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Abstract— A broadband dual circularly polarized (dual-CP)
reflectarray based on 3-D printed dielectric materials is proposed
in this article. A novel 3-D dielectric array element that enables
the broadband linearly polarization (LP) to CP transformation
is proposed. The unit cell consists of two orthogonal dielectric
cuboids that adjust the phases of the two orthogonal LP waves
independently and then combine them into a CP wave. The
innovative unit cell design provides an extra degree of freedom
in varying the geometries of the array elements in all three
dimensions, which enables us to independently control the phases
of the two LP waves. This maintains an equal amplitude and 90◦
phase difference condition across the entire reflectarray surface,
realizing a broadband and high gain LP–CP reflectarray. The
placement of the feed is also optimized to achieve the highest
aperture efficiency. Finally, an off-set reflectarray was designed
and fabricated using lost-cost 3-D printing. The reflectarray is
able to provide both left-hand circular polarization (LHCP) and
right-hand circular polarization (RHCP), with just an LP feed.
The measurements agree well with simulated results where the
maximum realized gain and directivity at 34 GHz are measured
as 27.9 and 28.1 dBi, respectively. The measured 3 dB gain
bandwidth and aperture efficiency are 30% and up to 38%,
respectively. More importantly, a broad 3 dB axial ratio (AR)
bandwidth greater than 40% has been achieved for both LHCP
and RHCP, covering almost the entire frequency band of interest,
ranging from 26 to 40 GHz.
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I. INTRODUCTION

AREFLECTARRAY antenna consists of a reflecting sur-
face of unit cells and a feeding antenna [1], [2]. The

unit cells shift the phases of incoming waves such that the
reflected waves add constructively in a desired direction.
Reflectarray antennas combine the features of both reflec-
tor antennas and phased array antennas. They are compact
in size, lightweight, have a high gain, and are capable of
beamsteering using simple and low-cost tunable elements [3].
Reflectarrays have been extensively studied in the past few
decades. Current research focuses on either improving the
performance in terms of large bandwidth [4], [5], high gain [6],
[7] and high efficiency [8], or exploring new functionalities,
such as dual polarization [9], [10], circular polarization [11],
[12], multiband [13], [14], multibeam [15], [16], and dynamic
beamsteering [3], [17], [18].

Additive manufacturing (3-D printing) with dielectric mate-
rials is a trending technology, which enables fast and low-cost
prototyping for electromagnetic devices. This technology has
already been applied to many antenna designs, such as dielec-
tric resonator antennas [19]–[21], lens antennas [22]–[25],
transmitarrays [26], [27], and reflectarrays [28]–[32]. Dielec-
tric reflectarrays are typically less lossy and more efficient
than their microstrip counterparts at high frequencies. With
the frequency increased, the array elements based on the
microstrip suffer from an increased conductor loss in the
metallic resonators and the dielectric loss in the microstrip sub-
strate [28], [33]–[35]. Specifically, in 2014, Nayeri et al. [28]
demonstrated the first 3-D printed reflectarray operating at
100 GHz, in which the height of the dielectric slab is varied
to achieve phase variation up to 360◦. This study shows
that 3-D printing is a promising low-cost solution for high-
gain terahertz antennas. Later, Zhang [29] proposed another
3-D printed reflectarray where discrete dielectric cuboids with
varying lengths were used as the array element. A maximum
gain of 34 dBi with a 1 dB bandwidth of 10% was achieved
in the Ka-band. In 2018, Wu et al. [30] presented a wideband
high gain dielectric reflectarray working at 220 GHz. Similar
to [28], the dielectric height is varied for desired phase
response. It was found that the maximum gain and 1 dB gain
bandwidth are 31.3 dBi and 20.9%, respectively.

While 3-D printing technology has been successfully
applied to linearly polarization (LP) reflectarrays, its
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application to a circularly polarized (CP) reflectarray is quite
limited. CP antennas are widely used in wireless commu-
nication systems, such as satellite communications, global
positioning systems (GPS), and radio frequency identification
(RFID), as they are less susceptible to environmental inter-
ference and possess better immunity to multipath propagation
effects [36]. As the demands for high-data-rate communication
systems increase, it is highly desirable to have CP antennas
with wide bandwidths [37]. CP reflectarrays can be realized
by using either CP or LP feeds. The latter has the advantages
that it can realize multiple polarizations, including left-hand
circular polarization (LHCP), right-hand circular polarization
(RHCP), and linear, using the same feed. The LP-LHCP and
LP-RHCP are the two types of reflectarrays that we focus on in
this article. To date, most existing wideband CP reflectarrays
are either based on microstrip or all-metal structures [6], [11],
[12], [38]–[40]. The main reason for this is the challenge of
fabricating dielectric structures with complex 3-D geometries
for polarization control.

An all-dielectric CP reflectarray has been proposed in [31]
where a hemiellipsoidal dielectric element was adopted.
Although this work was based on the concept of wideband
hemiellipsoidal dielectric resonator antenna (DRA) and a sim-
ulated 1 dB gain bandwidth of 11.2% was achieved, only 6.7%
of 3 dB AR bandwidth was reported. Moreover, the curvature
of the hemiellipsoid makes it challenging to fabricate accu-
rately with a tight tolerance, which, in turn, may deteriorate the
performance of the reflectarray. More recently, Bin et al. [32]
presented a CP dielectric reflectarray using a cross-shaped
dielectric structure. The size of the unit cell was scaled up
and down to achieve the desired phase variation. However,
since the ratio of the two perpendicular blocks was fixed and
scaled simultaneously, it was impossible to independently tune
the phase responses for two polarizations. Therefore, in this
design, the phase differences become unstable across different
scaling factors, which, in turn, deteriorates the conversion to
circular polarization. This issue was even more pronounced
in the magnitude curves of the reflection where the largest
difference exceeded 10 dB, and as a result, only a 3 dB AR
bandwidth of 19.3% was realized. In addition, strong reflection
magnitudes were observed in both polarizations, resulting in
a maximum aperture efficiency of only 16.5%.

Exploiting the development of additive manufacturing tech-
nology and the emergence of high dielectric constant 3-D
printable materials, we take a step further in the dielectric-
based LP–CP reflectarray concept. In this article, a novel 3-D
dielectric array element, which enables a broadband LP–CP
transformation, is proposed. The dielectric array element
comprises two orthogonal dielectric cuboids to provide two
orthogonal LP waves with equal amplitudes, accompanied
by a 90◦ phase difference, enabling us to combine these
two LP waves into a CP wave. The innovative tunability
in all three dimensions of the array element enables us to
independently control the phases of the two orthogonal LP
components based on the location of the element and maintain
the conditions of equal amplitude and 90◦ phase difference
across the entire reflectarray surface, therefore enabling the
realization of a broadband and high gain LP–CP reflectarray.
To prove the concept and demonstrate the advantages of the
dielectric LP–CP reflectarray, a 3-D printed broadband LP–CP

reflectarray that operates in the Ka-band is detailed in this
article. The reflectarray is designed to have an offset feed to
circumvent the feed blockage problem. Geometric parameters
of the dielectric unit cell are thoroughly investigated, and their
effects on the phase response and bandwidth are presented to
give guidance on how to achieve a wideband unit cell design.
The reference phase and the feed distance are also investigated
to optimize the broadband performance.

This article is organized as follows. Section II introduces the
unit cell and parametric study for wideband design. Section III
presents the design and analysis of the proposed CP reflec-
tarray. Simulation and measurement results are demonstrated
and compared with existing literature. Finally, conclusions are
drawn in Section IV.

II. UNIT CELL DESIGN AND ANALYSIS

A. LP–CP Transformation Unit Cell Design

The unit cell of the LP–CP reflectarray is designed to control
the reflected phase in two orthogonal directions independently.
It is well known that a CP wave can be decomposed into two
orthogonal LP components where they have equal amplitudes
and ±90◦ phase difference. Based on this concept, the whole
reflectarray can be designed to provide two orthogonal LP
waves with equal amplitudes but ±90◦ phase difference, and
the two LP waves are combined to realize a collimated CP
wave.

To achieve independent tuning at two polarizations, we use
two sets of linearly polarized elements, namely, the x and y
elements, to realize the LP to CP transformation. The structure
of the proposed unit cell is shown in Fig. 1. The LP–CP
transformation of the proposed unit cell is shown in Fig. 1(g).
The polarization of the LP feed is 45◦ oriented with regard
to either of the two axes such that the LP incident field
Ei

L P has two equal amplitude components Ei
x and Ei

y with
two equal phase components φi

x and φi
y along the x- and

y-axes, respectively. The x and y elements of the unit cell are
designed to interact with x and y components of the incident
field, respectively, and to produce reflected fields (Er

x , φ
r
x) and

(Er
y, φ

r
y) along the x- and y-axes, respectively. To produce

a CP reflected wave Er
C P , it has φr

x = φr
y ± 90◦. For a

lossless reflectarray, the amplitudes of the incident field and
the reflected field are equal. Then, the geometric parameters of
both elements are adjusted to introduce ±90◦ phase difference
to form a CP wave. The change in all three dimensions (L,
W , and H ) of x and y elements tunes the reflected phase
but to different extents. Taking the y element as an example,
the y element is a dielectric block with the dimension of
L y × Wy × Hy. The width Wy is considerably smaller than the
length L y such that it is mainly responsible for the reflection
of the LP wave in the y-direction. Similarly, an x element with
the same width and length is placed perpendicularly to the y
element to reflect the x-polarized incident wave. Hy and L y of
y elements can be adjusted to introduce the desired φr

y , while
Hx and Lx are used to tune the φr

x . For ease of visualization,
the y element is placed in the center of the unit cell, while
four-quarter x elements are placed on the top and bottom sides
with a height of Hx .

The 3-D dielectric array element has two advantages com-
pared with the conventional metallic array elements. First, the
3-D tunability offers an extra degree of freedom in controlling
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Fig. 1. Geometry of the proposed unit cell. (a) Unit cell in periodic boundary conditions with only (b) y elements visible and (c) x elements visible. (d) Unit
cell and its (e) top view, (f) side view, and (g) demonstration of LP–CP transformation. Different colors are for distinguishing the x and y elements, and the
substrate. They are all made out of the same dielectric material.

the reflection. Most microstrip-based metallic array elements
are only able to tune their geometries in two dimensions,
which restricts the phase tuning capability of the unit cell.
The ability of tuning the geometry in the third dimension
(z-axis) not only increases the maximum phase tuning range
without increasing the unit cell footage but also improves the
smoothness of the phase curve. Furthermore, freely tuning
in the third dimension is particularly useful for the LP–CP
reflectarray design.

To achieve wideband CP wave in a unit cell design, the x
and y elements are required to meet two conditions: 1) con-
sistent ±90◦ phase difference of x and y elements at all
conditions (different locations, incident angles, and frequen-
cies) and 2) stable phase response for both x and y elements
across a large bandwidth. The independent control of the
two orthogonal linear polarizations helps to realize consistent
±90◦ phase difference. In other words, high polarization purity
should be ensured when tuning the array elements’ geometries.
Therefore, the x and y elements are designed to have a high
aspect ratio so the long edge is in the plane of its primary
polarization, i.e., x element has its long edge in x-axis, the y
element has the long edge in the y-axis, and the tuning in the
element width should be avoided, so the y polarized wave is
not affected by the tuning of x element, and vice versa. In this
work, we only vary Hx and Hy but keep Lx , L y , Wx , and Wy

as constant values, so the impact on the polarization purity
due to the changes in x and y dimensions is avoided. Since
the x and y elements are identical cases, we have Lx = L y

and Wx = Wy in order to simplify the design.
The 3-D printable material PREPERM TP20755 was used

for the dielectric array fabrication. A thin dielectric slab was
3-D printed and characterized using the Damaskos Model
600T open resonator. The measured relative permittivity and
loss tangent are shown in Fig. 2. The retrieved relative permit-
tivity and loss tangent values are 7.4 and 0.003, respectively,
averaged over the frequency band 26 to 40 GHz. The mea-
sured dielectric properties were used for unit cell design and
full-wave simulation of the reflectarray. A thin substrate using

Fig. 2. Measured dielectric property of the PREPERM TP20755 material.

TABLE I

DIMENSIONS OF THE PROPOSED UNIT CELL IN MM

the same dielectric material with a thickness of h = 0.2 mm
was designed to support the array elements and keep them
in place during fabrication. The dimensions for the unit cell
are shown in Table I. Extensive simulations were carried
out to find the optimal dimensions of the unit cell that is
shown in Table I. These dimensions were chosen to satisfy
the manufacturing tolerances but, more importantly, to support
the broadband reflectarray design. The dimensions acquisition
process will be presented in Section II-B.

The unit cell is modeled using the commercial full-wave
solver CST Microwave Studio with Floquet boundary condi-
tions. Considering a unit cell with the y-element only (Hx =
0 mm and other parameters, as listed in Table I), the reflection
phase and magnitude of the unit cell at 32 GHz for both x
and y-polarized incident waves were simulated. In the ideal
case, one expects large phase variation with the y-polarized
wave and minimal phase variation with the x-polarized wave.
In other words, the phase control of the x elements should
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Fig. 3. Simulated reflection (a) phase and (b) magnitude with Hx = 0 at
32 GHz for y-polarized and x-polarized incident waves. The incident angle
is 15◦.

be independent of the height of the y elements nearby, and
vice versa. As can be seen from Fig. 3(a), a 360◦ phase
variation can be achieved by varying Hy from 0 to 17 mm
with the y-polarized wave. By contrast, the phase variation
with the x-polarized wave is considerably smaller due to the
high aspect ratio of the y element. The reflection magni-
tude indicates how lossy the unit cell is as a reflectarray
element. As shown in Fig. 3(b), the reflection loss with
the y-polarized wave is above −0.4 dB for all Hy values.
In comparison, the loss is almost flat and close to 0 dB
for the x-polarized case, which means that the y-element
alone is neglectable in the presence of x-polarized waves.
The small reflection loss in both cases suggests that the
proposed unit cell is a good candidate for reflectarray design at
the Ka-band.

The independent tunability is verified by performing a
detailed parametric study. More specifically, Ly, W y, and H x
were investigated to evaluate their effects on the reflected
phase as a function of H y. Due to the symmetry of the
structure, the characterization of Ly and W y can be directly
applied to the Lx and W x values. Fig. 4 demonstrates the sim-
ulated phase curves at a representative frequency of 32 GHz.
For simplicity, only six curves with both x- and y-polarized
incident waves are plotted for each parameter. As H y is the
main variable in the parametric study, the y-polarization is
considered as the main polarization and, hence, x-polarization
as the second polarization. All parameters use the values in
Table I except those noted in the figure.

Fig. 4(a) shows that the height of the secondary element
(Hx) is trivial for the main polarization. As can be noticed, the
three y-polarization curves are almost parallel, the same as the
three x-polarization curves. Increasing Hx only shifts the phase
curve downward, and the phase variation rate remains almost
unchanged for both polarizations. It is also noticed that the
phase shift range is much smaller in the primary y-polarization
than it is in the secondary x-polarization due to the narrow
element width in the secondary polarization.

The effects of y element’s width Wy and length L y on
the polarization purity are presented in Fig. 4(b) and (c),
respectively. It is clear that the phase variation rate increases
while increasing either Wy or L y in the main polarization.
However, the differential of the phase curves is also increased
in the second polarization with the increased Wy , as shown in
Fig. 4(b). This indicates that the elements’ width should be
small to ensure high polarization purity.

Fig. 4. Simulated reflection phase as a function of Hy while varying (a) Hx ,
(b) Wy , (c) L y , and (d) θ at 32 GHz. To make comparison easier, the
maximum phase is shifted to 0◦ for each frequency in each figure.

Since the reflectarray is designed to have an offset feed,
the impact of the oblique incident angle θ is also evaluated,
and the simulated phase responses are plotted in Fig. 4(d).
The polarization of the incident wave remains constant and is
independent of the incident angle. As can be noticed, the phase
variation phase curves are almost parallel as θ is increased
from 5◦ to 25◦. This indicates neither the x nor y elements
are sensitive to the incident angle of the impinging wave at the
designed frequency. In practical setups, θ should be selected
not to be too small, which results in feed blockage, but also not
too large, which worsens the shadowing effect caused by tall
elements. Moreover, the phase sensitivity at other frequency
points should also be studied for broadband designs.

B. Enabling Wideband Phase Response of the Unit Cell
As mentioned in the previous section, the second condition

for wideband CP waves is to have a stable phase response
across a range of frequencies as wide as possible. This helps
to ensure ±90◦ phase difference across a wideband frequency
range, which results in a large AR bandwidth. Fig. 5 shows the
2-D phase maps over the frequency range from 25 to 40 GHz
for different Hy values in the primary polarization. It can
be noticed that, in all figures, the phase range increases as
frequency increases. This is expected as the wavelength is
smaller at higher frequencies. With fixed dielectric geometry,
higher frequency waves travel more wavelengths and, hence,
exhibit a larger phase range.

Fig. 5(a) and (b) shows the phase maps at Wy = 0.3 mm
and Wy = 0.7 mm, respectively. In the first case, the
phase variation from the lower end frequency to the higher
end frequency and from the lower Hy to the higher Hy

is very smooth, and no disruption is observed. This is a
perfect example of stable phase response across the whole
frequency band. However, a full 360◦ phase range cannot be
guaranteed at lower frequencies. Only 178◦ phase range is
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Fig. 5. Simulated reflection phase maps for different Hy and frequency
values: (a) Wy = 0.3 mm, (b) Wy = 0.7 mm, (c) L y = 3.7 mm, (d) L y =
4.3 mm, (e) θ = 5◦, and (f) θ = 25◦ in the case of y-polarized incident wave.
To make it easier for comparison, the maximum phase is shifted to 0◦ for
each frequency in each figure.

achieved at 25 GHz. In comparison, the Wy = 0.7 mm case
shows a larger phase range due to the increased dielectric
volume. Nevertheless, it can also be noticed that the phase
becomes highly sensitive to the change of element height
above 36 GHz—see top right area of Fig. 5(b). This disruption
will introduce large phase errors at higher frequencies, which,
in turn, reduces the bandwidth of the reflectarray. In addition,
too large a width also results in large phase variation in the
second polarization, which should be avoided. Therefore, the
element widths Wx and Wy were chosen as 0.5 mm to satisfy
the minimal fabrication feature that can be reliably 3-D printed
by using a 0.4 mm extruder.

The phase maps with L y = 3.7 mm and L y = 4.3 mm
are presented in Fig. 5(c) and (d). Unsurprisingly, a larger
L y value leads to a larger phase range. Also, similar to the
Wy = 0.3 mm case, full 360◦ variation at lower frequencies
cannot be achieved with L y = 3.7 mm. What stands out
in Fig. 5(d) is its relatively stable phase response at such
large values. A higher phase variation means that a smaller
Hy is required to achieve a full 360◦ range. For 3-D printed
dielectrics, it is desirable to have a smaller height for the
sake of mechanical robustness. Moreover, tall elements might
block electromagnetic waves from reaching the surrounding
short elements. In this regard, large values of L y and Wy are
preferred. However, it should be noted too a large L y value
means that the x and y elements will physically overlap. The

Fig. 6. Configuration of the proposed reflectarray. (a) CST model and realized
phase maps of (b) x elements and (c) y elements calculated at 32 GHz.

geometry changes become insignificant when the two elements
overlap, which reduces the phase tunability. Therefore, the
final values of Lx and L y are chosen to be 4.0 mm.

Finally, phase maps of incident angle of θ = 5◦ and θ =
25◦ are plotted in Fig. 5(e) and (f) using the same scale. The
two figures indicate that, although not evidently, increasing the
incident angle can slightly increase the phase range. However,
phase disruption is also noticed in the θ = 25◦ case at the
higher end frequency. Therefore, to minimize the phase errors
but also mitigate feed blockage, the phase curve for θ = 15◦
was chosen for the reflectarray design.

III. DESIGN OF KA-BAND CP REFLECTARRAY

Using the unit cell parameters determined from Section II,
a CP all-dielectric reflectarray is proposed and shown in Fig. 6.
The operation mechanism of a reflectarray is similar to that of
a phased array antenna where array elements are individually
tuned to generate required phases for beam-forming [41]. The
only difference is that the phase variation from the feed to
each element should be considered in the reflectarray case.
Therefore, the required phase compensation for each element
can be calculated by

φi( f ) = k(|r i − r f | − û0 · r i) + �φ (1)

where r i and r f are the position vectors of the i th element and
the feed, respectively. û0 is the unit vector in the main beam
direction, and �φ is a constant reference phase added to all
the elements. �φ introduces an additional degree of freedom
for the reflectarray design, which varies from 0 to 360◦. The
required phases for x elements are manually added with ±90◦
phase difference in comparison to the y elements to achieve
circular polarization. The LP feed is placed in the xoz plane
and tilted 15◦ from the broadside to mitigate feed blockage
effects. By rotating the feed 45◦, the LP incident wave can be
decomposed into two orthogonal components in both x and y
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Fig. 7. Calculated aperture efficiency as a function of the ratio of feed height
to aperture dimension with a 19.7 dBi horn offset by 15◦.

dimensions. In addition, to minimize beam squint, the main
beam direction is set to 15◦ off broadside in the xoz plane.

A. Optimized Aperture Efficiency
One of the most important considerations in reflectarray

antenna design is aperture efficiency. This parameter indicates
how efficiently the physical area of the antenna is utilized
and should be maximized in the system design [41]. Aperture
efficiency is defined as the product of spillover efficiency
and illumination efficiency. More specifically, it is associated
with parameters such as feed pattern, location and orienta-
tion, element pattern, aperture size, and shape. We aim to
design a CP reflectarray that works across the entire Ka-band
from 26 to 40 GHz. The aperture size is fixed at 100×100 mm2

(10.6λ × 10.6λ at 32 GHz), where the unit cell has a side
length of 5 mm. A standard gain pyramid horn antenna
operating from 26 to 40 GHz was used as the feed with
the gain of 19.7 dBi and a half-power beamwidth of 19◦ at
32 GHz. With the feed antenna, feed orientation, and aperture
size determined, the aperture efficiency can be optimized by
choosing an appropriate feed height where the product of
spillover efficiency and illumination efficiency achieves the
maximum value. The technique illustrated in [42] is adopted
to calculate the spillover efficiency and illumination efficiency.
To simplify the process, the feed pattern is approximately
modeled by a cosq(θ) function with q = 21.

Fig. 7 presents the calculated aperture efficiency while
varying the feed height. As can be observed, the maximum
efficiency is achieved at H/D = 1.55, which corresponds to a
height of 155 mm. It should be noted that this is only a rough
estimate of the optimum height as the cosq(θ) function does
not represent the true radiation pattern of the feed. The final
height of the feed is chosen as 150 mm after comparison of
simulations at a few different heights around 155 mm. With
this system setup, the edge taper at the lower edge center
(x = −50, y = 0), upper edge center (x = 50, y = 0), and
side edge centers (x = 0, y = ±50), all in mm, are −11.7,
−8.6, and −11.1 dB, respectively.

B. Optimized Reference Phase
In reflectarray designs, the constant reference phase �φ

can be optimized to achieve the best performance [5]. This

TABLE II

EFFECT OF REFERENCE PHASE ON REFLECTARRAY BANDWIDTH

is particularly true for reflectarrays that utilize 3-D elements.
More specifically, varying �φ changes the required phase
compensation φi( f ) and, hence, directly affects the element
heights of the 3-D array. Changing �φ effectively relocates the
tallest dielectric cuboids. With an oblique incidence, a large
incident angle with tall array elements in unwanted regions
could potentially result in a strong shadowing effect, lead
to increased phase errors, and deteriorate the reflectarray
performance [28]. The introduction of the orthogonal elements
for CP conversion further exacerbates the situation and makes
it challenging to have single optimized �φ for both gain and
CP bandwidths.

Full-array simulations have been carried out to further
evaluate the effect of �φ on the gain and AR bandwidth. The
AR is calculated from

AR = |EL H C P | + |ERH C P |
|EL H C P | − |ERH C P | (2)

where EL H C P and ERH C P are the left- and right-hand circular
polarized field components, respectively, and they can be
derived from

EL H C P = 1√
2

(
Eθ − j Eφ

)
(3)

ERH C P = 1√
2

(
Eθ + j Eφ

)
. (4)

Table II presents the simulated 3 dB gain bandwidth, as well
as the 3 dB AR bandwidth, as �φ is varied from 0◦ to
315◦ with 45◦ intervals. Note that the phase curve of the
unit cell that is used for this calculation is normalized to start
from 360◦. The table shows that the highest gain bandwidth
and AR bandwidth are achieved by using �φ = 270◦ and
�φ = 0◦, respectively. The selection of different �φ results
in a difference of up to 9.9% in gain bandwidth—maximum
fractional bandwidth of 40.2% for �φ = 270◦ and minimum
fractional bandwidth of 30.3% when �φ is 45◦. Different
�φ choices result in differences of up to 21.7% in the
AR bandwidth—maximum fractional bandwidth of 41.0%
when �φ is 0◦ and minimum fractional bandwidth of 19.3%
when �φ is 270◦. It shows that the effect due to the selection
of �φ is more pronounced on the AR bandwidth than on the
gain bandwidth. Since, in this work, we aim to ensure good
circular polarization performance over a wide bandwidth, our
final choice for �φ is 0◦, and we proceed to calculate the
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Fig. 8. Photographs of (a) printed reflectarray with (b) zoomed-in view of
the x and y elements and (c) measurement setup.

required phase for each element in accordance with (1). The
final achieved phase map is shown in Fig. 6(b) and (c) for
both x- and y-elements.

C. Fabrication and Measurement Results

The reflectarray was 3-D printed in one single print job
by using the Raise3D Pro2 with a 0.4 mm extruder. The
layer height was set as 0.01 mm to ensure smooth unit cell
surfaces. Before printing the entire reflectarray, the printing
parameters (including the extrusion rate, extrusion overlaps,
temperature, and fan speed) were optimized by printing small
parts of the reflectarray and measuring the dimensions of the
array elements. Then, the printing parameters were adjusted
to ensure the fabricated dimensions agreed with the design
dimensions. The ground plane was made of adhesive copper
foil. Then, the reflectarray was affixed onto a 3-D printed
jig with an adjustable extension arm, which holds the feed
horn in front of the reflectarray. The adjustable arm was
also 3-D printed with hollow internals that minimize their
effect on the radiation pattern. The reflectarray was measured
in a spherical near-field anechoic chamber. A Fast-Fourier
transformation was applied to convert the near field data to
the far-field. Fig. 8 shows the photograph of the fabricated
reflectarray and the final setup for measuring the LP-RHCP
reflectarray. The incident angle of the LP feed is set as
Azimuth = −15◦ and Elevation = 0◦, and the reflection beam
points at Azimuth = 15◦ and Elevation = 0◦. The LHCP
reflectarray was achieved by rotating the LP feed by 90◦.

Alternatively, rotating the reflectarray by 90◦ while keeping
the LP feed fixed can also achieve the desired reflected LHCP
wave.

Fig. 9 plots the normalized radiation patterns, for both
LHCP and RHCP, at four frequencies, namely, 27, 31, 35,
and 39 GHz. Both the co-pol and x-pol patterns are plotted for
the two circular polarizations, namely, RHCP and LHCP. The
overall measured radiation patterns agree well with simulations
although the measured x-pol level of the LHCP in the main
beam direction at 31 GHz is slightly worse than that predicted
by the simulation. The sidelobe levels (SLLs) are less than
−15 dB, for both LHCP and RHCP, across the entire Ka-band,
and the SLLs are further reduced to below −20 dB at the
frequency of 31 and 35 GHz. The measured and simulated
axial ratios (ARs) are shown in Fig. 10, where the 3 dB AR
bandwidth almost covers the entire Ka-band. More specifically,
the measured 3 dB AR bandwidths are 13.2 GHz (26.2 to
39.4 GHz) with the fractional bandwidth (FBW) of 40.2% for
the LHCP and 13.3 GHz (26 to 39.3 GHz) with the FBW
of 40.7% for the RHCP. Due to symmetric design in the
reflectarray, the difference in the simulated AR for both LHCP
and RHCP is negligible, and hence, only simulated LHCP
results are displayed in Fig. 10.

Fig. 11 presents the results for the measured gain and
aperture efficiency. It demonstrates that the measured results
agree very well with those predicted by simulations using CST.
We note that the LHCP gain levels coincide with those of the
RHCP gain at most of the frequency points, demonstrating
that the performance is consistent, regardless of the polariza-
tion. The maximum measured realized gain and directivity at
34 GHz were found to be 27.9 and 28.1 dBi, respectively,
which corresponds to the maximum aperture efficiency of
38%, as plotted in the right axis of Fig. 11. However, it is
worth noting that the simulated/measured aperture efficiency is
considerably smaller than the ideal aperture efficiency shown
in Fig. 7. This discrepancy can be attributed to a number of
reasons. First, in the unit cell design, all elements are assumed
to have the same incident angle; thus, only one phase response
curve is used to determine the unit cell sizes. However, this is
not the case as the feed is at a finite distance from the aperture.
Large phase errors can be introduced if elements are far away
from the aperture center. The wave blockage caused by the tall
elements can further increase such phase errors. To alleviate
this issue, one has to consider more accurate incident angles
in the unit cell design, e.g., dividing the reflectarray into
subregions and each subregion uses different phase response
curves accordingly. Second, the cosq(θ) function radiation
patterns for the feed horn and reflective elements, as used
in the theoretical aperture efficiency calculation, are only
approximations of the true patterns [41]. In this work, the
difference between the theoretical cosq(θ) pattern (q = 21)
and the true horn directivity pattern results in an illumination
level difference of up to 4.7 dB on the array aperture. Such
illumination level difference from different elements adds up
and contributes to the discrepancy between theoretical and
measured aperture efficiencies. Finally, the reference phase
was adjusted to maximize the AR bandwidth at the cost of the
maximum gain and the gain bandwidth. A similar approach
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Fig. 9. Simulated and measured radiation patterns of the proposed reflectarray for both LHCP and RHCP at (a)–(d) 27, (e)–(h) 31, (i)–(l) 35, and
(m)–(p) 39 GHz.

Fig. 10. Simulated and measured axial ratios for both LHCP and RHCP.

was also reported in literature where maximum gain was
reduced while optimizing the gain bandwidth [5].

The measured 3 dB gain bandwidths are 9.9 GHz
(29.7–39.5 GHz) with the FBW of 28.3% for the LHCP and

Fig. 11. Simulated and measured gain and aperture efficiency for both LHCP
and RHCP.

10.3 GHz (29.2–39.5 GHz) with the FBW of 30.0% for the
RHCP. The corresponding 1 dB gain bandwidths are 4.4 GHz
(32–36.4 GHz) with the FBW of 12.9% for the LHCP and
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TABLE III

COMPARISON WITH OTHER WIDEBAND CP REFLECTARRAYS

5.9 GHz (31.7–37.6 GHz) with the FBW of 17.0% for the
RHCP. Simulations on the reflectarray with lossless dielectric
and lossy dielectric (loss tangent = 0.01) were carried out and
showed that the maximum gain of the antenna was reduced
by 0.53 dB due to the increased loss. As the material that was
used in this work has a loss tangent of 0.003, the investigative
lossy simulations demonstrated that the effect on the antenna
performance due to the dielectric loss was insignificant.

Finally, before closing this section, we summarize the
overall performance characteristics of the proposed design and
compare it with other wideband reflectarrays listed in Table III.
The comparison shows that the design presented here offers
the largest AR bandwidth. In particular, in comparison to the
reflectarray design in [40], which employs the microstrip ele-
ment approach, this work achieves both higher gain levels and
AR bandwidths, even as it uses a low cost and easy-to-fabricate
technology, based on 3-D printing. In addition, in comparison
to other state-of-the-art 3-D printed CP reflectarrays presented
in [31] and [32], our design achieves a significantly higher
aperture efficiency and AR bandwidth, spanning over nearly
the entire Ka-band.

IV. CONCLUSION

This article presented a 3-D printed all-dielectric LP–CP
reflectarray antenna for broadband and high-gain mm-wave
communication. The novel design, described herein, realizes
a broadband LP–CP transformation by adjusting the 3-D
element geometries of the array. A detailed unit cell analysis
has been carried out to determine the appropriate geometry
to achieve a wideband phase response. The height of the
feed and the reference phase have also been investigated to
ensure the best wideband CP performance. Finally, a 100 ×
100 mm2 dual circularly polarized (dual-CP) reflectarray has
been designed and fabricated. Measured results demonstrate
that the reflectarray achieves a maximum gain of 27.9 dBi at
34 GHz and a maximum 3 dB AR bandwidth of 40.7%. This
study shows that 3-D printing is a promising technique for

realizing high-gain broadband CP reflectarray antennas. With
the growing potential of the additive manufacturing process
and material development, the resolution of the fabrication and
the mechanical strength of materials will be improved for the
3-D printed dielectrics, which can further exploit 3-D printing
in RF applications.
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