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ABSTRACT Slanting of subarrays in a hybrid MIMO configuration is known to mitigate loss from
directional antenna elements typical of mmWave integrated circuit arrays, under the line-of-sight (LOS)
plane wave model (PWM) of propagation. This paper considers optimal slanting of subarrays under the
spherical wave model (SWM) of propagation, because the SWM is known to be more appropriate than PWM
for short-range LOS MIMO channels. The capacity of MIMO under the LOS SWM is known to depend on
subarray spacing for non-slanted subarrays, so this paper derives the optimal spacing for slanted subarrays,
which is shown to be the same as for non-slanted subarrays. The paper goes on to show that slanting only
degrades hybrid MIMO capacity under the SWM model. By comparing the capacities under the PWM and
SWM, the authors explain why slanting is beneficial under one model and not under the other.

INDEX TERMS Antenna radiation patterns, linear antenna arrays, millimeter wave technology, MIMO
communication, phased arrays, wireless communication.

I. INTRODUCTION
5G and beyond networks aspire to connect more devices in
other areas besides telephony, such as robotics and automa-
tion (applicable to industry floors, medical centers), virtual
reality (applicable to gaming applications), etc. These devices
and other wearables may undergo positional changes as users
engage with them for optimal experience [1]. The huge band-
width of the high-frequency millimeter wave (mmWave) and
terahertz (THz) spectra for beyond 5G communications is
capable of meeting the traffic demand of these new appli-
cations. Their smaller wavelength allows densely-packed
antennas, which can be used to create high-gain narrow
beams to limit the high inherent path loss.

Recent advancement in integrated circuits (ICs) allows the
manufacturing and grouping of mmWave antennas into sub-
arrays. The antennas in these IC subarrays necessarily have
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directional element patterns [2]. With directional antenna
elements, the line-of-sight (LOS) path, the strongest path in
mmWave, may enter the sidelobe or low-gain part of the
element pattern due to the user’s change in positions, thereby
degrading link performance. The subarrays, together with
hybrid beamforming, can create a form of multiple input mul-
tiple output (MIMO) system, where without extra bandwidth
or transmit power, multiple independent data streams are
transmitted or received in parallel through spatial multiplex-
ing [3]. In [4], the authors found that tilting or ‘‘slanting’’ the
subarrays mitigates the degradation from directional element
patterns in a MIMO configuration under the plane wave
model (PWM) of propagation.

The proper characterization of the propagation channel
is vital to the correct calculation of link performance gain.
The PWM, where the wave has the same direction of arrival
and a constant amplitude across the array, gives no spa-
tial multiplexing gain in the pure LOS channel [5]. In the
strong line-of-sight (LOS) environment, if the range is short
enough, the spherical wave model (SWM) is the proper
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FIGURE 1. Array topology at the (a) BS and (b) UE.

propagation model and offers higher capacity through spatial
multiplexing [6], [8].

For SWM, the placements of the antennas are critical for
maximum spatial multiplexing gain. The optimal criterion
for subarray placement in an array was derived in [9], [10],
and [12]. In all these papers, the subarrays were not slanted.
In [9], only the transmitter (TX) had subarrays in an analog
architecture and the receiver (RX) was a linear array. The TX
subarrays were all on a straight line and while the RX was
rotated, the antenna elements were modeled as omnidirec-
tional, so rotation as a compensation for directional elements
was not studied. In [10] and [12], the TX and RX arrays were
parallel to each other. In [4], the authors considered subarray
slanting for SWM, however, the spacing of slanted subarrays
was not optimized, so SWM results were not considered
meaningful.

In this paper, we show that to benefit from slanting subar-
rays in an array, the channel model matters. For the SWM,
we show that slanting subarrays does not affect the optimal
inter-subarray spacing. To show this, we perform a novel
analysis to derive the optimal inter-subarray spacing for array
of slanted subarrays (AoSSA) for arbitrary UE orientation.
To the best of our knowledge, we are the first to do this
for AoSSA. We also explain why slanting subarrays under
the SWM may be detrimental even with directional antenna
elements, unlike in PWM. Finally, we show that the hybrid
SW-PW channel model can be used to approximate the SWM
when the subarrays are widely spaced.

The remainder of the paper is organized as follows.
Section II provides the system model and discusses the
AoSSA optimization for randomUE position (orientation and
location). In Section III, the design criteria for maximizing
the capacity of LOSMIMO channels for AoSSA architecture
are derived. Next, we discuss the AoSSA. In Section IV,
the numerical evaluation of the impact of optimal AoSSA
design on the capacity of the mmWave system is presented.
Finally, we conclude the paper and summarize key findings in
Section V.

II. SYSTEM DESCRIPTION
We assume that the base station (BS) and user equipment
(UE) lie in the xy-plane as shown in Fig. 1. We consider

a hybrid beamforming (HBF) architecture [13], in which
the antenna elements are arranged as an array of slanted
subarrays (AoSSA). We assume both the BS and the UE are
equipped with 2 subarrays, each shaped as a uniform linear
array (ULA), but slanted at an angle, α, as displayed in Fig. 1.
We considered only 2 subarrays for 1) ease of computation
and 2) the physical size constraint of user devices. To capture
the effects of the rotation of theUE as a result of user activities
during communication, we assume only the orientation of
the UE, represented by β, is changed during communication.
Parameters such as the location of the UE remain unal-
tered. There is no change in the orientation and location of
the BS.

Each subarray contains N antenna elements, which are
connected by a single RF chain to allow analog beamforming
and combining at the BS and UE respectively. For a single-
user multiple input, multiple output (SU-MIMO) link in the
downlink HBF mode as considered in this paper, the received
signal after the data streams from the BS have been first
modified by the hybrid precoders and later, by the hybrid
combiners at the UE, is expressed as

y = U∗HPs + U∗n, (1)

where H ∈ C2N×2N is the MIMO channel, s ∈ C2×1 is the
data symbol vector, P = PAPD ∈ C2N×2 denotes the hybrid
precoder wherePA is the analog precoder andPD is the digital
precoder; U = UAUD ∈ C2N×2 is the hybrid combiner with
UA as the analog combiner and UD as the digital combiner,
n ∼ CN(0, σ 2I2N ) is a complex Gaussian noise vector, and
(·)∗ denotes the Hermitian transpose.

A. CHANNEL MODEL
We assume that through a successful initial access process,
a direct LOS link has been established between the BS and
the UE. Hence, the direction of arrival is known. We consider
only the LOS channel because it exists with high probability
in mmWave [14]. Furthermore, we consider only the LOS
path for our theoretical analysis, since the mmWave channel
is sparse and the LOS path is by far the strongest, especially,
considering that other paths are attenuated by sidelobes gains
of the array patterns. The BS and UE under investigation
face each other, but are separated by distance R horizontally
along the x-axis, and z vertically, along the y-axis as shown
in Fig. 1. The vertical spacing between the midpoints of the
two subarrays in the BS (UE) is CT (CR). (R + xRi, yRi) are
the x- and y- coordinates of the center of the UE subarray
after rotation, while (xTj, yTj) stand for the x- and y- coor-
dinates of the center of the BS subarray. We observe that
the x coordinates for the UE are relative to the UE center,
while all other coordinates are absolute. The settings and
parameters for the AoSSA as shown in Fig. 1 and Fig. 3
are listed in Table 1. We consider four different channel
models in this paper, the hybrid SW-PW, the SWM [8], and
the single-path LOS and Geometric model (GM) [11] under
the PWM.
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TABLE 1. Parameters for AoSSA topology.

1) HYBRID SW-PW MODEL
The half-wavelength spatial spacing between elements in a
subarray permits the PW assumption, while the large spacing
between the 2 subarrays makes the spherical-wave (SW)
assumption to be appropriate [10]. This approach effectively
models each subarray like a directional element in a 2 × 2
MIMO channel. We show in Section III that using this hybrid
SW-PW configuration approximates the purely SW channel
when subarrays are widely-spaced. The channel is therefore
given as

H = Hs ⊗ Hp, (2)

where Hs represents the spherical-wave channel between
subarray centers,Hp is the plane-wave channel between sub-
array elements, and ⊗ denotes the Kronecker multiplication.
Hs can be expressed as

Hs =

[
h11 h12
h21 h22

]
, (3)

and Hp is written as

Hp =

[
H11 H12
H21 H22

]
, (4)

where Hi,j is the channel matrix between the i-th UE
subarray and the j-th BS subarray.

2) SPHERICAL WAVE MODEL
For the SW part of the Hybrid SW-PW model, assuming that
the relative differences in path loss are negligible, the normal-
ized free-space channel between one subarray at the BS and
another at the UE array can be expressed mathematically as

hij = ej
2πRij
λ , (5)

FIGURE 2. Antenna element radiation pattern for 3GPP [17].

where Rij represents the distance between the centers of the j-
th BS subarray and the i-th UE subarray. Rij can be simplified
in terms of the coordinates of the centers of the BS and the
UE subarrays when R ≫ (xRi − xTj) as

Rij =

√
(R+ xRi − xTj)2 + (yRi − yTj)2

≈ (R+ xRi − xTj)+
(yRi − yTj)2

2R
. (6)

Similar to [15], the simplification in Eqn. (6) follows the
second-order Taylor series approximation and will be used
to decompose the channel for capacity maximization of this
MIMO system in Section III-A.

3) SINGLE-PATH LINE-OF-SIGHT MODEL
Under the PW model, we first consider a single LOS
path between the BS and UE. Let γT and γR denote the
effective angle of departure (AoD), and effective the angle
of arrival (AoA), respectively, after slanting. The channel
model between the BS and UE subarrays is mathematically
expressed as

Hi,j(γR, γT ) =

√
N 2F(γR)aSi(γR, 1)F(γT )a∗

Sj(γT ,−1). (7)

where aSj(γT ,−1) and aSi(γR, 1) are the array responses at
the j-th BS subarray and i-th UE subarray, respectively. F(γT )
and F(γR) denote the field patterns at the j-th BS subarray and
i-th UE subarray respectively, such that the boresight of the
element pattern is orthogonal to the line of the linear sub-
array that contains the element. The field pattern, assuming
identical and vertically polarized antenna elements, i.e., the
polarization slant angle, ξ = 0, for simplicity, is given as [16]
and [17]:

F(γ ) =
√
AG(γ ) cos(ξ ) =

√
AG(γ ), (8)

where γ is the azimuth angle and AG(γ ) is the 2D 3GPP
antenna element gain as shown in Fig. 2, defined in
Table 7.1-1 in [17].

As observed in Fig. 1, the UE is rotated by angle, β. This
changes the direction of arrival at the UE. The Cartesian
coordinates of the antenna elements of the UE are rotated by
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multiplying by the matrix,

Rmat =

[
cosβ − sinβ
sinβ cosβ

]
. (9)

After simplification, the newAoA about the axis of symmetry
of the UE, relative to the LOS between the two terminals is
θarr = θ − β. The array response of Subarray 1 is given as

aS1(γ1, ϵ) =
1

√
N
[1, e−jϵ01 , · · · , e−jϵ(N−1)01 ]T ·

ejϵ(N−1)01 · ej�, (10)

where 01 =
2πd
λ

sin(γ1), γ1 = α + ϵψ , ψ ∈ {θ, θarr }

is the AoD, θ , or the AoA, θarr , ϵ = 1 for UE and
ϵ = −1 for BS, d =

λ
2 represents the inter-element spacing,

λ is the wavelength, and (·)T denote vector transpose. The last
factor in Eqn. (10) depends on the phase shift among different
subarrays, expressed as

� =
2π
λ

·
D
2
sin (ψ), (11)

where D =
1
2λ, but may vary in SW and Hybrid SW-PW

models. The term, ejϵ(N−1)01 , is introduced to ensure aS1 has
the same order as aS2.
The response of Subarray 2 is given by

aS2(γ2, ϵ) =
1

√
N
[1, ejϵ02 , · · · , ejϵ(N−1)02 ]T · e−j�, (12)

where 02 =
2πd
λ

sin(γ2), γ2 = α−ϵψ . We assume a constant
ψ among all subarrays [10].

4) GEOMETRIC MODEL
The geometric mmWave channel model consists of one LOS
path and K − 1 non LOS paths, each characterized by a
decreasing average power and delay. The PWM is used for
each path. The channel matrix, HGM , is represented as [11]

HGM (γR, γT ) =

√
N 2

K

K∑
k=1

gkF(γR,k )a(γR,k , 1)·

F(γT ,k )a∗(γT ,k ,−1) (13)

where gk is the complex gain of the k-th path. In this paper,
K = 3 while g1 ∼ CN(0, 1) and gk∈{2,3} ∼ CN(0, 0.01). The
phase angles, ψ are independent uniform random variables
over [−π

2 ,
−π
2 ).

B. PRECODING AND COMBINING MODEL
In a partially-connected HBF structure, PA is given by [13]

PA = diag{a1, a2}, (14)

where ai, i ∈ {1, 2}, is the analog precoder of the i-th subar-
ray, and can be expressed as

ai(γai, ϵ) =
1

√
N
[1, ejϵ0ai , · · · , ejϵ(N−1)0ai]T , (15)

where 0ai =
2πd
λ

sin(γai), γa1 = α + ϵϕ1, and γa2 = α −

ϵϕ2 with ϕi as the steering angle. For a perfectly aligned BS

and UE, and assuming a constant steering angle among all
subarrays, ϕi = ψ . On the other hand, the analog combining
matrix, UA, is defined similarly to PA.
The optimal digital precoder and combiner, PD and UD,

are generated from the singular value decomposition (SVD)
of the effective channel matrix, Heff = U∗

AHPA, as

Heff = W3V∗, (16)

where UD = W and PD = V.
To determine the capacity of the mmWave channel, we find

the singular values, ςi, of the 2 × 2 hybrid channel matrix,
Z−

1
2U∗HP, and allocate power over the resulting paral-

lel channels via waterfilling such that the channel capacity
becomes [18]

S =

Ns∑
i

(log(µςi))+, (17)

where Z = σ 2U∗U is the noise covariance matrix after
combining, Ns is the number of subarrays, µ is the waterfill
level and x+ is defined as max(x, 0).

To design the AoSSA such that it maximizes average
capacity, we assume that θ and β follow a uniform distri-
bution within the range of [−π

3 ,
π
3 ]. This choice is made to

accommodate the lack of control over the user’s position
and rotational angle within the sector. The selected range
is based on the observation that beyond 60◦, the antenna
element pattern exhibits low gain, as illustrated in Fig. 2.
Consequently, the link connection quality may deteriorate,
making it more advantageous for the user to be served by
another sector or base station (BS). We optimize the slant
angle as

αopt = max
α

(
E

[
S (α)

])
. (18)

III. OPTIMAL SUBARRAY SPACING FOR
NON-ZERO α, β, θ

Assuming the SWM, the authors in [10] derive the spacing
between co-linear subarrays (i.e., α = 0◦) that orthogonalizes
the channel and therefore optimizes channel capacity. In this
section, we prove that ‘‘slanting’’ the subarrays about their
centers (i.e., α ̸= 0◦), does not change the optimal spacing.

To optimize the capacity of the MIMO system, the
maximum number of data streams transmitted should be
equivalent to the number of independent single input sin-
gle output (SISO) subchannels [9], [19]. The maximum
capacity of the MIMO system is accomplished when the
channel is orthogonal, that is, when the correlation among the
array response components of the channel is driven to zero,
expressed mathematically as [19]

H∗
sHs = N IN , (19)

where IN is N × N identity matrix.
In the remainder of this section, we firstly express the

orthogonality criterion in Eqn. (3) in terms of the x- and

VOLUME 11, 2023 72595



E. Ghunney, M. A. Weitnauer: Effects of Channel Model and Spacing on Slanted Subarrays

FIGURE 3. 2 × 2 AoSSA topology when β = 0◦.

y-coordinates of the centers of the different subarrays.
Then, secondly, we derive the coordinates under non-zero α,
θ and β, and substitute these coordinates into the orthogonal-
ity criterion and simplify to express the optimal inter-subarray
spacing. Finally, we show through numerical analysis that for
a properly spaced subarrays, the hybrid SW-PWmodel could
be used in lieu of the SWM.

A. THE ORTHOGONALITY CRITERION IN TERMS
OF COORDINATES
Following [10], the channel matrix in Eqn. (3) can be decom-
posed as

Hs = ej
2πR
λ HrHDHt , (20)

where Hr and Ht are the diagonal matrices containing the
phase shifts caused by the offsets at UE and BS respec-
tively. Recalling that Rij is the distance between the subarrays
centers of the BS and UE, as stated in Eqn. (6), the diag-
onal members of {Hr } and {Ht } are {Hr }ii = ej

2π
λ
xRi , and

{Ht }jj = e−j
2π
λ
xTj , respectively, and {HD}ij = ej

2π
λ

(yRi−yTj)
2

2R .
Because HD is orthogonal just as HS , this orthogonality can
be expressed similarly as in Eqn. (21), shown at the bottom
of the page, where di,j = (yRi − yTj)2.
Following [19] to simplify Eqn. (21), we have

(yR1 − yT1)2 − (yR1 − yT2)2 − (yR2 − yT1)2

+ (yR2 − yT2)2 = Rλ. (22)

B. OPTIMAL INTER-SUBARRAY SPACING
We first determine the positions of the midpoints of the
subarrays of the BS and the UE when β = 0◦, after which the
new positions of UE resulting from its rotation is calculated.
Let denote L = d(N − 1)λ as the length of each subarray as
shown in Fig. 3. The midpoints of the two subarrays in the BS
(UE), positioned atQT1 andQT2 (QR1 andQR2) when β = 0◦

are defined as

QT1 =

[
xT1
yT1

]
=

[
−
L
2 sinα

C +
L
2 cosα

]
,

QT2 =

[
xT2
yT2

]
=

[
−
L
2 sinα

L
2 cosα

]
, (23)

QR1 =

[
R+

L
2
sinα,

(
z+ C +

L
2
cosα

)]T
,

QR2 =

[
R+

L
2
sinα,

(
z+

L
2
cosα

)]T
. (24)

z is the same as the distance between last antenna element in
Subarray 2 of the BS and UE as depicted in Fig. 3. There is a
direct proportionality between z and θ , where θ = arctan( zR ).
Now, we will find the position of UE when β ̸= 0◦.

After UE rotation about the center of UE, β is no longer 0◦,
and the positions of the subarrays midpoints of the UE are
changed. Using Rmat from Eqn. (9), the new coordinates can
be determined as

Qnew = Rmat × ([QRi] − [QUE ])+ [QUE ] (25)

where QUE = [R, z +
C
2 +

L
2 cosα] is the center of the UE.

From Eqn. (25), the UE midpoint coordinates after rotation
become[
xR1 + R
yR1

]
=

[ L
2 sinα cosβ−

C
2 sinβ + R

L
2 sinα sinβ+

C
2 cosβ + z+

C
2 +

L
2 cosα

]
,

[
xR2 + R
yR2

]
=

[ L
2 sinα cosβ+

C
2 sinβ + R

L
2 sinα sinβ−

C
2 cosβ + z+

C
2 +

L
2 cosα

]
.

(26)

By substituting the y−coordinates of Eqn. (23) and Eqn.
(26) for the midpoints of the BS and UE respectively, the
maximum capacity criterion of Eqn. (19) becomes

Copt =

√
Rλ

2 cosβ
. (27)

The derived Copt is the same as the optimal inter-subarray
spacing found in [9] where α = 0◦ at the BS (array-of-
subarrays) and the UE (array-of-elements) for β ̸= 0◦. When
β = 0◦, Copt in Eqn. (27) is the same as the result in [10]
(BS and UE are array-of-subarrays) and [12] (BS and UE
are array-of-elements). The above equation shows that, the
optimal inter-subarray spacing, Copt , is independent of the
slant angle, α, and the BS angle of departure, θ .

We observe that it is impractical to modify Copt as the user
rotates, i.e., as β changes. Therefore, some fixed value of
β, which we denote as β25, must be selected in Eqn. (27);
this selected value would be used by IC manufacturer.
In Section IV-C, optimization of β25 is considered.

H∗
DHD = N IN

[
2 ej

π
Rλ (d1,1−d1,2) + ej

π
Rλ (d2,1−d2,2)

ej
π
Rλ (d1,2−d1,1) + ej

π
Rλ (d2,2−d2,1) 2

]
= 2

[
1 0
0 1

]
(21)

72596 VOLUME 11, 2023



E. Ghunney, M. A. Weitnauer: Effects of Channel Model and Spacing on Slanted Subarrays

FIGURE 4. Capacity vs different inter-subarray spacings for (a) different R and α when θ = 0◦, β = 0◦,
and (b) different β and θ when α = 0◦, R = 1000λ. We assume N = 8, SNR = 20 dB and Copt is the
optimal inter-subarray spacing.

FIGURE 5. Capacity of single-path LOS PWM computed over β range of [ −π
3 , π

3 ] for different α when (a) θ = 0◦,
(b) θ = 15◦ and (c) θ = 30◦, using 3GPP antenna elements, N = 8, β25 = 0◦ and SNR = 20 dB.

IV. NUMERICAL EVALUATION
In this section, we use Monte Carlo simulation to A) validate
the optimal inter-subarray spacing derived in the previous
section, B) investigate how capacity depends on propagation
model, user rotation (β), and subarray slant angle (α), and
demonstrate that the hybrid SW-PW model closely approxi-
mates the SW model regardless of these parameters, C) find
an optimum value of β25, and D) determine the optimum slant
angle for 120◦ sector in terms of average capacity.
The following parameters are used in the Monte Carlo

simulations, unless otherwise stated. Each subarray in the
AoSSA at both the BS and UE contains N = 8, for a total
number of 16 antenna elements per terminal. We apply the
3GPP antenna model to compute the antenna element field
patterns as in Eqn. (8) [16], [17]. We assume SNR = 20 dB
and a field of view (FoV) of [−π

3 ,
π
3 ]. For the SWM evalua-

tion, we assume BS-UE distance of 1000λ unless otherwise
stated.

A. VALIDATION OF OPTIMAL SUBARRAY SPACING
We validate the derivation of optimal inter-subarray spacing
for AoSSA in Eqn. (27). Fig. 4 (a) plots the capacity vs inter-
subarray spacing for different slant angle (α) and BS-UE
distances (R), when AoD, ψ = 0◦, and β = 0◦. It can be
observed that capacity is somewhat insensitive to subarray
spacing over the range Copt ± 1, however it is maximized by
Copt regardless of the R and α considered.

Fig. 4 (b) plots the capacity vs the inter-subarray spacing
for different ψ and β. Again, we observe insensitivity over
a range, but the Copt as derived in Eqn. (27) maximizes the
capacity.

B. EFFECTS OF PROPAGATION MODEL AND SLANT ANGLE
ON CAPACITY, FOR DIFFERENT USER ROTATIONS
In this section, we seek to understand why the capacity
response to subarray slant angle and user rotation is different
for the PW and SW propagation models. We also show that
the Hybrid SW-PW model is a good approximation for the
SW model.

Fig. 5 shows the capacity, against β for different α, using
the single-path LOS PW channel model. Figures (a), (b) and
(c) represent the capacity when θ = 0◦, θ = 15◦, and
θ = 30◦, respectively.

The PWM results in Fig. 5 show that the β that yields the
highest capacity depends on α. For α = 0◦ and 15◦, the
location of the single peak is at the β value that corresponds
to θ , but for the higher α values, symmetric peaks occur at
β = θ ± α. Since under the PWM, there is no spatial multi-
plexing gain due to rank limitation [10], the performance is
dominated by the BS and UE pair of subarrays that enjoy the
highest gain in the element pattern. When β = θ ± α, one
subarray from the BS and one from the UE face each other.

We see in Fig. 5 that as the θ grows, the curves for different
α are less separated. For example, for θ = 0◦ (Fig. 5a),
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FIGURE 6. Comparison of capacity for hybrid SW-PW (black curves) and SWM (non-black colored curves) computed
over β range of [ −π

3 , π
3 ] for different α with (a) θ = 0◦, (b) θ = 15◦ and (c) θ = 30◦, using 3GPP antenna elements,

N = 8, β25 = 0◦ and SNR = 20 dB.

FIGURE 7. Loss in capacity when subarray spacing is computed sub-optimally as stated in Eqn. (27) for (a) β25 = 0◦,
(b) β25 = 15◦, (c) β25 = 30◦ and (d) β25 = 45◦ over β range of [ −π

3 , π
3 ] for different α, using 3GPP antenna elements

in the hybrid SW-PW model, θ = 0◦, N = 8 and SNR = 20 dB.

FIGURE 8. Average loss in capacity vs β25, averaged over [ −π
3 , π

3 ] FoV
and [ −π

3 , π
3 ] range of UE rotation for different α using 3GPP antenna

elements in the with hybrid SW-PW model, N = 8 and SNR = 20 dB.

the α = 45◦ curve is obviously lower than the α = 0◦

curve. However, for θ = 30◦ (Fig. 5c), this is no longer
true. Anticipating that in IV-D, we will be averaging over θ
and β, we can see in Fig. 5 (c) that the average of the curve
for α = 30◦ looks like it will be higher than the average of
α = 0◦. In other words, it would appear that slanting the
subarrays is better on the average for some relative BS and
US positions (i.e., some θ values). These observations will
be justified in Section IV-D.

Fig. 6 is similar to Fig. 5 in terms of axes and parameters,
with the primary difference being the propagation models.
While Fig. 5 assumed the PWmodel, Fig. 6 considers both the
SW and the Hybrid SW-PW models when Copt is computed
with β25 = 0◦. The first observation about Fig. 6 is that there
is a very little difference between the curves for the SW and

Hybrid SW-PWmodels. To our knowledge, these two models
have not been directly compared before. To demonstrate that
arrays with widely spaced antennas can achieve full rank
in strong LOS channels, [8] and [12] used the SWM to
describe the MIMO channel of array-of-elements and array-
of-subarrays respectively. On the other hand, the authors
in [10] used hybrid SW-PW to model the channel for array-
of-subarrays. Fig. 6 shows that the Hybrid SW-PW model
is a very good approximation to the SW model over a large
variety of relative configurations. Specifically, the minimum
and maximum absolute differences between the capacity of
the SWM and Hybrid SW-PW over the whole range of β
shown are 0.05 bits/s/Hz and 0.2 bits/s/Hz for α = 0◦ and
α = 45◦ respectively, and averages ∼ 0.14 bits/s/Hz when
averaged across the slant angles. These small differences
show that the hybrid SW-PWmodel and the purely SWM can
be used interchangeably when subarray element spacing is λ2 .
A second observation from Fig. 6 is that the capacities are

all much higher than those of Fig. 5. This can be attributed to
the spatial multiplexing gain from properly spaced subarrays
which is already known from [8], [10], and [12]. A more
interesting observation is that, unlike in Fig. 5, the increase
in θ does not cause the curves for different α to grow closer
together and does not cause multiple peaks. It is clear that
there is no non-zero α for which the average over β will be
highest.

C. THE BEST β25 FOR CAPACITY LOSS REDUCTION
Eqn. (27) shows that the optimal spacing between subar-
rays depends on the rotation angle (β) of the UE, which
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FIGURE 9. Average capacity vs α, averaged over [ −π
3 , π

3 ] FoV and [ −π
3 , π

3 ] range of UE rotation, for
different SNRs using (a) single-path LOS, (b) GM and (c) hybrid SW-PW model when N = 8 and
β25 = 36◦.

FIGURE 10. Capacity vs slant angles with (a) single-path LOS PWM and (b) hybrid SW-PW model using 3GPP
antenna elements, N = 8, SNR = 10 dB, β25 = 36◦ and θ = 30◦.

can change constantly as a user moves. Since changing the
spacing of the subarrays when the UE rotates is not practical,
we experiment with different β25 values to determine the best
β25, i.e., the β25 which gives the least loss in capacity as
the actual β varies. Fig. 7 shows the penalty in capacity as a
function of β for different α for (a) β25 = 0◦, (b) β25 = 15◦,
(c) β25 = 30◦ and (d) β25 = 45◦ when θ = 0◦. We observe
that the worst-case loss in capacity shrinks as β25 grows. The
worst case loss is reduced by more than half by increasing
β25 from 0◦ to 45◦, as seen when Fig. 7 (a) is compared with
Fig. 7 (d).

Next, we attempt to optimize β in terms of average loss
in capacity. Fig. 8, shows the average loss in capacity as
a function of β25, for different α, when both θ and β are
averaged over for the range [−π

3 ,
π
3 ]. It is obvious that on

average, 35 ≤| β25 |≤ 40 provides the lowest loss in capacity
regardless of the slant angle, α. This implies that to get the
best capacity under user rotation, the designer should use
35 ≤| β25 |≤ 40 to get the best suboptimal inter-subarray
spacing in AoSSA.

D. OPTIMUM SLANT ANGLE
In Fig. 9, we plot the average capacity, where the average is
taken over every angle, θ , in the FoV, and every UE rotation,
β, in the range, [−π

3 ,
π
3 ], across different α. The single-path

LOS, the GM, and the SWM are displayed in Fig. 9 (a), (b),
and (c) respectively. For SWM, we use the best β25 = 36◦

as indicated in Fig. 8. In Fig. 9 (a), we observe that slanting
the subarray at an angle of 32◦ optimizes the average capacity
for all three SNRs considered, leading to an increase of about

1 bps/Hz, compared to the no-slant case, α = 0◦. The curves
for the GM in Fig. 9 (b) are also optimized by approximately
the same slant angle angle of 32◦. However, for the SWM,
slanting only reduces the average capacity, in spite of the best
fixed subarray spacing, β25, being used. Fig. 9 is similar to
Fig. 5 (d) in [4], however, the best fixed subarray spacing was
not used in [4].

To gain more insight into why the SWM case does not
benefit from slanting, we consider the individual terms in
Eqn. (17) as a function of α, for the special but representative
case of β = 36◦ and θ = 30◦ shown in Fig. 10. Fig. 10 (a),
which represents the PWM, has one spatial channel (rank=1).
On the other hand, the hybrid SW-PW model has two spa-
tial channels (rank=2), where Channel 1 and Channel 2 are
denoted by the stacked blue and orange bars respectively.
We observe that the trend in Fig. 10 (a) is similar to that of
Channel 1 in Fig. 10 (b) with only a small change in capacity
as α increases. However, in Channel 2, there is a drastic drop
in capacity (∼75%) between α = 0◦ and α = 50◦. For
β = 36◦ and θ = 30◦, this happens in such an orientation
because one subarray of the UE and one subarray of the BS
face far away from each other, resulting in very low element
pattern gains on the LOS path between those two subarrays,
making the channel almost rank 1. Strictly speaking, it is
still a rank 2 MIMO channel, but at the power levels con-
sidered, the second mode gets very little power allocated to
it. This diminishing of the magnitude of the second term in
Eqn. (17) with α was also observed for β values of 0◦ and 30◦.
Therefore, we conclude that slanting the subarrays diminishes
the second MIMO mode so significantly that the overall
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capacity does not benefit from slanting when the SWmodel is
in force.

V. CONCLUSION AND FUTURE WORK
In this paper, we first we derived the optimal spacing under
SWM and when both ends of the MIMO link have slanted
arrays, as a function of UE rotation, which showed the
optimal spacing of subarrays under the SWM model is inde-
pendent of slant angle. We identified the best β to help IC
designers choose practical inter-subarray spacing for AoSSA
considering user rotation. On the average, αopt = 32◦ is
the best choice in PWM for the 3GPP element pattern, but
slanting subarrays hurts performance in SWM. Thus, we rec-
ommend slanting for longer range links where the PWmodel
is appropriate, but no slanting for shorter links where the
SW model is appropriate. We also explained why slanting of
subarray is ineffective in the SWM compared to the PWM.
Finally, we showed that the hybrid SW-PW model and the
purely SWMcan be used interchangeably when subarrays are
widely separated.

Suggestions for future work include expanding this study
beyond two subarrays, exploring the utilization of planar
arrays as the subarrays, and investigating the applicability
of this architecture for multi-user multiple-input multiple-
output (MU MIMO) scenarios. In MU MIMO, the selection
of subarrays with the highest spectral efficiency could be
employed to serve users optimally.
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