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ABSTRACT 5G new radio (NR) provides features such as enhanced mobile broadband (eMBB) services
and massive machine-type communications (mMTC). Multiple-input multiple-output (MIMO) transmission
is an essential technique to enable these features, using antenna arrays with a sufficient number of elements
to generate accurate and high-gain beams to desired user locations. In newer services, various forms of
mobile devices are expected to appear in diverse locations, and beamforming need to accommodate such
directional diversification. However, utilization of existing array structures has a limitation in transmitting
signals to arbitrary receiver positions in the three-dimensional space. Therefore, a new type of array capable
of forming accurate beams in isotropic fashion is desired, and the corresponding transmission strategies need
to be identified. In this paper, the construction and utilization of the three-dimensional uniform spherical
array (USA) are investigated. Beamforming vectors and the basis codebook for such arrays are defined, and
characteristics of the generated beams are analyzed via comparison to the beams produced by conventional
arrays. Array parameters to minimize the inter-beam interference are determined, and multiuser transmission
performance is evaluated using the proper configuration of the array. We also apply the radiation pattern to

the antenna elements to present the sum-rate performance in practical settings.

INDEX TERMS 5G NR, massive MIMO, beamforming, codebook, millimeter-wave, spherical array.

I. INTRODUCTION
5G new radio (NR) can achieve the maximum data rate
up to 20 Gbps by utilizing the millimeter-wave (mmWave)
spectrum and large-scale arrays for massive multiple-input
multiple-output (MIMO) transmission [1]. With the devel-
opment of services that require increased data rates such as
super high-definition (SHD) video and virtual reality (VR),
next-generation wireless systems will heavily rely on higher
frequency bands including the mmWave spectrum [2], [3].
To compensate for the severe power attenuation experi-
enced at these frequency bands, channel characteristics
and high-gain beamforming strategies over the line-of-sight
(LoS) channel have been intensively studied [4]-[7].
Wireless connectivity requirements for internet-of-things
(IoT) and massive machine-type communications (mMTC)
not only increase the number of mobile terminals connected
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to the network, but necessitate the support for the diversifi-
cation of user locations. An increasing demand for vehicle-
to-everything (V2X) communications also requires radio
access and beam management (BM) techniques to handle
highly mobile users in various locations [8], [9]. The coverage
for radio access is now broadened to all directions in the
entire three-dimensional (3D) space with aerial applications
including drone mobiles and unmanned aerial vehicle (UAV)
base stations [10]-[12]. It is very clear that aforementioned
types of transceivers will benefit from antenna arrays capable
of forming accurate beams and providing a seamless coverage
in isotropic fashion.

The coverage of generated beams is directly related to the
shape of antenna arrays. In [13], possible usages of planar,
circular, and hexagonal arrays for mmWave transmission and
the corresponding beam patterns are discussed. Currently,
the most widely adopted array model is the uniform pla-
nar array (UPA), which is the two-dimensional extension
of the uniform linear array (ULA). Accordingly, the 3GPP
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standard specifies the beamforming vectors and codebooks
based on UPAs [14], [15]. Extensive research results exist
in the related areas, including the beam generation with
variations in vertical user positioning [16], [17], multi-rank
beam transmission over the 3D spatial channel model [18],
[19], and related hybrid beamforming [20], [21]. The array
configuration extended to multiple panels has been studied
in [22], [23]. Beamforming in 3GPP requires the transmis-
sion of reference signals and the feedback of the precoder
matrix indicator (PMI) and channel quality indicator (CQI)
[15], [24]. For MIMO systems using a large-scale array,
a significant increase in complexity and signaling overhead
is expected for this process. Instead, the channel is esti-
mated by using uplink training assuming the time-division
duplexing (TDD) operation [25]. For channels which can
be determined by the user location, only a few parameters
suffice to estimate the channel and the Fourier decomposing
method of the training signal can be applied [26]. Investi-
gation results in [25] and [26] emphasize the advantage of
applying the pilot technique to antenna array at the base
stations or access points for obtaining the MIMO channel
matrix. Dynamic pilot scheduling scheme has also been
applied to 5G ultra-dense networks [27]. In addition to the
aforementioned schemes, design and utilization of the beam
codebooks have been studied for the effective coverage of
the 5G MIMO channels [28], [29]. More recently, directional
beamforming and beam management strategies are applied to
millimeter-wave channels for efficient data transmission over
the link exhibiting a significant pathloss [30]-[32].
Although UPAs efficiently control beam directions in both
azimuth and zenith angles, the beam gain decreases as the
direction deviates from the array boresight and the effec-
tive coverage is restricted over a limited range of angles.
In order to provide a uniform received power level over
the entire azimuthal plane, beamforming utilizing uniform
circular array (UCA) and transformation methods to convert
existing codebooks for transmission using such arrays have
been proposed [33]-[35]. Recent efforts to apply UCAs to
mmWave LoS channels and hybrid beamforming can be
found in [36]—[38], and the array gain of UCAs mounted on a
cylinder is analyzed in [39]. Despite its enhanced capability to
form uniform beams over the horizontal space, the UCA still
exhibits limitations to cover users with wide vertical mobility.
Small cells in 5G systems may include radio units installed
on an indoor ceiling to perform vertical downtilt transmis-
sion, on a street lamp post to support vehicular users, and
on a building rooftop to communicate with aerial mobiles.
To accommodate such transmission scenarios, a new type
of antenna array is desired, and an ultimate form of the
array structure for all-directional beamforming is based on a
sphere. In fact, antenna structures based on spherical geodesic
domes are designed and constructed for satellite communica-
tions to provide reliable communication links to geostation-
ary satellites [40], [41], and wave propagation analyses for
spherical audio speakers can be found in [42], [43]. Design
trade-offs of spherical arrays are investigated in [44], to show
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the performance advantage of the spherical array geometry.
The basic geometrical analysis for the spherical arrays has
been studied in [45], and characterization of spherical arrays
for wireless channels has been studied in [46]. However,
construction and analysis of spherical antenna arrays for gen-
eral mobile communication systems and the corresponding
beamforming performance have not been investigated in the
literature.

In this paper, we propose the utilization of a uniform
spherical array (USA) for future mobile communications,
to provide a reliable isotropic beam coverage for all types
of user terminals and transmission scenarios. The proposal
applies to most of the aforementioned communication sce-
narios including the IoT wireless connection, aerial mobile
links, small cell indoor radio units, and users with wide
vertical movements. We provide the performance analysis
results in various aspects to demonstrate the effectiveness
of the proposed methods, and compare the results to those
for conventional arrays. Determination of array parameters,
corresponding beam characteristics, and multi-rank transmis-
sion performance are presented to confirm the flexibility and
usefulness of using USAs for the uniform beam generation
to all directions. The array construction based on geodesic
partitioning is general enough to include a desired number of
antenna elements appropriate for the target beam gain as well
as the number of simultaneously supported users. In particu-
lar, the basis codebook for spherical arrays is specified and its
multi-rank transmission performance is evaluated. The array
size which minimizes the inter-beam interference is chosen
to provide increased sum-rate performance. The presented
codebook can play a similar role to the codebook adopted by
the current 5G NR standard, which is based on the discrete
Fourier transform (DFT) matrix [24].

The paper is organized as follows. In Section II, geo-
metrical characteristics of USAs are discussed and spherical
coordinates of the antenna elements are given. The signal
model and beam characteristics are discussed in Section III.
Determination of the codebook for USAs and its multi-rank
transmission performance are presented in Section IV, fol-
lowed by the effect of the radiation pattern for each antenna
element in Section V. Comparisons with conventional arrays
such as the UPA and UCA are made and the results are
presented in Section VI. Conclusions are given in Section VII.

Il. UNIFORM SPHERICAL ARRAYS

USAs can be constructed using geodesic polyhedra obtained
by partitioning edges of a regular polyhedron. Five differ-
ent regular polyhedra can be used and generation details
for geodesic polyhedra can be found in [47]. Although any
polyhedra can be used for the array generation, we illustrate
the generation procedure using the icosahedron as the basis
polyhedron for partitioning. Each edge of the icosahedron
is divided into n segments, where n is called the partition
factor. The division points are mutually connected and each
face of the icosahedron is divided into n® equilateral trian-
gles of the same size. New crossing points of the connected
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FIGURE 1. Uniform spherical arrays with increasing numbers of antenna
elements (a) M = 12, (b) M = 42, (c) M =92, and (d) M = 162.

lines are projected to the outer sphere of the icosahedron,
to form the geodesic polyhedra as shown in Fig. 1, where
the shaded area indicates a face of the basis icosahedron.
By locating an antenna element at each vertex of the gen-
erated geodesic polyhedron, we obtain spherical arrays with
M antenna elements. As shown in the figure, the number
of antenna elements in red circles is M = 12, 42, 92, and
162 for partition factors n = 1, 2, 3, and 4, respectively.
Fig. 1 suggests that by increasing the number of antenna
elements, spatial sampling of the antenna elements on the
same sphere increases. However, the radius of the sphere can
also be adjusted such that the overall array size as well as the
spacing between adjacent antenna elements are determined to
produce a desirable beamforming performance. We discuss
this issue by introducing the normalized antenna spacing
in Section IV where the beamforming characteristics for
varying geometric parameters are analyzed.

Table 1 shows the numbers of vertices and faces of the
resulting geodesic polyhedra with partition factor n, where
v denotes the number of vertices and f denotes the number of
faces. A number of spherical arrays can be constructed using
different basis polyhedra and partition factors, by placing the
antenna element at each vertex (or at the center of the face
if desired). As the table suggests, the corresponding arrays
contain up to hundreds of antenna elements and are well
suited for massive MIMO transmission. As the number of
faces of the basis polyhedron increases, the uniformity of the
resulting array tends to increase and more antenna elements
can be placed to the resulting geodesic polyhedron. For these
reasons, the remainder discussion is based on icosahedron
unless otherwise stated. The result can be extended to arrays
based on other polyhedra.

In the conventional method of geodesic polyhedron con-
struction, each edge of the basis regular polyhedron is divided

VOLUME 9, 2021

TABLE 1. Numbers of vertices and faces of geodesic polyhedra with
partition factor n.

n=1 n=2 n=3 n=4
Polyhedra > 7 > 7 > i > 7
Tetrahedron 4 4 10 | 16 20 36 34 64
Cube 8 6 26 | 24 56 54 98 96
Octahedron 6 8 18 | 32 38 72 66 128
Dodecahedron | 20 | 12 | 32 | 60 | 122 | 240 | 272 | 540
Icosahedron 12 ] 20 | 42 | 80 92 180 | 162 | 320
v
_
< Y
v

FIGURE 2. Generation of a geodesic polyhedron using partition factor
n=3.

into n equal-length segments, i.e., 8 = B’ in Fig. 2 which
illustrates the partition of an edge with n = 3. Upon the
projection of the splitting points onto a sphere, most of the
triangles on the spherical surface are no longer equilateral
triangles. Instead, the arrays can be constructed to have the
equal length segments after the projection to satisfy y =
y' (i.e., « = o) in Fig. 2. Also, geodesic polyhedra with
partition factor n can be generated by repeated partitioning
using the prime factors of n for higher uniformity, if # can be
factored. For example, the spherical array with M = 162 ele-
ments and partition factor n = 4 is generated by two repeated
partitioning using n = 2. The arrays shown in Fig. 1 have
been constructed by applying the aforementioned variations
for higher uniformity, leading to beams with regular shapes
when beamforming is performed.

The antenna locations in the constructed arrays can be
specified by using the spherical coordinate in the 3D space.
As shown in Fig. 3, the center of the spherical array is
located at O, the origin of spherical coordinate system. Let
A,, denote the m-th antenna element located at each ver-
tex of the geodesic polyhedron with zenith angle 6,, and
azimuth angle ¢, form = 1,2..., M. The distance between
the array center and the antenna element is denoted by ry,,
thus (v, O, dm) represents the spherical coordinate for A,,.
Inspection of the arrays shows that all antenna elements,
excluding A; with 8 = 0 and Ay with 6y = m, can
be grouped as non-overlapping sets of 5 elements with the
same zenith angle. Furthermore, the azimuth angles of the
5 antenna elements in the same group are evenly spaced with
the minimum separation of 277 /5. Thus the number of groups
is determined as P = (M — 2)/5 where M — 2 denotes the
number of all antenna elements excluding A and Ays. Group
index pis givenby p = [(m —1)/51 form =2,...,M — 1
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FIGURE 3. Geometric parameters for the spherical array.

where [x] is the ceiling operator denoting the smallest integer
no less than x. The distance from the center is the radius of
the sphere and common for all antenna elements, i.e., r,, = r.
We can then specify the coordinate (7, 6,,, ¢»,) of all antenna
elements by presenting zenith angle

0, m=1
9/ 1 <m< ]E
Om =1 resty =3 )
M
T = OM—m+1, 7<m§M
and azimuth angle
03 m:l
/ 21 M
Om = ¢WT,1]+?X(mmod5), 1<m§? @)
T M
§+¢M—m+1, ?<m§M

where 91/, and ¢1/7 are respectively the group zenith angle and
the group azimuth angle offset for p = [(m —1)/5]1 =
1,..., P. These values are tabularized for partition factors
n = 1,2, 3 and 4 in Table 2, which can be used for the array
construction and determination of beamforming vectors.

Let U denote the target user for beam transmission, with
spherical coordinate (p, ®, ®), where p represents the dis-
tance from the center of the array to the user. The vector from
O to U is then given by pu, where

u=/[cos®sin® sinPsin® cosO ] 3)

is the unit directional vector to the user from the array. Also,
let g, denote the vector from the m-th antenna element A,,
to the user plane, which is the plane perpendicular to u.
As shown in Fig. 3, the arrival point of the vector from A,,
to the user plane is denoted by A/,,. The vector from O to A,
is represented by ra,,, where

a,, = [ cos ¢y, sin6,, sing,, sinb,, cosb, | 4)
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TABLE 2. Antenna location parameters for uniform spherical arrays
(0,’, and ¢I” are in degrees).

n|p 0 ¢p n | p O @
1 1 63.43 0.00 1 15.86 0.00
1 31.72 0.00 2 26.58 36.00
) 2 58.28 36.00 3 31.72 0.00
3 63.43 0.00 4 43.65 22.39
4 90.00 18.00 5 43.65 49.61
1 21.14 0.00 6 47.58 0.00
2 37.38 36.00 7 58.28 36.00
3 42.29 0.00 4 8 59.62 17.53
3 4 58.88 23.62 9 59.62 54.47
5 58.88 48.38 10 63.43 0.00
6 63.43 0.00 11 73.95 26.27
7 79.19 36.00 12 73.95 45.73
8 81.02 12.40 13 76.56 9.51
14 76.56 62.49
15 90.00 18.00
16 90.00 36.00

is the unit directional vector to the m-th antenna element. Now
we define the relative distance d,,,(®, ®) as

dm(O, @) = |gu| — |pul &)

which is the distance of the beam vector from A, to the
user, subtracted by the distance from the array center to
the user. By using the array center as the reference point,
dn(®, @) conveniently represents the relative distance from
each antenna element to the user. From the vector geometry
observed in Fig. 3, this quantity is identical to the negative dot
product between two vectors u and r,,a,, which is expressed
as

dp(®,®) = —rap-u
= —r [ cos ¢y, sinb,, sin¢,,sinb, cosb,, |
-[cosPsin® sinPsin® cos®O ].

Thus we obtain

du(®, ®)=—r {sin O sinb,, cos(®—¢,,)+cos O cosb,,}.
(6)

Combining (6) with the antenna coordinate parameters given
by (1) and (2), the exact path difference from each antenna to
the user can be computed.

Ill. BEAMFORMING USING SPHERICAL ARRAYS
The signal transmitted from the antenna array with M ele-
ments to K single-antenna users can be written as

y=HWs+n 7

wherey = [y; y2 --- yK]T is the received signal vector
and H = [th hg hIT<]T is the K x M channel matrix
with hy = [Ar 1 hk2 --- hi ] denoting the channel vector
for the k-th user at (og, O, ®g). The transmitted data vector
is denoted by s = [s] s2 --- sK]T and precoding matrix
W = [w; wo --- wg] includes beamforming vector for
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the k-th user wy = [wg1 wi2 - wim]!. Vector n =
[n1 no --- ng]? includes the Gaussian noise n; with power
o2 for the k-th user.

Assuming only the LoS component exists in the transmis-
sion channel with the normalized path loss of 0dB, channel
vector h; can be represented as hy = by Ay, where by
and Ay are the array response vector and the antenna gain
pattern matrix, respectively. Using the distance formula in (6),
the 1 x M array response vector is determined as

by = [ &5 4O JFLOL) . JF O | (g)

where A denotes the carrier wavelength, and the M x M
antenna gain pattern matrix is given by

e 9

where Ay, indicates the radiation attenuation of the m-th
antenna elements to the direction of the k-th user. Under the
assumption of the ideal isotropic radiation pattern for each
antenna element, we have A 1 = 1 for all k and A becomes
the identity matrix. In practical situations, we can apply the
gain pattern following the 3GPP model in [48]

Ay = diag[ A1 Ago -

2
Agm = —min | 12 (‘p"—m> , 30! dB (10)

B3ap
where B3gp is the 3dB beamwidth and ¢, is an angle
between m-th antenna element’s boresight and the user direc-
tion. It can be determined as

Qkm = €08 (@, - ug) (11)

where u; = [ cos @ sin ®; sin Dy sin O  cos O ]. The
direction beamforming vector for the k-th user is chosen as
the Hermitian of by, written as

Wi = bf

— [edTNORP) L T Fdu©aP) T (]9
For simultaneous beam transmission to K users, the normal-
ization factor of 1/+/K can be multiplied to (12) to main-
tain the unit transmission power from each antenna element.
Please note that no specific boresight exists for the isotropic
source. When we apply the pattern in (10), the antenna bore-
sight is aligned to the direction of the vector from the origin
to the antenna element.

The uniform beam characteristics of USAs can be con-
firmed by generating a pair of users in random directions over
the 3D space and evaluating their mutual interference levels.
The interference between two beamforming vectors w; and
w; is defined as

2

Ij= % [wiw)| (13)

which is the power of their mutual correlation. The maximum
interference level is set to 0dB when two vectors are identical,
with the normalization factor 1/M in (13). The interference
between two beamforming vectors is repeatedly evaluated
for two users randomly placed in the 3D space, and the
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FIGURE 4. Interference between two beamforming vectors for the
icosahedron-based arrays: (@) n=1,(b))n=2,(c)n=3,(d) n=4.

average beam interference is obtained as a function of the
angle difference W between two vectors. Fig. 4 shows such
evaluation results for the USA based on icosahedron with
partition factors n = 1, 2, 3, and 4. It can be observed
in the figure that beam patterns remain remarkably uniform
for any target beam directions over the entire space for all
USAs in consideration. It is also noted from the figure that
more frequent null locations occur in the beam pattern as the
number of antenna elements increases. Such null locations
can be exploited to generate multiple beams with very small
mutual interference levels. Similar observations can be also
be found for the proposed USAs based on other polyhedra.
Fig. 5 shows the evaluation results for the mutual interference
using the USA based on the dodecahedron with partition
factorsn =1, 2, 3, and 4.

The antenna elements in this section are isotropic sources
and no consideration has been given to their radiation pattern
and polarization, as well as the expected sidelobes levels
and the front-to-back ratio. Therefore the sidelobes levels
in Figures 4 and 5 are due to the side lobes of the spherical
arrays. The beam pattern become different for actual antenna
elements with specific radiation patterns, and such an effect
is described in Section V.

IV. MULTI-RANK CODEBOOK

As can be observed from the beam characteristics discussed in
the previous section, the nulls of the beam power pattern are
located at fixed distances from the target direction. If other
beams are transmitted to directions corresponding to these
null locations, multi-rank beamforming can be performed
with a very small amount of mutual interference. Therefore it
is a good design attempt to align the directions of codevectors
with the locations of the nulls. At the same time, it is desired
that a set of codevectors are chosen to cover the entire 3D
space in a regular and uniform fashion. These two conditions
may not coincide, i.e., regularly spaced beams are not neces-
sarily located at null positions from other beams.
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FIGURE 5. Interference between two beamforming vectors for the
dodecahedron-based arrays: (a) n =1, (b)n=2,(c)n =3, (d) n = 4.

Our design strategy for the determination of basis code-
vectors is to first align a codevector to the boresight direction
of each antenna element, then adjust the physical size of the
array such that the selected codevectors exhibit a negligible
amount of mutual interference. Hence for the spherical array
of M antenna elements, proposed codebook V consisting of
M codevectors is defined as

V={v, v, ...vw} (14)
where v,, is the codevector to transmit the beam to the bore-
sight direction of the m-th antenna form = 1,2,..., M.

Codevector v,, can be determined by substituting ®; = 6,
and ®; = ¢,, in the expression of the beamforming vector
in (12) as

V= [T Cnbm) (=i F o On ) .

e_joﬂdM(gms(bm) ]T_ (15)

Now we adjust the physical size of the array structure and
see the resulting effects on beamforming performance. As we
vary the radius r of the spherical array, the distance between
neighboring antenna elements also changes. We define the
normalized antenna spacing k = §/A as the minimum
spacing between two adjacent antenna elements divided by
the carrier wavelength. Fig. 6 shows the amount of inter-
ference versus normalized antenna spacing, for which the
average correlation between all pairs of adjacent codevectors
are computed for different values of «. The interference is
computed using (13). As indicated by the figure, the first
local minimum occurs at k = 0.5 for n = 1 and significant
reduction of interference achieved at k = 0.44, 0.5 forn = 2.
Interference nulling also occurs at k = 0.43,0.45, 0.5 for
n =3 and at « = 0.44, 0.48, 0.5 for n = 4. For all of these «
values, the average interference among adjacent codevectors
of —30dB or below is achieved. Choosing x = 0.5 results
in a significant interference reduction for all partition factors
considered, thus we conclude the half-wavelengths spacing
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FIGURE 6. Interference between adjacent codevectors for the
icosahedron-based arrays with varying antenna spacing: (a) n =1,
(b)n=2,(c)n=3,and (d)n=4.

between antenna elements works well with the proposed
spherical arrays. For this reason, the remainder of analyses
is based on half-wavelength spacing between the adjacent
elements, although variations on « can be applied for dif-
ferent partition factors as suggested in Fig. 6. In addition,
the antenna elements are all in phase and fed by equal exci-
tation level. The impact on the performance by changing the
power level of each antenna element is further discussed in
Section V. Please note that antenna coupling may occur as the
inter-element spacing reduces significantly below the half-
wavelength, and a care has to taken to avoid such undesirable
effects and to maintain the beamforming performance.

Simulation was conducted to evaluate the signal-to-
interference-plus-noise ratio (SINR) and the sum-rate per-
formance as we increase the transmission rank using the
proposed spherical arrays. The noise power was set to satisfy
P/o? = 20dB where P is the received power from each
antenna element with the isotropic radiation pattern. We con-
sider K users uniformly distributed over the 3D space, and
the channel vector for the k-th user is set as hy = by given
in (8). For maximum ratio transmission (MRT) without using
quantized codevectors, the beamforming vector is chosen as
Wy = hf and the corresponding SINR for the k-th user
becomes

heh!?
e
2k ek

When using the codebook in (14), the beamforming vector
for the k-th user is chosen as wy = v, , where

IVES (16)

ny = argmax hgv,, (17)
m

is the index of the codevector with the maximum correlation
to the user channel h;. The SINR of k-th user in this case is

hkvnk

My = — K%
2otk MV

(18)
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FIGURE 7. SINR versus the transmission rank using icosahedron-based
arrays.
For both cases of MRT and codevector transmission,

the sum-rate is obtained as
K

R=" "logy(1+Ty). (19)
k=1

Fig. 7 shows the average SINR values over the entire range
of transmission ranks from 1 to M, for four different spherical
arrays based on the icosahedron. The solid curves indicate
the average SINR achieved by using the proposed codevec-
tors, whereas the dotted curves are for MRT (indicated as
‘unquantized’ in the figure). Although the SINR decreases
as the transmission rank increases, up to full-rank transmis-
sion is possible by simultaneously serving M users. It can
be confirmed from the figure that only a small amount of
degradation occurs by using the quantized codebook requir-
ing log, M bit feedback for the codevector selection, com-
pared to the infinite resolution MRT beamforming. Also,
the utilization of larger arrays provide not only increases
the rank but enhances the received signal quality. In Fig. 8,
the average sum-rate is evaluated and plotted versus the
transmission rank. Despite the decreasing SINR observed
in Fig. 7, the overall system throughput increases by perform-
ing multi-rank transmission with more users. The sum-rate
achieved by the quantized codevectors is comparable to the

performance obtained by beams with infinite resolution.

V. EFFECTS OF ANTENNA GAINS

Evaluation results in earlier sections are based on the assump-
tion that each antenna element has the isotropic radiation
pattern. In order to understand the effect of antenna gains, we
apply the radiation pattern in (10) to each antenna element
of the spherical array and analyze the resulting transmission
performance. The 3dB beamwidth specified in [48] is B3gp =
65°. Since the boresights for antenna elements of the spheri-
cal array are pointing different directions, one might consider
using antenna elements with a wider radiation pattern for
improved beamforming performance. The antenna structure
becomes more sophisticated for a narrower beamwidth ele-
ment, thus the identification of an appropriate value of the
beamwidth becomes important for both performance and
economic perspectives.
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We increase the 3dB beamwidth in steps of 30° starting
from 65° to apply B3sp = 65°,95°, 125° and 155° to (10),
and plot the resulting beam power patterns in Fig. 9(a).
All evaluation results in this section is obtained by using
the icosahedron-based array with partition factor n = 3.
The figure indicates how the beam power is distributed as
the separation angle deviates from the target direction. As the
3dB beamwidth decreases, the power contributions from
antenna elements located farther away from the target direc-
tion also decreases to result in a reduced maximum power
level. Fig. 9(b) is obtained by shifting the curves in Fig. 9(a)
upwards such that the maximum power value is aligned at
0dB. This version of the figure provides a better indication of
relative power levels of the sidelobes, showing that sidelobe
power tends to increase for smaller 3dB beamwidth values.

It is also observed in the figure that slight variations occur
in null point locations as the beamwidth changes. In order
to investigate whether these variations affect the desired
spacing between adjacent antenna elements, we evaluate the
inter-codevector interference as a function of «, the antenna
spacing & divided by the wavelength A. Fig. 10 shows the
resulting effect of the spacing in terms of the wavelength
on beamforming performance. Despite the increased interfer-
ence level to approximately —20dB for non-isotropic radi-
ation patterns, k = 0.5 still achieves the near-optimal
interference reduction between adjacent codevectors for all
3dB beamwidth values in consideration.

Due to the fact that boresight directions of antenna ele-
ments in the spherical array are distributed over the 3D
space, the contribution of each element to the target beam
may become limited if the radiation pattern is non-isotropic.
Thus beams can be generated by a subset of antenna ele-
ments without significant reduction in beamforming gain.
Moreover, unused elements contribute in decreasing the inter-
ference to beams in other directions in case of multi-user
transmission. Therefore, an optimal number of antenna ele-
ments can be found to maximize the sum-rate performance
for a given number of simultaneously transmitted beams and
the radiation pattern. To investigate this issue, we let only
a restricted set of antenna elements to participate in beam-
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forming and observe the resulting performance. The restric-
tion range is determined by the angle from the codevector
direction. Beginning from the single antenna element point-
ing the codevector direction, we progressively include more
elements which are within angles 61, 261, 36y, ..., where 6]
is the first group zenith angle defined in (1) and Table 1.
Including the elements within 56, corresponds to using half
of all antenna elements for beamforming. Fig. 11 shows
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the restriction angle resulting in the maximum sum-rate and
the corresponding sum-rate for different 3dB beamwidths.
As can be seen from the figure, the restriction angle which
produces the maximum sum-rate (indicated by optimal tier
in Fig. 11(a)) lie in the vicinity of 46,. Therefore, utilizing
less than half of all antenna elements suffices to achieve
the desirable transmission performance. Inclusion of more
elements reduces the sum-rate due to the mutual interfer-
ence. Fig. 11(b) further indicates that the 3dB beamwidth of
95° maximizes the sum-rate. A wider radiation pattern not
only increases the target beam gain but also the interference
to other users, diminishing the overall transmission perfor-
mance. For this evaluation, 12, 24 and 48 random users are
generated in the 3D space and the codebook in Section IV is
used for beamforming.

Vi. PERFORMANCE COMPARISON

The performance of the proposed spherical arrays is com-
pared to existing conventional arrays in this section. The first
comparison is regarding the uniformity of the beam pattern
including the null locations. The zenith angle of the beam
direction is illustrated in Fig. 12. The beam power pattern
is evaluated by applying the beamforming vector in (12) to
the icosahedron-based USA with partition factor n = 3, and
the resulting patterns are shown in Fig. 13(a). The minimum
spacing § between two adjacent antenna elements is set to be
half wavelengths, i.e., § = A/2. The beams are generated in
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FIGURE 12. Three-dimensional beam direction from the spherical array.

four different target directions of 6 = 0°, 10°, 20° and 30°.
It is observed from the figure that the beam patterns for
different target directions are shifted versions of one another,
with no change in their general shapes. Regardless of the
target directions, the beam pattern stays the same without
any distortion and the beam uniformity is maintained. For
all beam patterns in the figure, the first null points from the
peak are located at & = £21° with power level —53dB, and
the second null points are at & = +£43° with power level
—70dB. Note that null points occur at symmetric distances
from the peak with very low signal power. While the null
points occur at roughly integer multiples of 21°, such char-
acteristics disappear after the fourth null points.

The relative null locations from the peak are further eval-
uated for varying target beam directions from 0° to 60° as
shown in Fig. 13(b). Constant values of +21° and 4-43° are
maintained for the entire range of beam directions, indicated
by solid lines in the figure. Such uniformity of beam patterns
cannot be found for the UPA tested for comparison. The
dotted lines in Fig. 13(b) indicate the relative null loca-
tions from the peak for the UPA with M = 32 elements,
a 4-by-8 two-dimensional array with half-wavelengths spac-
ing between adjacent elements. Although the beam patterns
remain relatively symmetric for beam directions near 6 = 0°,
distortion begins to occur as 6 increases. Significant amounts
of asymmetry occurs for null locations when 6 > 30°.

The UPA also suffers the loss of the peak power when
the beam direction deviates from the array boresight due to
the radiation pattern of antenna elements. On the other hand,
USAs exhibit a distinctive advantage over the conventional
arrays by providing stable and uniform beam power patterns
in all target directions. The uniformity of the beam pattern for
the spherical arrays can be further confirmed by comparing
the beam interference pattern in Fig. 4 with that of the UPA.
Fig. 14 shows that an identical beam interference pattern is
formed for spherical arrays with clear null locations for any
pair of beamforming vectors in two random directions. The
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UPA fails to exhibit a beam interference pattern with nulls
as shown in the figure, since the beam shape changes for
different target directions.

Fig. 15 illustrates the key advantage of using spherical
arrays by showing that the received power level stays constant
regardless of the user locations. As the user moves from
zenith angle 6 of 0° to 180° in Fig. 12, the peak received
power becomes maximum at 6 = 90° for the UPA and
UCA, i.e., when the target beam direction is parallel to the
ground surface. For this power level evaluation, the UPA
of 32 elements with 4 horizontal and 8 vertical arrays is
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assumed, which covers a 120° sector. For three sectors in a
cell, three UPAs are used with the total number of antenna ele-
ments M = 96. For the UCA evaluation, 4 vertical layers of
24-element circular arrays are assumed, with the same total
number of antenna elements M = 96 to cover the whole
cell. The icosahedron-based USA with partition factor n = 3
includes M = 92 antenna elements. As shown in Fig. 15,
the USA exhibits the constant peak power for all target direc-
tions from 6 = 0° (upward direction) to & = 180° (down-
ward direction), covering the 3D space with the same beam
intensity. Note the power level in the figure is normalized to
indicate the maximum power as the reference value of 0dB.
The power difference experienced by using the UPA and
UCA becomes more severe for the smaller 3dB beamwidth
as shown in Fig. 15(a), which shows the difference amounts
to 20dB for the UPA and 12dB for the UCA. If the 3dB
beamwidth is 95°, the difference respectively reduces to 9dB
and 3dB as indicated in Fig. 15(b). Such direction-dependent
power variation behaviors are shown in the form of the
probability density function in Fig. 16, assuming random
target directions in the 3D space. The received power levels
for conventional arrays are shown to be distributed over a
wide range of values, unlike the spherical array providing the
identical beam power.

VIi. CONCLUSION

Construction of spherical arrays based on geodesic poly-
hedra is described and corresponding beam characteristics
are presented, to demonstrate the advantage of using such
arrays for all-directional beamforming. The codebook sup-
porting up to the full-rank data transmission is proposed,
with a negligible inter-beam interference achieved by conven-
tional half-wavelengths spacing between adjacent antenna
elements.
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The presented parameters and performance evaluation
results can be used to choose appropriate design parameters
for spherical arrays. Table 2 provides the antenna locations for
the arrays with M = 12, 42, 92, and 162 antenna elements,
and the corresponding normalized antenna spacing can be
adjusted using Fig. 6 to minimize the multi-beam interfer-
ence. Achievable sum-rates using different array sizes and
transmission ranks are determined as indicated in Fig. 8. The
impact of the 3dB beamwidth on the antenna spacing and the
partial usage of the antenna elements is shown in Figures 10
and 11. Simulation results confirm that a partial usage of
antenna elements in a hemisphere of the array is sufficient to
provide the desirable throughput performance, with the 95°
3dB beamwidth radiation pattern.
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