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Abstract— A dual-polarized 4 × 4 scanning phased array
antenna with leaky-wave enhanced lenses operating at 28 GHz is
presented. Such an antenna can be used for point-to-point fifth-
generation (5G) communications that require high gain, wide
bandwidth (BW), and limited steering ranges. The proposed
array has a periodicity of two wavelengths, and the resulting grat-
ing lobes are suppressed by directive and steerable array element
patterns. To achieve a low-cost and low-profile solution, the leaky-
wave antenna feeds are designed in printed circuit board and the
lenses are made of plastic. The lenses are optimized in the near-
field region of the feeds, with the goal of maximizing the array
element aperture efficiency. The array performance obtained
from the proposed approach is validated by full-wave simulations,
showing a 27.5 dBi broadside gain at 28 GHz and a steering capa-
bility up to ±20◦ with 2 dB of scan loss. An antenna prototype was
fabricated and measured. Measurement results are in excellent
agreement with full-wave simulations. The prototype antenna,
at broadside, achieves a 20% relative BW and a gain of 26.2 dBi.

Index Terms— Fifth generation (5G), leaky-wave antenna
(LWA), lens antenna, millimeter wave, sparse phased array
antenna (PAA).

I. INTRODUCTION

NEXT-generation wireless links between base stations and
fixed access points, such as customer premise equip-

ment (CPE) placed in a “smart home,” will operate at 28 GHz
to exploit wide-bandwidth (BW) signals. To enable such links,
it is necessary to have low-profile and low-cost antennas
that support high gain and highly isolated dual polarization.
Antenna alignment is of great importance to ensure proper
connectivity in such links. Accordingly, the CPE antennas are
required to support limited elevation beam steering, such as
±10◦ in all azimuthal directions. Table I shows the assumed
requirements for the next generation of CPE millimeter-wave
(mm-wave) antennas. To make the entire system compact
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TABLE I

ASSUMED REQUIREMENTS FOR 5G CPE ANTENNAS

TABLE II

SIMULATED PERFORMANCE OF PAAs FOR

5G APPLICATIONS AT 28 GHz BAND

and low cost, the printed circuit board (PCB) technology is
preferred to realize the antennas. An important challenge for
these antennas is the desire for them to be compatible with
inexpensive front ends that support 4×4 phase-shifted signals
only while providing more than 27 dBi gain for broadside
radiation and 25 dBi gain for steering cases. A sidelobe
level (SLL) up to −10 dB can be accepted in communication
links where the line of sight is dominating with respect to
multipath effects.

Although great efforts have been dedicated to compact
fifth-generation (5G) architectures in recent years, arrays with
such performance have not been shown to date. In Table II,
a summary of state-of-the-art 5G array antennas in PCB
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is provided. In [1], a 1×4 dense-dielectric patch array antenna
with a periodicity of 1.1λ0 (at 28 GHz) was proposed. It was
designed with single polarization and achieved a relative BW
of 8.5% and a gain of 16.3 dBi. To improve the performance
on BW × directivity, a 4 × 4 phased array antenna (PAA)
with a smaller periodicity of 0.56λ0 was designed in [2],
where single-polarized slots and patches were used. Such a
structure achieved a relative BW of 26% and a gain of 19 dBi.
With the same periodicity, in [3], a 1 × 16 PAA with single-
polarized patches achieved a relative BW of 15.2% and a gain
of 20.2 dBi. In [4], a higher gain of 21 dBi was achieved
by using an 8 × 8 PAA with patches. This PAA has a lower
relative BW of 11% [5]; however, it presents dual polarization
with the polarization isolation better than 20 dB [6]. Recently,
a better performance was reported in [7].

In this work, differently with respect to the antennas
in Table II, we aimed at a much larger array periodicity of
2λ0, to reach 27 dBi gain with only 4 × 4 active elements,
from 26.5 to 29.5 GHz. In the literature, sparse arrays in
combination with partially reflecting layers have been pro-
posed in [8] and [9] to suppress grating lobes and achieve
high-gain steerable patterns with a small number of active
elements. However, such arrays are characterized by narrow
BW. In particular, only 5% relative BW was achieved for 2λ0

spacing in [10] and 10% when the periodicity is decreased to
1.5λ0 [8]. Such partially reflecting solutions would, therefore,
not reach the required BW × directivity performance with just
16 active elements.

To achieve a wider BW, larger gain, and larger steering
angles, we propose to use a scanning lens phased array
architecture combined with leaky-wave antenna (LWA) feeds,
which was introduced in the framework of the ERC grant
LAA-THz-CC [11] and more recently in [12]. Small lenses
phased arrays with limited steering ranges have been devel-
oped in mm-waves [13], as well as combining with focal plane
arrays in one dimension to enlarge the steering range [14].
Here, the proposed antenna architecture consists of two com-
ponents: a sparse PAA fabricated on a PCB and a movable
dielectric (plastic) lens array, as shown in Fig. 1(a). Both arrays
are arranged in a hexagonal grid with 2λ0 spacing at 28 GHz.
The movable dielectric lens array, used as the add-on layer,
ensures low grating lobe level (GLL) due to a highly directive
and steerable array element pattern [12]. To illustrate the array
concept, we can look to the radiation patterns in Fig. 1(c), with
the reference system shown in Fig. 1(b). When the sparse PAA
is steered to a certain angle (10◦), the 16 array elements are
electronically phase-shifted to steer the array factor to that
angle (gray line). The grating lobes associated with this sparse
array can be reduced by using a directive element pattern
aligned to the same angle (red line). To achieve the dynamic
steering of the directive element pattern, the lens array layer
in Fig. 1(a) is mechanically translated with respect to the
PAA along the x- or y-axis by a few millimeters. As a result,
the array pattern, obtained as the product between the array
element pattern and the array factor, shows a low GLL (blue
line). To achieve such a low GLL over wide steering angles,
array elements of high aperture efficiency are needed over the
required frequency band and steering ranges [12].

Fig. 1. (a) Perspective and side views of the proposed array antenna
architecture, showing the movable plastic lens array, one of the LWA feeds
in the sparse PCB PAA, and the air cavity that supports leaky waves. (b) Top
view of the hexagonally arranged lens array together with the reference
system used for radiation patterns. (c) Simulated array factor of the PCB
PAA (port 1), array element pattern, and array pattern at 28 GHz along the
E-plane (φ = 90◦). The patterns are steered to 10◦ in the E-plane, and the
lens array is displaced by 2.4 mm in the same direction. PAA: phased array
antenna. LWA: leaky-wave antenna.

In the proposed array antenna, each radiating element is
a leaky-wave (Fabry–Pérot) antenna [15], [16]. It illumi-
nates the corresponding lens through a λ0/2 air cavity [see
Fig. 1(a)], where a couple of TE/TM leaky-wave modes
are excited. These modes attenuate fast because of the low
contrast between the air and the plastic layer, and thereby,
they do not reach to the next array element. This type of
feed is particularly efficient in illuminating the top portion
of dielectric lenses [16]. Moreover, the proposed antenna is
capable to steer a dual-polarized beam. The two independent
ports shown in Fig. 1(b) can be used for transmitting two
independent signals. In [12], the proposed array, operating at
submillimeter wavelengths, is based on silicon lenses excited
by leaky-wave waveguide feeds. In this work, the lens array
concept is adapted to the technology requirements for 5G
communications. In particular, the lens array is made of high-
density polyethylene (HDPE), with εr = 2.34 and tan δ =
0.0003. This type of plastic is low cost, low loss, and suitable
for milling technique used for mass production [17]. Moreover,
the proposed dual-polarized LWA feeds based on this low-
contrast material will achieve a wide BW [17]. Simulations
show a 22.7% BW from 24.6 to 30.9 GHz, with the polariza-
tion isolation better than 50 dB over the entire BW.

Once such an array architecture is selected, one of the
biggest technological challenges is that the required per-
formance should be guaranteed with a maximum volume
occupation of 10 cm × 10 cm × 2 cm. The proposed
scanning lens PAA is, in principle, scalable with periodicity.
However, the maximum vertical dimension leads to a lens
diameter of 2λ0. These electrically small lenses are not usually
analyzed using standard physical optics (PO) techniques. For
instance, in [14], full-wave simulations are proposed as a
mean of optimization. Moreover, the lenses are in the near-
field region of the LWA feeds. Consequently, we adopt the
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Fig. 2. Proposed resonant LWA feed. (a) Lateral view. A resonant air cavity
with the height of hc = λ0/2 is placed below a semi-infinite dielectric medium
illuminated by slot-fed dipoles. (b) Top view of the crossed dipoles (wd , ld )
fed by crossed slots (ws , ls ). Each slot is fed in balance by two discrete
ports that are placed symmetrically at the arms of the slot. The upper and
lower metal cavities are circular with the radius of r1 and r2, respectively.
GP: ground plane.

techniques developed in [18] and [19] for optimizing such
lenses in reception combining geometrical optics (GO) and
Fourier optics (FO) approaches. The agreement between the
radiation patterns of the 4 × 4 array antenna obtained using
the proposed techniques and full-wave simulations is excellent
for both broadside and steering cases. Moreover, the simulated
broadside gain is above 26.8 dBi from 26.5 to 29.5 GHz and
reaches 27.5 dBi at 28 GHz. The array antenna is also capable
of steering toward 20◦ in all planes with 2 dB scan loss.
To validate the antenna design, the PCB PAA was fabricated
with fixed phase shifts among array elements implemented
in corporate feeding networks. Three separate PCBs were
fabricated to validate the electronical steering performance
of the proposed antenna in three static steering conditions:
broadside and 10◦ steering in the two main planes. The
measured prototype showed a −10 dB matching BW of 20%
from 25.1 to 30.7 GHz, a gain of 26.2 dBi at broadside, and
a scan loss less than 2 dB.

This article is organized as follows. Section II introduces
the design criteria for the resonant LWA feed. Section III
describes the methodology for the near-field lens design and
the validation of the proposed approach. Section IV describes
the PCB design for the proposed antenna. Section V shows the
fabricated antenna prototype and the corresponding measure-
ment results.

II. DUAL-POLARIZED LWA FEED

The lenses are fed by resonant dual-polarized LWAs,
as shown in Fig. 2. The antenna consists of coupled slot-fed
dipoles surrounded by resonant metal cavities. The proposed
geometry is similar to the one used in [10] but operates over
a much wider BW, from 24 to 30.5 GHz. Moreover, the LWA
feed here supports dual polarization. The main criteria for
the LWA feed design and the simulated performance of the
optimized structure are discussed in the following.

A. Dual-Polarized Slot-Fed Dipole Configuration

In a standard LWA, there are a couple of nearly degener-
ated TE1/TM1 leaky waves propagating radially with multiple
reflections, leaking at the same time energy into the infinite

Fig. 3. Solutions of the dispersion equation, kLW = k0
√

εr (sin θLW + jαLW ),
for the stratification shown in Fig. 2(a), where hc = λ0/2 and εr = 2.34. The
top y-axis shows the radiation angle θLW of each leaky-wave mode, whereas
the bottom axis presents the attenuation constant αLW .

air medium [15]. This effect enlarges the effective area of
the antenna with a compromise on BW [20]. To enhance the
BW × directivity performance, a resonant LWA radiating into
a semi-infinite dense medium, as shown in Fig. 2(a), was
proposed in [16]. In this article, wide frequency BW in the
order of 20% is targeted. Accordingly, the medium should
have a low relative permittivity [17].

The radiation properties of the LWA feed shown in Fig. 2
are determined by the solutions of the dispersion equation,
kLW = k0

√
εr (sin θLW + jαLW ), where kLW is the propagation

constant of a leaky-wave mode, k0 is the propagation constant
in free space, θLW is the radiation angle of the leaky-wave
mode, and αLW is the attenuation constant. θLW and αLW for
the main leaky-wave modes are shown in Fig. 3. It can be seen
that for an HDPE lens, the main TE1/TM1 leaky-wave modes
point toward θLW ≈ 20◦ and form a single and symmetric
beam around broadside since sin θLW ≈ |αLW | [21]. Moreover,
there is also an undesired TM0 mode propagating [22], which
radiates toward 40◦ in the E-plane of the feed. In [17], it was
shown that this mode can be exploited to increase the lens
aperture efficiency. However, this is not the case for the
electrically small lenses in the current configuration since the
effective area associated with this mode is larger than the
lens diameter. Therefore, the excitation of this mode must be
reduced, for example, by using a double-slot iris feed [22].
Here, to facilitate the dual-polarized feed design, a slot-fed
dipole configuration [see Fig. 2(b)] is used, similar to what
was done in [10].

The dual polarization is realized by using crossed dipoles
fed by crossed slots, each one dedicated to a different polar-
ization, as shown in Fig. 2(b). The dipole oriented along the
y-axis is fed by the slot 1, while the other orthogonal dipole
is coupled to slot 2. In [23], each of the crossed slot is fed
in balance by two offset feeding lines placed symmetrically
at the arms of the slot. By doing so, the level of the current
induced on the other unfed slot will be very low, and thus,
higher isolation between the two slots (or polarizations) will
be achieved. Moreover, it can facilitate impedance matching,
as discussed in [24]. Here, to simplify the simulation of the
proposed structure, each slot is excited by two discrete ports at
their arms coherently, as shown in Fig. 2(b). In Section IV, this
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Fig. 4. Simulated performance of the LWA feed (slot 1) shown in Fig. 2 when
radiating into a semi-infinite HDPE medium (εr = 2.34). (a) S-parameters.
(b) FF. In the E-plane (φ = 90◦), the patterns with and without (w/o) the use
of dipoles are shown. Cx: cross polarization. FF: far field.

structure will be adapted and optimized for PCB fabrication,
and the discrete ports will be replaced by microstrip lines.

B. Resonant Metal Cavities

In the vertical stratification shown in Fig. 2(a), there are
three metallic layers separated by dielectric and air layers
of thickness h1 and h2, respectively. In order to avoid the
excitation of higher order surface waves in these layers,
h1 and h2 are chosen to be less than half wavelength. With this
condition, only the TM0 surface wave mode can propagate in
each of these layers. To suppress this mode, circular metallic
walls placed surrounding the slots and the dipoles are used
[see Fig. 2(b)]. The dimensions of the walls (radius r1/2) are
designed in such a way that most of the surface waves reflected
from the walls can cancel out the outgoing surface waves
excited by the slots, as discussed in [25].

C. Simulated Performance

The structure in Fig. 2 is symmetric, and thus, the perfor-
mance of only one polarization (slot 1) was optimized to have
the widest BW and the lowest TM0 leaky-wave mode. The
optimized dimensions of the LWA feed are: wd = 0.2 mm,
ld = 2.87 mm, ws = 0.34 mm, ls = 5.49 mm, r1 = 4.12 mm,
r2 = 3.64 mm, εr1 = 3.66, h1 = 1.59 mm, and h2 = 1.63 mm.
The simulated matching and far-field performance of the LWA
feed when radiating in the semi-infinite HDPE (εr = 2.34)
medium are shown in Fig. 4(a) and (b), respectively. As it can
be seen in Fig. 4(a), the −10 dB band is from 24 to 30.5 GHz.
The coupling between the two polarizations is below −90 dB
and is not reported here. In Fig. 4(b), it is clearly shown that
the TM0 leaky-wave mode along the E-plane (φ = 90◦) is
well suppressed when the dipole is introduced and optimized,
i.e., from the blue dotted curve to the blue solid curve.

III. NEAR-FIELD LENS DESIGN

The main driver for the optimization of the lens shape is the
maximization of its aperture efficiency since it directly impacts
the level of grating lobes [12]. Therefore, we used elliptical
lenses [17], [26] with eccentricity e = 1/

√
εr (εr = 2.34),

truncation angle θ0 seen from the lower focus of the lens
[see Fig. 5(a)], and a fixed diameter of Dlens = 2λ0.

To optimize the aperture efficiency of a single lens antenna,
the analysis is performed in reception following the GOFO
approach described in [19]. In this approach, the power

Fig. 5. Geometry of the elliptical HDPE (εr = 2.34) lens illuminated by the
LWA feed in Fig. 2. The FO scenario is depicted when the lens is (a) aligned
and (b) displaced along the ρ axis with respect to the feed. The optimized
lens dimensions are: Dlens = 2λ0 (at 28 GHz), θ0 = 33.5◦ , RF O = 1.81λ0,
	z = 0.81λ0, htop = 0.85λ0, hsup = 0.2λ0 , hc = λ0/2.

received by the LWA feed is evaluated as the field correlation
between the GO fields, �E Rx

G O and �H Rx
G O , generated by an inci-

dent plane wave propagating along k̂i , and the field radiated
by the LWA feed, �ET x

LW A and �H T x
LW A, over an equivalent sphere

centered at the lower focus of the lens [FO sphere in Fig. 5(a)]
as follows:

PL (k̂i)

= 1

16P LW A
rad

×
∣∣∣∣
∫ 2π

0

∫ θ0

0

(
1

ζ
�E Rx

G O(k̂i) · �ET x
LW A − ζ �H Rx

G O(k̂i) · �H T x
LW A

)

× R2
F O sin θdθdφ

∣∣∣∣
2

(1)

where ζ is the characteristic impedance of the lens medium,
RF O is the radius of the FO sphere, and P LW A

rad is the total
power radiated by the LWA inside the lens. The aperture
efficiency of this lens antenna, ηap, can be obtained by
normalizing the received power, PL , by the power of incident
plane wave, Pinc = 0.5| �EPW |2 Alens/ζ0, where | �EPW | is the
amplitude of the plane wave, Alens = π D2

lens/4 is the projected
area of the lens surface, and ζ0 is the free-space impedance.
The GO fields, �E Rx

G O and �H Rx
G O , are obtained following the

procedures explained in [19], even though the validity of the
GO approach is questionable for such small lenses. The fields
radiated by the LWA feed on the FO sphere, �ET x

LW A and �H T x
LW A,

cannot be evaluated using the far-field approximation since the
FO sphere is too close to the feed. Instead, the near fields
are calculated using the spectral Green’s function, where the
equivalent magnetic currents on the top of the ground plane
are taken as a source. These currents have been exported from
a full-wave simulation of the LWA feed in the presence of the
semi-infinite dielectric medium [see Fig. 2(a)] using CST [27].
It is worth mentioning that although the FO sphere is close
to the feed, the field on the FO sphere can still be considered
as a local spherical wave, and therefore, (1) can be simplified
for the on-focus feed as a field matching between the electric
fields, �E Rx

G O and �ET x
LW A only, as described in [17].

A. Array Element Performance

The lens dimensions were optimized in the near field for one
polarization (slot 1) at broadside. The optimization procedure
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Fig. 6. Aperture efficiency of the optimized lens illuminated by the LWA
feed shown in Fig. 2, for the cases of broadside, steering toward θ = 10◦
and 20◦ in the E- and H-planes.

Fig. 7. Near field radiated by the LWA feed in Fig. 2 (slot 1) at 28 GHz
and at broadside on the FO sphere. (a) Amplitude. (b) Phase. The near field
is plotted along the FO sphere with the radius of RF O = 1.81λ0. The lens
geometry is optimized and its truncation angle is 33.5◦ .

is as follows. First, the far fields (FFs) of the feed in a
semi-infinite dielectric medium are calculated [see Fig. 4(b)],
from which the phase center is extracted. For an LWA feed,
it is known that its phase center is located below the ground
plane [28]. The phase center is then aligned with the lower
focus of the lens. Second, the far-field patterns are used to
calculate an initial estimate of the lens dimensions (a, b, θ0)
geometrically, by imposing Dlens = 2λ0. Finally, the broadside
aperture efficiency is optimized iteratively by evaluating the
near field, �ET x

LW A , and then performing the field matching over
the corresponding FO sphere increasing or decreasing the lens
truncation angle θ0 and the phase center location. The opti-
mized truncation angle is 33.5◦, the total height of the lens is
1.05λ0 (11.25 mm), and the phase center is 0.81λ0 (8.68 mm)
below the top ground plane. The resulting aperture efficiency
is shown as a function of frequency in Fig. 6. As it can be
seen, the broadside aperture efficiency is above 75% over the
entire frequency band.

The broadside near field over the FO sphere radiated at
28 GHz is shown in Fig. 7 in co- and cross-polarizations
according to Ludwig’s third definition. Indeed, the amplitude
of the near field differs significantly from the one in the FF
[see Fig. 4(b)]. There is better field symmetry in φ up to the
truncation angle and lower cross-polarization level.

In the steering cases, the lens should be displaced along
the ρ-axis with respect to the feed by a few millimeters to
steer the element pattern of the array. To calculate the steering
performance of the array elements and evaluate the optimal
lens displacement, the field radiated by the feed, �ET x

LW A , should

Fig. 8. Near fields radiated by the LWA feed (slot 1) at 28 GHz on the FO
spheres for the displaced lenses, seen from the coordinate system in Fig. 5(b).
Lenses are displaced by (a) 2.4 and (b) 4.7 mm along the E-plane (φ = 90◦),
corresponding to θ = 10◦ and 20◦ steering, respectively. The dashed and black
solid circles represent the aligned and displaced FO spheres (with respect to
the feed), respectively.

Fig. 9. Array element patterns when the lens is (a) aligned with respect
to the LWA feed and (b) displaced by 2.4 mm along the H-plane (φ = 0◦),
steering to θ = 10◦ . Note that the pattern in (b) points toward 10◦ in H-plane
when the reference system is aligned to that of (a). The reference system used
in (b) is instead aligned toward the maximum direction of radiation.

be calculated over the displaced FO sphere [see Fig. 5(b)]. The
aperture efficiency can then be calculated in the same way as
the broadside case. Note that in this case, the reference system
is still at the lens focus, but the FO sphere is not spherical seen
from the feed position. The steering analysis is performed for
steering angles of 10◦ and 20◦ in the main planes. These angles
correspond to lens displacement of 2.4 and 4.7 mm along the
steering directions, respectively. The amplitude of the fields
over the FO sphere in these two steering cases is shown
in Fig. 8, where the dashed and solid black circles represent
the aligned and displaced FO spheres (with respect to the
feed), respectively. It is clear that larger displacement leads to
larger spillover loss. Furthermore, for larger displacement, the
angle between �ET x

LW A and the lens–air interface can reach the
critical angle [17], leading to reduced reflection efficiency.
The aperture efficiency, shown in Fig. 6, is above 70% for
10◦ steering and above 50% for 20◦ steering.

The element pattern of the array can be evaluated using (1)
by varying the incident angle, θPW in Fig. 5(b), and the
polarization of the incident plane wave [19]. The array ele-
ment pattern when the lens is aligned to the feed is shown
in Fig. 9(a). This broadside pattern is almost symmetric in φ
and has a cross-polarization level below −25 dB. The array
element pattern when steering in the H-plane (φ = 0◦) to
θ = 10◦ is shown in Fig. 9(b). The steering is achieved by
displacing the lens 2.4 mm in the positive x-axis, and the
steered pattern still shows good symmetry and high directivity.
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Fig. 10. Broadside co-pol FFs radiated by the proposed scanning lens PAA
at 28 GHz fed by (a) port 1 (slots 1) and (b) port 2 (slots 2). The black
curves represent the FFs calculated by using the GOFO approach. The red
curves show the CST full-wave simulations. The reference system used for
the patterns is shown in Fig. 1(b).

B. Array Performance

The lens array consists of 16 lenses with Dlens = 2λ0

arranged in four rows in which the uneven rows are shifted
by λ0 to form a regular triangular grid [see Fig. 1(b)]. The
PAA has the same configuration with the 2λ0 periodicity,
illuminating the lens array through the λ0/2 air cavity. This
hexagonal configuration is adopted since it can achieve a lower
SLL with respect to a rectangular configuration. The array
pattern, steered to (θs, φs), is obtained as the product between
the array element pattern (see Fig. 9) and the array factor
AF(θs, φs). The grating lobes in the array factor that arise
from the sparse array sampling are suppressed by the directive
array element pattern [12], which is shown in Fig. 1(c).

Three radiation cases are discussed in this section: broadside
and steering to 10◦ and 20◦ in E- and H-planes, respectively.
The broadside radiation patterns of the proposed scanning lens
PAA, fed by ports 1 and 2 at 28 GHz, are shown by the
black curves in Fig. 10(a) and (b), respectively. Here, port 1
represents the case when all slots 1 [see Fig. 2(b)] are excited
simultaneously, whereas port 2 corresponds to exciting slots 2.
The first sidelobe is below −13 dB for both cases. A high
directivity of 28 dBi is obtained with only 16 elements due to
the presence of the lenses. Moreover, the grating lobes from
the array factor are significantly suppressed by the directive
array element pattern shown in Fig. 9(a). The radiation patterns
of the array obtained with the GOFO approach have been
verified using the full-wave solver of CST. The simulated
patterns are shown by the red curves in Fig. 10 for both ports.
It can be seen that there is an excellent agreement between the
CST simulation and the GOFO approach for the main lobe
and the first few sidelobes. Wider angles are not accurately
modeled by the GOFO approach since the edge effect of
the array and the spillover from one lens to the next is not
considered in this approach.

In the steering cases, the lens array is displaced by
2.4 and 4.7 mm toward the steering directions, i.e., 10◦ and
20◦ in H- and E-planes, respectively. The steered radiation
patterns of the array, fed by port 1 at 28 GHz, are shown
in Fig. 11 and compared to full-wave simulations. The H-plane
(φ = 0◦) steering is shown in Fig. 11(a) for 10◦ and 20◦,
whereas the E-plane (φ = 90◦) steering is shown in Fig. 11(b).
Moreover, the simulated patterns in UV-plane are shown in
Fig. 11(c) and (d), for the cases of H- and E-plane steering

Fig. 11. Co-pol FFs radiated by the proposed scanning lens PAA at 28 GHz
fed by port 1 (slots 1) at (a) H-plane (φ = 0◦) and (b) E-plane (φ = 90◦) when
steering toward 10◦ (black) and 20◦ (red). The solid and dashed lines represent
the GOFO approach and the CST full-wave simulations, respectively. (c) and
(d) Full-wave results of (a) and (b) when steering to 20◦ in the UV-plane,
respectively. The reference system used for the patterns is shown in Fig. 1(b).
The lens array is displaced by 2.4 and 4.7 mm toward the steering directions
for 10◦ and 20◦ steering cases, respectively.

to 20◦, respectively. In Fig. 11(a) and (b), the patterns eval-
uated using the GOFO approach (solid lines) show excellent
agreement with the full-wave simulations (dashed lines) for the
main lobes and the first few sidelobes. Moreover, the SLLs
evaluated using the GOFO approach are below −10 dB for
both steering angles and both ports. It is worth mentioning
that the proposed approach is quite efficient. The calculation
of the array patterns is orders of magnitude faster than the
full-wave simulations (approximately 4.5 h for CST versus a
couple of minutes for the GOFO method).

The simulated array active S-parameters for port 1 (slots 1)
for all radiation cases are shown in Fig. 12. As it can be seen,
the matching performance is very good within the required
frequency band, even for 20◦ steering cases. Since the feeds
are far away from each other, the mutual coupling between
the feeds is always lower than −20 dB.

Finally, the simulated directivity of the array is shown
as a function of frequency in Fig. 13 for both ports. The
broadside directivity is 28 dBi at 28 GHz and above 27.3 dBi
in the designed BW. For the cases of steering, the scan loss
is below 1 and 2 dB in the whole band when steering to
10◦ and 20◦, respectively. The directivity evaluated using the
GOFO approach is overall 0.3–0.8 dB lower than the CST
simulations, depending on frequencies and steering angles.
This is related to the aforementioned pattern differences at the
larger elevation angles (θ ≥ 40◦). However, the accuracy of
the far-field performance is good enough for design purposes.

IV. PCB ANTENNA DESIGN

The LWA feed shown in Fig. 2 is the simplified geometry
used for analyzing and optimizing the performance of an
array element. In this section, this geometry is optimized for
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Fig. 12. Simulated array active S-parameters for port 1 (slots 1) for the
cases of (a) broadside, (b) steering to 10◦ in H-plane (φ = 0◦), (c) 20◦ in
H-plane, and (d) 20◦ in E-plane (φ = 90◦). The lens array is displaced by
2.4 and 4.7 mm for the steering cases. The gray thick line is the S-parameter
for the single LWA feed [see Fig. 4(a)].

Fig. 13. Simulated directivity of the 16-element array for port 1 (solid lines)
and port 2 (dashed lines), for broadside, 10◦ , and 20◦ steering in both E- and
H-planes. The array is displaced by 2.4 and 4.7 mm for the steering cases.

the implementation in PCB technology, including the proper
feeding topology. The proposed PCB design presents excellent
radiation efficiency (>97%) and no back radiation in a relative
BW of 22.7%. Moreover, corporate feeding networks with
fixed phase shifts between array elements are designed to
validate the proposed antenna architecture in predefined and
static steering conditions.

A. Optimized LWA Feed in PCB

Referring back to Fig. 2, the LWA feed consists of three
metal layers and one dielectric layer. The dual polarization is
realized by exciting symmetrically the crossed slots at their
arms with discrete ports. In a PCB design, the stratifica-
tion consists of multiple layers and the slots are excited by
microstrip lines. The main challenge comes from the feeding
design for the crossed slots in PCB. In [23], each of the crossed
slots is fed symmetrically by a set of dual-offset microstrip
lines that are connected to the input port through a reactive
power combiner. However, since the two sets of microstrip

Fig. 14. PCB dual-polarized LWA feed. (a) PCB stratification. (b) Perspective
and (c) top views of the detailed antenna structure. The slots are excited in
balance by two sets of microstrip lines, each one dedicated to a different
polarization. The lines with radial open stubs (wm1, lm1, and θm1) are at M2,
while the ones with short stubs (wm2 and lm2) are at M4. The optimized
dimensions of this antenna are: εr1 = 3.66, wm1 = wm2 = 0.12 mm, wm3 =
0.38 mm, lm1 = 1.66 mm, θm1 = 40◦ , lm2 = 0.88 mm, ws = 0.32 mm,
ls = 5.31 mm, wd = 0.2 mm, ld = 2.95 mm, h1 = 1.63 mm, r1 = 4.28 mm,
h2 = 1.5 mm, and r2 = 3.55 mm.

lines are designed on the same dielectric layer, an air bridge
is used to avoid intersection between the microstrip lines.
To achieve good performance and practical implementation
with standard PCB technology at 5G frequencies, the two
sets of dual-offset microstrip lines are placed instead at the
opposite sides of the ground plane, similar to what was
done in [29].

The optimized PCB stratification is shown in Fig. 14(a),
combined with the externally milled backing reflector. The
PCB substrates are Rogers material, with the relative per-
mittivity of 3.66, 3.52, and 2.2 for RO 4350B, RO 4450F,
and RT/duroid 5880, respectively. There are four metal layers,
M1–M4, in the PCB. M1 is the top ground plane where
the crossed dipoles are printed, M3 is the slot ground plane,
and M2 and M4 are layers for microstrip feeding lines. The
upper circular metallic wall between the slot plane and the top
ground plane shown in Fig. 2(a) is made of plated-through via
holes within the PCB from M1 to M4 [see Fig. 14(a)], with a
height of 1.63 mm and a radius of 4.28 mm. While the lower
metal wall is realized by a continuous milled aluminum cavity
between the PCB and the backing reflector, with a height
of 1.5 mm and a radius of 3.55 mm. Both cavities are fine-
tuned for the best impedance matching and suppression of
surface waves. The perspective and top views of the detailed
antenna structure are shown in Fig. 14(b) and (c), respectively.
Visible in the figures are two rings of metallization realized
by via holes and aluminum cavity. In the top view, the crossed
slot-fed dipoles are shown. Each slot is fed coherently by two
offset microstrip lines that are combined together by a reactive
power combiner located at the opposite sides (M2/M4) of the
slot ground plane (M3). Specifically, the microstrip lines on
M2 are designed with radial open stubs, while the ones on
M4 are short stubs made of via holes. The short-stub design
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Fig. 15. Simulated performance of the dual-polarized PCB LWA feed when
radiating in the semi-infinite HDPE medium. (a) S-parameters. Note that the
ohmic and dielectric losses are not included in the simulation. (b) Total loss
of the feed, including the excitation of surface waves, ohmic, and dielectric
losses (dielectric loss in the HDPE medium is not included here).

is commonly used since it makes the design more compact.
However, in our case, the two stubs on M2 and M4 cannot be
designed symmetrically using both short stubs because there
would be intersection between via holes and microstrip lines.
Although the asymmetric stub design introduces complexity,
a wideband impedance matching is best achieved using the
dimension described in Fig. 14(c).

In the final array design, we will use corporate feeding
networks located at the bottom layer M4 to excite all array
elements. Therefore, the microstrip lines on M4 are directly
connected to the port 1 via the feeding network that will be
described in Section IV-B. On the contrary, the microstrip lines
on M2 need vertical transitions from M4 to M2 to connect
to port 2 through the feeding network. Such a transition
structure is made by emulating a coaxial using via holes
from M4 to M2 [30], as shown in Fig. 14. This coaxial
transition can significantly alter the matching performance
of the feed because of the limited fabrication tolerances in
standard PCB technology. To make the design more robust,
we have shortened the height of the via holes and enlarged
the clearance on M3 [see Fig. 14(c)] as much as possible.
The optimized matching performance of the proposed coaxial
transition shows a wideband behavior (S11 < −25 dB) over
the entire frequency band.

The matching performance of the entire PCB LWA feed
is simulated and reported in Fig. 15(a). Here, the antenna
radiates in the semi-infinite HDPE medium. The −10 dB band
is from 24.6 to 30.9 GHz, i.e., 22.7% relative BW. Moreover,
the mutual coupling between the ports is very low, which is
in the order of −50 dB. The total loss of the feeding antenna,
including the excitation of surface waves, ohmic, and dielectric
losses, is reported in Fig. 15(b) for both ports. As it can be
seen, the total loss is less than 0.6 and 0.8 dB for port 1 and
port 2 up to 30 GHz, respectively. The loss in port 2 is a bit
larger due to the coaxial transition structure. For the far-field
performance, it is very close to the one in Fig. 4(b).

B. Feeding Network

To validate the array architecture discussed in Section III-B,
all 16 dual-polarized LWA feeds (in Fig. 14) are connected by
two specific corporate feeding networks fed by two ports, one
per polarization, as shown in Fig. 16. The feeding networks

Fig. 16. PCB feeding networks located at the bottom layer M4 used for
broadside radiation. Note that some components such as dipoles are not shown
here. The reference system for two ports is also shown. The top inset shows
one of the array elements, which is the same as the one in Fig. 14(c). Here,
all components are shown. The bottom inset shows the lateral structure for
the feeding networks.

are done using microstrip lines fabricated on an RT/duroid
5880 layer and are located at the M4 layer of the proposed
stratification in Fig. 14(a). The lengths of the microstrip lines
are designed to guarantee uniform amplitude excitation and
appropriate progressive phase shifts between array elements
that would lead to the desired steering angles. Each array
element is excited by the two ports through four power dividers
(see Fig. 16). The short stubs on M4 are connected to port 1
directly through the feeding network, while the opening stubs
on M2 are first connected to M4 through the coaxial transition
structures and then excited by port 2 through the feeding
network.

To demonstrate the capability of the array to electronically
steer toward broadside and ±10◦ in the two main planes, three
separate PCBs were designed and fabricated with fixed pro-
gressive phase shifts between array elements. The performance
of such feeding networks in all three PCBs was simulated,
showing impedance matching below −23 dB over the whole
frequency band and an ohmic loss of approximately 1.6 dB.
The power division, 1 → 1/16, is simulated to guarantee a
maximum deviation of 1.4 dB among all array elements. The
expected progressive phase shifts as a function of frequency
also show very little dispersion, with the phase deviating from
ideal linear phase shifts by less than 5◦ over the entire band.

V. ANTENNA PROTOTYPE AND MEASUREMENT

We have fabricated and measured a prototype to validate the
proposed antenna architecture. The prototype consists of three
parts: an HDPE lens array, three different PCBs, and a milled
aluminum cavity, which are manufactured separately and then
assembled together. As mentioned before, the three PCBs are
fabricated with different feeding networks where the fixed
phase shifting conditions are implemented, in order to vali-
date the steering capability of the antenna toward broadside,
θ = 10◦ and φ = 0◦, and θ = 10◦ and φ = 90◦. The
mechanical displacement of the lens array was implemented
only for these three steering conditions, by introducing a fixed
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Fig. 17. Photographs of the assembled antenna prototype. The milled HDPE
elliptical lens array is shown on the left side, where the inset shows the screw
holes used for the displacement of the lens layer. Right: perspective view of
the antenna. The milled aluminum cavity and the assembly drawing are shown
in the top and bottom insets, respectively.

Fig. 18. Photographs of the fabricated PCB used for broadside radiation.
The top metal layer M1 is shown on the left side, where the inset shows the
crossed dipoles. Right: bottom view of the PCB and the feeding networks are
shown. Inset: one of the feeding elements in the PAA.

displacement of the lens layer of 0 and 2.4 mm in the two main
planes, respectively.

The fabricated antenna prototype is shown in Fig. 17.
As it can be seen in the assembly drawing on the right side,
the different parts of the prototype are aligned with screws.
The milled aluminum cavity is shown on the top right side
and the milled lens array is shown on the left, where the
inset shows three screw holes with a spacing of 2.4 mm.
These holes are used to displace and align the lens layer with
respect to the PCBs used for the three steering directions. It is
worth mentioning that the dimension of the radiating aperture
associated with the lens array is 97 mm × 78 mm, while the
fabricated prototype has an area of 130 mm × 134 mm. The
outer extra rim was included to facilitate the fabrication in
the workshop.

The PCB for broadside radiation is shown in Fig. 18.
The top layer M1 is shown on the left, with the crossed
dipoles shown in the inset. Moreover, the bottom feeding
networks on M4 are shown on the right. One of the 16 feeding
elements is in the inset, with the coaxial transition, and fed
through the feeding networks by two connectors that are at
the corners of the PCB. It can be seen that the PCB size is
120 mm × 120 mm instead of 100 mm × 100 mm. The extra
rim was included to facilitate the alignment with the lens array.

A. S-Parameter Characterization

The loss in microstrip lines is estimated using a TRL
calibration kit, which is around 0.27 dB/cm at 28 GHz. This
loss is higher than the one obtained using a simple surface
impedance model. At higher frequencies, the effects of metal
roughness and surface finish have been pointed as causes for
this higher line loss [31].

Fig. 19. Two HDPE lenses illuminated by two LWA feeds that are excited
directly by two ports, each one dedicated to a different polarization. (a) Pho-
tograph of the PCB. (b) Measured S-parameters compared to simulations.

The matching performance for both polarizations of a single
lens antenna was measured using a different PCB showing
in Fig. 19(a). Two marked lenses in the lens array are
illuminated by two LWA feeds that are directly excited by
two ports, each one dedicated to a different polarization. The
measured S-parameters are shown in Fig. 19(b) and compared
to simulations (all losses are included). As it can be seen,
the −10 dB band of port 1 is from 25.1 to 30.7 GHz, i.e., 20%
relative BW, whereas for port 2, the BW is wider, but the
reflection coefficient is higher (−12 dB) around the central
frequency. This can be related to the limited tolerances of the
fabricated PCBs, especially due to the close location of the
vias in the upper cavity with respect to the microstrip lines [see
Fig. 14(c)]. This tolerance problem is not present in port 1.
Therefore, the matching performance of port 1 is much better
than that of port 2. The matching performance of the arrays
with different steering configurations was also measured. The
reflection coefficients are below −10 dB over the whole band
for all steering cases.

B. Far-Field Performance

The far-field patterns, directivity, and gain of the array
antenna were measured in an anechoic chamber. These prop-
erties were reconstructed from a near-field planar scanning
measurement done in front of the lens array.

The reference system for the far-field radiation patterns is
the same as the one in Fig. 1(b). The measured co-pol patterns
of both ports at 28 GHz, compared to simulations, are shown
in Fig. 20 for the cases of broadside, steering to θ = 10◦ and
φ = 0◦, and θ = 10◦ and φ = 90◦, respectively. Moreover,
the co-pol patterns at 26.5 and 29.5 GHz for the two steering
cases are shown in Fig. 21. In the steering cases, the lens array
is displaced by 2.4 mm toward the positive x- and y-directions,
respectively. In the figures, the co-pol patterns along φ = 0◦
and/or φ = 90◦ planes are plotted. The cross-pol patterns are
below −20 dB at all frequency points and are not shown here.
As it can be seen from Figs. 20 and 21, the agreement between
simulations and measurements is excellent for all radiation
cases. Moreover, the steered beams accurately point toward
10◦ in both main planes. In Figs. 20(f) and 21(c), the SLL is a
bit higher (−8.5 dB) due to fabrication tolerances, but for other
radiation cases, the SLLs are below −10 dB. The measured
2-D far-field patterns of port 1 at 28 GHz are shown in Fig. 22
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Fig. 20. Measured far-field co-pol radiation patterns at 28 GHz when
steering to (a) and (b) broadside, (c) and (d) θ = 10◦ and φ = 0◦ , and
(e) and (f) θ = 10◦ and φ = 90◦ . The first column shows the FFs at φ = 0◦
plane, whereas the second column shows φ = 90◦ plane. The reference system
is defined in Fig. 1(b). The lens array is displaced by 2.4 mm toward the
steering directions for the steering cases.

Fig. 21. Measured far-field co-pol radiation patterns when steering to
θ = 10◦ and φ = 0◦ at (a) 26.5 and (b) 29.5 GHz and to θ = 10◦ and φ = 90◦
at (c) 26.5 and (d) 29.5 GHz. The reference system is defined in Fig. 1(b).
The lens array is displaced by 2.4 mm toward the steering directions.

for broadside and steering cases. In the figures, the position
of sidelobes and the cross-pol values are clearly shown.

The measured broadside and steering directivity and gain,
as a function of frequency, are shown in Fig. 23 and
compared to simulations. In the case of directivity, i.e., in

Fig. 22. Measured 2-D far-field radiation patterns of port 1 at 28 GHz.
(a) Broadside co-pol pattern. (b) Cross-pol pattern. Co-pol patterns when
steering to (c) θ = 10◦ and φ = 0◦ and (d) θ = 10◦ and φ = 90◦ . The
reference system is defined in Fig. 1(b). The lens array is displaced by 2.4 mm
toward the steering direction for the steering cases.

Fig. 23(a), (c), and (e), the measurements are in very good
agreement with the simulations for the cases of broadside
and steering to θ = 10◦ and φ = 0◦ and for both ports.
When steering to θ = 10◦ and φ = 90◦, port 2 performs
worse than port 1, especially at 28.5 GHz. By exploring the
measured near fields, it was observed that up to two lenses
in the array were not illuminated, which explains the drop
of 1 dB in directivity when compared to port 1. This issue is
associated with the limited fabrication tolerances, especially in
the PCB vias, as mentioned before in Section V-A. However,
the capability of steering toward θ = 10◦ and φ = 90◦ is
validated by port 1.

The calibrated gains for all radiation cases are shown
in Fig. 23(b), (d), and (f). In the figures, the simulated
broadside gain is above 26.8 dBi over the required frequency
band and reaches 27.5 dBi at 28 GHz. Moreover, the scan
loss is less than 1 dB when steering to 10◦. For the measured
gain, the losses in feeding networks (around 3.5 dB) and
connectors (around 0.2 dB) are calibrated out. As it can be
seen, the calibrated gain of both ports fluctuates significantly
in broadside case, while less in steering cases. This is possibly
associated with the multiple reflections in the measurement
setup. For port 1, the agreement is quite good. The broadside
gain is above 26.2 dBi and the steering gain is above 26 dBi
over the required frequency band. Port 2 performs worse: the
gain is above 25.2 dBi at broadside, 25.6 dBi when steering
to θ = 10◦ and φ = 0◦, and 24 dBi when steering to θ = 10◦
and φ = 90◦. The gain of port 2 in Fig. 23(f) is 2 dB
less than that of port 1 because of the previously mentioned
tolerance (adding 1 dB lost in the feeding network). It is worth
mentioning that the measurement of the gain (via the near-field
power evaluation instead of a far-field calibrated link) can have
some inaccuracy due to the multiple reflections. Moreover,
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Fig. 23. Measured directivity at (a) broadside, (c) θ = 10◦ and φ = 0◦, and
(e) θ = 10◦ and φ = 90◦; Calibrated gain at (b) broadside, (d) θ = 10◦ and
φ = 0◦ , and (f) θ = 10◦ and φ = 90◦ . The lens array is displaced by 2.4 mm
toward the steering direction for the steering cases.

the estimation of the losses in the feeding networks is done
by considering a microstrip line with uniform impedance and
a length approximately the same as the actual implemented
networks.

To conclude, the measured far-field properties are overall in
very good agreement with the simulations. Although port 2
performs a bit worse than port 1, the proposed antenna
architecture is well validated. To further improve the prototype
performance, the PCBs, lens array, and metal cavity should
undergo a fine fabrication tuning cycle.

VI. CONCLUSION

A hexagonally arranged sparse scanning lens PAA, with
two-wavelength spacing, has been proposed and demon-
strated to provide 27 dBi gain over the frequency band from
26.5 to 29.5 GHz, with just 16 active feeding elements. The
grating lobes caused by the array sparsity can be reduced
by designing a directive array element pattern. When the
PAA steers toward an angle, the lens array will be displaced,
in order to steer simultaneously the element pattern toward the
same angle, thus achieving also low GLL while steering.

The challenges of the design emerge due to the simultaneous
requirements of high efficiency over broadband while also
implementing dual polarization. To meet these challenges
while maintaining a low-cost structure, a dual-polarized LWA
feed in PCB was co-designed with plastic elliptical lenses.
It achieves a wide relative BW of 22.7%, from 24.6 to

30.9 GHz, and a polarization isolation better than 50 dB. It is
worth mentioning that the analysis of lenses with diameters of
only two wavelengths would have been a challenge even in the
absence of the other challenges. We implemented an analysis
in reception, using the near-field evaluation of the LWA feed in
an infinite medium in combination with the GOFO approach
for the elliptical lens. The optimized lens antenna shows
above 75% and 70% aperture efficiency for broadside and
10◦ steering over the required band, respectively. The array
performance obtained from the proposed GOFO approach was
validated by CST full-wave simulations for both polarizations
and all steering cases. It is shown that the broadside gain is
larger than 26.8 dBi and can reach 27.5 dBi at 28 GHz, with
SLL lower than −13 dB. Moreover, the design procedure is
well validated even for steering up to 20◦, with a scan loss
lower than 2 dB.

The proposed array antenna was fabricated and measured,
and the measurement validated the proposed antenna architec-
ture. The array can achieve 26.2 dBi gain at broadside and
26 dBi gain when steering to 10◦, with a 20% relative BW,
from 25.1 to 30.7 GHz. If a better fabrication tuning cycle is
made, the performance could be improved further. Moreover,
the proposed array antenna can be easily expanded into more
elements, such as 8 × 8 within 20 cm × 20 cm × 2 cm.
A gain around 33.5 dBi would be achieved. Although in the
current prototype the feeding networks and the lens mechani-
cal displacement are fixed, a phased array with electronical
steering capability can be achieved by using the proposed
antenna architecture. The array elements can be fed by low-
cost active chips to achieve continuous electronical steering,
and the lens array can be displaced continuously by using
low-cost and low-power piezomotors [32].
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