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Abstract— This paper presents the design of a sub-
wavelength (sub-WL) element with anisotropic properties and
demonstrates the performance enhancement it offers for
realizing low-profile transmitarrays. The transmission
characteristics are analyzed and compared to those of similar
half-wavelength (half-WL) elements. The results reveal that, as
opposed to the half-wavelength cell, the sub-wavelength element
exhibits minimal sensitivity to oblique incidence effects, a key
issue for low-profile transmitarrays. To evaluate the impact of
the angular robustness of the element on the transmitarray
performance, four distinct prototypes with 3-bit phase
resolution and 10x10 )? size, featuring the two unit-cell types
and two different focal-to-diameter ratios (F/D = 0.85, 0.3) are
designed at 30 GHz. The low-profile antenna with sub-
wavelength elements attains a peak gain of 28.1 dBi with 46%
aperture efficiency and a —3-dB gain bandwidth of 35%,
outperforming the transmitarray based on half-wavelength
elements.

Keywords—Ilow-profile, oblique incidence, sub-wavelength
unit-cell, transmitarray antennas.

1. INTRODUCTION

Over the past few years, transmitarray (TA) antennas have
attracted wide interest in the development of low-cost and
high-gain radiating systems at millimeter-wave frequencies.
They consist of planar discrete lenses that convert the beam
shape of the incident field, typically emitted by a low- or
moderate-gain feeding source, into a desired far- or near-field
pattern through a proper phase compensation. TA antennas
benefit from the spatial feeding mechanism, which avoids
potentially significant losses associated with beam-forming
networks, as in the case of phased arrays. However, the focal
length F between the primary source and the TA aperture may
be a drawback for some applications with strict constraints on
the antenna volume, especially at frequencies lower than
Ka-band frequencies. Consequently, one of the critical
challenges in designing TA antennas is to reduce their focal-
to-diameter ratio (#/D) while maintaining high efficiency and
large bandwidth. This critical pursuit has prompted a
multitude of innovative techniques and methodologies within
the existing literature. These methods encompass several
strategies, such as the optimization of the antenna feed [1], [2],
folded structures [3], [4], and tailoring the phase profile [5].
Nevertheless, as we delve deeper into the challenges of profile
reduction, an essential consideration emerges about the impact
of oblique incidence, regardless of the solution employed to
reach this goal.

To achieve the desired transmission characteristics, the
TA elements are generally optimized as unit-cells (UCs) of
infinite periodic structures, normally illuminated by an
incident plane wave. Therefore, the elements are placed
accurately within the TA lattice to produce the desired phase

compensation. This approach is valid under the hypothesis
that the magnitude and phase responses of these UCs remain
unaffected by the angle of incidence of the incoming wave.
While this assumption holds within a reasonably small error
for center-fed TAs with sufficiently large F/D ratios, it
becomes increasingly inaccurate as we move toward low-
profile configurations. For example, the work in [6]
demonstrated that designing a TA (£/D = 0.8) neglecting the
variation of the transmission coefficients of the UCs can lead
up to a 5 dB gain drop at the design frequency, compared to
the actual case that takes into account the oblique incidence
angles. Furthermore, in [7], a method based on generating the
phase profile of a dielectric TA considering the oblique
incidence effect is introduced. This approach results in a
remarkable gain enhancement of 4.5 dB for a highly compact
configuration (F/D = 0.14).

The previous studies underscore the importance of
exploring new design solutions at the UC level to create
elements that exhibit minimal sensitivity to oblique
incidence. Over the past two decades, various element
designs have been presented. Designs based on symmetrical
frequency-selective-surfaces (FSSs) require at least four
metal layers to cover the 360° phase range and
simultaneously achieve —1-dB transmission [8]. However,
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Fig. 1. (a) Exploded view of the anisotropic unit-cell. In the rotator
layer (in red), the coordinate system (CS) transformation from the
reference CS (x,y) to the crystal CS (u,v) is illustrated. Rotator
geometries employed for (b) the half-WL (c¢) and sub-WL
configurations. The periodic size A is 5 mm and 2 mm, respectively.
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Fig. 2. Simulated transmission magnitude and phase of the half~-WL

UC (a) and sub-WL UC (b). The dashed lines refer to the transmission
phase of the mirrored cases.
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TABLEI

GEOMETRICAL PARAMETERS OF THE ROTATORS FOR THE
HALF-WL UNIT-CELL

L1 w L2
Rotator (mm) | (mm) | (mm)
A 3.7 1 32
B 3.5 1 2.55
C 3.3 1.2 2.1
D 33 1.5 1.4

TABLEIII

GEOMETRICAL PARAMETERS OF THE ROTATORS FOR THE
SuB-WL UNIT-CELL

(pop ‘paff

Rotator (deg) | (deg)
A 15 7
B 25 10

C 30 16.5
D 20 41

aiming to realize a low-profile structure, thin elements with a
minimum number of metal layers are required. In [9], an
asymmetric UC design is introduced. Thanks to the
anisotropic properties of this element, complete phase
coverage and a near-perfect transmission can be achieved
using only three metal layers. Nevertheless, in the pursuit of
low-profile configurations, the selected UC shall also exhibit
minimal sensitivity to oblique incidence. Existing literature
indicates that periodicity can enhance the antenna bandwidth
[10]. In this context, this contribution discusses the impact of
periodicity on the UC angular robustness.

In section II, we present a comparison between two UC
designs based on the same architecture but exhibiting
different square lattice sizes. Their transmitting performance
at the UC level is numerically analyzed for both normal and
oblique incidence. Our results demonstrate the remarkable
insensitivity of the sub-WL UC to the variation of the
incidence direction. In section III, in order to investigate the
impact of the UC angular robustness on the TA performance,
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Fig. 3. Half-WL UC (Rotator A): (a) Transmission magnitude and

phase for different angles of incidence. (b) Transmission magnitude as
a function of both frequency and incidence angle.
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Fig. 4. Sub-WL UC (Rotator A): (a) Transmission magnitude and
phase for different angles of incidence. (b) Transmission magnitude as
a function of both frequency and incidence angle.

multiple TA antennas based on the two proposed UCs are
analyzed by considering a standard-profile (#/D = 0.85) and
low-profile configurations (#/D = 0.3).

II. UNIT-CELL DESIGN

A schematic representation of the UC is depicted in
Fig. 1(a). It comprises three metal layers and two dielectric
substrates, held together using a bonding film. The outer
layers consist of orthogonal metallic strip gratings, serving as
linear polarizers. These two gratings share identical
dimensions, differing only in the orientation of their strips.
The inner layer, referred to as the rotator, comprises a dipole-
like element tilted by 45° with respect to the xy-system. The
UC leverages the multiple reflections within the cavity and the
anisotropic properties of the rotator to gradually convert the
polarization of the incoming wave, simultaneously
introducing the desired phase shift. Complete tuning of the
phase shift with near-zero insertion loss can be achieved by
only adjusting the dimensions of the inner element; 4 different
rotator geometries have been considered (Rot A, Rot B, Rot
C, and Rot D). Moreover, a 180° phase shift can be obtained
by simply mirroring each rotator, streamlining the design
process, thus leading to 8 different rotators, i.e. a 3-bit phase
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Fig. 5. Phase profiles of the half-WL (a), (c) and sub-WL (b), (d) TAs for different values of /D. They are calculated at 30 GHz to steer the beam at the

broadside.
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Fig. 6. Simulated peak gain as a function of frequency of the half-WL
and sub-WL TAs for F/D = 0.85. Comparison with an ideal TA.

resolution. A comprehensive numerical model and design
procedure for this UC are described in [9].

The following Sections II.A and II.B present two different
UC designs with distinct periodic sizes. The first structure,
referred to as half-WL UC, has a period of /2 X 1/2, where
A is the wavelength in the free space at 30 GHz. In the second
one, referred to as sub-WL UC, the periodicity is set to A/5.

A. Half~WL Unit-Cell

The first proposed UC has a size of 5X5 mm? The
substrate material is a low-permittivity Duroid 5880 (e,.= 2.2,
tand = 0.9 x 10~3), while the bonding film is made of Arlon
CuClad 6700 g,= 2.35, tand = 2.5 x 1073). The thicknesses
are set to hy = 1.575 mm and hg = 40 pm for the dielectric
and bonding layers, respectively. The polarizers consist of
strips with a width of 0.9 mm and center-to-center spacing of
1.75 mm.

In accordance with the design guidelines, the rotator shall
exhibit purely capacitive and inductive properties for each
polarization in the (u,v) coordinate system (CS) to maximize
the transmission magnitude. Following the design procedure
explained in [9], an I-shape dipole is constructed, as shown in
Fig. 1(b). By adjusting the length of both the dipole, L1, and
of the hats, L2, as well their widths, W, four different phase
states are optimized. Moreover, four additional states are also
obtained by mirroring the rotator with respect to the y-axis,
resulting in a 3-bit phase resolution. The physical dimensions
of the rotator configurations are provided in Table I.

Fig. 2 (a) shows the simulated transmission magnitude and
phase of these UCs for normal incidence and enforcing
periodic boundary conditions. Each UC covers at least 11.3
GHz (37%) of —1-dB transmission bandwidth. The relative
phase error is less than 2° between adjacent UC phase

responses at the design frequency and becomes larger at
higher frequencies.

Lastly, the transmission performance of the UC is
investigated for several oblique incidence angles of the
incoming wave. The performance in transmission magnitude
and phase for different angles of incidence in the E-plane is
shown in Fig. 3(a). It can be seen that the selected UC exhibits
a stable performance for angles lower than 20° and up to 33
GHz. However, the frequency responses deteriorate rapidly
for larger angles and becomes worse at higher frequencies.
This effect is a result of the selected periodicity of the inner
layer, which leads to the onset of trapped higher-order grating
modes[11]. Fig.3(b) depicts the magnitude of the
transmission coefficient of one of the half-wave UCs as a
function of both frequency and incidence angle. Its
degradation becomes even more evident for larger incidence
angles.

B. Sub-WL Unit-Cell

The sub-WL element, shown in Fig. 1(c), has a periodicity
A =2 mm (A/5 at 30 GHz). It features dielectric spacers
made of Duroid 6002 (g,= 2.94, tand = 1.2 x 1073) with a
thickness of hy = 1.524 mm and employs the same bolding
film as for the previous case. In this configuration, the strip
width and spacing of the polarizing grids are equal to 0.45
mm and 0.6 mm, respectively.

Following the same design approach, a new rotator shape
is introduced to reach the maximum performance for the
selected periodic size. In this case, the proposed structure
combines a dipole and a circular ring with four cuts (Fig. 1(c)).
The dipole length is set to 2R = 1.9 mm. The transmission
phase is tuned by changing the angles @, and @, which
govern the widths and positions of four identical and
symmetrical cuts on the ring. The values of @,p, and @ are
optimized for a 3-bit phase resolution and listed in Table II.

The transmission magnitude and phase are plotted in
Fig. 2(b). All UCs cover more than 40% of fractional
bandwidth with losses better than 0.5 dB over the entire region
of interest. The phase error remains stable and is less than 10°
over the frequency range of 25-40 GHz. The operating
bandwidth is thus broader than that of the half-WL UC.

The performance enhancement enabled by the sub-WL
UC compared to the half-WL is even clearer when considering
the response under oblique incidence. Thanks to its smaller
periodic size, the structure is less affected by variations in the
incidence direction, as demonstrated in Fig. 4(a). Specifically,
the magnitude of the transmission coefficient remains above 3
dB for incidence angles up to 70° over the entire frequency
region. Although the transmission phase slightly varies, the
phase slope as a function of frequency remains similar to that
obtained for normal incidence. Finally, in contrast to the
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Fig. 7. Simulated gain frequency response of the two prototypes with
an F/D = 0.3, based on half-WL and sub-WL UCs, compared to an ideal
(perfectly collimating and lossless) TA.

previous case, no resonant points can be found, as can be seen
in Fig. 4(b). Based on these results, the sub-WL UC can
enable a more efficient design of TAs with very low profiles.

III. TRANSMITARRAY DESIGN

To assess the performance of low-profile TAs based on the
two proposed UC types, several designs are numerically
studied. Specifically, for each UC design, two TAs are
synthesized at 30 GHz: one with a relatively large F/D = 0.85,
and one with a small F/D = 0.3. It leads to four different
antenna systems. Two different ideal sources, modeled using
cosine-type radiation patterns, are selected for the two
considered F/D values. Both setups provide the maximum
achievable gain for the employed illumination. Specifically,
the gain of the source is described as Ggg = (n + 1)cos™0,
where n defines the peak gain and the half-power beamwidth
(HPBW) [12]. For the standard-profile designs (F/D = 0.85),
n is set to 15, whereas for the low-profile designs (£/D = 0.3),
it is set to 1. In both cases, the edge taper of the TA is around
—11 dB. The study and design of each TA are done using an
ad-hoc numerical tool based on ray tracing, as reported in
[13].

For all cases, the TA size is set to 104 X 104 at 30 GHz,
corresponding to 20X 20 elements and 50X 50 elements for the
half-WL and the sub-WL designs, respectively.

A. Standard-Profile Transmitarray Antenna

The phase profiles of the half~-WL and sub-WL TAs,
numerically optimized at 30 GHz for broadside radiation with
F/D = 0.85, are represented in Fig. 5(a) and (b). In both
systems, the maximum illumination angle from the source is
+30° at the edge of the aperture.

Full-wave simulations using Ansys HFSS have been
performed to validate the analysis of the proposed half-WL
and sub-WL TAs. The cosine-shaped illumination is imposed
by placing an external far field located in the focal point of the
TA (i.e., at 85 mm from the TA surface). Their gain curves are
shown in Fig. 6. Both designs achieve a gain of 28.8 dBi at the
design frequency. When compared to an ideal TA, ie., a
lossless ideal lens providing perfect phase compensation, the
sub-WL TA exhibits an almost constant gain loss of 0.8 dBi
over the frequency region 25-40 GHz. The half-WL TA
exhibits a slight gain decrease (~1.2 dB) at higher frequencies,
which is due to the performance of the UC at oblique angles
of illumination. Finally, the aperture efficiency is 61% for
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Fig. 8. Comparison between the simulated co-polarized radiation
patterns of the half-WL and sub-WL TAs in the low-profile
configuration (/D = 0.3) at 30 GHz. (a) H-plane (b) and E-plane cut.

both configurations,
performance.

resulting in comparable radiation

B. Low-Profile Transmitarray Antenna

The phase profiles of the low-profile half~-WL and sub-WL
TAs for this setup (£/D = 0.3) are shown in Fig. 5(c) and (d).

The peak gain as a function of frequency is shown in
Fig. 7. Unlike the standard-profile design, a notable difference
in performance between the two TAs can be seen.
Specifically, the half~-WL TA exhibits a gain loss up of to 3.1
dB compared to the ideal TA, whereas the sub-WL TA
exhibits only 1.1 dB of loss and reaches a peak gain of 28.1
dBi at 31.5 GHz. Hence, the maximum aperture efficiency is
46% and 32% at 31 GHz for the sub-WL and half-WL TAs,
respectively, resulting in a better collimation capability by the
TA with sub-WL cells. These divergent results can be
attributed to two factors, both stemming from the choice of the
UC periodicity. Firstly, in the proposed low-profile design, the
angle of incidence can exceed 60° at the edges of the aperture,
resulting in a relevant alteration to the scattering parameters
of the UCs. However, thanks to the significant robustness of
the smaller UCs to the impact of the oblique incidence, the
sub-WL TA displays a limited degradation in performance
compared to the half-WL design, confirming the results
presented in Section II. Additionally, a low-profile
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configuration demands a greater number of repetitions of
full-phase circles (360°) on the phase distribution of the
arrays, as can be observed in Fig. 5(c) and (d). Thanks to the
smaller periodicity, the phase profile of the sub-WL TA is
spatially smoother and avoids sudden phase shifts as in the
case of the half-WL TA. It leads to a more effective phase
compensation.

Furthermore, due to the broader bandwidth behavior of the
smaller elements, the —3-dB gain bandwidth is 35% and 26%
for the sub-WL and half-WL designs, respectively. Finally,
the normalized radiation patterns at the design frequency of
30 GHz are compared for both orthogonal planes in Fig. 8(a)
and (b). In the plots, the observed elevation angle is limited in
the [-30°, 30°] range, revealing a narrower beam shape for the
sub-WL TA. Moreover, the co-polarized gain of the sub-WL
TA as a function of the elevation angle and frequency is
depicted in Fig. 8. The main lobe is very stable in the —3-dB
gain bandwidth, ensuring efficient beam collimation within
the range of 26-37 GHz.

IV. CONCLUSION

An anisotropic TA design with A/5 periodicity at 30 GHz
was presented. The proposed three-layer sub-wavelength unit-
cells can achieve nearly zero insertion loss and broadband
transmission for normal incidence. A comprehensive analysis
of the transmission performance for oblique incidence was
conducted, showing significant angular robustness. To
demonstrate the remarkable performance and the stability of
this unit-cell design even for large angles, a 3-bit 50x50-
element TA antenna was designed and optimized for
F/D=03. A peak gain of 28.1 dBi with 46% aperture
efficiency and highly efficient focalization in a relatively large
bandwidth was achieved. To quantitively analyze the benefit
of the unit-cell robustness to oblique incidence on the TA
performance, a TA with the same values of F, D, and source
was designed using half-wavelength anisotropic elements

similar to the previous ones. It emerges that the new
sub-wavelength elements can improve the transmission
performance (+14%) and bandwidth (+9%) of TAs with a
small focal-to-diameter ratio, thereby paving the way for the
realization of efficient low-profile discrete lenses.
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