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Communication
Connected Slot Array With Interchangeable ADL

Radome for Sub-8 GHz 5G Applications
Riccardo Ozzola , Andrea Neto , Ulrik Imberg , and Daniele Cavallo

Abstract— We present a dual-polarized connected array of slots with
an artificial dielectric layer (ADL) radome for mobile communication
applications operating in the sub-6 GHz and the upper 6 GHz bands
of 5G. The radiating slots are combined with two interchangeable ADL
radomes with different thicknesses, targeting the bands 6–8 and 2–8 GHz,
respectively. This highlights the main property of the ADL radome, which
realizes an impedance transformer whose bandwidth is proportional to
the height of the structure. Moreover, the ADL anisotropy allows for wide
scanning, up to 60◦ in the main planes for both radomes, without scan
blindness. An 8 × 8 prototype array has been manufactured and tested
with the two ADL radomes. The measured results of the active voltage
standing wave ratio (VSWR) and the radiation patterns are reported to
validate the design.

Index Terms— 5G antenna arrays, artificial dielectrics, connected
arrays, mobile communications, phased arrays, wideband (WB) arrays.

I. INTRODUCTION

The fifth-generation (5G) communication standard exploits
massive multiple input multiple output (MIMO) to achieve high data
rate streams [1], [2], [3]. With this paradigm, directive beams are
radiated toward the different users and steered over a wide field of
view to track the user’s movements. This motivates the need for wide-
scanning arrays to cover the entire field of view with a limited number
of antenna panels (e.g., three panels with a scan range of ±60◦).

Moreover, 5G relies on the possibility of transmitting information
over different frequency ranges of the electromagnetic spectrum.
Several bands are already in use between 2 and 6 GHz, and one more
band located between 6.425 and 7.125 GHz, i.e., the upper 6 GHz
(U6G) band [4], will be licensed in a few years. Resonant antennas
are currently being employed on base stations. However, due to their
narrowband (NB) properties, multiple antenna arrays are needed to
transmit over all the required bands, leading to several radiators
competing for the same space or increasing the overall space occupied
by the base station. For this reason, wideband (WB) arrays that can
operate simultaneously over multiple bands with a single aperture
are gaining interest for 5G applications both for the sub-6 GHz
band [5], [6], and for the millimeter wave frequencies [7], [8], [9].
Although WB arrays are characterized by a high inter-element
mutual coupling, they can still operate in an MIMO environ-
ment by generating independent beams, as recently discussed
in [10], [11], and [12].
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The past decade has witnessed great advances in the development
of phased arrays with WB and wide-scanning capability. Several
solutions have been proposed in the literature, including tapered slot
antennas [13], [14], [15], metal flared-notch elements [16], [17], long-
slot arrays [18], [19], and tightly-coupled or connected dipole arrays
[20], [21], [22], [23], [24]. Despite the significant advance of WB
phased arrays, the main target applications of these antennas have
been defense radars, satellite communications, and radio astronomy.
Their use for commercial wireless communications has been hindered
by the high complexity and the high cost typically involved in the
manufacturing of WB arrays. Most of these arrays are realized with
vertically oriented printed circuit boards (PCBs), which are difficult
to assemble and unsuitable for mass production. Planar solutions
based on a single multi-layer PCB have been proposed to reduce the
complexity for tightly coupled dipoles in [25] and [26], and more
recently for connected slots in the presence of artificial dielectric
layers (ADLs) in [27] and [28]. This latter exploits ADL superstrates,
consisting of layers made of sub-wavelength square metal patches,
which synthesize an equivalent anisotropic medium [29]. The advan-
tages of an ADL superstrate can be summarized as follows.

1) It diverts a large fraction of the power radiated by the slots
towards the upper medium, allowing to reduce the distance
from the ground plane so that standard through-hole via tech-
nology can be used to realize the feeding lines.

2) It acts as a WB impedance transformer between the free space
and the feed impedance of the slots.

3) It increases the scan range by suppressing the surface waves.
In this work, we present the design of an array based on the

connected slot element with ADL superstrate, as shown in Fig. 1(a)
for the simplified single-pol unit cell. The focus of this design is
to show the flexibility of the concept using the same connected
array with different ADL radomes to select its operational bandwidth,
as shown in Fig. 1(b). In this way, a single antenna section can
be used for different applications and environments. As the ADL
acts as an impedance transformer, the array impedance bandwidth
is strongly related to the ADL design and can be enlarged by
increasing the number of metal layers and the overall height of the
ADL stackup. More specifically, two ADLs designs are presented,
one operating from 6 to 8 GHz, referred to as NB, and the other
operating from 2 to 8 GHz, indicated as WB. In both cases, the
array can scan up to 60◦ in both main planes within the frequency
bands mentioned above. Furthermore, the WB ADL radome presented
here improves the bandwidth of this concept with respect to previous
designs [27], [28], by targeting two octaves. Finally, an 8 × 8 dual
polarized prototype array is realized, and the resulting measurements
are presented with both NB and WB radomes.

II. UNIT CELL DESIGN

A. ADL Synthesis

The first step of the unit cell design involves the synthesis of
the ADLs to realize a two- and four-section Chebyshev impedance
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Fig. 1. (a) Sketch of the single polarized connected unit cell without and
with the ADL radome. (b) Side view of the array consisting of the common
radiating section and the interchangeable ADLs radomes.

TABLE I
GEOMETRICAL PARAMETERS OF THE NB ADL RADOME IN MM

TABLE II
GEOMETRICAL PARAMETERS OF THE WB ADL RADOME IN MM

transformer for the NB and WB, respectively. The impedance trans-
formers, aimed at matching the feeding line of the array element to
free space, are initially modeled as a cascade of multiple quarter-wave
sections of ideal transmission lines. Each transmission line section
can be represented as a homogeneous and isotropic dielectric slab
as if a single plane wave were impinging from broadside. Then,
each slab is replaced with ADLs having, for normal incidence, the
same effective refractive index of the corresponding homogeneous
dielectric [30], [31], using the ADL closed-form description derived
in [32]. For the case at hand, this results in a transformer made of four
and eight layers of patches for the NB and WB case, respectively.

In the ADLs radome design, we introduce a dielectric slab of
relative permittivity εhost = 2.2 between the first two bottom layers.
In this way, we obtain a less varying effective permittivity with
respect to the scan angle for transverse magnetic (TM) waves and
in turn, a more stable active impedance when scanning in the E-
plane. The thin dielectric can also be seen as a wide-angle impedance
matching layer as originally introduced in [33].

Both of the synthesized ADL radomes have a period p = 5 mm,
and the other geometrical parameters defined in Fig. 1(b) have the
values listed in Tables I and II for the NB and the WB ADL,
respectively. The parameter s indicates the shift between odd and
even layers in the ADL stack. No inter-layer shift is applied in the
NB ADL radome, i.e., the gaps between patches in different layers are
vertically aligned. On the contrary, the maximum shift s = p/2 has

Fig. 2. Active VSWR of the single polarized unit cell for broadside,
H-Plane 60◦ and E-plane 60◦ scanning. (a) NB ADL. (b) WB ADL radome.

been used for all the metal layers of the WB ADL, resulting in a
glide symmetric structure that is characterized by a larger effective
permittivity [29].

B. Single-Pol Unit Cell

The single-polarized (single-pol) connected slot unit cell is
sketched in Fig. 1(a), and it is designed in the presence of the ADL
using the analytical procedure illustrated in [27]. To enhance the
bandwidth, the period is set to d = 0.4λ8 GHz

0 = 15 mm, and vertical
walls have been added between parallel slots (E-walls) to avoid the
propagation of guided modes in the substrate below the slots [27].
The slot has a width w = 0.1λ8 GHz

0 , it is fed by a δ-gap generator
with length δ = 0.24λ8 GHz

0 , and it is separated from the ground plane
by a dielectric with thickness h = 3.5 mm and relative permittivity
εback = 1.6.

The corresponding active voltage standing wave ratio (VSWR) is
shown in Fig. 2. For the NB radome, the active VSWR is <2.2 when
scanning up to 60◦ on the main planes over the frequency bands
of interest, i.e., 6–8 GHz. For the WB radome, a VSWR < 2 is
obtained when scanning up to 60◦ on the main planes over most of
the 2–8 GHz frequency band, with an increase to VSWR = 3 at the
low end of the band (2 GHz).

C. Dual-Pol Unit Cell

Using CST Microwave Studio, the dual-polarized (dual-pol) unit
cell sketched in Fig. 3 is designed. This comprises two sets of
orthogonal 45◦ tapered slots, each excited by a microstrip below
the array plane, as shown in Fig. 3(a). The feeding microstrip is
terminated with a capacitive plate that compensates for the inductive
effect of the ground plane. The microstrip is connected with an
integrated coaxial line that goes through the holed ground plane to the
outer SMP connector, as shown in Fig. 3(b). The integrated coaxial
line also has the role of suppressing modes that would otherwise
propagate between the ground plane and the slot plane [27]. The
specific design for the integrated coaxial feed and for the microstrip
transition to the SMP connector is reported in [34]. To avoid the
excitation of waves guided by the slot when scanning in the H-plane,
the dielectric used to sustain the array plane has been milled into a
grid to obtain a lower effective permittivity. The detailed stackups of
the array and radomes boards used for the prototyping are shown in
Figs. 3(c) and 4, respectively. The ADL geometry has been slightly
adjusted to account for the effect of the realistic materials on the
layers’ reactance.

The simulated active VSWR is shown in Fig. 5 for the NB and
WB case, respectively. The VSWR of the NB case is lower than
2 for broadside and E-plane scanning to 60◦ over the 6–8 GHz
range, while it increases to 2.3 when scanning in the H-plane to 60◦

at 8 GHz. For the WB radome, the simulations show a VSWR < 3 in
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Fig. 3. Sketch of the dual polarized unit cell. (a) Top view. (b) Three-di-
mensional view, highlighting the array plane, the feeding components, and
the dielectric grid. (c) Side view of the stackup.

Fig. 4. Stackup of the prototyped NB and WB ADL radomes.

Fig. 5. Active VSWR of the dual polarized unit cell for broadside, H-plane
60◦, and E-plane 60◦ scanning. (a) NB ADL. (b) WB ADL radome.

the 2–8 GHz band for broadside and E-plane scanning, while the
bandwidth is reduced to 2.3–8 GHz when scanning to the maximum
angle in the H-plane.

Fig. 6. (a) Front and (b) back view of the manufactured 8 × 8 dual polarized
connected slot array prototype. (c) Photograph of the NB and WB ADL
radomes. (d) Full setup with array prototype, the NB ADL radome, and the
holder.

Fig. 7. Measured active VSWR of E5X, when using the NB ADL radome,
for broadside, H-Plane 60◦, and E-plane 60◦ scanning. (a) Fully excited array.
(b) Array with a tapered excitation.

III. CONNECTED ARRAY PROTOTYPE

An 8 × 8 array, based on the dual-polarized unit cell of Fig. 3,
has been manufactured [see Fig. 6(a) and (b)] as a representative
prototype. The two manufactured ADL radome boards are shown in
Fig. 6(c) and have a total thickness of 8.4 and 29.5 mm for the NB
and WB, respectively. The antenna is mounted in a holder with the
NB or the WB ADL radome, as shown in Fig. 6(d). The radomes
are larger than the slot array, as they are intended to be used also for
larger antenna arrays or multiple tiles.

A. Measured Active Matching

All the S-parameters between the elements E5X and E4Y [see
Fig. 6(b)] and the rest of the array are measured for the NB and WB
case, respectively. Then, these are combined with complex weights
corresponding to the different scanning and taper conditions, to obtain
the active reflection coefficient and VSWR.

The active VSWR of E5X with the NB radome is shown in Fig. 7
for broadside, and scanning to 60◦ in the main planes. As can be
noticed, the fully excited array of Fig. 7(a) has a good agreement
with the simulated unit cell results when scanning in the main planes.
The measured active VSWR for broadside is slightly higher than the
unit cell simulation for frequencies above 7 GHz. This can be partly
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Fig. 8. Measured active VSWR of E4Y, when using the WB ADL radome,
for broadside, H-Plane 60◦, and E-plane 60◦ scanning. (a) Fully excited array.
(b) Array with a tapered excitation.

Fig. 9. Simulated active VSWR of a central element in the 8 × ∞

configuration for a uniform illumination and an amplitude taper.

attributed to finite edge effects, as an amplitude taper applied to both
rows and columns is shown to lower the VSWR below 2.5 on the
band of interest, as shown in Fig. 7(b).

The measured active VSWR of the element E4Y with the WB
radome is shown in Fig. 8, for different scanning and illumination
conditions. The strong mismatch at 3.5 GHz in Fig. 8(a) is due to
the resonant size of the full array. In fact, the tapered excitation of
Fig. 8(b) effectively removes the resonance. Even in the presence of
the amplitude taper, some fast oscillations are seen at around 6 GHz
and above. These were observed to be caused by a somewhat
unstable connection of the coaxial cables with the smooth bore SMP
connectors that gave some variability of the S-parameters depending
on the specific position in which the cables were held. Nevertheless,
as shown in Fig. 8(b), when applying an amplitude taper, the VSWR
of the element E4Y is <3 in the band from 1.7 to 7.6 GHz,
corresponding to a 4.5:1 bandwidth.

To verify that the peak at 3.5 GHz is due to the edge effects,
an 8 × ∞ array simulation has been performed: Fig. 9 shows
the active VSWR of a central element, exhibiting a resonance
around 3 GHz, which is mitigated when introducing an amplitude
taper.

B. Measured Patterns

When operating with either radomes, the E- and H-plane embedded
element patterns (EEPs) have been measured for all the elements
of both polarizations located in row E [see Fig. 6(b)]. To com-
pensate for the manufacturing tolerances and errors introduced by
the measurement setup, the amplitudes and phases of the EEPs are
adjusted to compensate for the variations in the broadside direction
(i.e., a broadside calibration). Then, the desired array patterns are
calculated and shown in Figs. 10 and 11 for the NB and WB case,
respectively. The patterns of the uniformly illuminated array are
shown at 7 GHz for the NB case and at 2, 5, and 7.5 GHz for
the WB case and compared with 8 × ∞ CST simulations. A good

Fig. 10. Measured and simulated (8 × ∞) array patterns on the E-plane and
on the H-plane at 7 GHz in the presence of the NB ADL radome.

Fig. 11. Measured and simulated (8 × ∞) array patterns in the E-plane and
in the H-plane at (a) 2 GHz, (b) 5 GHz, and (c) 7.5 GHz in the presence of
the WB ADL radome.

agreement can be recognized for the main lobes and the sidelobe
level (SLL), while the discrepancies for larger observation angles
are credited to the diffraction from the metal frame. The scanning
array patterns are normalized with respect to the broadside values.
As it can be noticed, the E- and the H-plane have different scan
loss. This difference is mainly due to the different shapes of the
EEP in the two planes. The EEPs of the elements in the central row
are presented in Fig. 12, showing a larger decay for the H-plane.
Moreover, when scanning in the H-plane, a slightly higher mismatch
occurs with respect to the E-plane. Due to edge effects, oscillations
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Fig. 12. Measured on (a) H-plane and (b) E-plane at 7 GHz in the presence
of the NB ADL radome.

Fig. 13. Measured co-polar and cross-polar component when scanning
towards 60◦ on (a) E-plane and (b) H-plane with the WB radome.

are present in the EEPs, larger in the H-plane compared to the
E-plane. Nevertheless, these fluctuations average out when the EEPs
are combined together, creating smooth array patterns. Moreover, the
diffraction from the metal frame supporting the antenna is visible,
especially in the E-plane for large angles.

Radiators in the presence of ADLs exhibit increased cross-
polarization levels, especially in the diagonal plane (D-plane).
However, in the desired application the scanning in azimuth is much
larger than in elevation, e.g., ±20◦ in the urban scenario of [35],
reducing the scanning requirements in the D-plane. In Fig. 13 the
co- and cross-polar are shown when scanning towards 60◦ on the
E- and H-plane, exhibiting between 2 and 7.6 GHz a rejection better
than −10 and −12 dB, respectively.

IV. CONCLUSION

A dual-polarized planar connected slot array has been designed
to target sub-8 GHz 5G applications. The same radiating aperture
is used with two interchangeable ADL radomes, one for 6–8 GHz
operation and the other for 2–8 GHz.

An 8 × 8 connected array prototype has been manufactured and
tested for impedance and radiation characteristics. When using a
tapered illumination, this shows a VSWR < 2.5 when scanning up
to 60◦ with the NB ADL radome over the targeted band and

a VSWR < 3 when scanning up to 60◦ with the WB ADL radome
between 1.7 and 7.6 GHz.
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