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1 Introduction
Multi-beam antenna technologies have received extensive attention in 5G wireless com-
munications [1–3], where systems based on hybrid digital-analog antenna array struc-
tures have been widely studied for their maximum sum rate performance in sparsely 
scattered millimeter-wave (mmWave) wireless communication scenarios that are closer 
to the capacity of the channel, while using only a small number of radio frequency (RF) 
links [4]. Since the available spectrum resources in the mmWave band cover a very wide 
range, when the system operates with a very wide bandwidth, such an antenna array 
with a common set of ideal phase shifters for all sub-bands in the analog domain will 
inevitably experience a shift in the beam direction between different frequencies [5, 6]. 
Capitalizing on this phenomenon, several user equipments (UEs) are served in the lit-
erature [1] by using squint multi-beam at the base station (BS) end. Where the so-called 
squint multi-beam is the multiple steering beams whose main direction changes with 
frequency over a wide frequency range via a group of non-ideal time delayers in the RF 
domain, such as the ideal phase shifter group. As the phase of the ideal phase shifter 
remains the same value in the operating frequency range, the array response of the wide-
band phased array beam using the ideal phase shifter group remains constant over the 
corresponding frequency range. Consequently its can further reduce the number of RF 
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links required for the antenna array while maintaining the multi-beam nature of the 
array in wideband scenarios.

However, in the literature [6], it was found that the main direction of the squint beam 
is constrained after the array response of the wideband array is determined. When the 
planar array employs a group of ideal phase shifters in the analog domain, it behaves 
as if the squint beam and the main beam at the center frequency need to maintain the 
same transmit horizontal azimuth for a certain coordinate system, which greatly limits 
the application of squint multi-beam in mmWave wideband wireless communications. 
As the solutions, one of them is to study the circumvention of this squint beam angle 
limitation problem, and in [7], by using a wideband analog linear array at the BS end, it 
is possible to cover user paths with different horizontal azimuth angles simultaneously 
through several donut-shaped squint main beams in the 3D space. The other is that this 
problem can be mitigated by the cooperative efforts of multiple BS ends in the com-
munication network, as well as the collaboration of several subarrays at one BS end. In 
this paper, we provide multi-subarray at the BS end and multiplex the array responses of 
these subarrays to cover more angular space by the squint beams as one of the solutions 
to alleviate this problem.

Nevertheless, there is a possibility of co-channel beams across multi-subarray, which 
can cause inter-beam interference problems. In contrast, the beamspace domain, due 
to the orthogonality between multiple beams in its space, is used as beamspace chan-
nel representation [8] on the one hand, and can be used as the codebook for the actual 
beams at the transmitter and receiver sides through the analog domain phase shifter 
set on the other hand. In this paper, we ensure the orthogonality of the same frequency 
beams between subarrays by selecting vectors in the beamspace as the response vec-
tors of the subarrays transmitting beams. Moreover, we find that this orthogonal beam 
is compatible with the uniformly quantized phase shifter group, namely, the quantized 
phase shifter group can be used to realize the orthogonal beam in the transmit beam-
space domain [9]. In addition, the approach proposed in this paper has the opportunity 
to be combined with existing techniques [10–14] to further improve the performance of 
Internet of Vehicles (IoV) systems.

The contributions of the paper are summarized as follows.

• We propose an approach to partition the beamspace based on the maximum eleva-
tion angle of the main beam at the center frequency, and give the selection of the 
corresponding orthogonal beams in the beamspace.

• We show the relationship between the beamspace and the phase difference of adja-
cent elements of the antenna array, and verify that it is compatible with antenna 
arrays using uniformly quantized phase shifter sets by transmitting beams through 
beamspace codebooks.

• We propose a squint user grouping optimization problem based on the beamspace 
codebook to maximize the number of users served in the system , and we provide a 
suboptimal algorithmic implementation of it.

The rest of this work is organized as follows. In Sect. 2, we first give the system model, 
followed by the way of beamspace partitioning for a given maximum main beam 
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elevation angle, and finally discuss the effect of phase shifter quantization on the beam-
space codebook. In Sect. 3, we start with a single subarray squint grouping optimization 
problem, followed by a collaborative user grouping optimization problem for multi-
subarray based on the beamspace codebook, and suggest a suboptimal algorithm for 
it. In Sect. 4, simulation results are conducted to verify the feasibility of the proposed 
grouping method and the performance of the proposed algorithm, before concluding the 
paper in Sect. 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; | · | is the amplitude of 
a complex value; ⌊·⌋ and ⌈·⌉ denote floor and ceiling function, respectively; � · �0 repre-
sents the number of non-zero elements function of a matrix; card(·) denotes the cardinal 
number of a set.

2  Beamspace of arrays with restricted elevation beam angle
In this section, the system model will be presented at first, followed by the investigation 
of the available codebook in the beamspace when the maximum elevation angle of the 
transmitting beam is limited, and finally, the effect of multi-subarray on the orthogonal-
ity of the beam domain vectors and the matching problem between the phase shifter 
quantization and the beam domain codebook will be discussed.

2.1  System model

We assume a single-cell downlink topology containing one BS and a number of UEs, 
where the BS side consists of multi-subarray and the UE end is all equipped with a sin-
gle antenna. As shown in Fig. 1, all subarrays at the BS end are composed of wideband 
phased planar arrays of the same size, with the set of subarrays as Nsub = {1, 2, . . . ,Nsub} , 
and each subarray consists of a rectangular antenna array with the elements num-
ber of Msub = Mx ×My , whose spacing between adjacent elements is one half of the 
wavelength corresponding to the center working frequency. The set of UEs in the sys-
tem is Nu = {1, 2, . . . ,Nu} . Considering the long distance between the transceiver 
and the small size of the mmWave subarray used, it is assumed that the difference in 

Fig. 1 The array structure of multiple wideband phased arrays at the BS side, and the coordinate system of 
each subarray
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angle-of-departure (AoD) of the same channel path between different subarrays can be 
neglected. Without loss of generality, the horizontal angle φm and the elevation angle θm 
of the steering beam emitted by subarrays are all within the interval [0,π/2].

In a downlink LoS scenario where each subarray at the BS end serves the UE individu-
ally, the equivalent baseband received signal of its i-th UE ( i ∈ Nu ) can be expressed as

where ρi is the power of transmitted steering beam for this UE, hi is its channel vector 
when the subarray serves this UE, bi is the precoding vector of this subarray, and si is the 
user signal which obeys the CN (0, 1) distribution. N i

u is the set of co-channel UEs of this 
UE in the system, which satisfies �l = �i when l ∈ N i

u , and �i denotes the working wave-
length of this UE. ωi ∼ CN (0, σ 2

i ) is the noise at this UE end.

where a(φi, θi, �i) is the normalized array response1 at the transmitting subarray end, 
αi = |αi|ejψi is the channel coefficient, and according to the Friis transmission formula 
[15, 16], we have

where di is the distance between this UE end and the BS side, and D0 is the directivity of 
the array factor, which can be approximated as [17]

where �i
h , �

i
h are the elevation and horizontal orientation half-power beam width 

(HPBW) of the transmitting main beam, respectively, and according to (6-98) and (6-99) 
in [17], we get

where �x0 ≈ 2 arcsin
(
2.782
πMx

)

 and �y0 ≈ 2 arcsin
(
2.782
πMy

)

.

Following (1), the signal-to-noise ratio of this UE can be obtained as

(1)ri =
√
ρih

H
i bisi

︸ ︷︷ ︸

signal

+
l∈N i

u∑ √
ρlh

H
i bl sl

︸ ︷︷ ︸

interference

+ ωi,

(2)hi = αi
√

Msuba(φi, θi, �i),

(3)|αi| =
�i

√
D0

4πdi
,

(4)D0 ≈
π2

�i
h�

i
h

,

(5)�i
h = 1

/√

cos2 θi

[

�−2
x0 cos2 φi +�−2

y0 sin2 φi

]

,

(6)� i
h = 1

/√

�−2
x0 sin2 φi +�−2

y0 cos2 φi ,

1 The array response can also be expressed by the phase difference of adjacent elements as a parameter, in this case the 
wavenumber in (9) and (10) is k = 2π/�i.
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Thus the sum rate of the system can be written as

where N ′
u is the set of users served simultaneously.

2.2  Beamspace on center frequency

When considering the LoS scenario, the beam domain is divided into Mx ×My small 
zones, each corresponding to an orthogonal beam in the beamspace, so the BS can dis-
tinguish the UEs in different small zones by the orthogonal beams of the beamspace [9]. 
We take the set of orthogonal beams in the beamspace as the codebook of the precoding 
vector, and when the AoD of a UE appears in a certain zone, the vector corresponding 
to that zone in the beamspace is used as the transmitting precoding vector to ensure the 
orthogonality among multiple transmitting beams.

From the perspective of the phase shifter group [6, 17] the so-called beamspace [9], 
that is, the DFT matrix column space formed by a set of orthogonal steering vectors 
constructed by taking values of uniform quantization points in the range of one phase 
period [0, 2π) as the phase difference β of adjacent elements in the array. For a uniformly 
spaced linear array consisting of M elements, let β i = 2π i/M, i ∈ {0, 1, . . . ,M − 1} such 
that a(β i)Ha(β j) = 0, ∀i �= j , where a(β ,M) = 1√

M
[1, e−jβ , . . . , e−j(M−1)β ]T is the steer-

ing vector. And for a Mx ×My-dimensional rectangular planar array, with one of its ver-
tices as the origin and making the x-axis and y-axis extend through the two sides of the 
antenna array respectively to establish the coordinate system, its steering vector may be 
expressed as a(βx,βy) = a(βx,Mx)⊗ a(βy,My) [15], where βx and βy are the emission 
phase difference between adjacent elements along the x-axis and y-axis of the antenna 
array, respectively. By the nature of the matrix Kronecker product 
(A ⊗ B)(C⊗D) = (AC)⊗ (BD) , we have 
(a(β i

x ,Mx)⊗ a(β l
y ,My))

H (a(β
j
x ,Mx)⊗ a(βk

y ,My)) = (a(β i
x ,Mx)

H
a(β

j
x ,Mx))⊗ (a(β l

y ,My)
H
a(βk

y ,My)) = 0 , ∀i �= j 
or l  = k , which means the beamspace of the two-dimensional planar array can be con-
structed by following the way of the steering vector in the beamspace of the linear array.

As shown in Fig. 1, the phase difference [17] between its adjacent array elements along 
the x-axis and y-axis can be obtained when the transmitting main beam direction of a 
subarray is (φm, θm) , namely

It can be seen that (9) and (10) also establish the connection between the beamspace and 
the main beam direction for the planar array.

Consider the main beam in the right half of Fig. 1 which is active only in the first quad-
rant, with φm, θm ∈ [0,π/2] in this case. Assume that the elevation angle θm of the main 

(7)SINRi =
ρi|hHi bi|2

∑

l∈N i
u
ρl |hHi bl |2 + σ 2

i

.

(8)R =
∑

i∈N ′
u

log2(1+ SINRi) bits/s/Hz,

(9)βx = kdx cosφm sin θm,

(10)βy = kdy sin φm sin θm.
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beam at the center frequency is chosen in the interval [0, θmax
m ] and the elevation angle in 

the range [0,π/2] can be covered by the chosen frequency. Substituting θmax
m  into (9) and 

(10) yields the corresponding βx and βy selection ranges of both [0,π sin θmax
m ] , the cor-

responding set of available vectors in this beamspace is

where Mx =
{

0, 1, . . . ,
⌊
π sin θmax

m
2π/Mx

⌋}

andMy =
{

0, 1, . . . ,
⌊
π sin θmax

m
2π/My

⌋}

 . When 

card(Mx) > 1 , the phase difference of adjacent elements along the x-axis can be divided 
as

Similarly, the phase difference division of adjacent array elements along the y-axis can be 
obtained by rewriting Mx in (12) as My , namely

(12) and (13) jointly present an interval division of the two-dimensional continuous 
beam domain. In addition, β i

x + β l
y ≤

√
2π sin θmax

m  and θcard(My)i+l
m ≤ θmax

m  in (11) are 
the restrictions on the effective range of the beam interval obtained by summing up (9) 
and (10) as well as the maximum elevation angle of the main beam at the center fre-
quency, respectively. The AoD of the actual LoS channel path is mapped to a certain 
zone in the beam domain by (12) and (13), and the codebook corresponding to this zone 
in (11) is taken as the precoding vector, which is the beamspace codebook-based precod-
ing method we adopt.

2.3  The effect of subarray on orthogonality in beamspace

Assuming that the adjacent elements of a planar array composed of multi-subarray all 
maintain a half-wavelength spacing corresponding to the center frequency, in order to 
investigate the orthogonality of the beams between the subarrays, from the perspective 
of a large array it may be useful to rewrite the steering beam vector of the k-th subarray 
as

Then the following two equations are valid, namely

(11)
B = {bcard(My)i+l = a(β i

x,Mx)⊗ a(β l
y,My) :

β i
x + β l

y ≤
√
2π sin θmax

m , θ
card(My)i+l
m ≤ θmax

m ,

β i
x = 2iπ/Mx,β

l
y = 2lπ/My, i ∈ Mx, l ∈ My},

(12)







[0,π/Mx), i = 0,

[ 2π
Mx

(

�
Mx

2

�

− 0.5),π sin θmax
m ], i =

�
π sin θmax

m

2π/Mx

�

,

[ 2π
Mx

(i − 0.5), 2π
Mx

(i + 0.5)), i ∈ {1, . . . ,
�
π sin θmax

m

2π/Mx

�

− 1}.

(13)







[0,π/My), l = 0,

[ 2πMy
(

�
My

2

�

− 0.5),π sin θmax
m ], l =

�
π sin θmax

m
2π/My

�

,

[ 2πMy
(l − 0.5), 2πMy

(l + 0.5)), l ∈ {1, . . . ,
�
π sin θmax

m
2π/My

�

− 1}.

(14)
ak(β

i
x,β

j
y) = [ 0, . . . , 0

︸ ︷︷ ︸

Msub×(k−1)

, a(β i
x,β

j
y)

T , 0, . . . , 0
︸ ︷︷ ︸

Msub×(Nsub−k)

]T .
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and

When each subarray precoding vector is selected from the beamspace shown in (11), 
(15) guarantees the orthogonality of the transmitted beams between subarrays, (16) 
guarantees the orthogonality between different beam vectors of the same subarray. 
Therefore, the orthogonality of the precoding vectors between subarrays and the orthog-
onality of multiple transmitted beams within the same subarray can be guaranteed when 
the same beamspace codebook is used for the precoding vectors of all subarrays.

2.4  The effect of phase shifter quantization on beamspace

For a linear array, the matrix composed of the phase shift vectors in its beamspace is 
actually a DFT matrix, so all the elements in it can be written in the form of a rota-
tion factor power. And when all phase shifters in the phase shifter group of the antenna 
array are Q bits uniformly quantized, let its individual quantized phase shift cells 
and the rotation factor have the same phase shift value as βcell = 2π/M , so accord-
ing to the steering vector formula of the linear array and β i = iβcell , when satisfy-
ing 2Qβcell ≥ (M − 1)β(M−1) , that is, 2Q ≥ (M − 1)2 , all the beams in the beamspace 
codebook can be emitted, at which time the minimum number of quantized bits is 
Qmin = 2⌈log2(M − 1)⌉.

For a planar array whose phase shifter group also adopts the above quantization, 
according to Eq. (37) in [6], it needs to satisfy (Mx − 1)β i

x + (My − 1)β l
y ≤ 2Qβcell when 

transmitting the beam through the beamspace in (11), therefore leading to

Since the steering beams in the beamspace matrix can all be represented by a group of 
uniformly quantized phase shifters, we can realize the beamspace vector of the antenna 
array when the phase shifter group is unquantized by a uniformly quantized phase 
shifter group and its maximum transmit elevation angle is no greater than θmax

m  once 
(17) is satisfied.

3  User grouping based on collaborative subarrays of squint beams
In this section, we will first discuss the interval partitioning problem of squint beams at 
vertical angles with a subarray as an example, and apply this partitioning method to the 
optimization problem of maximizing the total number of users served by multi-subarray, 

(15)

ak(β
i
x,β

j
y)

H
as(β

m
x ,βn

y ) = 0,

k , s ∈ Nsub and k �= s,

i,m ∈ Mx,

j, n ∈ My,

(16)

ak(β
i
x,β

j
y)

H
ak(β

m
x ,βn

y ) = 0,

k ∈ Nsub,

i,m ∈ Mx,

j, n ∈ My,

i �= j or m �= n.

(17)Qmin =
⌈
log2[(Mx − 1)(card(Mx)− 1)+ (My − 1)(card(My)− 1)]

⌉
.
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after which we will give a suboptimal algorithm implementation of this optimization 
problem.

3.1  Squint user grouping method based on a single subarray

When this planar subarray transmits steering beams, once the main direction (φi, θi) of 
the steering beam at its center frequency is determined, the horizontal azimuth of its 
squint beam remains constant [6]. For better utilizing squint beams, the angular divi-
sion grouping approach [7] can be performed according to the elevation HPBW �i

h at 
the center frequency in the transmitting vertical azimuthal range [0,π/2] . Assuming 
that (φi, θi) is the center of the grouping Zonei0 , and the other groupings are divided into 
intervals according to Zonei0 increasing or decreasing θ ih (except for the edge groupings), 
this squint grouping method can be expressed as

where Kmin
i = −

⌈

θi
�i

h

⌉

 , Kmax
i =

⌊

π/2−θi

�i
h

⌋

,

where Ki = {Kmin
i + 1,Kmin

i + 2, . . . ,Kmax
i − 1}.

Equations (18) and (19) denote the group division of the elevation space [0,π/2] cor-
responding to the i-th subarray when its transmitting main beam elevation angle is 
θi , i ∈ Nsub . Assume that each group Zoneik in (19) can have at most one transmitting 
squint beam, and each squint beam serves one UE whose horizontal azimuth AoD of its 
channel path is within the HPBW of the beam corresponding to the center frequency. 
After the horizontal azimuth angle φi of the transmitting steering beam of the subarray 
is determined, the number of users that can be served simultaneously by the subarray 
is further increased by adjusting the horizontal azimuth angle θi to change its angular 
interval division.

When the LoS path of any UE l ( l ∈ Nu ) is in Zonei , namely, the AoD (φl
m, θ

l
m) of the 

path satisfies |φl
m − φi| ≤ � i

h/2 , we can obtain the group number where the path is 
located immediately, with2

To facilitate the representation, let zik = k − Kmin
i + 1 , 

∀k ∈ {Kmin
i ,Kmin

i + 1,Kmin
i + 2, . . . ,Kmax

i } such that zik ∈ Zi = {1, 2, . . . ,Zi} , where 
Zi = Kmax

i − Kmin
i + 1.

(18)Zonei =
Kmax
i⋃

k=Kmin
i

Zoneik ,

(19)Zoneik =







[0, θi + (k + 0.5)�i
h), k = Kmin

i ,

[θi + (k − 0.5)�i
h, θi + (k + 0.5)�i

h), k ∈ Ki,

[θi + (k − 0.5)�i
h,π/2], k = Kmax

i ,

(20)k =
⌊

(θ lm − θi + 0.5�i
h)/�

i
h

⌋

.

2 Similar method of group numbering is used in Sect.  3.1 of [7], however, there is an error in the description of 
‘ θ ts ∈ [θ tnew − i�h/2, θ

t
new + i�h/2] ’ in step 5 of its corresponding algorithm  1, which should be corrected to 

‘ θ ts ∈ [θ tnew + (i − 0.5)�h , θ
t
new + (i + 0.5)�h]’.
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In the downlink Los path scenario, the horizontal azimuth of all squint beams of a 
certain subarray is kept the same, and the subarray is grouped in the vertical elevation 
angle range by the vertical HPBW of the main beam only. When φi is determined, the 
grouping of the subarray in the vertical angle of the transmit beam can be changed by 
adjusting the vertical elevation angle θi of this subarray’s main beam. In this case, the 
problem of maximizing the number of UEs served by this subarray is

where Gi is a Nu × Zi-dimensional matrix whose individual elements take values in 
{0, 1} , and [Gi]nu,zik = 1 denotes the channel path of the UE nu present in the k-th group-
ing in the elevation angle division interval of this subarray. And ui is the Zi-dimensional 
indicator vector, whose zik-th element is [ui]zik =� [Gi]:,zik �0 , indicating the number of 
UE channel paths existing in the corresponding angle interval k, which also indicates the 
number of UEs existing in that angle interval in a single path channel scenario. Since it 
is assumed that each interval can serve at most one user, in this case ‖ ui ‖0 indicates the 
number of UEs that can be served simultaneously by this subarray.

3.2  User grouping based on subarray collaboration: maximizing the number of UEs served

The subarrays select vectors in the beamspace determined by (11) as the precoding 
vectors of the steering beams at the center frequency to ensure the orthogonality 
among multiple transmit beams, and multiplex the array response of each subarray by 
squint beams, thus also ensuring the orthogonality among possible co-channel squint 
steering beams of multi-subarray.

Since there are Nsub subarrays at the BS side, to maximize the number of UEs served 
in the system, it is necessary to find Nsub zones such that the sum of the number of 
groups of existing users in these zones is maximized, namely 

 where the meaning of [ui]zik in (22b) is consistent with the corresponding description in 
problem (21), and BAoD in (22c) is the set of the main beam directions corresponding to 
the steering beam vectors in the planar array beamspace, denoted as

(21)

max
θi

� ui �0,

s.t. [ui]zik =� [Gi]:,zik �0, zik ∈ Zi,

0 ≤ θi ≤ π/2,

(22a)max
φi ,θi , i∈Nsub

∑

i∈Nsub

� ui �0,

(22b)s.t. [ui]zik =� [Gi]:,zik �0, i ∈ Nsub, zik ∈ Zi,

(22c)(φi, θi) ∈ BAoD, i ∈ Nsub,

(22d)|φi − φj| ≥ (� i
h +�

j
h)/2, i �= j, i, j ∈ Nsub,
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And (22d) makes the set of UEs served by each subarray through squint beams dis-
joint by restricting the horizontal angular spacing of the main beams of any two sub-
arrays i and j to be greater than the horizontal HPBW of these two beams, that is, 
|φi − φj| > (� i

h +�
j
h)/2.

3.3  User grouping based on subarray collaboration: a suboptimal algorithm 

implementation

Algorithm 1 provides a suboptimal algorithmic implementation of the optimal squint 
user grouping problem based on the beamspace codebook of the subarray shown in 
(22).

In the step 2, the main direction of the transmitting beam is selected in the beam-
space for each subarray in turn by iteration.

In the step 3, the beam vectors within the HPBW of the horizontal azimuth of 
the steering beam already selected by the previous subarrays are excluded from the 
beamspace in each iteration, and this new beamspace is taken as the set of selectable 
beam vectors.

In the step 4, firstly, the number of users that can be served in each beam direc-
tion in the beamspace of this subarray is found, and one of the beam directions with 
the largest number of serving users is picked randomly as the main direction at the 
center frequency of the subarray, obtaining the phase differences β i

x and β i
y of adjacent 

elements along the x-axis and y-axis, respectively. After that, the users to be served 
are selected in the horizontal azimuth HPBW range of this beam, and these users are 
grouped in the elevation direction by the squint grouping method in the Sect. 3.1. If 
more than one user exists in a group, the user with the strongest channel path coef-
ficient is selected for service. The elevation angle of the squint main beam can be cho-
sen to coincide with the elevation angle of the channel path AoD of the serving users 
by selecting the appropriate frequency. When both β i

x and β i
y are of non-zero value, its 

operating frequency can be obtained according to Eq. (31) in [6] as

(23)
BAoD = {(φcard(My)i+l

m , θ
card(My)i+l
m ) :

β i
x + β l

y ≤
√
2π sin θmax

m , θ
card(My)i+l
m ≤ θmax

m ,

β i
x = 2iπ/Mx,β

l
y = 2lπ/My, i ∈ Mx, l ∈ My}.
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In the step 5, the set of beam directions within the horizontal azimuthal HPBW of the 
selected beam in the beamspace is obtained, in preparation for finding the set of avail-
able beam directions in the beamspace of subarray in the step 2 of the next iteration. 
Once this set is empty, subsequent subarrays are not activated after this iteration.

4  Results and discussion
The simulation in this section is based on a single-cell downlink wideband scenario with 
the center operating frequency at 45 GHz and the frequency range of the squint beam 
from 22.5 to 67.5 GHz. The BS side is equipped with 20 subarrays whose maximum ele-
vation angle at the center frequency is set to π/3 . There are Nsub single antenna UEs in 
the system, and their respective LoS paths all exist with the horizontal azimuth and ver-
tical elevation angles obeying uniform distribution in the range of [0,π/2] . The distance 
between each UE and the BS is randomly taken in the range of 10 to 100 meters, and 
the phase ψi of the channel coefficients is randomly taken in the range of [0, 2π ] . Both 
the user signal and the noise at the receiver side obey CN (0, 1) distribution. Since it is a 
LoS scenario, the ρi

σi
 of each user is set to be kept at 40 dB. Finally, all results are reported 

for averaged over 5000 random channel realizations. Unless otherwise mentioned, these 
parameters are used for the experiments.

Figures 2, 3, and 4 compare the performance of the number of users served, the num-
ber of subarrays used, and the system sum rate performance of Algorithm  1 with the 
exhaustive method for systems with the subarray antenna configurations of 10× 10 , 
15× 15 , 20× 20 , and 25× 25 , respectively.

(24)fk =
fc

√

β i
x
2 + β i

y
2

π sin(θkm)
.
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In Fig.  2 for various antenna configurations, the performance of the number of 
UEs served by Algorithm 1 is closer to the optimal number of UEs served by the sys-
tem obtained by the exhaustive method. In addition, as the total number of users 
in the system increases, the configuration with fewer subarray antennas tends to be 
smoother first, which is caused by the smaller number of subarray antennas with a 

0 20 40 60 80 100 120 140 160 180 200

Number of users in the system

0

2

4

6

8

10

12

14

16

18

N
um

be
r o

f a
ct

iv
at

ed
 s

ub
ar

ra
y

Msub=25 25,Exhaustive search

Msub=25 25,Algorithm 1

Msub=20 20,Exhaustive search

Msub=20 20,Algorithm 1

Msub=15 15,Exhaustive search

Msub=15 15,Algorithm 1

Msub=10 10,Exhaustive search

Msub=10 10,Algorithm 1

Fig. 3 Comparison of the number of active subarrays in the system

0 20 40 60 80 100 120 140 160 180 200

Number of users in the system

0

10

20

30

40

50

60

70

80

90

S
um

 ra
te

 o
f t

he
 s

ys
te

m
 (b

its
/s

/H
z)

Msub=25 25,Exhaustive search

Msub=25 25,Algorithm 1

Msub=20 20,Exhaustive search

Msub=20 20,Algorithm 1

Msub=15 15,Exhaustive search

Msub=15 15,Algorithm 1

Msub=10 10,Exhaustive search

Msub=10 10,Algorithm 1

Fig. 4 Comparison of sum rates in the system



Page 13 of 14Pan et al. EURASIP Journal on Advances in Signal Processing          (2022) 2022:2  

wider HPBW in the elevation direction of the main beam resulting in a smaller num-
ber of elevation groups.

In Fig. 3, the number of subarrays collaborating in both Algorithm 1 and the exhaus-
tive method under the same subarray configuration gradually tends to smooth out with 
the increase of the number of UEs in the system, and the number of subarrays working 
concurrently is less when the number of subarray antennas tends to smooth out in the 
configuration with fewer subarrays, which is because the horizontal HPBW of the main 
beam is wider when the number of subarray antennas is smaller. Besides, the number of 
working subarrays of Algorithm 1 is slightly lower than that of the exhaustive method, 
with no more than one subarray in most scenarios. Moreover, it is worth noting that the 
curve of Algorithm 1 has a slight decreasing trend after leveling off as the number of UEs 
in the system increases when the subarray configuration is 10× 10 . The reason for this 
phenomenon is that, on the one hand, the number of beamspace zones is smaller when 
the number of subarray antennas is small, and the selection order of different zones of 
Algorithm 1 has a greater impact on the number of activated subarray due to the larger 
horizontal HPBW range, and on the other hand, as the number of UEs in the system 
increases, there are more UEs in the squint groups of each beamspace zone, and since 
Algorithm 1 first selects beams randomly in the set of optimal zones, which amplifies the 
effect of the randomness in the selection of zones by subarrays.

In Fig. 4, the sum rate performance of both Algorithm 1 and the exhaustive method 
increases with the number of UEs in the system, and the sum rate increases with more 
antennas in the subarray. Also, the sum rate performance of the system with Algorithm 1 
is lower than that with the exhaustive method and stays within a certain interval, which 
is smaller with fewer subarray antennas.

Since the algorithmic complexity of the exhaustive method is O(card(B)Nsub) , and 
Algorithm 1 with a complexity of only O(Nsub) obtains a performance closer to it, and 
therefore is a comparatively desirable suboptimal algorithm.

5  Conclusion
To further enhance the number of UEs served by the wideband planar array squint 
multi-beam at the BS end and to expand the departure angle range of the serviceable 
user path, a beamspace squint user grouping scheme based on the collaboration of sub-
arrays is investigated in the LoS multi-user downlink scenario with multi-subarray at the 
BS end. First, we give the beamspace partitioning at the center frequency and prove that 
the uniform quantization of the wideband ideal phase shifter and the precoding scheme 
based on the beamspace codebook are compatible. Then, we give the way of squint user 
grouping in the elevation direction, propose the problem of maximizing the number of 
served squint users in the system based on the beamspace codebook of the collabora-
tive subarrays, and give a suboptimal algorithm by gradually shrinking the set of service-
able beams in the beamspace codebook. Finally, we verify the feasibility of the proposed 
user grouping method with multi-subarray collaboration and the performance of the 
proposed suboptimal algorithm by simulation experiments. It is worth mentioning that 
the squint user grouping method and the suboptimal algorithm proposed in this paper 
are also very suitable for systems equipped with fully connected hybrid analog-digital 
transceivers.
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