 3. (a) Cross-sectional view of non-homogenous dielectric
(b) Prospective view of dielectric block with air inclusion.

60, 120, and 180◦). By substituting the values of p1, p2, α1
and α2 in equations (2) and (3), elevation (θ) and azimuth
(ϕ) angles of the beam direction can be calculated for each
orientation combination of the PDSs. The calculated azimuth
and elevation angles for four different orientations of two
PDSs are given in Table 1. The beam position in elevation and
azimuth for different orientations of PDSs pair is illustrated
in Fig. 2(a) to (d). When α1 = α2 = 0◦, the beam is steered to
θ = θmax = 48◦ and ϕ = 0◦ [25], [26]. When SOP is rotated
in counter-clockwise direction at α2 = 120◦, the beam peak
will be at θ = 22◦ and ϕ = 60◦. The next section explains the
theory of transmission phase delay through non-homogenous
dielectrics, which can be arranged with gradient phase delay
to design PDSs for beam-steering.

III. CARACTERISATION OF INHOMOGENOUS DIELECTRIC
CELLS
The PDSs of the proposed beam-steering antenna system has
been implemented using 3D-printed dielectric blocks, which
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FIGURE 4. Variation in effective permittivity and transmission phase
delay with change in perforation size.

are made of inhomogeneous cells. A 3Dmodel of an inhomo-
geneous cell used here is shown in Fig. 3. It is a rectangular
prism of ABS plastic with square base of size d × d and
height h. The dielectric constant of the ABS material is 2.8
[24], [27]. Note that there is a square-shaped air-filled hole
with dimensions of b× b in the middle of the cell. The effec-
tive relative permittivity (ε reff) of such an inhomogeneous
cell can be expressed in terms of the filling factor of dielectric
(gamma), as, [28]:

εreff = εr (1− γ )+ γ (4)

where, γ is the filling factor given by [24], [27], [28]:

γ =
Ao

A
=

b2

d2
(5)

where, Ao, is the area of the perforation, and A is the area
of the unit cell. Hence the effective dielectric constant of this
cell is:

εreff = εr

(
1−

b2

d2

)
+

b2

d2
(6)

As an example, consider a specific unit cell with lateral
dimensions (periodicity d) of 4.8 mm. Fig. 4 shows how the
effective dielectric constant of this unit cell decreases, when
b is increased from 0 and 4.5 mm.

These theoretical calculations were validated by mea-
suring 3D-printed ABS samples with variable perforation
sizes using Nicolson-Ross Weir method. Three samples with
perforation lengths (b) of 1.8 mm, 2.7 mm and 3.6 mm
were 3D-printed to fit the internal dimensions (22.86 mm ×
10.16 mm) of the WR-90 waveguide sample holder shown
in Fig. 5. Waveguide setup measurement was conducted
to record complex reflection and transmission coefficients
of the samples using E4991A impedance analyser in the
frequency band between 9 GHz and 11.5 GHz. A photo-
graph of the measurement setup used for the s-parameter
retrieval is shown in Fig. 6. This custom-built setup has a
pair of waveguides at the two ends and the sample under

FIGURE 5. Left: WR-90 waveguide flange (sample holder). Right: three
3D- printed inhomogeneous dielectric samples.

FIGURE 6. Experimental setup for Nicolson-Ross Weir transmission
reflection coefficient measurements of samples.

test is placed inside the sample holder (waveguide flange).
Flanges have standard dimensions, which correspond to the
waveguide pair used for measurement setup. The effective
dielectric constant of samples was determined from mea-
sured s-parameters using the method described in [29]. The
measured effective dielectric constants and loss tangents of
all three samples are shown in Fig. 7. Theoretically calcu-
lated and measured values of effective dielectric constant in
Fig. 7 are in good agreement for all three perforation sizes
tested.

After experimental validation of the effective dielectric
constant of inhomogeneous cells, their transmission phase
characteristics were investigated. Cells with varying perfo-
rations were modelled with periodic boundary conditions in
Computer Simulation Technologies (CST)Microwave Studio
and full-wave simulations were conducted to predict its trans-
mission characteristics at the operating frequency of 11 GHz.
The transmission-phase delay predicted for the unit cell is
depicted by the black curve in Fig. 4. As expected, the
transmission-phase delay is maximum for the solid dielectric
that has no perforation and it decreases with the increase
of perforation size. This transmission-phase data have been
used to design the PDSs as described in the following
section.
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FIGURE 7. Loss tangent and effective dielectric constant of three
different samples measured in a wider frequency range around the centre
operating frequency.

FIGURE 8. The 3D printed horn antenna where inner surfaces are covered
with copper tape.

IV. SYSTEM I: BEAM-STEERING SYSTEM WITH A
3D-PRINTED CONICAL HORN BASE ANTENNA
Although any type of base antenna can be used to authenticate
the working principle of PDSs, in this paper we focus on two
specific types of base antennas, a conical horn antenna and
a classical resonant-cavity antenna (RCA), because both of
them have simple configurations. The two systems, which
are referred to as System I and System II, respectively, were
designed, prototyped and measured, and their performance
was analysed after post-processing the near-field data. All
components of the systemwere designed to operate at 11GHz
(λ0 = 27.3 mm).

A. CONICAL HORN DESIGN
Our low-cost horn antenna comprises a cone that is
3D-printed out of ABS filament, as shown in Fig. 8. Its
aperture diameter is 115.2 mm and height is 70.1 mm. It has

FIGURE 9. A depiction of 1D phased array fed with an increasing phase
delay along the length of the array.

a 2 mm thick circular base plate to securely fix it to a WR-75
waveguide feed at the bottom, and a circular extension on top
to accommodate screws to hold the pair of PDSs for beam-
steering. The four cylindrical pillars, shown in the figure,
are to improve the mechanical strength of the structure. The
conical horn antenna was designed and analyzed using CST
Microwave Studio (MWS). The design file was exported
in STL (Standard Tessellation Language) format and was
converted into G-code using Simplify3D software for 3D
printing. This software estimated a print time of 7 hours
and consumption of 67.45 m of 1.75 mm diameter ABS
filament in an Omni3D printer, which has a nozzle diameter
of 0.4 mm. The extruder temperature was 240◦C, the bed
temperature was 110◦C, and the layer height was fixed to
0.2 mm for printing. The enclosed chamber feature of the
printer was availed to avoid environmental effects on printing.
The fabricated prototype weighs 179g, which corresponds
to an equivalent material cost of US$ 3. After printing, the
inner surface of the horn was covered with conductive Copper
tape. This procedure yielded a rapidly prototyped, low-cost
horn antenna, whose measured performance is comparable
to that of off-the-shelf expensive products available in the
market [30]. The conductive tape covering is significant for
the radiation performance of the horn antenna and the exter-
nal 3D-printed dielectric material has no impact on radia-
tion performance. So, it is possible to use any low-cost 3D
printable plastic or polymer such as PLA, ASA, HIPS or
nylon for this purpose. ABS was selected here because it
is commonly available, easily printable and has the lowest
cost [31].

B. STEERING ONLY PDS (SOP)
The SOP has been designed by integrating inhomogeneous
unit cells described in Section II. Its diameter is the same
as that of horn (115.2 mm∼4.2λ0). The cells are spatially
arranged to produce a phase delay gradient parallel to the
x-axis as shown in Fig. 9. Since the length of a cell is
4.8 mm, the superstructure has of 24 cells along its diameter.
According to phased array theory, The explicit mathematical
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TABLE 2. Desired phase delay, effective dielectric constant and the size
of air inclusion for each cell in the SOP.

relationship to determine the phase delay gradient between
two adjacent cells that is required to tilt the beam by angle of
delta is [25]:

p = sin δ × k0 (7)

The SOP was designed to tilt the broadside beam at an
angle of 22◦ (δ = 22◦). Substituting this delta and λ0 =
27.3 mm in equation (7), one finds the required progressive
phase gradient (p) as 4.945 deg/m. With cell periodicity of
4.8mm, this corresponds to an additional phase delay of≈24◦

between two adjacent cells [32]. The phase delay in the SOP
increases along one of the linear axes (x-axis here) and is
constant along the orthogonal axis (y-axis here).

The Table 2 lists the column number (N) of the SOP cell
(grid element) and the phase delay required (1ϕ) through that
cell in order to steer the beam to 22 degrees. The phase delay
increases with a constant step and wraps back to 0◦ when
it reaches 360◦. It is to be mentioned here that the absolute
phase delay in each cell is not important but the progressive
phase delay change between adjacent cells is critical for
steering mechanism. Hence the absolute phase delay of the
first cell (N= 1) can be chosen arbitrarily. In this SOP design,
phase delay of the first cell is chosen as 288◦ to ensure
that there is no phase wrapping point in the center of the
aperture.

The SOP is formed by integrating appropriate phase-
shifting cells having air perforations in the dielectric,
as explained in Section II. For example, to obtain a phase
delay of 24◦, the effective dielectric constant of the cell
should be 1.36, and that requires a 4.3 mm in the cell. This is

FIGURE 10. A lateral cross-section view of the beam-steering surface
referred to as Steering Only PDS (SOP).

denoted by one of the red dots on the phase- delay curve in
Fig. 4. Similarly, for a phase delay of 96◦, a 3.8 mm perfo-
ration is required. Using this procedure, the required phase
delays, effective dielectric constant values and perforation
sizes of all the required 24 cells along the phase progression
axis were determined and the results are listed in Table 2. The
SOP was designed to be circular to match the aperture of the
horn antenna. The model of the resulting SOP is shown in
Fig. 10.

C. APERTURE PHASE DISTRIBUTION OF THE HORN
The SOP was designed with an assumption that the electric
field at its input has a uniform phase distribution. How-
ever, it is known that the aperture phase distribution of a
conical horn antenna is non-uniform. This non-uniformity.
is due to the path difference from the phase centre to the
edges of the cone when compared to the centre of the aper-
ture [33]. This extra delay must be compensated for, prior to
the use of SOP on top of the antenna aperture. The signifi-
cance of phase correction for an antenna is that it enhances
radiation characteristics of the antenna, such as gain and
directivity [34].

To address this, the phase distribution of the dominant
electric-field component was probed on the antenna aperture
using full-wave CST simulations. To probe the phase dis-
tribution, an aperture was defined at a spacing of 13.5mm
(λ0/2) from the antenna and it was divided into a grid of
24 × 24 square cells, each having a length of 4.8 mm.
The cell periodicity of 4.8 mm accommodated two phase
wrapping points in the planar PDS structure of size 4.2λ0 ×
4.2λ0. This highlighted the robustness of proposed PDSs over
sawtooth-shaped wedges that have structural drawbacks due
to wrapping points associated with them. The normalised
aperture phase distribution is shown in Fig. 11. The numerical
values of the probed phase at the centre of each cell along the
x-axis are given in Table 3.
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FIGURE 11. Nearly rotationally symmetrical phase distribution of the
H-plane electric field on the horn aperture, predicted using CST MWS at
the surface on which the dominant field was probed.

The phase delay required to mitigate this aperture phase
non-uniformity was calculated using the detailed procedure
given in [34]. Since the phase distribution is rotationally
symmetrical around the centre of the aperture, the correction
required in every cell also has such symmetry approximately,
as depicted in the discretised map shown in Fig. 12. The
required correction can be achieved with 12 discrete cells
indicated in Fig. 12. The phase correction required in these
twelve cells is listed in Table 3.

Once the required phase correction phase delay in each
cell in Fig. 12 is calculated, it is possible to design a
3D-printed superstructure to provide the required phase cor-
rection. But that approach is undesirable, because it will
increase the antenna system height and unnecessarily deterio-
rates the antenna performance. Instead, here these correction
phase delay is incorporated to the lower PDS such that it pro-
vides both functions of phase correction and beam-steering.
It is for this reason the lower PDS is referred to as the Steering
and Correction PDS (SCP). The design of the SCP for the
horn antenna is explained in the next sub-section.

FIGURE 12. The phase delay map required to make the aperture phase
distribution of the horn antenna uniform.

TABLE 3. Phase of electric field recorded and corresponding perforation
sizes required in CSD to compensate error.

D. STEERING AND CORRECTING PDS (SCP) DESIGN AND
FABRICATION
Since the SCP produces a linear phase progression and addi-
tionally compensates for the phase non-uniformity in the
aperture, its phase delay is simply the sum of the phase
delay required for an SOP (described in Sub- Section B)
and the delay required for phase correction (described in
Sub-Section C). By combining both phase values in local
unit-cells of structure, the designed SCP will have prowess to
simultaneously rectify non-uniform antenna response and tilt
it to an offset angle of 22◦. To understand this, let us consider
one of the cells close to the middle of the aperture in the
2D grid.

In SOP, the cell in column ‘N10’ and 17th row from the
top, shown in the inset in Fig. 10, has a phase delay of 144◦.
The corresponding cell in the phase correcting structure is in
column ‘M10’ and 17th row (shown in the inset in Fig. 12) and
it has a phase delay of 78.2◦. Hence the resultant phase delay
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TABLE 4. Details for one column of cells in the CSD.

of the corresponding cell in SCP is 222.2◦ (=144 + 78.2).
The phase delays of corresponding cells were so combined
throughout the aperture, in the 2D planes but the results are
given in Table 4 for only one column of cells. The phase
delays of all the cells in column N10 of SOP in Fig. 10 and
column M10 of the correction delay map in Fig. 12 are
listed in Table 4. Like all other columns, the N10 column
in SOP has the same phase delay throughout the column
i.e. 144◦ (from Table. 2) while the corresponding correction
cells in M10 have varying phase delays that are given in
the fourth column of Table 4. After calculating the total
phase delay required in all cells of the SCP, it is formed by
integrating the correct phase –shifting cells as explained in
the previous sections. As an example, the net phase delay
of 222.2◦ required through the previously discussed cell can
be achieved using a 2.7 mm perforation (Fig. 3). The top
view of the SCP design is shown in Fig. 13. Obviously its
perforation pattern is different to that of the SOP shown in
Fig. 9.

This SCP design was 3D-printed using print settings sim-
ilar to those used for printing the cone of the horn. The total
print time for SCP was 16 hours and 11 minutes. During the
process, 146.1 m of filament length was consumed, which
corresponds to a plastic weight of 369 gm and material cost
of US $5.5. A circular base of uniform 4 mm thickness was
printed around SCP prior to printing. Twelve holes were
introduced in .stl file to accommodate spacers that hold the
antenna and the superstructures together.

To test the beam-steering, the SOP designed in Sub section
B was also fabricated using the same print settings and the

FIGURE 13. SCP designed by combining phase correction delays and
phase progression delays.

FIGURE 14. Photograph of the beam scanning system made with a horn
antenna and pair of perforated dielectric structures.

printer, which were used for the fabrication of SCP and horn
antenna. A picture of the fabricated and assembled antenna
system prototype is shown in Fig. 14. In this prototype, made
to experimentally prove the concept from electromagnetic
perspective, a rotation mechanism was not implemented.
To illustrate the acclimatization ability of modern additive
manufacturing technique and for performance comparison,
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FIGURE 15. Phase of the H-plane electric field predicted on the aperture
of RCA using full-wave electromagnetic simulations.

System II was designed, which comprised of same PDS pair
mounted on top of RCA, which is discussed in the following
Section.

V. SYSTEM II: BEAM-STEERING SYSTEM WITH A
RESONANT-CAVITY BASE ANTENNA
The RCA is a low- profile antenna comprising of a resonating
cavity that is formed between the ground plane and a par-
tially reflecting superstrate [35], [36]. The field bounces back
and forth in the cavity and propagates in lateral directions,
improving radiation performance due to increased effec-
tive aperture [37]. For the current application, an RCA was
designed to operate at the design frequency of the previous
SOP, i.e. 11 GHz. An octagonal-shaped partially reflecting
surface (PRS), placed λ0/2 ('13.6 mm at the operating fre-
quency) above the ground plane, formed the cavity, which
is fed by a small microstrip patch antenna. The patch was
printed on a Rogers UltraLam2000 slab (thickness (t1) =
1.57 mm, εr1 = 2.5) while the completely dielectric PRS
was made up of Rogers TMM4 (t2 = 3.175 mm, εr2 =
4.5). The RCA configuration and phase distribution at the
height 7 mm above the aperture is shown in Fig. 15. Max-
imum lateral dimension of the PRS is 4.2λ0 (=115.2mm),
which is equal to the diameter of the SOP described in
Section IV, Sub-Section B. This was done intentionally to use
the same 3D-printed PDSs to steer the beam of the RCA.
For this purpose, the aperture phase of RCA was probed
at the height where its profile had closest match with that
of horn. The comparison of phase for both base antennas
is shown in Fig. 16. Complete beam scanning setup com-
prising of pair of SCP and SOP mounted on top of RCA
is shown in Fig. 17. The results are explained in the next
section.

FIGURE 16. Comparison of phase distribution profiles of the horn
antenna and RCA.

FIGURE 17. Photograph of Antenna System II composed of a low-profile
RCA base antenna and a pair of PDSs.

VI. RESULTS AND DISCUSSION
Since beam-steering is achieved by rotating the two PDSs,
we measured both systems for seven different rotation com-
binations of SCP and SOP. The SCP was fixed while SOP
was rotated in the counter-clockwise direction in steps of
30◦, i.e. α1 = 0◦ and α2 = 0◦, 30◦ . . . , 180◦. The rotation
of SOP between 0◦ and 180◦, while SCP is fixed to 0◦,
moves the beam peak from the furthest in elevation angle
(maximum tilt) to the broadside direction following a spiral
geometry.

Impedance matching of System I and System II were mea-
sured with an Agilent PNA-X N5242A network analyser and
their radiation patterns were measured in an NSI spherical
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FIGURE 18. Dual panel showing 10dB return loss bandwidth for (a) horn
antenna (b) RCA for different orientations of PDSs.

TABLE 5. Comparison of 10 dB return loss bandwidth of two antenna
systems for different orientations of the PDS pair.

near-field anechoic chamber. The physical rotation of PDSs
can affect the near-field distribution and thus potentially
affect impedance matching, which could be detrimental to the
overall efficiency of the system. To invalidate the hypothesis,
we measured input reflection coefficients of both System I
and System II for fourteen different configurations by rotating
the SOP from 0◦ to 180◦ in steps of 30◦ while maintaining
SCP stationary. The measured 10dB return loss bandwidth
for both systems is listed in Table 5 and dual-panel plot is
illustrated in Fig. 18. It is clearly depicted that both systems
demonstrate an acceptable stability in impedance matching.
System I, however has a slightly larger impedance bandwidth
than System II in all the measured cases, which can be
attributed to the inherent wideband matching of the conical
horn used in System I.

The far-field patterns of both systems were also mea-
sured for the seven rotation combinations of SCP and
SOP. The measured gain pattern cuts, taken at 11 GHz
on a vertical plane that passes through the beam peak,
are shown in Fig. 19(a) and (b) for all rotation angles
of SOP. Each pattern cut is taken at a different azimuth
angle containing the beam peak, which is indicated in the
figure.

For both systems, the peak gain is within 3dB of the peak
value and the highest side lobes are at least 5 dB below

FIGURE 19. Measured elevation pattern cuts when SOP is rotated (α2 is
varied) and SCP is static (α1 = 0◦) for (a) System I with a horn antenna,
and (b) System II with an RCA.

the beam peaks. For System I, in Fig. 19(a), the maximum
gain is 16.6 dBi when the beam is pointing at the elevation
angle of 37◦, which is also the maximum elevation steering
angle of the system. The gain in the broadside direction is
15.4 dBi. The aperture efficiencies at maximum elevation
steering angle and in broadside direction are 25.7% and
19.7%, respectively. For System II, in Fig. 19(b), the mea-
sured gain is 17.7 dBi at an elevation angle of 35◦. The
gain in the broadside direction is 16.0 dBi, and respective
aperture efficiencies at maximum elevation steering angle
and in broadside direction are 33.4% and 22.6%. The vari-
ation of measured gain when steering is interesting in both
designs and is different to that observed in typical flat and
non-tilting beam-steering antennas. In a typical electronically
scanned phased array, the gain is highest in the broadside
direction and lowest when the beam is furthest in the elevation
plane, which is attributed to the reduction in the effective
aperture for increased elevation angles [15]. The operating
principle of the proposed antenna systems is to tilt beam
through the linear phase shifts, progressively applied by the
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TABLE 6. Broadside performance comparison of proposed systems with
some of the recently reported designs.

two PDSs in the propagating electric field. In the broadside
steering case, the phase shift progression in the input electric
field and phase progression through the SOS are opposite
to each other which reduces its overall phase transformation
efficiency. Nevertheless, the beam maintains gain value to a
level achieved with systems design using commercial dielec-
tric materials. A comparison of key performance parame-
ters with most recent work on similar designs is given in
Table 6, which summarizes peak gain, electrical size, aperture
efficiency and difference between measured gains when the
beam at the broadside and when it is at maximum elevation
angle.

The use of low permittivity material to design PDSs results
in large electric thicknesses and a portion of the electro-
magnetic energy exits through the thick edges of PDSs. The
cross-sectional view of the E-field propagation of System II
for α2 = 120◦ is illustrated in Fig. 20. The radiation loss
from the edges is evident, which results in reduced power
in the desired beam. The severity of the edge effect reduces
considerably by using a higher permittivity dielectric material
for the PDSs, which reduces the height of the PDSs. To vali-
date the hypothesis, we designed two PDSs using a dielectric
material of relative permittivity 4.5, which decreases PDS
thickness to 26 mm (0.95λ0). These PDSs were integrated
with the horn and the RCA base antenna models and sim-
ulated. Unlike the ABS based structures, the new antenna
systems have more stable and higher broadside gains of
16.1dB with the horn base antenna and 17.3dB with RCA.
It is pertinent to mention here that measured and theoretically
calculated elevation angles for maximum tilt provided in
Table 1 and Fig. 19 are not in agreement. This is attributed
to the excessive height of the PDSs and can be rectified by
reducing the overall height of the system. The edge effect of
the PDSs is further analyzed by comparing the power exiting
through planar surfaces of the PDSs to that of the base antenna
in the following subsection.

A. RADIATED POWER ANALYSIS
To quantify power leakage through thick edges, we probed
the total power exiting (a) the base antennas without PDSs,
(b) the top surface of SOP without SCP, and (c) from the

FIGURE 20. Maximum field amplitude of propagating dominant electric
field at instantaneous phase of 3π/4, when α2 = 120◦. A strong field
intensity can be seen leaking from the edges of the two dielectric
structures.

top surface of the SCP in the complete steering system. The
power is probed in three planes referred to as Pant, Ps1, and
PS2, which are defined 0.5 mm above the base antenna, SCP,
and SOP, respectively, as shown in Fig. 20. In these three
planes equal-sized circular areas of diameter 124.8 mm have
been considered for probing.

The total power flow passing through each surface was
probed by creating a 2D grid of 4.8mm × 4.8mm cells. The
dominant electric andmagnetic field vector components were
probed at the centre of each cell, which are then used to
calculate the pointing vector (S) component in the z-direction
and the total power through each surface using:

Sz = Ey × H∗x (8)

P =
∑n

1

(
1
2
(Sn.1A)

)
(9)

where,1A is the area of each grid element, Ey is the dominant
y-component of the electric field and Hx∗ is the conjugate of
the dominant x-component of the magnetic field.

The total power probed in Pant for System I and System II
is 0.46 W and 0.47 W, respectively. Although the power at
the antenna input port is 0.5W, we will use the power levels
at Pant for estimating the power percentage leaking out from
the edges of the SCP and SOP. The power level in Ps1 drops
to 0.4 W in System I and 0.42 W in System II when SCP
is placed above horn and RCA, respectively. This difference
of Ps1 and Pant is the amount of power leaking from the
sidewalls of SCP, which is 13% for System I and 10.6% for
System II.

The power in PS2 for both systems are summarized for
different rotation angles of SOP in Table 7. The trend of
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TABLE 7. Total Radiated power in plane parallel to the antenna aperture
at 11 GHz.

variation in power levels is similar to the trend in the mea-
sured gain values observed in Fig. 19. As an example, at the
operational frequency, System II has lowest power levels
in Ps2 and lowest peak directivity when α2 = 90◦ and
α2 = 120◦.

B. WIDEBAND PERFORMANCE ANALYSIS
Apart from demonstrating beam-steering, one of the major
motivation of this work was to investigate radiation perfor-
mance in a frequency band around the center operating fre-
quency. To compare the bandwidth and the angular coverage
of the two designs, we represented the measured peak gain
as contours on frequency vs. elevation angle plots for all
seven orientations of PDSs in Fig. 21. For the comparison,
the gain values within 3dB limit of the maximum gain of
each systems are visible in these contours. The data along
the horizontal axis presents the gain variation with increasing
elevation angles at a fixed frequency while the data along the
vertical axis presents gain variation in a wider frequency band
and at a fixed elevation angle.

From the contour plots, it can be inferred that System II has
a higher peak gain around the operating frequency. However,
System I has larger 3dB gain bandwidth, which is evident
from a bigger colored area of the plot. The bandwidth depends
on the aperture phase variation of the base antenna and the
phase delay provided by the SCP and SOP. Since the SCP
and SOP are identical in the two systems, the larger gain
bandwidth of System I can be attributed to more stable phase
profile of the horn antenna versus frequency, relative to the
RCA. Variations in gain and the aperture efficiency of the
two antenna systems with frequency, at zero tilt, are given
in Table 8.The system with horn antenna has lower but sta-
ble peak gain within the frequency band from 10.4 GHz to
11.8 GHz. The RCA based system has a higher peak gain
and about 2dB variation in gain within the frequency range
from 10.4 GHz and 11.0 GHz. Both antennas maintain gain
values that comparable to closely related recently published
antennas that have been implemented using more expensive
commercial dielectric materials. A comparison of key perfor-
mance parameters with some recent relevant work is given in

FIGURE 21. Measured realized gain at different elevation angles in a
wider frequency band for (a) System I with a horn base antenna and
(b) System II with RCA base antenna.

Table 6, which summarizes aperture area, measured antenna
gains and aperture efficiencies when the beam at broadside
and when it is at maximum elevation angle. To explain this
further, we probed the phase of the dominant near-electric
field component along H-Plane (xz-plane here) on the aper-
ture of horn and RCA in a frequency band between 10 GHz
and 15 GHz. The numerically obtained phase profile is pre-
sented with contours in Fig. 22 (a) and (b).

The horn antenna does not have abrupt variation in aper-
ture phase distribution when compared with RCA. The
phase of RCA is relative uniform in the frequency band
between 10 GHz and 12 GHz but has larger variation
beyond 12 GHz. The maximum phase variation in RCA aper-
ture is about 170◦ between 10 GHz and 12 GHz but exceeds
290◦ in the frequency beyond 12 GHz. On the other hand,
the maximum phase variation on horn aperture is not more
than 170◦ throughout the frequency band between 10 GHz
and 15 GHz. It is pertinent to mention here that the correction
phase delay included in the SCP design in Section IV also has
a maximum phase delay of 170◦. Although, relative phase
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TABLE 8. Broadband performance analysis of proposed designs.

FIGURE 22. Wideband heatmap of aperture phase distribution in
xz-plane for (a) Horn antenna (b) RCA.

distribution on the aperture is important to explain wideband
phase transformation still maximumphase variation is a crude
parameter to understand effectivity of SCP in a wider-band.
To investigate this further, we calculated mean (x̄) and stan-
dard deviation (sx) for the aperture phase distributions of
both horn and RCA, which are given in Fig. 23. It can be
noted that mean (x̄) and standard deviation (sx) curve for
horn antenna is almost flat in the frequency band between

FIGURE 23. Mean and standard deviation of aperture phase distribution
probed at varying frequencies in aperture planes on the conical horn and
the RCA.

10 and 15 GHz. The RCA, on the other hand, has abrupt
changes around 12 GHz. Thus the stability in aperture phase
distribution of horn compared to RCAmakes it more suitable
for wideband applications.

Although the high gain value at a larger band makes
both systems a perfect candidate for 5G communica-
tion but the design is not ideal. Modern RF-graded
3D-printable materials with higher dielectric constants
such as PREPERM R© ABS800, PREPERM R© ABS1000,
ABS1200 and ABS1500 help to reduce the individual heights
of the SOP and SCP to 15.75 mm, 12.6 mm, 10.5 mm and
8.4 mm, respectively [36]. But the respective prices of a
single spool of aforementioned materials in US$ are 620,
500, 350 and 320, respectively. At present, they are a lot
more expensive compared to a commercial spool of ABS that
costs US$ 16.30. But still they are economical compared to
traditional dielectrics by many folds. Moreover, some high
permittivity materials have printing complications and cannot
be printed using common low-cost household printers. This
is a trade-off between the design process and performance
of the prototype, which is expected to reduce with the rapid
advancement in 3D printing technology.

VII. CONCLUSION
Beam–steering antennas using physical rotation of a pair of
3D-printed perforated dielectric structures (PDSs) are pre-
sented. PDSs are developed at negligible cost when com-
pared with multilayered printed metasurfaces. PDSs are also
superior to dielectric wedges with saw-tooth type geometry
and do not have mechanically weak regions that can cause
structural failure in laterally large PDSs required for high-
gain antennas. The PDSs can be used with different types
of feed antennas that are appropriate for the application. The
first prototype developed using a horn antenna has a peak gain
of 16.6 dBi and bandwidth of 1.2 GHz. A second prototype
developed using a resonant-cavity antenna (RCA) has a peak
gain of 17.7 dBi and bandwidth of 0.7 GHz. Both antenna
systems can steer the beam to a farthest elevation angle of

VOLUME 9, 2021 154007



T. Hayat et al.: Use of Pair of 3D-Printed Near Field Superstructures to Steer Antenna Beam in Elevation and Azimuth

35◦. The RCA based antenna system is 35.6% shorter than the
horn-based system but has reduced bandwidth. The wideband
scanning ability and low-fabrication cost of the demonstrated
systems make them a suitable candidate to develop extremely
low-cost consumer terminals for receiving upcoming satellite
services. The main limitation of antennas realized using this
method is due to relatively high RF losses and limited choice
of dielectric constants of in inexpensive 3D printable mate-
rials that are commonly available at present. With expected
rapid advancement in material technology, it will be possible
to realize high performance, low-cost antenna systems using
this method in the near future.
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