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ABSTRACT A decoupling concept of near-field shrinking dielectric superstrate (NFSDS) is proposed for
large-scale, wideband, and dual-polarized mm-wave arrays. An NFSDS with a thickness of 4 mm (0.32 A at
24 GHz) is mounted seamlessly above the array, which shrinks the near field of the array elements to reduce
the space wave coupling while slightly increasing the surface wave coupling of the arrays. By loading a
superstrate with a certain thickness and low permittivity, the total coupling of the mm-wave arrays is reduced
significantly. Periodic air holes are drilled through the superstrate to lower the NFSDS permittivity. An 8 x 8
mm-wave array is simulated, fabricated, and measured to verify the proposed decoupling concept. The
simulated and measured coupling of the mm-wave array is reduced from -17 dB to lower than -23.2 dB from
24 — 29.5 GHz and lower than -25 dB in most of the band, respectively. The radiation patterns of the array
before and after decoupling almost keep unchanged. Moreover, the NFSDS can efficiently improve the array
beam scanning capability. The measured results align well with the simulated.

INDEX TERMS Mutual decoupling, NFSDS, large-scale, mm-wave antenna array, space wave coupling,

surface wave coupling.

I. INTRODUCTION

The large-scale mm-wave arrays is an important research topic
that has attracted tremendous attention over the past few years
[1]. Since the mutual coupling between array elements
seriously deteriorates the performance of the arrays, such as
active VSWR, bandwidth, active reflection coefficient,
efficiency, signal-to-interference noise ratio, and channel
capacity [2]-[7], therefore, it is demanding to suppress the
coupling of large-scale arrays.

Recent years have witnessed the efforts devoted to reducing
the coupling of the arrays in the low-frequency bands, such as
electromagnetic bandgap (EBG) [8], defected ground (DGS)
[9], resonator [10], neutralization line [11] and parasitic
element structure [12], which are commonly arranged between
array elements. Thus, the inner-element distance needs to be
large enough to accommodate the decoupling structure. The
decoupling network is an effective method for mutual
coupling suppression [13], which commonly operates within
a narrow bandwidth. The metasurface is another effective
decoupling method, which is typically loaded above the arrays
with a distance [14]-[15]. However, the mm-wave arrays are
very sensitive to the distance between the metasurface and the
array. Therefore, such a distance would affect the decoupling
performance. A decoupling method of orthogonal feeding
structure was proposed in [16]. However, it cannot be used in
large-scale phased arrays either. A sub-6 GHz massive MIMO
array with high isolation was proposed at the interface
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between medium and air in [17], yet the decoupling was led
by the perturbation at the interface between medium and air,
which introduces an air gap between medium and destroy the
integrity of the medium. [18] proposed a method of dielectric
loading and covering in rectangular waveguide phased arrays.
It investigated the effect of dielectric geometry, constant, and
sheath thickness on the wide scanning angle property of a
rectangular waveguide phase array. In [18], the decoupling
performance of the rectangular waveguide phase array was
just simply studied and compared for the cases with different
loaded dielectric parameters. However, the decoupling
principle was not investigated in detail, especially the
feasibility of decoupling for dual-polarization millimeter-
wave arrays.

This paper firstly presents a decoupling concept of near-field
shrinking dielectric superstrate (NFSDS) to reduce the
coupling of large-scale, wideband, and dual-polarized mm-
wave arrays, where the space wave coupling plays a decisive
role. By employing the NFSDS, the space wave coupling of
the mm-wave coupling could be significantly suppressed
while the surface wave coupling slightly increases. But the
total coupling of the array could have a decrement of 6.2 dB
(from -17 dB to -23.2 dB) from 24 — 29.5 GHz and 7 dB (from
-17 dB to -24dB) from 26.8 — 29.5 GHz. Compared to the
currently existing literature, the novelty of the proposed
decoupling method of NFSDS is summarized as follows:
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1. The decoupling concept of near field shrinking is first
proposed. The electromagnetic waves continuously propagate
in NFSDS without perturbation, while the near field
distribution is just shrunk to reduce the total coupling of the
array.

2. Because the superstrate has a stable permittivity of 1.6 in a
wide band, which is an intrinsic property of the superstrate
itself. Hence, it can shrink the near field of the antenna itself
without considering the coupling paths. Therefore, it can
generally be applied in other massive MIMO array types.

3. The NFSDS is easy to integrate with mm-wave arrays,
where the NFSDS has very simple structure and is mounted
seamlessly above the mm-wave arrays. No air gap is
introduced in actual applications to avoid fabrication errors.
This paper is organized as follows: Section Il describes the
decoupling principle in detail using a simple example of a
dual-element array. The 8 x 8 decoupled mm-wave array was
designed by applying the proposed decoupling concept of
NFSDS. Section Il presents antenna performance, including
S-parameters, radiation patterns, beam scanning capability,
realized gain, and total efficiency. Section 1V concludes the

paper.
. PROPOSED DECOUPLING CONCEPT OF NFSDS

A. DECOUPLING SCHEME OF THE NFSDS

The sketch of the decoupling concept of NFSDS for mm-wave
arrays is presented in Fig.1. The coupling of array is composed
of surface wave coupling component x1 and space wave
coupling component x2, where the space wave coupling
dominates with the inter-element distance close to half
wavelength. It clearly demonstrates that the near fields of the
array elements largely overlap with each other, which causes
space wave coupling between array elements. When an
NFSDS is seamlessly mounted above the array, the near-field
electric field can be significantly shrunk, thereby reducing
space wave coupling. The decrement of the space wave
coupling is much larger than the increment of the surface wave
coupling component x1'. Consequently, the total coupling of
the array is still reduced significantly.

Near-field

Al A2 xl A3 N2 A4

FIGURE 1. The decoupling sketch of the NFSDS.
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B. VERIFICATION OF THE PROPOSED DECOUPLING
CONCEPT

An analysis of the proposed decoupling concept is depicted in
Fig. 2. A dual-element H-coupled patch antenna array working
at 27 GHz is adopted as a reference, named Array A. The
metal patches are printed on the top surface of the Rogers
RO4350B substrate with a thickness of 1.52mm, a relative
permittivity of 3.66 and a loss tangent of 0.0037. The center-
to-center distance between array elements is around half-
wavelength, and the patch size is 2.35 mm. Then, a pure
superstrate with different permittivity and a thickness of 4 mm
is mounted seamlessly above array A. The array with NFSDS
is labeled as Array B.

15 mm
r——

Step 1

FIGURE 2. The analysis for the verification of the proposed
decoupling concept.

FIGURE 3. The E-field of the Array B with different ¢, varying
from 1.2 to 2.1 at a step of 0.3 at 27 GHz.

Intuitively, the permittivity and the thickness of the NFSDS
affect the amount of reduction in space wave coupling and
increment in surface wave coupling of the mm-wave arrays.
To better understand the effect of the permittivity & and the
thickness hs of the NFSDS on the decoupling level, the
parametric study of the permittivity & and the thickness hs has
been carried out. As the permittivity ¢ varies from 1.3 to 2.2
at a step of 0.3, the E-fields of Array B at 27 GHz (mentioned
in Fig. 2) are shown in Fig. 3, respectively. For the E-field
distribution of Array A, a black rectangular frame is
constructed and filled with electric fields. However, in the
same area of Array B, the edge of the E-field is far from the
side of the black rectangular frame. It presents that the near
field E-field in region A of Array B is smaller than that of
Array A in the same area, demonstrating that the NFSDS can
suppress the coupling of the array. The E-field distributions of
Array B with different permittivity also show that when the

9
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permittivity & increases gradually, the near field E-field
distribution in Region A shrinks correspondingly, yet the
surface wave coupling in region B increases.

The S-petameters of Array B with different permittivity & are
presented in Fig. 4 (a) and Fig. 4 (b), which have the same step
as that in the procedure of the parametric study for E-fields.
Fig. 4 (a) shows that the operating band of Array B shifts to a
lower band as the increment of g, which is caused by the
change of the quality factor (Q value). Fig. 4 (b) demonstrates
that as the permittivity ¢ is 1.6, the coupling of the Array B
reaches the lowest level and less than -38.3 dB within the
working band. Fig. 4(c) and Fig. 4(d) give the S11 and S21 of
the Array B with different thicknesses of hs that vary from 3
mm to 6 at a step of 1mm, respectively. Fig. 4 (c) depicts that
the working band of array B shifts to a lower band when hs
increases, which also results from the quality factor (Q value)
change. In addition, when the thickness hs is set as 4 mm
(around half wavelength in the dielectric substrate), the
coupling of the Array B is lower than 38.3 dB. Though the
coupling of Array B with a thickness of 5mm is lower than
that with a thickness of 4mm, its working band shifts toward a
lower band than the required band. In the end, the permittivity
and thickness of the NFSDS are optimized and set as 1.6 and
4 mm, respectively. Though the thickness of the NFSDS is
relatively large, it is acceptable in mm-wave band application.
Figure 3 and the parametric study results in Fig. 4 provide
evidence that as a compromise value of ¢ is 1.6, the largest
difference between space wave coupling reduction and surface
wave coupling increment can be obtained. Thus, the lowest
coupling of the Array B can be achieved.
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FIGURE 4. The S-parameters of the Array B with different &,
varying from 1.2 to 2.1 at a step of 0.3, and hs varying from 3 mm
to 6 mm at a step of 1 mm: (a) S11 of the Array B with different
€ when hs is 4 mm, (b) S21 of the Array B with different &, when
hs is 4 mm, (c) S11 of the Array B with different hs when ¢, is
1.6, (d) S21 of the Array B with different hs when ¢, is 1.6.

Ill. DESIGN EXAMPLE
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A. ANTENNA CONFIGURATION

An 8 x 8 mm-wave array with NFSDS is designed to verify
the decoupling concept of NFSDS for large-scale, wideband,
and dual-polarized mm-wave arrays. Fig. 5 presents the
explosion structure and dimensions of the 8 x 8 mm-wave
array element with NFSDS. The proposed array consists of
dual layers of circle patches to generate two closed resonant
frequencies to broaden the antenna working band. The array
elements are fed by the differential feed structure. In the end,
a dual-polarized array element with high port-to-port isolation
can be obtained. Here, the inverting power divider of the
differential feed structure has two arms (arm1 and arm2) with
a length difference of half-wavelength at the center frequency
to generate differential signals. In addition, practical base
stations require a beam scanning capability more than 50° in
x-direction, and a relatively small beam scanning capability
more than 30°. Therefore, the array element distance in x-
direction and y-direction are set as 5.2 mm (0.448 Xo) and 6.8
mm (0.612 o), respectively.

The detailed explosion diagram of the 8 x 8 mm-wave array
element with NFSDS and the dimensions of the differential
feed structures are depicted in Fig. 5 (). The NFSDS is made
of pure polypropylene (PP) with a dielectric constant of 2.2.
Periodic air holes with a radius of rc, and a period of tp are
drilled on it to get a lower effective permittivity. The thickness
of the substrates, bonding files, and NFSDS are also given in
Fig. 5 (a). The four metal probes pass through the circle slot
on the ground and connect the differential feed structures with
the bottom patch. The pad of the metal probes and the circle
slot on the ground have a radius of rp and rs, respectively.
TABLE I gives the dimensions mentioned above. The specific
geometry of the array without NFSDS arrangement of the
mm-wave array and the feeding ports in -45° polarization is
shown in Fig. 5 (b) from top and bottom view. The four fixing
arms are connected to the corners of the substrate for
installation. Here, the metal vias are drilled on the fixing arms
to avoid the effect of fixing arms on antenna performance. Fig.
5 (c) gives the fabricated prototype of the array with NFSDS,
where the NFSDS and the original array are seamlessly
pressed together by four screws. The MMPX connectors feed
the array. The common ground, bottom and top circle patches
are printed on the Rogers RO4350B substrate, which are
attached together by the bonding files to avoid air gaps. The
bonding films used here are Rogers 4450F with a dielectric
constant of 3.52 and a loss tangent of 0.004. Finally, the
NFSDS covers the original array to shrink the near fields of
the array elements. Even though the NFSDS and original array
are not sticked together, there are no air gap between NFSDS
and original array because pp board and Ro4350 are not easily
deformed when they are screwed together. Additionally, the
sizes of pp board and Ro4350 are very small, when the four
corners of pp board and Ro4350 are pressured, their shape is
basically kept unchanged. From Fig.5 (d), we can know that
due to the space limitation, only a row of MMPXs is connected
to the array to activate the array elements in one polarization.
Then, the array elements of the other rows are connected to the
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MMPX connector in turn so that the test can be smoothly
implemented.

Here, two reasons cause the size of NFSDS to be larger than
the size of the antenna:

1. The fixing arm is located outside the antenna array, and the
hole, the screw passes through, is far away from the antenna
array. Therefore, NFSDS should cover the fixing hole to
facilitate installation and fixing.

2. To enable the NFSDS to cover the near field of the edge
elements of the antenna array, the size of the NFSDS should
also be larger than the size of the antenna array.
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FIGURE 5.  Configuration of the example: (a) the explosion structure
of the 8 x 8 mm-wave array element with NFSDS and the detailed
structure and dimensions of the feeding structure, (b) the specific
geometry of the array without NFSDS from the top and bottom views
and the arrangement of the mm-wave array and the feeding ports in -
45° polarization, (c) the fabricated prototype of the Array with NFSDS.

TABLE 1. Parameters of the array with NFSDS
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Val.(mm) 436 02 04 68 92

Val.: Value.

B. ANTENNA ARRAY PERFORMANCE

The S-parameters of the 8 x 8 mm-wave arrays before and
after decoupling are simulated and measured. The reflection
coefficient and the envelopes of the couplings of the array
elements are depicted in Fig. 6. A high transmission
coefficient indicates that a significant portion of the input
power is radiated to the nonadjacent and adjacent array
element, which leads to high mutual coupling between array
elements. In terms of a certain array element, for example,
A25, it has 127 coupling paths with other feeding ports. Then
the maximum coupling value of every path is extracted
varying the frequency to form the envelope of the coupling as
seen in Fig. 6. For the other selected elements, the envelop of
the coupling can be extracted by adopting similar options.
Notably, the coupling paths of this array includes coupling in
x-direction, y-direction, diagonal direction between neighbor,
non-neighbor array elements, and cross polarization ports of
array element itself. The elements in the left part of the inner
loop are selected because of the symmetry along the y-axis,
including Row 4 (A25, A26, A27, A28). It demonstrates that
the mm-wave array with NFSDS has a -23.2 dB and -24 dB
decoupling bandwidth of 24 — 29.5 GHz and 26.8 —29.5 GHz,
respectively. The simulations and measurements illustrate that
the NFSDS can effectively reduce the total coupling of the
mm-wave arrays.

The radiation patterns of the array element A27 at 25 GHz, 27
GHz, and 29 GHz are presented in Fig. 7. The measurement
for the radiation patterns is implemented in a chamber. There
are some tiny distortions of the measured radiation patterns
that makes the simulated and measured results are not
matching so well, which are caused by the measurement
tolerance. As seen in Fig. 5 (c), there is a metal plate in the
microwave chamber to support our antenna, which introduces
some reflection that causes the distortion of the measured
radiation patterns. In addition, owing to our antenna works in
mm-wave frequency. Therefore, some tiny measure tolerance
will cause obvious mismatching with the simulated one.
However, the contours of the radiation patterns of the mm-
wave arrays before and after decoupling are unchanged within
around -60° to 60° besides some sharp glitches, which
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illustrates that the loading of NFSDS almost does not affect
the antenna performance.
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FIGURE 6. The reflection coefficient and transmission
coefficient of the mm-waves array with and without NFSDS.

Fig. 8 presents the realized gain and total efficiency of the
selected element A27 at different frequencies. Here, the
proposed decoupling method is applied for massive MIMO
arrays, therefore the total efficiency of the array element is
given rather than the total efficiency of the array. Since the
total coupling has a significant reduction, it means the
electromagnetic wave radiated to other elements in the
horizontal direction is reduced. Thus, the power radiated to the
space is promoted. Consequently, the realized gain and total
efficiency of the array elements are effectively improved by
loading the NFSDS above the original array. Notably,
according to the radiation patterns in Fig. 7, though the counter
of the radiation patterns of the array with and without are
basically same, some sharp distortion occurred after loading
the NFSDS, which contributes to realized gain improvement.
Here, the pink point of the realized gain appears at the sharp
distortion. As a result, even though the counter of the radiation
patterns before and after loading NFSDS are keep same, the
peak realized gain has an increment by loading NFSDS. The
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results in Fig. 8 conform to the theoretical analysis from Fig.
8.
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C. BEAM SCANNING CAPABILITY

The beam scanning capability is an important metric for large-
scale phased arrays. Fig. 9 presents the simulated beam
scanning of the mm-wave array with and without NFSDS in
x-polarization and y-polarization, respectively. It can be found
that the 3dB gain drop beam scanning capability of the original
array in the x-direction and y-direction is -47°-47° and -
33°-33°, respectively, while the decoupled array has a 3dB
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gain drop beam scanning capability of -56°—57° and -38°—38°
in x-direction and y-direction, respectively. It concludes that
the NFSDS can facilitate the beam scanning capability of the
array. For the base stations, the beam scanning capability in y-
direction is normally required no less than +30°, while it
requires a stronger beam scanning capability in x-direction
than that in y-direction. Therefore, the proposed array in this
paper can fully satisfy the industry requirement of the base
station design.
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FIGURE 9. The beam scanning capability of the mm-wave array
without and with NFSDS, (a) x-direction, (b) y-direction.

IV.  ANTENNA PERFORMANCE COMPARISON

The performance of the proposed array with NFSDS is
compared with the structures in the current literature. The
comparison is listed in TABLE Il. The methods of decoupling
network and Array decoupling surface (ADS) [13] [14] are
two effective decoupling approaches for massive MIMO
arrays. However, it cannot be applied to mm-wave antennas.
The TMS in [15] divides the space wave coupling into two
parts with different propagation paths with the same
amplitudes and opposite phases to enable cancellation with
each other. Yet, owing to the decoupling performance of mm-
wave arrays being sensitive to the distance between the array
and metasurface, it is difficult to be used in mm-waves
applications. In addition, the working band of the arrays in
[13], [14], and [15] is narrower than the one in our work. The
decoupling method in [16] can be used in mm-wave antennas.
Although the antenna in [16] has a wider bandwidth than that
in our work, its isolation improvement is caused by the
orthogonal feed mode, and the best isolation reaches 17.6 dB,
which is far lower than 23 dB. Notably, the 23 dB (in isolation)
is selected as a benchmark is because that the distance between
array elements is 0.448)o in X-polarization, which is smaller
than the normal schedule of half wavelength. In addition, the
proposed array of our work has the most stable reflection and
transmission coefficient with the 23 dB isolation bandwidth.
The orthogonal feed structure has an apparent superiority for
isolation enhancement, yet it cannot be scaled to the massive
MIMO arrays. Though the height of this work is around half
wavelength, the real thickness of the NFSDS is just 4 mm. In
addition, the low permittivity substrate is obtained by simply
drilling the periodic air cavities on the pure PP board and
loading above the array without an air gap. Therefore, the
proposed array with NFSDS performs a low design and
fabrication complexity that almost does not introduce
fabrication tolerance. The array in [17] can also be applied in
massive MIMO mm-wave arrays, but it has a narrower 23 dB
isolation bandwidth than that of our work. For the fabrication
of the work in [17], it adopts 3D printing technology, but it
might introduce air to the printing material so that leads to
fabrication tolerance. Especially for the mm-wave array, the
antenna performance and the decoupling are highly sensitive
to the stability of the adopted material. It is worth noting that
the proposed decoupled array has an excellent beam scanning
capacity than other antennas in current literature. In summary,
the method proposed in this letter is a promising candidate for
mm-wave application.
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TABLE 2. Performance comparison of the proposed antenna array with other similar work.

Decoupling Freq. (GHz) and Antennas Beam scanning Feasib. for mm-
Ref. Pol. & Scale . 23 dB Iso. BW (%) . - wave massive
method Imp. BW (%) Distance (3dB gain drop) MIMO arrays
Decoupling Dua.-pol. 4.8-5 0 _
(18] | " network 4x4 (4.08%) 2.04% 0.50% no
Dua.-pol. 3.2-39 o -
[14] ADS 4x4 (19.72%) 14.29% 0.65X0 no
Dua.-pol. 4.21-4.82
[15] TMS 4x4 (13.51%) 13.5% 0.5%0 - no
Orth. feed Dua.-pol. 24-40
[16] network 2x2 (50%) B B B yes
Dua.-pol. 4.25-5.25 o 0.485)% _
[17] DDS 4x4 (20%) 10.5% 0.485 A yes
. ) -56° — 57°
Th'sk NFSDS Pua- %0" 24-29.5 (20.37%) 20.37% o ) yes
wor . o -38° — 38° (y)
Ref.: Reference  Pol.: polarized  Dua.: Dual Freq.: Frequency Iso.: Isolation Feasib.: Feasibility imp.: impedance orth.: orthogonal

V. CONCLUSION

A novel decoupling concept of NFSDS for wideband and
dual-polarized large-scale antenna arrays is proposed. By
comparing the E-field distributions of the array covered by the
pure substrate with different permittivity, the decoupling
principle is analyzed carefully. The optimized permittivity is
1.6 and the thickness of the NFSDS is 4 mm and then a
significant space wave coupling is suppressed. Based on the
theoretical analysis, a real example of an 8 x 8 array with
NFSDS is simulated, fabricated, and measured
correspondingly. The measurements keep consistent with the
simulated results. The array with NFSDS has a 23.2 dB and
24 dB decoupling bandwidth of 24 — 29.5 GHz and 26.8 —
29.5GHz, respectively. Meanwhile, the array has an excellent
beam scanning capability of -56°-57° in the x-direction and -
38°-38° in the y-direction, respectively which makes the
decoupling method of NFSDS a promising solution for the
isolation improvement of the dual-polarization and wideband
mm-wave arrays in 5G and beyond application.
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