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ABSTRACT The millimeter wave (mmWave) based full-dimensional (FD) MIMO communication is one
of the promising technology to fulfill the demand of high data rate for the sixth generation (6G) services
including 6D hologram, haptic and multi-sensory communications. In order to satisfy the requirements
of 6G applications, we investigate a non-uniform rectangular array (NURA) structure with FD-MIMO
antenna systems for the multiuser mmWave communications. For the dense scenarios where the number
of users to be served is high, we propose user selection algorithms for both digital and hybrid transceiver
designs in FD-MIMO with NURA for the multiuser mmWave communications. For the digital transceivers,
the users are selected based on their channel correlation considering FD-MIMO with NURA structures. For
the hybrid transceivers, sequential user and beam selection is performed using the correlation between the
beamspace channels in FD-MIMO with NURA case. The superiority of the NURA compared to uniform
antenna structure is shown through the performance evaluations in the multiuser mmWave communications.
Besides, the sum data rate results and complexity analysis denote the feasibility of the proposed algorithms
compared to the joint user and beam selection schemes.

INDEX TERMS Full dimensional MIMO, millimeter wave, non-uniform rectangular array, user selection.

I. INTRODUCTION
For the next generation of wireless networks, millimeter
wave (mmWave) communication has drawn great interest to
respond to the need for ever-increasing data traffic. From
indoor hotspots to the Internet of Vehicles, mmWave com-
munication has a wide range of applications in the next
generation networks [1]–[3]. On the other hand, full dimen-
sional MIMO (FD-MIMO) provides a practical solution
to the space limitation issue in massive MIMO systems.
So, mmWave communication can be combined with the
concept of FD-MIMO which utilizes uniform rectangular
array (URA) instead of uniform linear arrays (ULA). Thus,
mmWave based FD-MIMO systems can meet the demands
of sixth generation (6G) services such as 6D hologram, haptic
and multi-sensory communications.

In fact, FD-MIMO realizes three dimensional (3D) spatial
channel based on the Kronecker product and enables 3D
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beamforming achievable, which corresponds to simultane-
ous beamforming in azimuth and elevation domains [4], [5].
On the other hand, in the mmWave communication,
the FD-MIMO with URA is less spectrum efficient than the
MIMO with ULA having the same number of antenna ele-
ments due to the low resolution in the elevation domain [6].
In order to enhance the spectral efficiency in FD-MIMO
systems, non-uniform rectangular array (NURA) structure
which has a non-uniform antenna distribution in the eleva-
tion domain has been presented in [7]. Non-uniform spac-
ing which can be greater than half wavelength between the
antenna elements reduces the channel correlation in the mul-
tiuser systems. Therefore, the performance of the downlink
multiuser system can be enhanced by utilizing NURA at the
base station (BS). For the mmWave communication systems,
the NURA configuration has been examined in [8] by consid-
ering only the channel estimation aspects.

For a multiuser system, the BS may not serve a large
number of users simultaneously due to the hardware limita-
tions. Thus, the users are selected to be served in the same
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frequency-time resource block. In this case, the user selec-
tion method in which all the combinations of user subsets
are investigated gives the best performance. However, this
method involves excessive computational load especially for
a large number of users in dense scenarios which could be the
most applicable case for 6G systems. In order to avoid such
an exhaustive search, in the literature, the suboptimal algo-
rithms have been presented for sub-6 GHz communications
systems in [9]. For the downlink mmWave communication,
the user selection algorithms, which are based on the channel
gains and the angle of departure information of the users,
have been presented in [10]. Moreover, [11] has presented
a user selection method based on the semi-orthogonality
for the uplink multiuser transmission in mmWave wireless
LAN (WLAN), and [12] has examined a chordal distance
based uplink user selection scheme utilizing only the angle
of arrival information when the hybrid beamformer uses low-
resolution analog-to-digital converters. On the other hand,
[13] and [14] have considered the user selection schemes
for downlink mmWave multiuser MIMO systems. However,
[13] has employed the phased-zero-forcing hybrid precoder
to determine the analog precoding gain whereas [14] has
utilized Discrete Fourier Transform (DFT) codebooks for the
analog precoder and combiner.

In the literature, only-beam selection algorithms for
mmWave communication have also been examined
in [15]–[18]. The authors of [15] have represented the max-
imum magnitude (MM) beam selection method. In the
simplest manner, the MM method allocates a beam whose
magnitude is greater than the magnitudes of other possible
beams for a user. Although theMMmethod offers a low com-
plexity beam selection, it neglects the multiuser interference
that considerably restricts the system performance. In the
mmWave propagation, the channel will be highly correlated
when the users are nearly located. Therefore, theMMmethod
assigns the same beam for the users whose channels are
highly correlated. Also, assigning the same beam results in
a misuse of RF chains, which is impractical. On the other
hand, [16]–[18] have represented more complicated beam
selection algorithms to address the multiuser interference
problem in the MM method. The authors of [16] have intro-
duced multiple algorithms based on the maximization of the
signal-to-interference-plus-noise-ratio (SINR) and the capac-
ity. In addition, Gao et al. have represented the interference
aware (IA) beam selection in [17]. In two stages, the IA
method classifies the users by considering the multiuser
interferences and selects the beams based on the maximiza-
tion of the sum data rate. Eventually, two algorithms have
been presented in [18] as the heuristic greedy beam selection
and the Kuhn-Munkres algorithm based beam selection.
In this work, we propose a greedy based approach for the
beam selection by considering the multiuser interference
problem. So, the proposed beam selection classifies the
users as the interfering users and the non-interfering users
at each iteration. Then, the algorithm greedily selects the
beams.

Furthermore, user selection issue in the mmWave hybrid
transceiver has been considered as a joint user and beam
selection problem in [19]–[23]. It has been formulated as a
non-convex combinatorial optimization problem in [19]–[21]
for fully connected hybrid beamforming architecture at the
BS. Fully connected architecture connects each RF chain to
the antenna array via analog phase shifters. On the other
hand, Jiang et al. [22] have formulated the problem based
on the Lyapunov-drift optimization for beam-based massive
MIMO downlinks utilizing the lens array. Also, the prob-
lem has been recently solved in [23] through the suboptimal
algorithms for the lens array assisted hybrid beamforming
architecture. Lens array transforms the spatial domain into
the beamspace domain and exploits the sparse structure of
the channel. Therefore, there is no need to use phase shifters
to concentrate the beams on the desired directions. Since this
is advantageous in terms of the hardware cost, in this work,
we utilize beam-based or beamspace massive MIMO archi-
tecture for the hybrid transceiver. For the user selection issue,
the implementation of joint user and beam selection algo-
rithms in the mentioned references becomes more complex,
particularly for the massive number of users and antennas.
In order to reduce the computational complexity, the user
and beam selection can be applied sequentially instead of
performing them jointly. Since the selection of users and
beams are strongly related to the channel sparsity, we select
the users considering their channel characteristics and then
we choose the proper beams. Since the mmWave propagation
is dominated by the line of sight (LoS) component [24],
the highly correlated users usually select the same beam as
the strongest one in the beamspace. Hence, we eliminate the
highly correlated users to complete the beam selection in few
iterations.

Against the above background, our contributions are sum-
marized as follows.
• In this article, we investigate the NURA technology by
considering user selection algorithms formmWave com-
munication with both digital and hybrid transceivers.
To the best of the authors’ knowledge, this is the first
work of its kind in the area ofmmWave FD-MIMOusing
NURA.

• We adopt the exponent-based method [6] to specify the
spacing between the adjacent antenna elements in the
downlink mmWave communication system. Through
the simulations, we figure out the optimal exponent to
achieve the optimal structured NURA design based on
the sum data rate performance.

• For the digital transceiver in the dense environments,
we propose a decremental user selection algorithm based
on the correlation through an iterative elimination pro-
cess. We also demonstrate that the proposed algorithm
improves the sum data rate performance by eliminating
highly correlated users in the FD-MIMO with NURA
design.

• For the hybrid transceiver, we further study the
beamspaceMIMO concept for the NURA configuration.
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Apart from the existing studies in the literature, we pro-
pose a sequential user and beam selection algorithm
based on the channel norm and the correlation. We indi-
cate that the sum data rate performance of the pro-
posed algorithm approaches the performance of the
joint beam and user selection (JBUS) algorithm in [23]
while providing substantially lower computational
complexity.

The performance results are provided in the mmWave
FD-MIMO for URA and NURA structures in both digital and
hybrid transceivers. We believe that our work will act as a
stepping stone for the upcoming research in the area of the
user selection for NURA technology.

Notation:Matrices and vectors are denoted by upper-case
and lower-case boldface letters, respectively. (.)−1, (.)T , (.)H ,
‖.‖, |.|, tr(.), and E{.} represent the inversion, transpose,
conjugate transpose, vector norm, absolute value, trace, and
expectation operations, respectively. Card(.) denotes the car-
dinality of a set, ∪ and \ represent the union and differ-
ence operations for sets, respectively. The field of complex
numbers is notated by C and 0n is an n × n dimensional
zero matrix. In addition, CN (0, σ 2) denotes the complex
Gaussian random variable with zero mean and variance σ 2,
and U(a, b) denotes the discrete uniform distribution on the
interval [a, b]. On the other hand, O(.) is the big-O notation
for the complexity analysis.

II. SYSTEM MODEL
In this article, a downlink mmWave communication system
based on FD-MIMO with K single-antenna users is consid-
ered while Ku users are selected to establish transmission.
The BS is equipped with Ne × Na dimensional rectangular
array havingNe antenna elements in elevation andNa antenna
elements in azimuth domains, and NRF ≥ Ku radio frequency
(RF) chains. For the sake of simplicity, it is assumed that the
channel state information is perfectly available for all users
at the BS.

A. CHANNEL MODEL
The 3D spatial channel defined in [7] has been described
for a multipath channel. However, the LoS component of
the propagation, which prevails against the multipath compo-
nents in mmWave communication, is not taken into account
in that model. Assuming that the LoS path exists for all users,
the channel matrix of k th user can be given by

Hk = β
(0)
k e(0)k ⊗ a(0)k +

Np∑
p=1

β
(p)
k e(p)k ⊗ a(p)k , (1)

where Np is the number of paths, β(0)k and β(p)k are complex
channel gains of the LoS path and the pth path, respectively.
The channel matrix Hk ∈ CNe×Na is related with the Kro-
necker product of the array steering vectors of the elevation
e(0)k ∈ CNe×1 and the azimuth a(0)k ∈ C1×Na for the LoS path,
and the array steering vectors of the elevation e(p)k ∈ CNe×1

and the azimuth a(p)k ∈ C1×Na for the pth path. For describing
the steering vectors, a function which expresses the position
of each element in the array is required. For the elevation
domain, the methods such as exponent-based, exponential,
and tangent-based, which define the inter-element spacing,
are given in [6]. Furthermore, the authors in [6] has shown
that the exponent-based method provides the highest average
spectral efficiency for the static array configuration. There-
fore, we use the exponent-based method that describes the
function gη(m), depending on m, as below

gη(m) = de
(
Ne − 1

)( m
Ne − 1

)η
, (2)

where m = 0, . . . ,Ne − 1 and de = λ/2. This function
can offer a non-uniform antenna distribution in the elevation
domain. However, the function gη=1(m) = mde shows a
linear characteristic just like in the azimuth domain. Thus,
the array will be URA for the case that provides η = 1. The
exponent value of η can substantially affect the performance
of the system. Therefore, we investigate the predetermined
exponent value that gives themaximum sum data rate to reach
the optimal structured NURA design.

In the azimuth domain, the spacing between adjacent
antenna elements is determined by da = λ/2. Therefore,
the position of the elements are predefined and the steering
vector in the azimuth domain can be expressed by

a(p)k =
1
√
Na

[
1, e−j2π

da
λ
θ
(p)
k , . . . , e−j2π

(Na−1)da
λ

θ
(p)
k

]
, (3)

where θ (p)k = sinϑ (p)
k cosϕ(p)k depends on the azimuth angle of

departure (A-AoD) ϑ (p)
k and the elevation angle of departure

(E-AoD) ϕ(p)k for the pth path [4], [25]. The steering vector
in the azimuth domain for the LoS path is computed using
A-AoD ϑ (0)

k and E-AoD ϕ(0)k in (3). By using the positioning
function, the array steering vector in the elevation domain is
described by

e(p)k =
1
√
Ne

[
1, e−j2π

g(1)
λ
φ
(p)
k , . . . , e−j2π

g(Ne−1)
λ

φ
(p)
k

]T
, (4)

where φ(p)k = sinϕ(p)k [6]. However, because of the small
angular spread in the elevation domain, all the paths can
be approached to a single path such that e(p)k ≈ ek , ∀p.
Therefore, the channel defined in (1) can be degraded to [7]

Hk ≈ β
(0)
k e(0)k ⊗ a(0)k + ek ⊗

Np∑
p=1

β
(p)
k a(p)k . (5)

B. DIGITAL TRANSCEIVER
In the digital transceiver illustrated in Fig. 1, each antenna in
the transmitter is connected to a separate RF chain to transmit
the parallel data streams.

For the k th user, the received signal can be given as

rk = hHk x+ nk , (6)
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FIGURE 1. System model of the FD-MIMO for the digital transceiver with NURA.

FIGURE 2. System model of the FD-MIMO for the hybrid transceiver with NURA.

where hk ∈ CNeNa×1 is a vector form of the channel matrix
Hk , namely hk = vec(Hk ), x ∈ CNeNa×1 denotes the vector
of transmitted symbols and nk is the additive white Gaussian
noise (AWGN) modelled by CN (0, σ 2) at the k th user. Thus,
the whole system equation can be written as

r = HWs+ n, (7)

where H = [h1,h2, . . . ,hKu ]
T
∈ CKu×NeNa , the corre-

sponding precoding matrix is denoted by W ∈ CNeNa×Ku ,
s = [s1, s2, . . . , sKu ]

T is the symbol vector for Ku users and
n represents the AWGN vector. For the precoding scheme,
W can be computed directly overH or by vectorizingH such
that h́ = vec(H) where h́ ∈ C1×KuNeNa . The zero forcing (ZF)
precoder matrix is determined by

W = αHH (HHH )−1, (8)

where W = [w1,w2, . . . ,wKu ] and the scaling factor can be
written as

α =

√√√√ 1

tr
((
HHH

)−1) . (9)

Then, the sum data rate is calculated by

R =
Ku∑
k=1

E
{
log2

(
1+

∣∣hHk wk
∣∣2∑Ku

i=1;i 6=k

∣∣hHk wi
∣∣2 + 1/ρ

)}
, (10)

where ρ is the average signal-to-noise ratio (SNR) and the
total transmit power is equally shared among Ku users.

C. HYBRID TRANSCEIVER
In the system utilizing a hybrid beamforming transceiver
shown in Fig. 2, each antenna element is not connected to a
separate RF chain since the number of RF chains is less than
the number of transmit antennas. The transmitter employs
both digital and analog precoders that results in the hybrid
beamforming. By the analog precoder, the antenna or spatial
domain is transformed into the beamspace domain [26].

1) BEAMSPACE CHANNEL
Millimeter wave introduces a quasi-optical propagation by
its nature. Therefore, the scattering capability of the prop-
agation is limited, providing a dominant LoS component.
Accordingly, the mmWave channel exhibits a sparse structure
that makes the transformation into the beamspace domain
inevitable. The beamspace channel is the virtual represen-
tation of the spatial MIMO channel, and the transformation
is realized by the analog beamforming matrix of U. For
the rectangular array, the beamforming matrix is defined as
U = Ue ⊗ Ua [27] such that

Ue =
1
√
Ne

[
1, e−j2πφn , . . . , e−j2πφn(Ne−1)

]
∈ CNe×Ne ,

Ua =
1
√
Na

[
1, e−j2πθn , . . . , e−j2πθn(Na−1)

]
∈ CNa×Na . (11)

The specified directions φn = ie/Ne and θn = ia/Na
are generated by dividing the elevation space into Ne and
the azimuth space into Na where ie ∈ {0, . . . ,Ne − 1} and
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ia∈{0, . . . ,Na−1}. The beamforming matrix U∈CNeNa×NeNa

is a unitary DFT matrix such that UUH
= UHU = I, and it

providesNT = Ne×Na orthogonal beams.When the channel
matrix that includes the channel coefficients of all K users is
described by H̄ ∈ CK×NeNa , the beamspace channel matrix
H̄b can be written via the beamforming matrix as follows

H̄b = H̄U, (12)

where H̄b = [h̄b,1, h̄b,2, . . . , h̄b,K ]T ∈ CK×NeNa . H̄b also
includes the channels of allK users in the beamspace domain.
It may be remarked that the beamspace channel has only a

few non-zero coefficients. Therefore, the sparse nature of the
beamspace channel makes the beam selection feasible with-
out a significant performance loss. In this way, the dimension
of the system can be degraded so that the hardware complex-
ity and the power consumption of the system can be reduced.

III. PROPOSED USER SELECTION ALGORITHMS
In this section, the proposed selection algorithms for both the
digital and the hybrid transceivers are described. For the digi-
tal transceiver, the proposed algorithm utilizes the correlation
information between the users’ channels to maximize the sum
data rate. The non-uniform spacing of the NURA structure
can reduce the channel correlation between the users since
the spacing between two antenna elements in the array can
be greater than the half wavelength [8]. However, it could
not still be zero in the NURA for dense scenarios. Therefore,
our purpose is to select users whose channels are as much
as orthogonal. On the other hand, hybrid transceiver applies
the beamspace transformation to exploit the low dimen-
sional system. The proposed algorithm utilizes the channel
norm primarily and then the channel correlation between
the users to select the beams iteratively in the beamspace
domain.

A. USER SELECTION FOR DIGITAL TRANSCEIVER
In the digital system, the number of antennas and RF chains is
NRF = NT where NT = Ne × Na. On the other hand, the sys-
tem has a higher number of users than the RF chains,
K > NRF in the dense environment. However, the number of
users that can be served by the system is NRF at most, and
Ku ≤ NRF users must be selected while maximizing the sum
data rate. A decremental user selection algorithm is proposed
so that Ku users can be served among K users.

Firstly, we determine the correlation between all K users.
Based on the correlation values, the proposed algorithm elim-
inates (K −Ku) users in (K −Ku) iterations. The rows of the
spatial channel matrix H̄ = [h̄1, h̄2, . . . , h̄K ]T correspond to
the channel vectors of the users. Therefore, the correlation
between ith and jth users is described by

c(i, j) =
|H̄(i, :)H̄(j, :)H |

‖H̄(i, :)‖‖H̄(j, :)‖
. (13)

At each iteration, the proposed algorithm calculates the cor-
relation matrix C whose (i, j)th element Ci,j is equal to c(i, j).
Then, the user pair κ = (κ1, κ2) that has the maximum

correlation value is determined over C. In this pair, the user
that has the lowest channel gain is eliminated to maximize
the sum data rate. Finally, the resulting matrix Ĥ that has a
lower dimension is constituted by ejecting the channel vector
of that user from the channel matrix. The proposed algorithm
is described in Algorithm 1. The number of rows nr , which is
initially equal to K , is redetermined at each iteration, and the
proposed algorithm continues to eliminate a user until there
are Ku users left, meaning that nr in the last iteration is equal
to Ku. The resulting channel matrix can be determined as

Ĥ =
[
H̄(s, :)

]
s∈U

, (14)

where U is the set of remaining users after the elimination,
and Card(U) = Ku.

Algorithm 1 Proposed User Selection Algorithm for Digital
Transceiver
Input: H̄ ∈ CK×NT in
Output: Ĥ ∈ CKu×NT out
1: Initialize Ĥ = H̄, nr = K
2: while nr > Ku do
3: Set C = 0nr
4: for i = 1→ nr do
5: for j = i+ 1→ nr do
6: Ci,j = c(i, j)
7: end for
8: end for
9: Find (κ1, κ2) such that Cκ1,κ2 = max(C)

10: if
∥∥Ĥ(κ1, :)

∥∥ ≤ ∥∥Ĥ(κ2, :)
∥∥ then

11: Eliminate the κ th1 user channel from Ĥ
12: else
13: Eliminate the κ th2 user channel from Ĥ
14: end if
15: [nr , nc] = size

(
Ĥ
)

16: end while

After the selection of Ku users is completed through
Algorithm 1, the ZF precoding is performed as given in (8)
using the Ku×NT dimensional resulting channel matrix of Ĥ.

B. USER SELECTION FOR HYBRID TRANSCEIVER
In the hybrid FD-MIMO system, the number of transmit
antennas is higher than the number of RF chains, and the
number of users is higher than the number of RF chains in a
dense environment as NT > K > NRF. Therefore, the beams
need to be allocated to the selected users. The proposed user
and beam selection algorithm is described in Algorithm 2 in
detail. The algorithm includes two steps sequentially as the
user selection and the beam selection.

In the first part of the proposed algorithm, the channel norm
and the correlation information are utilized to choose the
users to be served. As a result, Ku users are selected through
the beamspace channel where Ku = NRF for the proposed
algorithm. At first, the algorithm computes the beamspace
channel norm for each user, and the user indices are sorted
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Algorithm 2 Proposed User and Beam Selection Algo-
rithm for Hybrid Transceiver

Input: H̄b ∈ CK×NT in
Output: H̃b ∈ CKu×Ku out

Part 1: User selection
1: Determine the channel norms b(k) =

∥∥H̄b(k, :)
∥∥, ∀k

2: Sort users from highest to lowest by b(k)
3: Save the user indices to v in order
4: Set U ← U ∪ {v(1)}
5: Set nr = 1 and ni = 2
6: while nr < Ku do
7: Set U ← U ∪ {v(ni)} and compute nr = Card(U)
8: Constitute Ĥb =

[
H̄b(s, :)

]
s∈U

9: Set Cb = 0nr
10: for i = 1→ nr do
11: for j = i+ 1→ nr do
12: Cbi,j = cb(i, j)
13: end for
14: end for
15: if max(Cb) > ε then
16: U ← U \ {v(ni)} and constitute Ĥb again
17: end if
18: ni← ni + 1
19: Compute nr again
20: end while

Part 2: Beam selection
21: Initialize Kr = {1, . . . ,Ku} and Ks = ∅

22: Initialize Nr = {1, . . . ,NT} and Ns = ∅

23: Initialize T = Ĥb ∈ CKu×NT

24: while Card(Kr ) 6= 0 do
25: Set M(k, n) = |T(k, n)|2, ∀k,∀n.
26: for k = 1→ Card(Kr ) do
27: ξk = arg maxn∈{1,...,Card(Nr )}M(k, n)
28: end for
29: for k = 1→ Card(Kr ) do
30: if ξk 6= ξp then
31: Assign beam ξk to user k
32: Set KNIU← KNIU ∪ {k}, NNIU← NNIU ∪ {ξk}

33: else
34: Set KIU← KIU ∪ {k}
35: end if
36: end for
37: Find the subsets A(l)

ξm
of the set KIU

38: for l = 1→ L do
39: Assign beam ξm to i = arg maxj∈A(l)

ξm
M(j, ξm)

40: Set KIU1 ← KIU1 ∪ {i} and NIU1 ← NIU1 ∪ {ξm}

41: end for
42: Set Ks← Ks ∪KNIU ∪KIU1 and Kr ← Kr \Ks
43: Set Ns← Ns ∪NNIU ∪NIU1 and Nr ← Nr \Ns
44: Set T←

[
T(i, j)

]
i∈Kr ,j∈Nr

45: end while
46: Constitute H̃b =

[
Ĥb(:, n)

]
n∈Ns

according to their channel norm in descending order. The
user that has the highest channel norm is added to the set of
selected users U , first. Then, the algorithm selects the next
user having the second-highest channel norm if the correla-
tion between that user and the first one is less than ε. At each
iteration, the candidate user is handled, and the correlation
matrix Cb is computed over

cb(i, j) =
|Ĥb(i, :)Ĥb(j, :)H |

‖Ĥb(i, :)‖‖Ĥb(j, :)‖
, (15)

where the beamspace channel matrix of the selected users
is Ĥb =

[
H̄b(s, :)

]
s∈U . The algorithm continues until the

number of elements in the set U is equal to Ku.
The second part of the proposed algorithm is the beam

selection. Let define the set of remaining users, remaining
beams, selected users, and selected beams asKr ,Nr ,Ks, and
Ns, respectively. Initially, the set of selected users and beams
have no elements, and the set of remaining users and beams
have all users that are selected before, and all beams. The
algorithm searches the beams iteratively. In each iteration,
the strongest or dominant beams for the remaining users are
found out, ξk for k ∈ Kr . If a beam is the strongest beam of
more than one user, the algorithm adds those users to the set of
interfering users,KIU. But, if a beam is the strongest beam for
only one user, that user is added to the set of non-interfering
users, KNIU, and the corresponding beam is added to the set
of non-interfering users’ beams,NNIU. The algorithm assigns
their strongest beams to the non-interfering users. For the
interfering users, the setKIU is divided into subsets. The sub-
set A(l)

ξm
contains the users sharing the same strongest beam

ξm, and there are L subsets of KIU. In each subset, the user
that has the highest channel gain is investigated to assign the
mentioned beam. Those users are added to the setNIU1 . Then,
the allocated users and beams are ejected from Kr and Nr ,
respectively. For the remaining users, the algorithm follows
the same steps until there is no user left.

The low dimensional system is formed by selecting a few
number of beams such that

H̃b =
[
Ĥb(:, n)

]
n∈Ns

, (16)

whereNs is the set of selected beam indices. Then, the lower
dimensional system representation is given as

r = H̃bW̃bs+ n, (17)

where W̃b ∈ CKu×Ku is the reduced dimensional precoder
matrix which corresponds to H̃b ∈ CKu×Ku .
After the selection of Ku users and Ku beams is completed

throughAlgorithm 2, the ZF precoding is performed as given
in (8) using the Ku×Ku dimensional resulting channel matrix
of H̃b.

IV. COMPLEXITY ANALYSIS
In this section, the computational complexity analyses of the
proposed user selection methods are given to deduce their
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computational efficiency against the benchmarkmethods. For
the digital transceiver, an exhaustive search (ES) method
can find the optimal solution for the sum data rate. Since it
requires to search all possible Ku-element subsets of users
over all K users, the computational complexity of ES in
the digital scheme is given by O(KKu ). As a result, it leads
to an exponentially growing complexity depending on the
total number of users and the number of selected users [11].
On the other hand, Algorithm 1 finds a sub-optimal solution
by eliminating the users based on the correlation. Thismethod
requires the computation of correlation matrix C at each iter-
ation, and the dimension of the matrix changes with respect
to the iteration. Therefore, the complexity of Algorithm 1
is O(NTK 3).
For the hybrid transceiver, the joint user and beam selection

schemes offer complicated frameworks which evaluate the
user-beam pairs from the set of all users and the set of all
beams, jointly. For example, the ES for joint user and beam
selection searches all user-beam combinations to maximize
the sum data rate. Therefore, the complexity of the ES in
the hybrid scheme is determined by O

(∑NRF
Q=1

(K
Q

)(NT
Q

)
Q!
)
.

On the other hand, the Greedy based JBUS algorithm in [23]
finds all beam combinations and searches the users which
maximize the sum data rate for each beam combination. Thus,
Greedy based JBUS offers a sub-optimal scheme with the
complexity O

(∑NRF
Q=1 K

(NT
Q

)
Q
)
.

Conversely, Algorithm 2 applies the user selection and
the beam selection sequentially, not jointly. Therefore, the
complexity of the user and the beam selection parts are
evaluated separately. In the user selection part, the algorithm
computes the beamspace channel norms of all users and the
correlation matrix by adding a new user at each iteration.
Most of the complexity is calculated through the computation
of the correlation matrix. Thus, the complexity of the user
selection part in Algorithm 2 isO(NTK 3

u ). In the beam selec-
tion part, the algorithm finds the beams that are allocated to
the selected users, which are less than K . However, the num-
ber of iterations (line 24) is not definite, unlike the user
selection part. If the total number of iterations is denoted by
Niter , the complexity of the beam selection part can be given

as O
(∑Niter

q=1

{
Card

(
Kq
r
)
.Card

(
N q
r
)
+

L∑
l=1

Card
(
Aq,l
ξm

)})
where Kq

r , N q
r , and Aq,l

ξm
are the set of remaining users,

the set of remaining beams, and the l th subset of the set of
interfering users at the qth iteration, respectively. The number
of iterations strongly affects the complexity of the beam
selection. It depends on the beamspace channel, the number
of selected users, and the user selection scheme. We will give
the numerical results in terms of the number of iterations in
the next section. We infer that the highly correlated users
generally share the same strongest beam in the proposed
beam selection. Since we eliminate the highly correlated
users in the user selection part, we not only improve the
sum data rate performance of the system but also reduce the
number of iterations in the beam selection part. Therefore,

TABLE 1. Simulation parameters.

the computational complexity in the beam selection part is
reduced significantly by the proposed user selection.

V. SIMULATION RESULTS
In this section, we evaluate the sum data rate performance of
NURA based FD-MIMO mmWave systems for both digital
and hybrid transceivers in both sparse and dense scenarios.
The performance evaluations are provided for the digital and
the hybrid transceivers based on the simulation parameters
given in Table 1 [7], [17], [25].

Firstly, the performance of the FD-MIMO with NURA in
the digital transceivers is evaluated for the sparse scenar-
ios where the number of users is less than or equal to the
number of RF chains to provide the optimal NURA designs.
Then, the performance of the user selection algorithm in
the FD-MIMO with NURA using the digital transceivers is
provided for the dense scenarios where the number of users is
much higher than the number of RF chains. Finally, consider-
ing hybrid transceivers, the performance of the proposed user
and beam selection algorithm in the FD-MIMO with NURA
is obtained for the dense scenarios.

A. DIGITAL TRANSCEIVER IN SPARSE ENVIRONMENT
For the sparse environment which has K ≤ NRF = NT,
the performances of URA and NURA configurations with the
same number of antennas in the azimuth and the elevation
domains are evaluated. Also, the sum data rate performances
of rectangular array configurations depending on the expo-
nent η are investigated to conclude the optimal NURA design
for a specific antenna dimension.

To that end, Fig. 3 illustrates the performance of 4 × 4
array antenna with respect to the exponent ηwhen the number
of users K = Ku = 8, 10, 12. The results indicate that
the data rates per user of the NURA configurations with
the exponent 0.15 ≤ η ≤ 2 for K = 8, 0.20 ≤ η ≤ 2 for
K = 10 and 0.25 ≤ η ≤ 2 for K = 12 are greater than
their URA counterpart whose exponents are η = 1 for all
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FIGURE 3. Data rate per user versus η for 4× 4 array at ρ = 30dB for
K = Ku = 8,10,12.

FIGURE 4. Data rate per user results of 4× 4 URA and NURA for η = 0.65
and K = Ku = 8,10,12.

K values. It is remarkable that for the different number of
users, the optimal η value is approximately 0.65. Supporting
nearly stable η value is a significant property of optimized
NURA. Therefore, optimized 4 × 4 NURA configuration is
practicable regardless of the number of users.

In Fig. 4, the performance evaluation is provided for 4× 4
URA and NURA with the different number of users and 16
RF chains. As the number of users K is increased, meaning
that the correlations between the users’ channels are getting
higher, the data rate per user for both URA and NURA
decreases. On the other hand, the data rate difference between
URA and NURA enhances as Ku is increased.
Fig. 5 depicts the data rate per user versus η for 4× 8 and

8 × 4 arrays for K = Ku = 8. The optimum exponent is
nearly 0.55 for 4×8 NURAwhereas it is about 0.75 for 8× 4
NURA structure. For the remaining part of the simulation
results, these optimized exponent values for different antenna
structures are kept.

Fig. 6 illustrates the data rate comparison of the systems
with 4× 8 and 8× 4 array antennas. These systems utilizing
digital beamformers have an equal number of RF chains and
an equal number of users. Also, their optimized η values
obtained from Fig. 5 are used. The data rate results demon-
strate that the optimized 4× 8 NURA configuration provides
the best performance. When the number of antennas in the
elevation domain is greater than that in the azimuth domain,
the performance is degraded since the correlation between the
users is increased.

FIGURE 5. Data rate per user versus η for 4× 8 and 8× 4 arrays at
ρ = 30dB for K = Ku = 8.

FIGURE 6. Data rate per user results of 4× 8 and 8× 4 arrays for
K = Ku = 16.

B. DIGITAL TRANSCEIVER IN DENSE ENVIRONMENT
In the dense environment, the performance of the proposed
user selection algorithm is compared with the user selection
based on the channel norm which selects Ku users having the
highest channel gains.

Fig. 7 demonstrates the sum data rate performance for
different ρ values when the system contains 4× 4 array and
K = 24 users by selectingKu = 16 users which is equal to the
number of RF chains. The proposed algorithm with NURA
provides a 22 bps/Hz higher sum data rate at ρ = 40dB com-
pared to the channel norm based user selection with NURA.
Besides, compared to the URA case, the proposed algorithm
with NURA improves the sum data rate performance with a
percentage of 20%.

Fig. 8 provides the sum data rate results for the proposed
algorithm with different NURA structures when K = 48.
The proposed algorithm selects Ku = 8 users for all cases.
A higher number of antennas employed at the BS supports
greater multiple antenna gain through a higher number of RF
chains. Therefore, 4× 8 and 8× 4 NURA structures provide
higher sum data rates. On the other hand, the correlation
between the user channels is much higher when the number
of antennas in the elevation domain is greater than that in the
azimuth domain. As a result of that, 4 × 8 NURA provides
better performance than 8× 4 in the NURA structures.
Fig. 9 shows the sum data rate with respect to K when Ku

is fixed. The higher number of users in the system, which
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FIGURE 7. Sum data rate comparison of user selection schemes for 4× 4
URA and NURA, K = 24 and Ku = 16.

FIGURE 8. Sum data rate results of the proposed user selection algorithm
with different NURA structures, K = 48, Ku = 8.

FIGURE 9. Sum data rate comparison versus K for 4× 4 NURA and URA,
Ku = 16 and ρ = 30dB.

corresponds to the dense environment, provides better elimi-
nation of highly correlated users with the proposed algorithm.
Therefore, the sum data rate performance of the proposed user
selection is increased.

C. HYBRID TRANSCEIVER IN DENSE ENVIRONMENT
In the dense environment, the performance of the proposed
user and beam selection algorithm is compared with the chan-
nel norm based user selection combined with the proposed
beam selection in Algorithm 2 - Part 2, and the joint user
and beam selection algorithm in [23]. Also, the effect of
the threshold value on the sum data rate of the system is

TABLE 2. Parameters of the simulation environments.

FIGURE 10. Sum data rate comparison of user selection schemes for the
environment 1 and ε = 0.9 in the hybrid transceiver.

investigated. In the performance evaluations, NRF is deter-
mined as half of NT, and K is one and half of NRF. Moreover,
a large number of antennas can be utilized in the hybrid
transceiver from the point of power efficiency and hardware
complexity. Thus, the performance results of 8 × 8 antenna
configurations are provided in this section. Table 2 describes
the simulation environments used in the following perfor-
mance evaluations.

Fig. 10 provides the sum data rate comparison of the pro-
posed user and beam selection algorithm with ε = 0.9
and the channel norm based algorithm in the environment 1.
It illustrates that the proposed user and beam selection algo-
rithmwithNURAconfiguration provides approximately 43%
higher sum data rate compared to the channel norm based
algorithm. Also, the proposed user and beam selection algo-
rithm utilizing NURA achieves significant gain compared to
the same scheme utilizing URA structure.

Fig. 11 and Fig. 12 illustrate the performance compar-
isons of the proposed algorithm for the environment 2 and
3, respectively when the threshold value is determined as
0.9. In environment 2, the proposed algorithm with NURA
achieves the sum data rate nearly two times of the sum
data rate achieved by the channel norm based algorithm
with NURA. Besides, the proposed algorithm with NURA
outperforms its URA counterpart by 5%. In environment 3,
the proposed user and beam selection algorithm provides the
sum data rate by more than 2.5 times of the channel norm
based algorithm through NURA configuration.

Fig. 13 provides the sum data rate of the proposed algo-
rithm with respect to the number of users for 4 × 8 and
8 × 4. It is shown that selecting NRF users from a large
number of users gives more degree of freedom. Therefore,
the sum data rate improves when the number of users is
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FIGURE 11. Sum data rate comparison of user selection schemes for the
environment 2 and ε = 0.9 in the hybrid transceiver.

FIGURE 12. Sum data rate comparison of user selection schemes for the
environment 3 and ε = 0.9 in the hybrid transceiver.

FIGURE 13. Sum data rate versus K for 4× 8 and 8× 4 arrays,
Ku = NRF = 16 in the hybrid transceiver at ρ = 40dB.

increased whereas the proposed algorithm for 4 × 8 NURA
configuration provides the best performance.

To reveal the feasibility of the proposed user and beam
selection, the comparison result with the Greedy based JBUS
algorithm in [23] is provided as the benchmark method for
the beamspace mmWave MIMO system. In Fig. 14, the sum
data rate comparison of the proposed user and beam selection
algorithm and the Greedy based JBUS for the optimized 4×8
NURA configuration is shown. Due to the excessive com-
putational complexity of the Greedy based JBUS algorithm,
it is only demonstrated the sum data rate results when the
number of RF chains is relatively small such as NRF = 4

FIGURE 14. Sum data rate comparison of the proposed algorithm and the
Greedy based JBUS for 4× 8 NURA, Ku = NRF = 4, and ε = 0.9 in the
hybrid transceiver.

considering the different number of users. It is shown that
the Greedy based JBUS can solely provide 4.6% higher sum
data rate than the proposed user and beam selection for both
K = 6 and K = 10 although its huge complexity. On the
other hand, the proposed one completes its beam selection
part in Niter = 1.3 iterations on average.

VI. CONCLUSION
In this work, the user and beam selection has been investi-
gated in themmWave non-uniform FD-MIMO systems utiliz-
ing both fully digital and hybrid analog/digital transceivers.
For the digital transceiver, we have proposed the decremental
user selection algorithm enabling to serve the users through
mmWave non-uniform FD-MIMO in the dense environ-
ment. The performance results have verified that the correla-
tion between the users’ channels degrades the performance.
The proposed user selection based on the correlation has
achieved better performance on the sum data rate. Further-
more, the optimal NURA configuration has been investi-
gated, and it has been demonstrated that the optimized NURA
outperforms its URA counterpart. Besides, we have proposed
the sequential user and beam selection algorithm handling the
non-uniform FD-MIMO with the beamspace MIMO concept
in the hybrid transceiver. The beam selection by exploiting
the sparsity inherent in the beamspace channel has been
applied along with the user selection. The performance eval-
uations have illustrated the gain of the proposed algorithm
with optimized threshold values on the sum data rate under
non-uniformFD-MIMOwith hybrid architectures.Moreover,
the feasibility of the proposed algorithm has been demon-
strated through its achievable sum data rate while requiring
much lower computational complexity compared to the joint
user and beam selection scheme.
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