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Abstract

This article investigates using a phased linear antenna array instead of the planar array
to circumvent the problem that two frequency squint steering main beams cannot
cover any two beam directions simultaneously. First, we approximate the donut-
shaped main beam of the linear array by means of multiple pencil-shaped main beams
of a virtual planar array for matching the steering main beam of the linear array with
the multi-path sparse scattering channel model mathematically and give a method for
calculating the number of antenna elements of the virtual array. Second, we cope with
possible inter-user interference on a single squint main beam of the linear array in some
scenarios by means of the power-domain non-orthogonal multiple access (PD-NOMA)
technique, making it possible to support communication with two users on a single
squint main beam at the base station (BS) side. The feasible domain of PD-NOMA is
given when a single antenna is used for both the BS and the user end, assuming a
two-user successive interference cancellation (SIC) decoding power ratio limit. Third,
three algorithms are given for serving multi-user at the BS via squint beams of the linear
array. Finally, numerical results show that the second proposed algorithm supporting
PD-NOMA pairing within a single donut-shaped squint main beam significantly
increases the number of simultaneous users served within a single cellular system.

Keywords: Millimeter-wave, Wideband array, Squint beam, Power-domain NOMA

1 Introduction
Wideband millimeter-wave (mmWave) communications have received increasing atten-
tion in recent years, and the beam squint problem caused by phase differences between
frequencies in the radio frequency (RF) analog domain induced by the utilization of non-
ideal wideband phase shifters is one of the important problems encountered [1–3]. While
the use of frequency squint multi-beam to serve multi-user within a cellular cell has been
studied [3], the restricted horizontal azimuth of the squint steering beams introduced by
employing the planar antenna array limits its application in cellular communications. In
contrast, the steering beam of a linear array arranged in the z-axis can cover all horizontal
azimuths in the x-y plane while changing the elevation angle, thus avoiding the problem
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of restricted horizontal azimuth of the squint beam of a planar array. However, the hol-
low conical main beam of the linear array raises two new issues: (i) the matching of the
donut-shaped steering main beam and the sparse scattering channel model and (ii) the
handling of the additional interference from such main beams over the corresponding
pencil-shaped beams of the planar array.
As for the former issue, the mmWave sparse scattering Saleh-Valenzuela channel model

represents one channel path according to the form of the product of beam steering vec-
tors of antenna arrays at both the transmitting and receiving ends [4, 5]. For linear arrays,
the array factor and channel path are generally described by one angular parameter in
a 2-D scenario [6], which is more convenient and concise to describe the nature of the
array, but the main direction of the steer beam of a linear array is donut-shaped in 3-
D space, so there may exist scattering paths at different horizontal azimuths, where the
angle-of-departure (AoD) of a particular channel path is within the angular range of the
transmitting donut-shapedmain beam. Therefore, it is not complete to describe the chan-
nel information of a linear array in the 3-D scenario with only one angular information,
which raises the problem of matching the steer beam and the channel path. To the extent
of the authors’ knowledge, this issue has not received sufficient attention so far.
On the latter problem, we draw on the joint spatial division and multiplexing (JSDM)

grouping approach [7, 8] and the power-domain non-orthogonal multiple access (PD-
NOMA) scheme [9–11] to deal with the multi-user interference between steering beams
and on a donut-shaped main beam of the linear array at the base station (BS) side, respec-
tively. On the one hand, the work in [7] assumes that the BS is high placed, leading to
scatterers mainly at the user end, and therefore, the majority path of a user has a relatively
close AoD, so the one-ring model is adopted to model the channel for each user. After-
wards, the users are divided into several orthogonal or near-orthogonal groups based
on the channel state information, and then the interference between users is processed
within the groups. Whereas the work in [8] assumes that multi-user can share a common
scatterer in the mmWave cellular communication scenario, the user grouping is then per-
formed by exploiting the channel covariance information, which can also be interpreted
as a grouping by the AoD of the channel paths at the BS side.
On the other hand, the downlink PD-NOMA scheme multiplexes time-frequency

blocks and mitigates interference by means of signal superposition at the BS end and
successive interference cancellation (SIC) at some receivers [9]. In the mmWave cellu-
lar scenario, it is currently evolving mainly from NOMA pairing between near and far
users within a single main beam to the more novel NOMA pairing among multi-beam
[12]. The work in [13] investigates the beam design and power allocation problems in the
two-user paired PD-NOMA scheme, without considering the effect of the donut-shaped
main beam of the linear array. As the AoD of the scattering path of multi-user is poten-
tially on a single donut-shaped main beam of the linear array at the transmitter end, in
this paper, we use the PD-NOMA to enable a single squint beam of a wideband phased
array at the BS end to communicate with two users simultaneously in some scenarios,
further increasing the number of users served concurrently in the system. To briefly illus-
trate the frequency squint property of the wideband array, we only employ the steering
beam and do not consider the possibility of more complex frequency squint precoding
schemes, which also avoids the effect of additional non-convexity introduced into the pre-
coding design optimization problem by the constant modulus constraint of phase shifters
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in the array. In this case, the problem of finding suitable users for pairing and allocating
the transmit power for the two paired users needs to be addressed in order to implement
the PD-NOMA opportunity communication.
The remainder of this paper is organized as follows. In Section 2, we address the

problem of matching the donut-shaped main beam of the linear array with the sparse
scattering channel model in a 3-D scenario, as well as providing both the channel model
and the system model. In Section 3, we first discuss NOMA user pairing strategies for a
steering beam, after which three beam squint algorithms for mmWave multi-user com-
munications are presented. In Section 4, simulation results show the performance of the
proposed algorithms, before concluding the paper in Section 5.
Notation: Boldface uppercase letters, boldface lowercase letters, and lowercase letters

are used to denote matrices, vectors, and scalars, respectively. The superscripts (·)T and
(·)H denote the transpose and conjugate transpose, respectively; ‖ · ‖F represents the
Frobenius norm of a matrix; �·� denotes the rounding function; | · | is the amplitude of a
complex value.

2 Matching of the scattering path and the steeringmain beam
It is assumed that the linear array is placed in the z-axis, thus having a unique eleva-
tion angle in the main direction of its steering beam, which facilitates the formulation
of channel modeling and algorithm design when using the steering beam. As shown in
Fig. 1, the main direction of the steering beam of the linear array is donut-shaped and can
be divided into multiple pieces by vertical slicing, each piece being approximated by one
steering main beam of the same virtual planar array in the x-y plane. Moreover, due to

Fig. 1 The linear array is arranged on the z-axis, and its donut-shaped steered main beam is approximated by
several steering beams of a virtual planar array on the x-y plane
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the limitations of scatterer size in the channel and beamwidth at the transmitter side, the
scattering path of the mmWave channel in practical cellular communication scenarios is
more directional and can generally be described by the array response of a planar array.
Accordingly, the channel path can be specified by the array response of the virtual planar
array corresponding to the linear array at the BS side, which is thus mathematically coher-
ent from the transmitter, channel, and receiver side. In addition, it is important to ensure
that the power in one direction of the donut-shaped main beam is not excessive by the
angular separation of the horizontal azimuth φ of the two adjacent slices. Furthermore,
it is not necessary for this virtual ring main beam to be complete. If there is no scatter-
ing path in some horizontal azimuth range, the slices in the corresponding range can be
removed to give a clearer picture of the connection between the transmitter beam and
the channel scattering path. If there are multiple AoDs within the half-power beamwidth
(HPBW) of the virtual planar array corresponding to the same donut-shaped main beam,
the relationship to these channel paths can be represented by a slice in the main beam
instead.

2.1 Number of elements in the virtual planar array

As shown in Fig. 1, the normalized array factor for a linear array of N uniformly spaced
array elements placed on the z-axis and with the origin set as the reference point can be
written as

AFLinear = 1
N

N∑

n=1
ej(n−1)ψ , (1)

where

ψ = kd cos θ − β , (2)

where k is the wave number, d is the array element spacing, θ is the elevation angle, and β

is the phase difference of the emitted signals from adjacent array elements. After adjusting
the reference point to the array midpoint [6], the array factor can be approximated as

AFLinear ≈ sin
(N
2 ψ
)

N
2 ψ

. (3)

In (2), by setting ψ = 0, we have

β = kd cos θm, (4)

where θm is the elevation angle corresponding to any horizontal azimuth angle in the
donut-shaped steering main beam direction of the linear array, which can be kept to a
uniform value of θring by selecting a suitable coordinate system. Since it is possible for the
donut-shaped main beam to be irradiating several scatterers in the physical channel, the
connection between the transmitting main beam and the channel path can be described
by a set of steering main beams of a planar array with disjoint HPBW ranges when assum-
ing that the energy radiated by the side lobes in the transmitting beam at the receiving end
is highly attenuated and negligible due to atmospheric absorption of mmWave. Thus, by
approximating the part of the array factor of the linear array in the first quadrant through
the combination of the normalized array factors of a virtual planar array in the x-y plane
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in Fig. 1, and more precisely, by approximating the main lobe of the steering beam of the
linear array by the main lobes of several steering beams of the planar array and neglecting
the effect of the side lobes, we have

AFlinear(θm) ≈
K∑

k=1
AFplanar(φmk , θm). (5)

The half-power direction θh of the main beam of the linear array can be determined by
AF = √

0.5. When sin x
x = √

0.5, x ≈ ±1.391, x = Nψ/2 from (3), which is substituted
into (2) to give1

θhi ≈ arccos
[
1
kd

(
β ± 2.782

N

)]
. (6)

Therefore, the HPBW of the linear array can be approximated as

�h
(
fi
) ≈ 2 |θmi − θhi| . (7)

On the other hand, the HPBW of a planar array in the x-y plane can be expressed as [6]

�h
(
fi
) = 1

/√
cos2θmi

[
�−2

x0 cos2φm + �−2
y0 sin2φm

]
, (8)

�h
(
fi
) = 1

/√
�−2

x0 sin2φm + �−2
y0 cos2φm , (9)

where �x0 and �y0 are the HPBWs of linear arrays equally spaced on the x- and y-axes
with the number of array elements Mx and My, respectively, with the beam direction
toward the z-axis, with

�x0
(
fi
) ≈ 2 arcsin

(
2.782c

2πdMxfi

)
, (10)

in which c is the velocity of electromagnetic wave. Similarly, replacingMx withMy in (10)
gives �y0. When a square planar array is employed, such thatM = Mx = My, (8) and (9)
can be further simplified to

�h
(
fi
)=�x0/ cos θmi, (11)

�h
(
fi
)=�x0. (12)

To approximate the steering main beam of the linear array by steering main beams of
the planar array, let (7) and (11) have equal HPBWs, which gives

arccos
(

β

kd
− 2.782

kdN

)
− θmi = arcsin

(
2.782c
2π .dMf i

)/
cos θmi (13)

Since the HPBW is not perfectly symmetrical on both sides in the main beam direction,
the relationship in (13) can be written exactly as

arccos
(

β

kd
− 2.782

kdN

)
−arccos

(
β

kd
+ 2.782

kdN

)
= 2arcsin

(
2.782c
2πdMf i

)/
cos θmi. (14)

Substituting (4) into (14) yields

1For convenience, in this article, we abbreviate the main direction θm
(
fi
)
, the half-power direction θh

(
fi
)
, and the

grating lobe direction θgi
(
fi
)
of the beam operating at frequency fi as θmi , θhi , and θgi , respectively, which are further

abbreviated to θm , θh , and θg when working at the central frequency fc .
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M = 2.782c
2π fid

· 1

sin
{
0.5 cos θmi

[
arccos

(
cos θmi − 2.782c

2π fidN

)
− arccos

(
cos θmi + 2.782c

2π fidN

)]}

(a)= 2.782c
2π fid sin

{
0.5 cos θmi

[
θ−
hi − θ+

hi
]}

(b)= 2.782c
2π fid sin

{
0.5 cos θmi�h

(
fi
)}

(c)= 2.782c
2π fid sin (�x0/2)

,

(15)

where (a) is based on the assumption that the two terms in square brackets in the denom-
inator are the half-power direction of the main beam, (b) is based on the definition of the
HPBW, and (c) is due to substituting (11). If (10) is substituted into (c) again, we get M,
i.e., deriving (15) from the top down and from the bottom up, for the assumption to hold
sufficient necessary for the half-power direction θ±

hi and satisfies θ−
hi > θ+

hi . Therefore, the
half-power direction of the frequency squint main beam in elevation can also be noted as

θ±
hi = arccos

(
cos θmi ± 2.782c

2π fidN

)
. (16)

Alternatively, the approximate expression of the above equation can also be obtained by
substituting β = kd cos θm into (13) and by a simple derivation, namely

M ≈ 2.782c

2π fid sin
{
cos θmi arccos

(
cos θmi − 2.782c

2π fidN

)
− θmi cos θmi

} . (17)

Since the number of elements on each side of a planar antenna array is an integer, simply
rounding to the nearest whole number, we have

M̃ = �M�. (18)

First, by investigating the relationship between the main beam direction θm and M for
the linear array operating at the half-wavelength spacing frequency fc, we have

M ≈ 2.782

π sin
{
cos θm arccos

(
cos θm − 2.782

πN

)
− θm cos θm

} . (19)

To investigate the relationship between the half-power beam direction and the virtual
planar array size, rewrite (19) as

M(fc, θm) =
2.782

π sin
{
0.5cos θm

[
arccos

(
cos θm − 2.782

πN

)
− arccos

(
cos θm + 2.782

πN

)]} , (20)

and since from (16) it follows that

θ±
h = arccos

(
cos θm ± 2.782

πN

)
. (21)

Substituting (21) into (20), eventually we get
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Fig. 2 The main direction of the steering beam of a linear array versus the number of elements per side of a
virtual planar antenna array

M(fc, θ±
h ) = ±2.782

π sin
{
0.5
(
cos θm ± 2.782

πN

)[
θm − arccos

(
cos θm ± 2.782

πN
× 2
)]} .

(22)

Note that the half-power direction θ±
h in (22) needs to be kept within [ 0◦, 90◦]. And

since the derivation in (22) is more complicated, there is no analytical comparison for the
moment. By simulation experiments, as shown in Fig. 2, in the corresponding main beam
angle range satisfying M(fc, θ−

h ) > M(fc, θ+
h ). Furthermore, since the definition of �x0 in

(c) of (15) is the HPBWof the linear array in the vertical direction, which is independent of
the actual beam direction θmi, it is related to the number of antenna elements. Therefore,
it can be assumed that changing the beam direction will cause a change in the number
of elements of the virtual planar array. Due to the small angular spread of the mmWave
band and the narrow HPBW due to the high number of elements in the array, we use the
same virtual planar array to approximate paths in the HPBW range of the same scattering
cluster for ease of handling.
Next, we study the relationship between the direction of the frequency squint main

beam θmi and the parameter M of the virtual planar antenna array once the main beam
direction θm at frequency fc has been determined. Since a linear array on the z-axis is
considered, there is

θmi = arccos
(

cβ
2πdf i

)
. (23)

As the main direction of the beam at frequency fc is θm, substituting into (23) gives β =
π cos θm; again substituting into (23) gives
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θmi = arccos
(
c cos θm
2df i

)
. (24)

By substituting (24) into (17), we get

M
(
fi
) = 2.782c

2π fid

· 1

sin
{
c cos θm
2df i

[
arccos

(
c

2dfi

(
cos θm − 2.782

πN

))
− arccos

(
c

2dfi
cos θm

)]} . (25)

By fixing the array spacing of the virtual planar array to half the wavelength corresponding
to the central frequency fc and rewriting (25), we get

M
(
fi
) =

2.782fc

π fi sin
{
fc cos θm

fi

[
arccos

(
fc
fi

(
cos θm − 2.782

πN

))
− arccos

(
fc
fi
cos θm

)]} . (26)

Figure 3 shows the quantized valueM in (26) versus the operating frequency fi for a central
frequency of 45 GHz. In the lower left corner of the curve for the main beam direction
θm = 45◦, there is a part of the frequency with a zero value ofM, that is because according
to (24), when the squint beam is pointing at θmi = 0◦, its frequency is about 31.92 GHz,
and when the frequency is any lower, it is out of the operating frequency range.
According to (55) in Appendix 1, when the maximum angle of the main beam at central

frequency fc is within 60◦, i.e., θm ≤ 60◦, if fi < 3
2 fc, no grating lobes will appear in the

resulting squint beams. When θm = 60◦, if the operating frequency range is chosen to be
[ 1
2 fc,

3
2 fc), the coverage angle range is approximately θmi ∈[ 0◦, 70.53◦).

Fig. 3 The number of elements per side of a virtual planar antenna array versus operating frequency
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2.2 Systemmodel

Following the multi-path scattering Saleh-Valenzuela channel model [5], the channel of a
particular user can generally be represented as

H =
Nc∑

c=1

Npc∑

l=1
αclar

(
φr
cl, θ

r
cl
)
at
(
φt
cl, θ

t
cl
)H , (27)

where Nc is the number of all clusters from the BS to that user, Npc is the number of
paths within the cth cluster, and ar(φr

cl, θ
r
cl) and at(φt

cl, θ
t
cl) are the steering beam vectors

represented by array responses at the receiving and transmitting ends for the lth path in
the cth channel cluster, respectively.
For convenience, due to the small angular spread of the beam in the actual mmWave

sparse scattering environment, it is assumed that the paths within each cluster can be
represented by the array response of the same virtual planar array; if the user has multiple
scattering clusters on the same donut-shaped main beam, we still use the array response
of the same virtual planar array to approximate the paths in multiple scattering clusters;
when the difference in elevation angle between clusters is large, corresponding to several
steering donut-shaped beams at the transmitting side, the difference in size of the virtual
planar array between clusters is more pronounced, and we assume that the donut-shaped
main beam affects a range within the HPBW of the transmitting elevation angle θ tring in
the real channel environment. According to the approximation of the array factor in (5),
the actual channel caused by a particular steering beam of the linear array can then be
equivalently expressed as

H̃(θ tring) ≈
N̄c∑

c=1

N̄pc∑

l=1
αclar

(
φr
cl, θ

r
cl
)
ãt
(
φt
cl, θ̄

t
cl
)H , (28)

where N̄c and N̄pc are the number of clusters and paths within the HPBW range of
θ tring, respectively; the elevation angle θ̄ tcl in the AoD of each path in the channel needs
to be within the HPBW range of θ tring at the transmitter side, i.e., satisfying |θ tring −
θ̄ tcl| ≤ �h

(
fi
)
/2, θ̄ tcl ∈ {θ tcl}; ãt is the vector form of the virtual planar array response

corresponding to a certain steering beam of the linear array.
When the user at the receiving end uses a square antenna array with Mr elements on

each side and placed in the x-y plane, its array response at frequency fs with the main
beam orientated to (φr

s , θ rs ) is

ar
(
φr
s , θ rs

) = 1
Mr

·
[
1, e−jπ sin θ rs cosφr

s fs/fc , . . . , e−jπ(Mr−1) sin θ rs cosφr
s fs/fc , . . . ,

. . . , e−jπ(Mr−1) sin θ rs sinφr
s fs/fc , . . . , e−jπ(Mr−1)(sin θ rs cosφr

s+sin θ rs sinφr
s )fs/fc

]T
.

(29)

And the array response of the virtual planar array at the transmitter side can be written
as

ãt
(
φt
s , θ ts

) = 1
M̃t

·
[
1, e−jπ sin θ ts cosφt

s fs/fc , . . . , e−jπ(M̃t−1) sin θ ts cosφt
s fs/fc , . . . ,

. . . , e−jπ(M̃t−1) sin θ rs sinφt
s fs/fc , . . . , e−jπ(M̃t−1)(sin θ ts cosφt

s+sin θ ts sinφt
s)fs/fc

]T
,

(30)



Pan and Yang EURASIP Journal on Advances in Signal Processing         (2021) 2021:60 Page 10 of 26

where M̃t is the number of elements per side of the virtual array obtained from (18), fs is
the operating frequency, and (φt

s , θ ts ) is the virtual main beam direction.
Consequently, the equivalent baseband signal at the user receiver side can be repre-

sented as
yi =√

PwH
i Hi(f ) f si + wH

i ni(f )

≈√
Par

(
φr
i , θ ri

)H H̃
(
θ tring

) K∑

j=1
ãt
(
φt
j , θ̄ tring

)
si + ar

(
φr
i , θ ri

)H ni(f ),
(31)

where P is the transmitted power of the individual steering beams.
Hence, the rate for this user can be expressed as

Ri =log2

(
1 + P

∣∣wH
i Hi(f )f

∣∣2

σ 2
nwH

i wi

)

(d)≈ log2
(
1 + P|αl(f )|2

σ 2
nwH

i wi

∣∣∣ar
(
φr
i , θ ri

)H ar
(
φr
l , θ

r
l
)
ãt
(
φt
l , θ̄

t
l
)H ãt

(
φt
l , θ

t
ring

)∣∣∣
2
)

(e)≈log2

⎛

⎜⎝1 +
P
∣∣∣αl(f )ãt

(
φt
l , θ̄

t
l
)H ãt

(
φt
l , θ

t
ring

)∣∣∣
2

σ 2
n

⎞

⎟⎠ ,

(32)

where (d) is obtained by representing the channel according to (28) as the actual channel
generated by a single donut-shaped transmitting main beam in the scattering environ-
ment and assuming that the path l with the highest received energy in the actual channel
is taken through the steering beam at the receiver end; (e) is assumed that the quantiza-
tion resolution of the phase shifter of the wideband analog array at the receiver side is
high enough to satisfy φr

i = φr
l and θ ri = θ rl .

3 User pairing strategies and squint multi-beam algorithms
Figure 4 shows the diagram of a two-user paired NOMA scheme in a downlinkmulti-user
scenario when the BS side is equipped with a linear array and each user end with a planar
array, where the linear array is arranged in the z-axis and one of its transmitting steering

Fig. 4 Downlink NOMA pairing within a donut-shaped main beam at the BS site
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beam has two scatterers in its donut-shaped main beam direction, and the correspond-
ing two channel clusters are scattered and directed toward the far user 1 and the near
user 2, respectively. The average received energy in the corresponding scattering cluster
is smaller for user 1 due to the longer path experienced by the scattering path and the fact
that the energy of the longer path is more absorbed in the atmosphere.
Due to the use of the phased linear array at the transmitter side, there is no particu-

larly well-handled solution for inter-user interference on the donut-shaped main beam
at the transmitter side [14–16]. On the one hand, we assume that a grouping strategy
has been used to serve these users with serious interference using orthogonal resources.
On the other hand, it is also possible to pair users with similar departure angles on
some of the beams to serve more users through PD-NOMA in the face of unavoid-
able interference. We classify NOMA pairing strategies into following three categories
and discuss their feasibility. Among them, the first strategy is employed in both Algo-
rithms 2 and 3, the second strategy is only used in Algorithm 3, and the last strategy is not
included in our algorithms and we have explained its reason. Furthermore, we provide
Algorithm 1 for steering the squint beam without any NOMA scheme as a benchmark for
comparison.

• NOMA pairing within the direction of a donut-shaped main beam
This type of NOMA pairing corresponds to Algorithm 2, which selects two users
whose channels contain paths with similar departure elevation angles, and the energy
difference between these two paths is large enough to consider the PD-NOMA
scheme to serve user 2 as well while guaranteeing the minimum required rate for
user 1.

• NOMA pairing in the direction of the main beam and its first side lobe
We attempted to utilize the side lobe direction of a steering beam for pairing to break
the distance limit between the two paired users and the BS side in the conventional
PD-NOMA scheme. The amplitude of the first side lobe in its dominant direction is
−13.465 dB, with a normalized amplitude of about 0.2 (0.212 is more accurate
according to equation (6-17) in [6]). It is possible to consider user 2 as the main beam
direction user, while there is a scattering path of user 1 in the elevation direction of
the donut-shaped first side lobe of the steering beam. In this case, the energy of the
corresponding path of user 1 is not necessarily weaker, but since it is the energy of
the equivalent channel in the direction of the first side lobe that is significantly
weaker than that of user 2, it is also possible to serve simultaneously these two users
with significantly different departure elevation angles of the channel path through
the PD-NOMA scheme. The corresponding power allocation coefficients β1 and β2
are then obtained by applying 0.04|h1|2 to replace the original |h1|2 as the channel
energy for user 1, and the corresponding SIC decoding feasible domain conditions
should reformulate (66) and (72) in Appendix 2 as

0.04P|h1|2 − (2t1 − 1
)
σ 2
n > 0, (33)

2t1 − 1
0.04|h1|2 + 2t1

(
2t2 − 1

)

|h2|2 ≤ P
σ 2
n
. (34)

It is found by simulation that the channel coefficients for both user 1 and user 2 are
too large in this case, and according to the parameter settings in Fig. 8, approximately
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Algorithm 1 Downlink multi-user squint steering beam updation based on a phased
linear array at the BS end
Input: The BS obtains the AoD of the PU’s new path of the highest energy

(
φt
new, θ tnew

)

and all SUs’ paths of the highest energy
{(

φt
s , θ ts

)}
; the PU updates its own new arrival

angle to
(
φr
new, θ rnew

)
; each SU updates its own arrival angle of the strongest path to(

φr
s , θ rs

)

1: BS
fc←−

k∑
ãt
(
φt
k , θ

t
new
)

2: PU
fc←− ar

(
φr
new, θ rnew

)

3: for all SUs do
4: Update

(
φt
s , θ ts

)
and

(
φr
s , θ rs

)
for this SU

5: if θ ts ∈ [θ tnew − i�h/2, θ tnew + i�h/2
]
and IsGroupActivated(Gi) == false then

6: fs = fc cos θ tnew/ cos θ ts

7: BS
fs←−

k∑
ãt
(
φt
k , θ

t
new
)
, feeds back fs to SU, and marks IsGroupActivated(Gi) =

true and IsUserServed(SU) = true
8: SU

fs←− ar
(
φr
s , θ rs

)

9: end if
10: end for
11: for all SUs with IsUserServed(SU) == false do
12: The BS rejects the enhanced beam service for this SU, reports and feeds back the

request result
13: end for

|h1|2 > 4 needs to be satisfied. This magnitude requirement is too large for a
single-antenna scenario. For scenarios using array antennas, there is some feasibility
due to the array gain at the transceiver end, which will be demonstrated in
Algorithm 3 and verified by simulation experiments.

• NOMA pairing in the direction of the main beam and its grating lobe
Pairing between the main beam and grating lobe directions is also possible; however,
the presence of a grating lobe would reduce the transmit power in the main beam
direction while maintaining a uniform transmit power for each beam. This pairing is
not adopted for the time being, since in this paper the squint beam is applied and
there is no need to provide multi-beam with grating lobes. It is possible to
circumvent this by limiting the maximum elevation angle of the main beam and the
maximum working frequency of the squint beam, according to the conditions given
in the forepart of Appendix 1 for a wideband array not to create a grating lobe.

3.1 Benchmark: downlink frequency squint multi-beam algorithmwithout PD-NOMA

Algorithm 1 draws on the idea of grouping in [8] and does not use the scheme of the
PD-NOMA. For convenience, the user operating at the central frequency fc is referred to
as the primary user (PU) and the users operating at other frequencies are referred to as
secondary users (SUs).
In step 1, the BS updates the array response of its steering beam at frequency fc accord-

ing to the elevation angle θ tnew in the AoD of the strongest path of the PU. According to
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(30) and (31), the steering beam of the linear array is approximated by the steering beams
of a virtual planar array.
In step 2, the PU calculates the receiving array response from (29) based on the new

arrival angle (θ rnew,φr
new) and operating at frequency fc to generate the received beam.

In step 5, the elevation angle space at the transmitter end is divided into angular regions
by the HPBW �h at the central frequency of the PU, with each region supporting at most
one donut-shaped squint main beam within the angular range, and each steering beam
serving at most one user at a time. It is obtained from (6) and (7) resulting in

�h
(
fc
) ≈

∣∣∣∣arccos
(
cos θm − 2.782

πN

)
− arccos

(
cos θm + 2.782

πN

)∣∣∣∣ . (35)

IsGroupActivated(·) indicates whether a particular transmit elevation interval group is
occupied by true or false, and the default value is false.
In step 6, since the BS side uses a wideband phased array and the phase shifters therein

are unquantized ideal ones, the operating frequency of the desired squint beam fs can be
calculated from (54).
In step 7, the BS reuses the PU’s array response at frequency fs, marks this transmit ele-

vation interval group as occupied, and feeds back fs to that user. IsUserServed(·) indicates
whether a particular SU is served by true or false, and the default value is false.
In step 8, the SU calculates the array response based on the new arriving angle (θ rs ,φr

s )

and fs from (29) and works at frequency fs to produce the reception beam.

3.2 The enhanced beam squint algorithm supporting PD-NOMA in the donut-shaped

main beam

Algorithm 2 improves onAlgorithm 1 by enabling each donut-shaped squintmain beam
at the transmitting side to serve two users simultaneously via the PD-NOMA.
The work in [17] gives the achievable rate of NOMA users when a single antenna is

employed at both the transmitter and receiver, while in this paper, since the BS uses a
linear array and each user uses a planar array, the achievable rate of users in the two-user
NOMA pairing scheme can be written as

R2 = log2

⎛

⎜⎝1 +
β2P

∣∣∣ar
(
φr
s2, θ

r
s2
)H H̃2̃at

(
φt
s2, θ ts

)∣∣∣
2

σ 2
n

⎞

⎟⎠ , (36)

R1 = log2

⎛

⎜⎝1 +
β1P

∣∣∣ar
(
φr
s1, θ

r
s1
)H H̃1̃at

(
φt
s1, θ ts

)∣∣∣
2

β2P
∣∣∣ar
(
φr
s1, θ

r
s1
)H H̃1̃at

(
φt
s1, θ ts

)∣∣∣
2 + σ 2

n

⎞

⎟⎠ . (37)

By replacing the values |h1|2 and |h2|2 for the single-antenna baseband signal in
(63) and (64) in Appendix 2 with the corresponding values under the equivalent
baseband signal of the antenna array, respectively

∣∣∣ar
(
φr
s1, θ

r
s1
)H H̃1̃at

(
φt
s1, θ ts

)∣∣∣
2
and

∣∣∣ar
(
φr
s2, θ

r
s2
)H H̃2̃at

(
φt
s2, θ ts

)∣∣∣
2
, we get
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Algorithm 2 Enhanced downlink squint beam updation with PD-NOMA pairing in the
main direction of each steering beam
Input: The BS obtains the AoD of the primary user’s new path of the highest energy(

θ tnew,φt
new
)
and all SUs’ paths of the highest energy

{(
θ ts ,φt

s
)}
; the PU updates its

own new arrival angle to
(
θ rnew,φr

new
)
; each SU updates its own arrival angle of the

strongest path to
(
θ rs ,φr

s
)

1: The BS divides the departure elevation angle into groups according to θ ts ∈[
θ tnew − i�h/2, θ tnew + i�h/2

]
and selects user 2 and user 1’s optional set for each

group Gi

2: BS
fc←−

k∑
ãt
(
φt
k , θ

t
new
)

3: PU
fc←− ar

(
φr
new, θ rnew

)

4: for all Gi with i �= 0 do
5: for all user 1 in user 1’s optional set do
6: fs = fc cos θ tnew/ cos

[(
θ ts1 + θ ts2

)
/2
]

7: The BS calculates β1 and β2
8: if β2 ≤ βmax

2 then

9: BS
fs←−

k∑
ãt
(
φt
k , θ

t
new
)
, feeds back fs to users 1 and 2, marks

IsGroupActivated(Gi) = true, IsUserPaired(user 1) = true,
IsUserPaired(user 2) = true, IsUserServed(user 1) = true,
IsUserServed(user 2) = true

10: user 1
fs←− ar

(
φr
s1, θ

r
s1
)
, user 2

fs←− ar
(
φr
s2, θ

r
s2
)
, and break

11: end if
12: end for
13: if IsGroupActivated(Gi) == false and user 2 �= null then
14: Executes Steps 6-8 in Algorithm 1 for user 2
15: end if
16: end for
17: for all SUs with IsUserServed(SU) == false do
18: The BS rejects the enhanced beam service for this SU, reports and feeds back the

request result
19: end for

β1 =
(
2t1 − 1

) (
P
∣∣∣ar
(
φr
s1, θ

r
s1
)H H̃1̃at

(
φt
s1, θ ts

)∣∣∣
2 + σ 2

n

)

2t1P
∣∣∣ar
(
φr
s1, θ

r
s1
)H H̃1̃at

(
φt
s1, θ ts

)∣∣∣
2 , (38)

β2 =
P
∣∣∣ar
(
φr
s1, θ

r
s1
)H H̃1̃at

(
φt
s1, θ ts

)∣∣∣
2 − (2t1 − 1

)
σ 2
n

2t1P
∣∣∣ar
(
φr
s1, θ

r
s1
)H H̃1̃at

(
φt
s1, θ ts

)∣∣∣
2 . (39)

Note that NOMA pairing requires that user 2 be able to decode user 1’s signal through
the SIC, so the maximum transmit power coefficient of user 2 is limited to βmax

2 in step 1,
and after selecting user 2, user 1 is chosen exhaustively until a suitable size of β2 is picked.
In step 1, the BS divides the departure elevation angle into intervals according to θ ts ∈[

θ tnew − i�h/2, θ tnew + i�h/2
]
, and in each interval, if there is a user path, then choose
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the one with the strongest channel energy as user 2 in the NOMA pair; if there are other
users, then treat them as users in the feasible set of user 1 in this group.
Note that since the interval is divided only by the HPBW of the elevation angle corre-

sponding to the frequency fc, it is possible that when fs > fc could result in the departure
angle of the strongest path of the selected paired user being outside the HPBW range
where the actual squint main beam is located, thus reducing the rate performance of the
user in the interval. This problem is potentially inherent in both Algorithms 2 and 3, and
a more reasonable way of grouping by angular space division is subject to further investi-
gation. However, it is ignored for the moment in this paper as it is more concerned with
increasing the number of simultaneous users served through PD-NOMA groups.
In step 4, the selection of the group Gi with i �= 0 is due to the assumption that the

PD-NOMA scheme is used only in squint beams.
In step 5, the departure angles of the strongest paths of users 1 and 2 in the NOMA

pair are denoted as
(
θ ts1,φ

t
s1
)
and

(
θ ts2,φ

t
s2
)
, respectively, and the arrival angles of the

corresponding paths of the two users are denoted as
(
θ rs1,φ

r
s1
)
and

(
θ rs2,φ

r
s2
)
, respectively.

In step 6, the BS takes
(
θ ts1 + θ ts2

)
/2 as the transmit elevation angle θ ts of the steering

beam in this interval and calculates its operating frequency from fs = fc cos θ tnew/ cos θ ts .
In step 7, the BS allocates transmitted power coefficients β1 and β2 within the beam to

the users in this NOMA pair according to (38) and (39).
In step 9, the BS reuses the array response of the PU at frequency fs and feed-

back fs to the users within this NOMA pair. IsUserPaired(·) indicates whether a par-
ticular SU is served in a NOMA group by true or false, and the default value is
false.
In step 10, users 1 and 2 within the NOMA pair calculate the array response based on

the new arrival angles
(
θ rs1,φr

s1
)
and

(
θ rs2,φr

s2
)
as well as the new squint frequency fs from

(29) and work on the frequency fs to generate the receiving beam, respectively. After that,
it jumps out of the inner loop at the BS side.

3.3 The enhanced beam squint algorithm supporting NOMA pairing of the main beam

direction with the first side lobe direction

Algorithm 3 improves on Algorithm 2 by supporting the PD-NOMA opportunity com-
munication for pairing between a user in the direction of the squint main beam and a user
in the direction of its first side lobe. The general idea is to select a group with only one
active user and find a suitable unserved user in the first side lobe direction of the steering
beam in the group for pairing as NOMA user 1.
To avoid the concept of defining the HPBW in the direction of the first side lobe,

we assume that the direction of the first side lobe points exactly to the strongest
path of NOMA user 1. By exhaustively enumerating the unserved users as NOMA
user 1, the operating frequency fi and the main direction θmi of the squint beam
corresponding to the direction of its strongest path can be obtained from the direc-
tion θs1 of NOMA user 1, assuming that NOMA user 1 has been selected and
from equation (6-16a) in [6], the first side lobe direction of this steering beam is
given by

θs1
(
fi
) = arccos

(
cos θmi ± 3fc

Nfi

)
. (40)
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Algorithm 3 Enhanced squint beam updation supporting PD-NOMA between the main
beam direction and the first side lobe direction for each steering beam
Input: When Algorithm 2 jumps out of its Step 16
1: for all SUs with IsUserServed(SU) == false do
2: Treats this SU as user 1 in the first side lobe NOMA pair and sets θ+

s1 = θ ts1,
calculates fi = (cos θm + 3

N
)
fc/ cos θ+

s1 and θ±
hi = arccos

[(
cos θm ± 2.782

πN
) c
2dfi

]

3: for all SUs with IsUserServed(SU) == true and IsUserPaired(SU) == false do
4: if θ ts ∈ [θ+

hi , θ
−
hi
]
then

5: Treats this SU as user 2 in the first side lobe NOMA pair and calculates β1 and
β2

6: if β2 ≤ βmax
2 then

7: BS
fi←−

k∑
ãt
(
φt
k , θ

t
new
)
, feeds back fi to users 1 and 2 in the NOMA pair

8: user 1
fi←− ar

(
φr
s1, θ

r
s1
)
, user 2

fi←− ar
(
φr
s2, θ

r
s2
)

9: Marks IsUserPaired(user 1) = true, IsUserPaired(user 2) = true,
IsUserServed(user 1) = true, and break

10: end if
11: end if
12: end for
13: end for
14: for all SUs with IsUserServed(SU) == false do
15: The BS rejects the enhanced beam service for this SU, reports and feeds back the

request result
16: end for

Substituting (54) into (40) gives the relationship between the direction of the first side
lobe and the operating frequency, as

fi =
(
cos θm ± 3

N

)
fc/ cos θ±

s1. (41)

In step 2, the elevation angle in the AoD of this SU’s strongest path as the first side
lobe direction θ±

s1 , the corresponding squint frequency fi of the new squint main beam is
obtained from (41). To guarantee the validity of the HPBW range and power distribution
coefficients in the simulation, set fi = (cos θm + 3

N
)
fc/ cos θ+

s1 .
After the operating frequency fi has been determined, the half-power beam angle range[

θ+
hi , θ

−
hi
]
for the main direction of this squint beam can be obtained, and within this angle

range, the user who occupies a steering beam alone is matched as user 2 in the NOMA
pair, and then the array response of the PU’s transmitted beam is multiplexed at frequency
fi to serve this NOMA pair, where there is

θ tm_User2 ∈ [θ+
hi , θ

−
hi
]
. (42)

According to (21) the half-power direction of this main beam is

θ±
hi = arccos

(
cos θmi ± 2.782fc

πNfi

)
, (43)

alternatively it can be written as
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θ±
hi = arccos

[(
cos θm ± 2.782

πN

)
fc
fi

]
. (44)

In step 5, treat the selected SU as user 2 in the first side lobe NOMA pair and calcu-
late the power allocation coefficients β1 and β2 from (45) and (46). When calculating the
power allocation coefficients, the equivalent channel energy of user 1 should be multi-
plied by 0.04, since it is in the direction of the first side lobe of the transmitting beam.
Therefore, the power allocation coefficients in the NOMA pair should vary from (38) and
(39) to

β1 =
(
2t1 − 1

) (
0.04P

∣∣∣ar
(
φr
s1, θ

r
s1
)H H̃1̃at

(
φt
s1, θ ts

)∣∣∣
2 + σ 2

n

)

2t1 × 0.04P
∣∣∣ar
(
φr
s1, θ

r
s1
)H H̃1̃at

(
φt
s1, θ ts

)∣∣∣
2 , (45)

β2 =
0.04P

∣∣∣ar
(
φr
s1, θ

r
s1
)H H̃1̃at

(
φt
s1, θ ts

)∣∣∣
2 − (2t1 − 1

)
σ 2
n

2t1 × 0.04P
∣∣∣ar
(
φr
s1, θ

r
s1
)H H̃1̃at

(
φt
s1, θ ts

)∣∣∣
2 . (46)

Since the user in the first side lobe direction is selected as user 1 in the NOMA pair
before selecting user 2 in Algorithm 3, there is no need to adjust the frequency of the
squint beam in the process of selecting NOMA user 2, thus avoiding the situation where
the operating frequency determined by user 1 in the NOMA pair causes the strongest
path of user 2 to be outside the HBPW of the squint main beam, resulting from the
selection of NOMA user 2 first.
In step 8, users 1 and 2 within the NOMA pair calculate the array response based on

the new arrival angles
(
θ rs1,φ

r
s1
)
and

(
θ rs2,φ

r
s2
)
as well as the new squint frequency fi from

(29) and work on the frequency fi to generate the receiving beam, respectively.
In step 9, the BS marks users 1 and 2 as users in a NOMA pair and jumps out of the

inner loop.

4 Results and discussion
The simulations in this section are based on a uni-cell scenario with one BS and multi-
user, where the BS side consists of a linear array ofNt antenna elements, the total number
of users isNu and each user end uses a square planar array withMr elements on each side,
and all transceivers are wideband phased antenna arrays with central frequency fc of 45
GHz and element spacing of λc/2. It is assumed that the linear array of the transmitting BS
is placed in the z-axis, while the planar array of the receiving end is placed in the x-y plane
of the user’s respective coordinate system and that both the elevation angle θmi and the
azimuth angle φm(fi) of the main beam at both the transceiver ends are within [ 0◦, 90◦].
The elevation angle θm of a PU transmitted beam is limited to [ 30◦, 60◦] for more efficient
use of the squint beam, and the operating frequency interval of the squint beam is limited
to [ fc/2, 3fc/2] for avoiding the appearance of grating lobes and an excessive number of
elements in the virtual planar array.
Similar to [3], we use the extended Saleh-Valenzuela channel model [4] for the mmWave

band to model the user’s channel, with each user operating at its own frequency and
its channel consisting of several clusters with a number of paths in each cluster, each of
which is described by multiplying the product of the array response of the transmitting
and receiving steering beams by the channel coefficient. Specifically, the difference in the
scattering environment between users is represented by the number of clusters per user
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channel which is randomly chosen between 1 and 8, and the number of paths per clus-
ter which is randomly picked between 1 and 10. The mean cluster angle of the scattering
clusters of each user follows a uniform distribution, and the arrival and departure angles
of the paths within the clusters each follows a Laplacian distribution with a standard devi-
ation of this cluster angle spread, which is held for all clusters at 7.5◦. The signal and
noise both independently obey a Gaussian distribution with mean 0 and standard devia-
tion of 1, i.e., CN (0, 1), and assume that the scenario is noise limited such that P

σ 2
n

= 1.
Note that the maximum number of steering beams at the BS side is constrained by its
power constraint in practice, which is not limited in the simulation; the channel of the
ith cluster of a user satisfies E

[‖Hi ‖2F
] = NtNr , where Nt is the actual number of anten-

nas in the transmitting linear array, Nr = M2
r , αil is the complex gain coefficient of the

lth path within its ith cluster, and its value obeys the i.i.d. complex Gaussian distribution
CN

(
0, σ 2

α,i
)
, where σ 2

α,i = NtNr
N̄pi

is the average power of the internal path of this cluster.
And to simplify the design, only the direction of the maximum energy path of each user
is actually selected by the transceiver for the direction of the steering beam, which avoids
the problem of dimension mismatch of the transmit steering beam between multi-cluster
caused by inconsistent virtual planar array sizes by assuming that only one cluster in the
channel needs to be handled. Finally, all results are reported for averaged over 5000 ran-
dom channel realizations. Unless otherwise mentioned, these parameters are used for the
experiments.
Figure 5 compares the number of simultaneous users served when the BS is equipped

with a linear array and a planar array, respectively, using benchmark Algorithm 1. For

Fig. 5 Comparison of the number of simultaneous users served by benchmark Algorithm 1 when the BS side
is equipped with a linear array and a planar array, respectively
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fairness, when the number of antennas of the linear array is determined, the number of
antennas of the planar array is selected in such a way that the steering beams of both
are pointed at the same path and the HPBWs in the vertical direction of the two squint
main beams are basically the same. The number of users served of the linear array is
significantly better than that of the planar array due to the constraint of the horizontal
main direction of the squint steering beam of the planar array, and the more users in the
system, the more significant it is.
Figures 6 and 7 compare the number of simultaneous users served and the sum rate

performance of the system for the three proposed algorithms in two scenarios with the
number of linear array antennas at the BS side of 32 and 64 while keeping Nr = 64 for
all users and with t1 taken at 2 bits/s/Hz. As the transmit elevation angle is divided into
groups by the HPBW of the steering beam of the array at the BS side, the HPBW is larger
when the number of antennas is smaller, and the angle interval per group is larger and the
number of groups divided is smaller. Specifically, the number of groups varies depending
on the direction of the main user’s transmit beam, with about 15 intervals at Nt = 32 and
more than 40 intervals at Nt = 64. Therefore, when the number of antennas at the BS
side is smaller, it is easier to have serviceable users within a group for the same number
of users in the system. Consequently, with the limitation on the number of users that can
be served simultaneously in each group, it is easier to reach saturation with active users
in each group as the number of users to be served in the system increases.
The sum rate performance of the three proposed algorithms is compared in Fig. 6. It

can be seen that the sum rates of all three algorithms are significantly higher in the con-
figuration for Nt = 64 than for Nt = 32; the sum rates of Algorithm 1 are higher than
those of Algorithms 2 and 3 in each configuration, while the sum rates of Algorithm 2
are slightly higher than those of Algorithm 3, which are closer to each other. When the
number of antennas at the BS side is Nt = 32, the increasing trend of the sum rate in
the system smoothes out significantly as the number of users in the system increases,
which is due to the fact that each group is basically served by users as the number of users
increases. For Nt = 64, there is only a moderating trend in the sum rate as the number of
users increases. This is due to the fact that more antennas at the transmitter end divide
more intervals, and the number of users in the graph is not yet such that there is a greater
probability that each interval will have a serving user.
The performance of the proposed three algorithms in terms of the number of simul-

taneous users served is compared in Fig. 7. For the total number of users to be served
simultaneously in the system, the performance of all three algorithms in theNt = 64 con-
figuration is higher than whenNt = 32; as the number of users to be served in the system
increases, the curves of the three algorithms in the Nt = 32 configuration flatten out
significantly; thanks to the larger number of groups and that each group can serve more
users at the same time through the PD-NOMA, at Nt = 64, the moderating trend of the
boost in the curves of the number of users served simultaneously by Algorithms 2 and 3
is not as pronounced as in Algorithm 1. In addition, there is an intersection point in the
curves of the number of NOMA served simultaneously in the system for both antenna
configurations. At the beginning, when the number of users to be served in the system
is low, the number of NOMA users served is smaller for Nt = 64 than for Nt = 32.
This is due to the fact that with more antennas at the transmitter there are more group-
ing intervals and the users served are more likely to be in separate groups and therefore
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Fig. 6 Comparison of sum rates in the system when using the proposed algorithms

Fig. 7 Comparison of the number of simultaneous users served in the system with the proposed algorithms
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have less opportunity for NOMA pairing. As the number of NOMA users served rises,
starting at about 15 users in the figure, the number of NOMA users in the two algo-
rithms for Nt = 32 is smaller than for Nt = 64, due to the larger range of angles per
grouping interval at Nt = 32, and as the number of active grouping pairs in the sys-
tem becomes larger, additional users to be served with the strongest path of elevation
angles in the AoD have a significantly higher probability of appearing in the paired group-
ings. In contrast, with Nt = 64, there is still a higher probability that a newly added
user to be served will appear in an unpaired grouping when there are the same num-
ber of grouping pairs in the system because of the greater number of group intervals
divided.
Comparing Figs. 6 and 7, compared to Algorithm 1, Algorithms 2 and 3 increase the

number of simultaneous served users but decrease the sum rate in the system, due to
the fact that when NOMA pairing is successful, part of the transmit power is allocated
to NOMA user 1, which has a poor channel condition, reducing the rate of NOMA user
2, which has a better channel condition. Compared to Algorithm 2, Algorithm 3 slightly
increases the number of NOMA users served simultaneously in the system; however, it
also further reduces the sum rate of the system due to the increased power allocated to
NOMA user 1 in the side lobe NOMA pair. Since the number of simultaneous NOMA
users served simultaneously in Algorithms 2 and 3 is similar for the same antenna config-
uration, it can be seen that the number of successful side lobeNOMApairs in Algorithm 3
is extremely small, and as Algorithm 3 is more complex than Algorithm 2, it is generally
better to employ only Algorithm 2 to increase the number of simultaneous users served
in the system.

5 Conclusion
In this article, we studied the downlink cellular communication scheme for serving multi-
user through a wideband phased linear array at the BS side with frequency squint beams.
First, a method using steering main beams of a virtual planar array to simulate the donut-
shaped main beam of the linear array was proposed to solve the matching problem of the
steeringmain beam and the channel model. Then, an algorithm drawing on the concept of
JSDM grouping to divide the transmitter elevation angle interval intomultiple small inter-
vals and serve multi-user by means of squint beams from the linear array was proposed,
where at most one user can be served by a single squint beam in each small interval. Sub-
sequently, the algorithm supporting PD-NOMA for two users whose transmit channel
path directions are both within the half-power beam range of a single quint donut-shaped
main beam and the algorithm which supports PD-NOMA pairing of the main direction
of a single squint beam and its first side lobe direction were raised for serving more users,
for which the feasible domain of a two-user PD-NOMA channel for a given SIC decod-
ing power constraint in the single-antenna scenario was briefly discussed and placed in
Appendix 2 for consistency and conciseness in the bulk of the paper. The feasibility of the
proposed scheme and the performance of the proposed algorithms were finally verified
by simulation.

Appendix 1. The condition for only one grating lobe occurring in a steering
beam of the wideband linear array
In (2), let ψ = 0, we can get the main beam direction of each frequency as
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cos θmi = cβ
2π fid

. (47)

We start by deriving the necessary conditions for not generating a grating lobe in the
steering beam. Since the presence of a grating lobe requires |ψ | = 2mπ , m = 1, 2, · · · ,
the condition that |ψ | < 2π must be satisfied if a grating lobe is to be avoided, namely

|kd cos θ − β| < 2π . (48)

Substituting β = kd cos θmi into (48), we have

kd| cos θ − cos θmi| < 2π . (49)

Replacing k = 2π fi/c in (2) and expanding the absolute value of the left term in the
inequality, we get

cos θmi − 2fc
fi

< cos θ < cos θmi + 2fc
fi
. (50)

Since | cos θ | ≤ 1, for (50) to hold constant, requires satisfying

cos θmi + 2fc
fi

> 1, (51a)

cos θmi − 2fc
fi

< −1. (51b)

Namely, we have

fi <
2fc

1 − cos θmi
, (52a)

fi <
2fc

1 + cos θmi
. (52b)

Since the main beam direction is kept only in the interval [ 0, π
2 ), thus cos θmi > 0, it

follows that 2fc
1+cos θmi

<
2fc

1−cos θmi
. For readability, rewrite (24) as

θmi = arccos
(
fc
fi
cos θm

)
, (53)

which equals

cos θmifi = cos θmfc. (54)

It shows the relationship between the working frequency of the squint beam and the
main directional elevation angle. Thanks to the ideal phase shifters used in the wideband
phased array, making β independent of frequency, whose value β = π cos θmifi/fc can be
calculated from the beam direction at a particular frequency, such as the beam direction
of cos θm when operating at fc, which also reveals the physical meaning implicit in (54).
Substituting (53) into (52b) gives

fi < (2 − cos θm)fc. (55)

On the other hand, by the positive value of β in (48), as the antenna spacing increases,
if there is only one grating lobe, then ψ = −2π . If no grating lobe should emerge, it needs
to satisfy

kd cos θ − β > −2π . (56)
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Again, since wideband ideal phase shifters are used in the linear antenna array, by
substituting β = π cos θm into (56), we have

kd cos θ − π cos θm > −2π , (57)

and after replacing kd = π fi/fc into (57), we get

cos θ >
cos θm − 2

fi
fc. (58)

As cos θ > −1, we have cos θm−2
fi fc < −1 based on (58), which also yields (55).

If there exists only one grating lobe, replacing the inequality sign in (56) with an equal
sign and substituting β = kd cos θmi yields

θgi = arccos
(

β

kd
− 2π

kd

)

= arccos
(
cos θmi − c

fid

)
.

(59)

Substituting (53) into (52) reveals that when fi ∈[ (2 − cos θm)fc, (2 + cos θm)fc), this
wideband linear array will have only one grating lobe at the operating frequency fi in the
direction of θgi.

Appendix 2. Feasible domain for two-user PD-NOMA pairing at a given SIC
decoding power ratio constraint
The existing approach of allocating transmit power by a strategy of maximizing the mini-
mum rate amongNOMAusers [17] does not maximize the sum rate of NOMAuser pairs.
The beam design problem when maximizing the sum rate of a two-user NOMA pair is
considered in [13]. In contrast, because of the employment of frequency squint beams,
the problem of power allocation to NOMA users under a steering beam and the match-
ing of NOMA pairs due to SIC decoding power constraints are mainly addressed in this
subsection.
The power allocation problem to maximize the sum rate of paired NOMA user groups

can be generally described as

max
βi i∈{1,2,··· ,N}

∑

i
Ri,

s.t.
N∑

j=1
βj ≤ 1,

0 ≤ βj, for j ∈ {1, 2, · · · ,N},

(60)

where {1, 2, · · · ,N} is the set of users in the NOMA pair, Ri is the rate of the ith user,
and βi is the proportion of transmit power allocated to that user’s signal at the BS side.
Firstly, it is necessary to select the appropriate NOMA pair such that the channel quality
differs significantly across users. Secondly, the power allocation strategy of the NOMA
pair is to maximize the rate of the users with good channel quality while guaranteeing the
minimumQoS requirements of the users with poor channel quality. If it is not possible to
simultaneously serve the users in the pair to guarantee their QoS, then the lower priority
users in the NOMA group are dropped or the users with good channel conditions are
served.
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In a two-user NOMA pairing scheme in which the BS side and the subscriber end are
equipped with a single-antenna scenario, it is assumed without loss of generality that
the channel quality of user 2 is better than that of user 1, i.e., |h1|2 < |h2|2, and this
optimization problem is equivalent to satisfying the minimum rate requirement t1 for the
far user with poor channel quality to maximize the rate of the near user with a better
channel condition, that is

max
βi i∈{1,2}R2,

s.t. β1 + β2 ≤ 1,

R1 = t1,

0 ≤ β1,

0 ≤ β2,

(61)

This problem has been solved, and according to the work in [17], it follows that

β1 = 2t1 − 1
P|h1|2

(
P|h1|2β2 + σ 2

n
)
. (62)

Substituting β2 = 1 − β1 into (62), we get

β1 =
(
2t1 − 1

) (
P|h1|2 + σ 2

n
)

2t1P|h1|2 , (63)

β2 = P|h1|2 − (2t1 − 1
)
σ 2
n

2t1P|h1|2 . (64)

The power allocation coefficient for user 2 in the pair needs to satisfy

0 < β2 ≤ βmax
2 , (65)

where the left inequality is due to the fact that the effective power distribution needs to
be positive and the right inequality is a restriction on the proportion of power that can be
successfully decoded by the SIC; substituting these two constraints into (64) respectively
gives

P|h1|2 − (2t1 − 1
)
σ 2
n > 0, (66)

(
1 − βmax

2 2t1
) |h1|2 ≤ (2t1 − 1

)
σ 2
n /P. (67)

• When 1 − βmax
2 2t1 ≤ 0, since the left side of the inequality in (67) is non-positive,

(67) holds constant, it follows that

βmax
2 ≥ 2−t1 . (68)

It means that the constraint imposed by the right-hand inequality in (65) vanishes as
long as (68) is satisfied.

• When 1 − βmax
2 2t1 > 0, it follows from (67) that

|h1|2 ≤ 2t1 − 1
1 − βmax

2 2t1
· σ 2

n
P
. (69)

If this NOMA pair matches, then there is

R1 = t1, (70)

R2 = log2
(
1 + 2−t1 |h2|2

(
P
σ 2
n

− 2t1 − 1
|h1|2

))
. (71)
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Fig. 8 The NOMA feasible domain, with t1 = t2 = 0.2 and P/σ 2
n = 1, as an example

As can be seen when the NOMA pair is matched, the worse the channel quality of user 1,
the smaller the rate of user 2; the better the channel quality of user 2, the larger the rate
of user 2.
Let the minimum rate requirement for user 2 be t2, i. e., R2 ≥ t2 needs to be satisfied;

substituting (71), we have

2t1 − 1
|h1|2 + 2t1

(
2t2 − 1

)

|h2|2 ≤ P
σ 2
n
. (72)

Figure 8 shows the feasible domain of the channel state for the two-user PD-NOMA
pair in (72), illustrated by t1 = t2 = 0.2 and P/σ 2

n = 1, where the curved part is one
of the hyperbolas determined in (72), the vertical dashed line on the left is determined
by the left inequality in (65), and the vertical dashed line on the right is set according to
the SIC decoding requirements and determined by the right inequality in (65). When (68)
holds, the entire shaded region is the NOMA feasible domain, whereas when (68) is not
satisfied, the shaded region on the left is the feasible domain of the actual matched pair.
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