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ABSTRACT This paper provides a review of user selection algorithms for massive multiple-input multiple-
output (MIMO) systems under the line-of-sight (LoS) propagation model. Although the LoS propagation
is extremely important to some promising technologies, like in millimeter-wave communications, massive
MIMO systems are rarely studied under this propagation model. This paper fills this gap by providing
a comprehensive study encompassing several user selection algorithms, different linear precoders and
simulation setups, and also considers the effect of partial channel state information (CSI). One important
result is the existence of practical cases in which the LoS propagation model may lead to significant
levels of interference among users within a cell; these cases are not satisfactorily addressed by the existing
user selection algorithms. Motivated by this issue, a new user selection algorithm based on inter-channel
interference (ICI) called ICI-based selection (ICIBS) is proposed. Unlike other techniques, the ICIBS
accounts for the ICI in a global manner, thus yielding better results, especially in cases where there are
many users interfering with each other. In such scenarios, simulation results show that when compared
to the competing algorithms, the proposed approach provided an improvement of at least 10.9% in the
maximum throughput and 7.7% in the 95%-probability throughput when half of the users were selected.

INDEX TERMS Massive MIMO, favorable propagation, user selection, line-of-sight channel, inter-channel
interference.

I. INTRODUCTION

MASSIVE multiple-input multiple-output (MIMO)
systems employ a large number of antennas at the

base station (BS), serving users within the same time-
frequency radio resource [1]. Current MIMO systems com-
monly employ up to eight antennas at the BS, whereas
massive MIMO proposals consider using hundreds of anten-
nas [2]. By using a large number of antennas, the small-scale
fading effect can be eliminated through the so-called chan-
nel hardening, resulting in a deterministic scalar channel
model [3]. Furthermore, under favorable propagation (FP)
condition, massive MIMO systems can achieve very high
throughput by using simple linear processing [2]. These

advantages make massive MIMO very attractive for wireless
communication systems.
One of the most critical aspects for the realization of

massive MIMO systems is meeting the FP condition, which
requires the channel vectors to be mutually orthogonal.
However, this condition is rarely met in real propaga-
tion environments. Fortunately, the asymptotically favorable
propagation (AFP) condition is sufficient to guarantee high
throughput by using simple linear processing [2]. This con-
dition is achieved by non-line-of-sight (NLoS) environments
with rich scattering, which can be modeled by an i.i.d.
Rayleigh fading channel [4]. The i.i.d. Rayleigh channel has
the advantage of yielding tractable analytical expressions
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for the achievable rate of massive MIMO systems [5].
However, in practical applications, the propagation channel
is composed of NLoS and line-of-sight (LoS) components.
Studying the extreme cases, i.e., NLoS and LoS, is impor-
tant to have performance bounds since, in practice, we will
have a case lying in-between the LoS and NLoS cases.
Therefore, although massive MIMO systems are frequently
studied under the assumption of i.i.d. Rayleigh channel mod-
els, the LoS channels are also important [6]–[10]. In fact,
the massive MIMO technology is a potential candidate for
use in millimeter-wave (mmWave) bands, where LoS is
the main form of propagation due to the high attenuation
and low penetration of the electromagnetic waves at these
frequencies [11]–[14].
In the LoS propagation environment, the array geometry

and the angle of arrival (AoA) corresponding to each user
determines the channel [15]. This is an example of real prop-
agation environment in which the FP condition may be met,
albeit in several cases this condition does not hold [16]. For
instance, both the FP and AFP conditions are violated when
users are close to each other, i.e., when they have similar
AoAs [6], [7], [17]–[19]. The probability of having close
users tends to increase as the number of users served by a
given BS grows. This proximity of users has major impact
on the spectral efficiency (SE) of massive MIMO systems,
degrading it severely when users have similar AoAs [6]. This
scenario is recurrent in sports and cultural events, where the
number of users in a given region is very high. Dealing with
such crowded scenarios is also important for the Internet of
Things (IoT) since a large number of devices may be con-
nected to the wireless network [20]. Additionally, although
high, the finite number of antennas at the BS limits the
number of transmit beams that can be formed, thus constrain-
ing the number of users that can be served simultaneously.
Therefore, performing user scheduling, which includes user
selection in its core, is of paramount importance for the
proper operation of massive MIMO systems.

A. USER SELECTION IN MASSIVE MIMO SYSTEMS
The SE of massive MIMO systems is directly related to
the signal-to-interference-plus-noise ratio (SINR) associ-
ated with each user. Intuitively, users that cause strong
interference among each other should not be transmitting
simultaneously in order to maximize the overall SINR dur-
ing a time slot. However, selecting users whose transmissions
have the highest SINRs is computationally complex, requir-
ing an exhaustive search across many possible combinations
of users. The goal of this subsection is to provide a litera-
ture review of user selection algorithms suitable to massive
MIMO systems. To this end, not only the user selection algo-
rithms proposed for massive MIMO systems are discussed,
but also other algorithms that work in the conventional
multi-user MIMO (MU-MIMO) setup.
For conventional MU-MIMO systems, the most popular

user selection algorithms are the greedy zero-forcing dirty-
paper algorithm [21], greedy scheduler with equal power

allocation [22], and semi-orthogonal selection (SOS) [23].
While the former ones perform user selection by maximiz-
ing directly the downlink (DL) SE of the system, the latter
selects users in order to yield a subset comprised of the
“most orthogonal” channel vectors. The greedy zero-forcing
dirty-paper and greedy scheduler with equal power allocation
algorithms are based on the dirty paper coding (DPC) [24],
which achieves the capacity of DL MIMO systems with
Gaussian channels [25]. However, the implementation of
DPC is problematic in practical situations due to the high
computational burden, particularly for a large number of
antennas and users [23].
The SOS algorithm, on the other hand, does not suf-

fer from the aforementioned problems and, therefore, has
been widely employed for user selection in massive MIMO
systems. In [26], the SOS algorithm is used along with an
antenna selection algorithm to solve a joint antenna and user
selection problem. In [27], the SOS algorithm is used for
user scheduling in a scenario where the number of anten-
nas is slightly larger than the number of users. Moreover,
a new version of the SOS algorithm, called massive MIMO
pair-wise SOS algorithm is proposed, in which the SOS is
initialized with the full set of users instead of an empty one,
which may lead to reduced complexity when the system has
more antennas than users. In [28], the SOS algorithm is used
to select users in a crowded environment, simulating an IoT
application. Additionally, a new version of the SOS algo-
rithm, called modified SOS (SOS-M) is proposed in which
the SOS operation is no longer limited by the number of
antennas, but by a given number of users to be selected.
Unlike the SOS algorithm, there exist several user selec-

tion solutions aimed directly at the massive MIMO case,
such as the random selection (RS) [29], [30], the delete
the minimum lambda (DML) [31], and the correlation-based
selection (CBS) [7], [32], [33] approaches. The RS approach
is a naive way to perform user selection without optimizing
any performance criterion. The DML is a decremental user
selection algorithm based on zero-forcing (ZF) precoding
and, consequently, it can only be used in cases where the
number of users is smaller than the number of antennas, not
being suitable for applications involving crowded scenarios.
The CBS algorithm, on the other hand, selects users based
on the correlation between pairs of users’ channels, itera-
tively removing those users that strongly interfere with one
another. Hence, the CBS aims to maximize the SINR gain
of a particular user and does not guarantee the best achiev-
able overall SINR gain for the whole system. Other classes
of algorithms that can be used to perform user selection in
massive MIMO are the user grouping algorithms [8], [34],
[35] and recently proposed machine learning-based selec-
tion algorithms [36]. These algorithms separate users into
clusters, serving a reduced number of users per cluster in
the same time-frequency resource in order to decrease the
interference between users within the same cluster. However,
user grouping algorithms are more focused on the precoder
design than on the selection of the users inside the clusters.
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In summary, most of the aforementioned user selection
algorithms depend on particular precoding and/or power
allocation schemes, not being suitable to a wide range of
applications involving massive MIMO systems. Therefore,
in this paper, we focus on the SOS and CBS algorithms as
they require only channel state information (CSI) and are
not constrained to a single precoding scheme.

B. CONTRIBUTIONS
The main goal of this paper is to provide a review of user
selection algorithms for massive MIMO systems under the
LoS channel, a propagation environment of great interest,
albeit poorly studied, with very particular challenges that
can deteriorate the performance of massive MIMO systems,
as explained in this article. Additionally, a new user selection
algorithm based on inter-channel interference (ICI), namely
ICI-based selection (ICIBS), is proposed.1 Unlike the CBS,
the ICIBS accounts for the ICI in a global manner, thus
yielding better results especially when there are many users
interfering with one another. Therefore, this paper essentially
plays the role of a review paper, addressing some existing
gaps for the first time.
The specific contributions of this paper are:
1) Literature review: This paper provides a comprehen-

sive literature review of user selection algorithms for
massive MIMO focusing on two important techniques,
namely, the SOS and CBS algorithms. These algo-
rithms work quite well in the massive MIMO scenario
and require only CSI, thus they are not constrained to
some specific precoding and power allocation schemes.
These two techniques are covered in detail and a thor-
ough analysis of their computational complexity is
provided.

2) New algorithm: This paper proposes a new user selec-
tion algorithm, called ICIBS, which has the same
flexibility of SOS and CBS algorithms. However,
unlike SOS and CBS, the ICIBS is designed to
address those situations in which there are many
users interfering with each other, which yields higher
interference levels. In these cases, a significant advan-
tage of ICIBS over the other algorithms can be
observed. On the other hand, when dealing with lower
interference levels, e.g., when the users were spread
over the cell, the ICIBS performed as good as the
other algorithms. Further, the computational complex-
ity of ICIBS is much lower than that of SOS, and only
slightly higher than that of CBS.

3) Study of massive MIMO under LoS propagation: This
paper also provides a comprehensive study of mas-
sive MIMO systems under LoS propagation, covering
some of the most fundamental aspects of mas-
sive MIMO systems, such as the FP and the SE.

1. A preliminary version of the ICIBS algorithm has been presented
in [37]. Here this preliminary work has been significantly extended to
include a fast implementation, evaluation of its computational complexity,
and an extensive set of analyses and results.

Additionally, the paper shows the main differences
between Rayleigh and LoS propagation models in
terms of FP and extends previous results from the
literature. Furthermore, an extensive set of simulation
results considering several user selection algorithms,
different linear precoders, various setups covering low
and high interference levels, and also the effect of
partial CSI are provided. To the best of our knowl-
edge, there is no other work providing such a detailed
review and study of massive MIMO systems under
LoS propagation model.

C. ORGANIZATION
Section II describes the general DL transmission model for
massive MIMO systems, presents the LoS channel propaga-
tion model, defines the favorable propagation, and presents
the SE for a massive MIMO system under LoS propagation.
Section III presents the main characteristics of the max-
imum ratio transmitter MRT and ZF precoders, whereas
Section IV details the SOS, CBS, and ICIBS user selec-
tion algorithms. In Section V, the complexity of the user
selection algorithms is discussed. In Section VI, simula-
tion results considering many different setups are presented
to compare the performance of the aforementioned user
selection algorithms. The concluding remarks are drawn in
Section VII.

D. NOTATION
Vectors and matrices are represented by boldface lowercase
and uppercase letters, respectively. The notation XT, X∗, XH,
and X−1 stand for transpose, complex conjugate, Hermitian
(conjugate transpose), and inverse operations on X, respec-
tively. Diag(x) is a diagonal matrix with x on its main
diagonal, and span{x1, . . . , xK} is the set of all linear com-
binations of the vectors x1, . . . , xK . The symbols C, R, R+,
Z, and N denote the sets of complex, real, non-negative real,
integer, and natural numbers, respectively. The set C

M×K
denotes all M × K matrices comprised of complex-valued
entries. The symbol IM denotes an M×M identity matrix and
0M×K denotes an M×K zero matrix. The symbol ⊗ stands
for the Kronecker product. The notation abs(X) ∈ C

M×K
represents the element-wise absolute value of the entries
of X ∈ C

M×K , whereas |X | stands for the number of ele-
ments (cardinality) of the set X . The symbols CN (m,C) and
U(a, b) respectively denote a circularly symmetric Gaussian
distribution with mean m and covariance matrix C and a
uniform distribution between a and b. The notations E{x}
and Var{x} stand for the expected value and variance of x,
and x

p−→ y means that x converges to y in probability.

II. SYSTEM MODEL
A. DOWNLINK TRANSMISSION
Consider a single-cell massive MIMO system equipped with
an M-antenna base station that serves K single-antenna users
as illustrated in Fig. 1. For a DL transmission operating in
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FIGURE 1. Massive MIMO system with an M-antenna base station serving K
single-antenna users.

time-division duplex (TDD) mode, the received signal by the
users can be expressed as

y = √
ρGTx + n, (1)

where vector y ∈ C
K×1 contains the signals received by

the K users, ρ ∈ R+ is the DL signal-to-noise ratio
(SNR), G ∈ C

M×K is the massive MIMO channel matrix,
x ∈ C

M×1 is the precoded signal transmitted by the BS,
and n ∼ CN (0K×1, IK) is the additive noise. Due to power
limitations, the precoded signal is constrained by

E
{
xHx

} ≤ 1. (2)

The transmitted signal is digitally precoded (i.e., the num-
ber of radio-frequency chains is equal to the number of
antennas) before the transmission in order to mitigate the
effects of the channel. In massive MIMO, linear precoding
is asymptotically optimal in terms of achievable spectral
efficiency. The linear-precoded signal can be written as

x = WDiag(η)1/2s, (3)

where W ∈ C
M×K is the precoding matrix, whose columns

wk are normalized (i.e., ‖wk‖2 = 1), η ∈ R
K×1+ is the power

allocation vector, and s ∼ CN (0K×1, IK) is the vector of
transmitted symbols.

B. MASSIVE MIMO CHANNEL
The massive MIMO channel can be written as [1]

G = HDiag(β)1/2, (4)

where H ∈ C
M×K is the small-scale fading matrix and

β ∈ R
K×1+ is the large-scale fading vector. For massive

MIMO systems, the most common models for the small-
scale fading are the i.i.d. Rayleigh fading and the uniformly
random line-of-sight (UR-LoS). These two types of chan-
nels model extreme propagation scenarios; for example, the

FIGURE 2. Line-of-sight channel between the k th user and the M-antenna ULA.

UR-LoS models an LoS scenario whereas the i.i.d. Rayleigh
models a NLoS scenario. The former is more suitable for
short-range communications, and the latter is more suited
for long-range communications. In practice, the actual prop-
agation channel is likely to lie in-between these two extreme
cases.
The UR-LoS channel vector with the M-antenna standard

uniform linear array (ULA) illustrated in Fig. 2 is given by2

gk = √βkhk, ∀ k ∈ K, (5)

where hk ∈ C
M×1 is the small-scale fading vector denoted

by [38]

hk = ejφk
[
1 e−jπ sin(θk) · · · e−j(M−1)π sin(θk)

]T
, (6)

φk ∼ U(−π, π) is the phase shift associated with the array
and the kth user, θk ∼ U(−π, π) is the AoA for the kth
user, and K = {1, 2, . . . ,K} is the set of all user indices.

Another popular array used in massive MIMO system is
the uniform rectangular array (URA). This type of array,
in addition to the azimuth angle, can also steer a beam in
the elevation angle. Further, the use of URA enables the
placement of the same number of antennas of ULA in a
smaller area, allowing its use in space-limited scenarios.
The small-scale fading vector for this array is given by [7]

hk = ejφkh(1)k ⊗ h(2)k ∈ C
M1M2×1, (7)

where

h(1)k =
[
1 e−jπ

√
1−ν2

k cos(φk) · · · e−j(M1−1)π
√

1−ν2
k cos(φk)

]T
,

h(2)k =
[
1 e−jπ

√
1−ν2

k sin(φk) · · · e−j(M2−1)π
√

1−ν2
k sin(φk)

]T
,

M1 ∈ N and M2 ∈ N are the number of antennas in x- and
y-axes, φk ∼ U(−π, π) is the elevation angle for the kth
user, and νk = sin(θk).

This paper adopts the ULA as standard for the derivations
due to its mathematical tractability. In practice, however, the
use of ULAs may be limited for some frequency ranges due
to the physical space required to deploy a ULA with so many
antennas. On the other hand, the ULA yields better SE than

2. A standard ULA is an array in which the distance between adjacent
antennas d is equal to half of the signal wavelength λ [38].
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other arrays such as the URA and the uniform circular array
(UCA) in practical scenarios, with and without LoS [16],
[39]–[41]. Moreover, the ULA simplifies the inter-channel
interference model, which plays a fundamental role in user
selection algorithms.
Remark 1: One of the main differences between the i.i.d.

Rayleigh channel and the UR-LoS channel is the1 	2-norm of
their small-scale fading vectors. For the UR-LoS channel,
‖hk‖2

2 = M, for any value of M. However, for the i.i.d.

Rayleigh channel, ‖hk‖2
2

p−→ M, as M −→ ∞, which is the
so-called channel hardening property [3].

C. FAVORABLE PROPAGATION
Intuitively, to maximize the performance of a wireless
communication system from an information-theoretic per-
spective, the massive MIMO channel vectors should be
as different as possible, according to some appropriate
metric. This appropriate metric is the so-called favorable
propagation offered by the channel [6], [42], [43], defined as

hHk hk′ = 0, ∀k, k′ ∈ K, with k 
= k′, (8)

meaning that FP requires the massive MIMO channel vectors
corresponding to different users to be pair-wise orthogonal.
Since there are many cases that violate the FP condition, as
it will be discussed later, it is interesting to measure how
close two channel vectors are from being orthogonal. To do
so, we define

rkk′ = |hHk hk′ |
‖hk‖2‖hk′ ‖2

, (9)

i.e., rkk′ is the magnitude of the channel correlation coeffi-
cient. For the UR-LoS channel, rkk′ is given in Theorem 1.
Theorem 1: The magnitude of the channel correlation

coefficient of a UR-LoS massive MIMO channel is given
by [6]

rkk′ = 1

M

∣∣∣∣∣∣∣

sin
(
M
π

2
(sin θk′ − sin θk)

)

sin
(π

2
(sin θk′ − sin θk)

)

∣∣∣∣∣∣∣
. (10)

From Theorem 1, the UR-LoS channel offers FP when (10)
is equal to zero for all k, k′ ∈ K, with k 
= k′. Thus, the
numerator of (10) must be equal to zero and the denominator
of (10) must be nonzero. The condition for which FP holds
in an LoS channel is given in the following corollary of
Theorem 1.
Corollary 1: The UR-LoS channel offers favorable propa-

gation iff for all k′ ∈ K\{k}, ∃ nk′ ∈ {±1,±2, . . . ,±(M−1)}
such that

θk′ = arcsin

(
sin θk + 2nk′

M

)
, (11)

and all of the following three conditions are satisfied:
1) θk′ 
= θk, ∀k, k′ ∈ K, with k 
= k′;
2) θk′ 
= π − θk, ∀k, k′ ∈ K, with k 
= k′;
3) If θk = ±π/2 for some k ∈ K, then θk′ 
= ∓π/2

∀k′ ∈ K \ {k}.

FIGURE 3. Magnitude of the correlation coefficient for K = 2 and M ∈ {50,100}.

Proof: The proof is given in Appendix A.
Corollary 1 is a more general version of the result provided

in [6], in that we state the exact user positions that lead to
favorable propagation.
Fig. 3 depicts the magnitude of the correlation coeffi-

cient with varying positions for two users, K = 2, for BS
with M = 50 and 100 antennas. As can be observed, the
massive MIMO channel offers favorable propagation or a
moderately favorable propagation for different values of θ1
and θ2. However, due to the geometry of the array the users
have high correlation when they have the same AoA, or when
θ1 = ±π/2 with θ2 = ∓π/2, or when θ2 = −θ1±π . In these
regions, the users have high mutual interference, degrading
the SE performance of the massive MIMO system.
Remark 2: In order to validate Corollary 1, consider two

users, k1 and k2, whose channels are orthogonal to the kth
user, then

θk1 = arcsin

(
sin θk + 2nk1

M

)
, (12)

θk2 = arcsin

(
sin θk + 2nk2

M

)
, (13)

for some nk1, nk2 ∈ {±1, . . . ,±(M − 1)}. The magnitude of
the correlation coefficient between these two users can be
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written as

rk1k2 = 1

M

∣∣∣∣∣∣∣

sin
(
M
π

2

(
sin θk2 − sin θk1

))

sin
(π

2

(
sin θk2 − sin θk1

))

∣∣∣∣∣∣∣
, (14)

as long as the denominator is nonzero, which boils down
to the condition sin θk2 − sin θk1 
∈ {−2, 0, 2}. That means
θk2 
= θk1 , θk2 
= π − θk1 , and if θk1 = ±π/2, then θk2 
=
∓π/2. Note that, based on (12) and (13), the sine function
in the numerator of the correlation coefficient in (14) can
be rewritten as sin(π(nk2 −nk1)), which is always zero. This
result shows that if two different users are orthogonal to a
third one, then they will themselves be orthogonal to one
another if they satisfy Corollary 1.
It is worth highlighting that although the set of possible

values for nk′ is comprised of 2(M − 1) integers, as stated
in Corollary 1, only M − 1 of these values generate a valid
solution. By a valid solution, we mean choices of nk′ that,
simultaneously, yield sin θk + 2nk′/M lying in [−1, 1] and
θk′ satisfying the conditions stated in Corollary 1.
Remark 3: Another important difference between the i.i.d.

Rayleigh and UR-LoS channels lies in the asymptotically
favorable propagation property. The i.i.d. Rayleigh channel
does not offer favorable propagation, only asymptotically
favorable propagation, which is defined as [44]

1

M
hHk hk′

p−→ 0, ∀k, k′ ∈ K, with k 
= k′, (15)

and K � M −→ ∞. The asymptotically favorable propaga-
tion is one of the key factors to enable massive MIMO
systems with linear precoding [44]. In general, UR-LoS
channel can provide more favorable propagation condition
than the i.i.d. Rayleigh channel. However, the UR-LoS chan-
nel model can also provide non favorable channels with a
non negligible probability, especially when users are very
close to each other in the cell. In these cases, employing a
user selection algorithm is of paramount importance for the
SE of the massive MIMO system.
Remark 4: For the the URAs, there is an extra degree

of freedom in addition to the azimuth angle, which is the
elevation angle. This means that URAs can distinguish users
(through their channel vectors exhibiting low correlation
coefficient rkk′) in both azimuth and elevation, whereas ULAs
have only the azimuth, thus cannot distinguish users that have
the same azimuth but different elevations. For a ULA and a
URA with the same number of antennas, the ULA presents
higher resolution in the azimuth coordinate and no resolution
in the elevation coordinate. In comparison with the ULA,
one can think that the URA trades resolution in the azimuth
for resolution in the elevation coordinate/angle.

D. SPECTRAL EFFICIENCY
Having CSI in the BS is critical for the proper operation
of massive MIMO systems. The BS estimates the channel
through an uplink pilot transmission by receiving K signals
related to orthogonal pilot signals of length (in samples)

τp ∈ N sent by the users. Mathematically, the kth user trans-
mits a pilot signal ϕk ∈ C

τp×1, which is the kth column of
a matrix � ∈ C

τp×K that satisfies �H� = IK . Then, the
signal transmitted by the kth user is given by

xp,k = √
τpϕ

H
k , (16)

where τc ≥ τp ≥ K, with τc ∈ N being the coherence time in
samples. Therefore, the signal received by the BS is given by

Yp = √
ρp GXp + Np

= √
ρpτp HDiag(β)1/2�H + Np, (17)

where Xp = √
τp�

H, ρp ∈ R+ is the pilot transmission
SNR, and the entries of Np ∈ C

M×τp are i.i.d. circularly
symmetric Gaussian distributed with zero mean and unitary
variance. In order to estimate the channel of the kth user,
the BS processes the received signal Yp as follows:

y′
p,k = Ypϕk

= √
ρpτp HDiag(β)1/2�Hϕk + Npϕk

= √
ρpτpβk hk + n′

p,k, (18)

where n′
p,k ∼ CN (0M×1, IM) since

∥∥ϕk
∥∥

2 = 1. Finally,
assuming the knowledge of the large-scale fading, the chan-
nel estimate for the kth user is obtained from y′

p,k and is
given by

ĥk = hk + n′
p,k√

ρpτpβk

= hk + εk, ∀k ∈ K, (19)

where εk ∼ CN (0M×1, σ
2
ε IM) is the channel estimation

error and σ 2
ε = 1/ρpτpβk represents the “quality” of the

channel estimation. Moreover, this estimate is normalized to
guarantee that

∥∥∥ĥk
∥∥∥

2
= √

M.
Under an LoS propagation scenario, the AoA is constant

for few coherence time intervals. Thus, one can assume that
the effective channel is known by the users. The SE for a
massive MIMO UR-LoS channel is given in the following
theorem.
Theorem 2: The spectral efficiency of a massive MIMO

system under LoS propagation with linear precoding and
channel estimate as (19) is lower bounded by

Rsum ≥ 1

2

(
1 − τp

τc

)∑

k∈K
log2(1 + γk), (20)

where γk ∈ R+ is the SINR in (21) on the bottom of the
next page. Additionally, the equality holds when σ 2

ε = 0.
Proof: The proof is given in Appendix B.
Remark 5: The LoS propagation is expected to occur

within the context of short-range communications, while
inter-cell interference is expected to be i.i.d. Rayleigh
distributed [7], [14]. Thus, in a multi-cell model, the
interference from different cells, i.e., pilot contamination,
can be incorporated in the channel estimation error since the
multi-cell interference is i.i.d. Rayleigh distributed. However,
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the single-cell scenario is frequently adopted since it can eas-
ily isolate the effect of the LoS channel [7], [8], [10], [45].
Remark 6: Although in this section we used uplink pilot

transmission to estimate MK complex-valued coefficients, it
is possible to use different estimation approaches since we
are dealing with LoS propagation. Under LoS propagation,
it is possible to estimate only the real-valued AoAs and the
complex gain for each user. This approach is usually less
computationally expensive and demands less pilot signals,
which leads to a better usage of the communication resources
in general. However, it is important to highlight that such
approach would provide a different model to (19), (20),
and (21).

III. PRECODING SCHEMES
Precoding is a crucial step for the DL operation of
massive MIMO systems that is employed to mitigate
multi-user interference. Linear precoding schemes are par-
ticularly useful for massive MIMO systems, achieving the
same performance of the dirty paper code in the asymp-
totic case [2]. By definition, the precoding vectors have
‖wk‖2

2 = 1, and hence, every linear precoding vector can
be written as

wk = vk
‖vk‖2

. (22)

A. MAXIMUM RATIO TRANSMITTER
The maximum ratio transmitter aims to amplify the signal of
interest for each user, disregarding the impact of this ampli-
fication on other users. In the multiple-input single-output
(MISO) case, the MRT is the precoding scheme that yields
the highest capacity for this type of system by maximizing
the SNR of the desired user. The MRT precoding vector is
given by [42]

wMRT
k = ĥ∗

k√
M
, ∀ k ∈ K. (23)

The DL SE of a massive MIMO UR-LoS channel with
MRT can be easily derived from (20), by replacing wk with
wMRT
k . Therefore, the SE is bounded by

RMRT
sum ≥ 1

2

(
1 − τp

τc

)∑

k∈K
log2

(
1 + γMRT

k

)
, (24)

where γMRT
k ∈ R+ is denoted by

γMRT
k = ρMβkηk

1 + ρβkM
∑

k′∈K\{k} ηk′r2
kk′ + ρβkσ 2

ε

∑
k′∈K ηk′

.

(25)

It is worth highlighting the dependence of the small-scale
fading in (24). The magnitude of the channel correlation
can be used as a measure of favorable propagation for the
massive MIMO channel. In this case, a non-favorable channel
can have a significant impact on the system performance.
For the i.i.d. Rayleigh channel, the favorable propagation
condition is basically impacted by the number of antennas
M. However, for the UR-LoS channel, even with a very large
number of antennas, the system is still susceptible to have
a non-favorable channel as explained in Section II-C.

B. ZERO-FORCING
In the zero-forcing precoder, the precoding vectors wk are
selected in order to satisfy the zero-interference condition
hTkwk′ = 0 ∀ k′ ∈ K \ {k}. The zero-interference condition
can be achieved by using the Moore-Penrose inverse of the
channel matrix as the precoding matrix. In the case of full
CSI knowledge, the ZF precoding can perfectly eliminate
the interference among the users. The ZF precoding vector
is given by [42]

wZF
k = Ĥ∗rk∥∥∥Ĥ∗rk

∥∥∥
2

, ∀ k ∈ K, (26)

where rk is the kth column of R = (ĤTĤ∗)−1. Note that
the Moore-Penrose inverse computation is only possible if
M ≥ K and ĤT is a full-row rank matrix.
Corollary 2: The DL SE of a massive MIMO UR-LoS

channel with ZF precoding is lower bounded by

RZF-1sum ≥ 1

2

(
1 − τp

τc

)∑

k∈K
log2

(
1 + γ ZF-1

k

)
, (27)

where γ ZF-1
k ∈ R+ is denoted by

γ ZF-1
k = ρβkηk

[(ĤTĤ∗)−1]kk
(
1 + ρβkσ 2

ε

∑
k′∈K ηk′

) . (28)

Proof: The proof is given in Appendix C.
Like in (24), (27) also depends on the small-scale fading,

albeit this dependence is less evident in comparison with the
MRT case. If ĤT is a full-row rank matrix, then all users are
geographically separated, i.e., have different AoAs. However,
even in this case, if they have similar AoAs, then ĤT

becomes ill-conditioned leading to performance degradation.
Remark 7: Instead of normalizing the precoding vector w,

one can normalize the precoded vector x as explained below.
Let the ZF-precoded signal x be

x = √
c Ĥ∗(ĤTĤ∗)−1

Diag(η)1/2s, (29)

γk =
ρβkηk

∣∣∣ĥTkwk

∣∣∣
2

1 + ρβk
∑

k′∈K\{k} ηk′
∣∣∣ĥTk ŵk′

∣∣∣
2 + ρβkσ 2

ε

∑
k′∈K ηk′

, ∀k ∈ K (21)
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where c ∈ R+ is the normalization constant. The power of
x is given by

E
{
xHx

} = cE
{
sHDiag(η)1/2(ĤHĤ)−1Diag(η)1/2s

}
.

(30)

Using the equality in (2) and (30), one gets [7]

c = 1
∑

k∈K [(ĤHĤ)−1]kkηk
. (31)

Therefore, the new SE expression is bounded by

RZF-2sum ≥ 1

2

(
1 − τp

τc

)∑

k∈K
log2

(
1 + γ ZF-2

k

)
, (32)

where γ ZF-2
k ∈ R+ is denoted by

γ ZF-2
k = ρβkηk

(
1 + ρβkσ 2

ε

∑
k′∈K ηk′

)∑
k′∈K

[(
ĤHĤ

)−1
]

k′k′
ηk′
.

(33)

IV. USER SELECTION
As discussed in Sections II and III, the small-scale fading
plays an important role in the SE of massive MIMO systems
under UR-LoS channels, degrading the performance in non-
favorable propagation conditions. Additionally, the number
of users can also be a critical aspect when the ZF precoder
is used and K > M. One way to cope with these issues is
by performing user selection.
The user selection problem has not received much atten-

tion in the massive MIMO research for several reasons:
Firstly, massive MIMO systems rely on the favorable propa-
gation and channel hardening properties, which consider that
the number of antennas at the BS is much larger than the
number of users (M � K). Secondly, i.i.d. Rayleigh chan-
nel model is assumed, which is not severely affected by the
position of the users [6]. However, these assumptions may
not fully hold in practical scenarios; for example, there may
be situations where the number of users is very close to the
number of BS antennas or even larger. The MRT precoding
algorithm used in massive MIMO does not have a restric-
tion on the number of users, but the ZF precoding does
and requires the number of users to be smaller or equal to
the number of BS antennas. One critical issue here is how
to select the best set of users in order to yield the highest
spectral efficiency to the network and the remaining users.
Consider a case where K is large enough to degrade

the massive MIMO system performance, yielding a non-
favorable propagation environment or simply a situation
where K > M. In this scenario, the BS should choose L
out of K users to transmit and receive data in a given time
slot in order to guarantee M ≥ K and provide favorable prop-
agation. Mathematically, let S ⊂ K be the set of selected
users in a given time slot. The user selection problem can

be written as an optimization problem, which consists of
finding S , with |S| = L, that maximizes the SE,3 i.e.,

maximize
S

1

2

(
1 − τp

τc

)∑

k∈S
log2(1 + γk)

subject to |S| = L. (34)

The user selection problem in (34) is not only non-
convex, but also involves combinatorial optimization. In
general, the solution can only be found through an exhaus-
tive search, which is impractical due to the high-dimensional
search space in massive MIMO systems. Some suboptimal
approaches for the user selection problem are the semi-
orthogonal selection [23], correlation-based selection [7], and
inter-channel interference-based selection (ICIBS), which is
a new proposed approach described in Section IV-C.
Remark 8: Despite not providing performance improve-

ments to massive MIMO systems under i.i.d. Rayleigh fading
channels, user selection algorithms can bring advantages
under Rician fading channels. In [46], the authors show
that in the asymptotic case (M −→ ∞) the SE of a mas-
sive MIMO system under Rician fading is maximized when
the channel is dominated by LoS propagation, and the LoS
channel components corresponding to different users are
orthogonal to one another. The orthogonality among these
LoS components can be guaranteed by some user selection
algorithms. Furthermore, the user selection may help the
statistical beamforming approach proposed in [46] in deal-
ing with some of the limitations due to the finite number of
antennas and the scheduling process. Also, the user selection
algorithms could be adapted to take advantage of the statisti-
cal CSI when dealing with Rician channels like in [46]. That
is, under the statistical CSI hypothesis, the BS knows not
only the LoS component but also other parameters of the
Rician κ-factor model [47]; therefore, when dealing with
these channel models, it would be interesting to add this
additional piece of information into the user selection algo-
rithms. In the Rician fading scenario, using only the LoS
components is not enough to perform a good user selection
since the Rician κ-factor is also relevant to maximize the SE
of massive MIMO systems under Rician fading channels.

A. SEMI-ORTHOGONAL SELECTION
The semi-orthogonal selection is a user selection algorithm
that is asymptotically optimum when K −→ ∞ in a MIMO
system under i.i.d. Rayleigh fading channel [23]. This algo-
rithm aims to select the set of users that yields the most
orthogonal effective small-scale fading channel matrix. This
selection is made in an iterative manner by choosing the user
with the most orthogonal small-scale fading channel with
respect to the previously selected users. At the lth iteration,
the algorithm first calculates the orthogonal complement of
hk to the subspace span{q1, . . . ,ql−1} for all the K − l+ 1

3. An alternative criterion is used in [7], but the maximization of the SE
is the most widely used [21]–[23], [26]–[31], and [37].

874 VOLUME 3, 2022



Algorithm 1 SOS Algorithm
Input: L and H
Initialization: T0 = K and S0 = ∅
1: for l = 1 to L do
2: if l = 1 then
3: h⊥

k = hk, ∀ k ∈ Tl−1
4: else
5: Pl−1 = IM − Ql−1Q

H
l−1

6: h⊥
k = Pl−1hk, ∀ k ∈ Tl−1

7: end if
8: k� = argmax

k∈Tl−1

∥∥h⊥
k

∥∥
2

9: ql = h⊥
k�/
∥∥h⊥

k

∥∥
2

10: Tl = Tl−1 \ {k�}
11: Sl = Sl−1 ∪ {k�}
12: Ql = [q1 q2 · · · ql

]

13: end for
14: return S = SL

remaining users in Tl−1. The orthogonal component h⊥
k is

given by

h⊥
k = Pl−1hk, ∀ k ∈ Tl−1, (35)

where Pl−1 ∈ C
M×M is the orthogonal projection matrix

denoted by

Pl−1 = IM − Ql−1Q
H
l−1, (36)

and Ql−1 ∈ C
M×l is denoted by

Ql−1 = [q1 q2 · · · ql−1
]
. (37)

The users are then selected based on the orthogonal
complement with the largest 	2-norm as follows:

k� = argmax
k∈Tl−1

∥∥∥h⊥
k

∥∥∥
2
. (38)

Finally, vector ql, sets Tl, and Sl are updated as

ql = h⊥
k�∥∥h⊥
k

∥∥
2

, (39)

Tl = Tl−1 \ {k�}, (40)

Sl = Sl−1 ∪ {k�}. (41)

This process is repeated until l = L. The SOS algorithm is
summarized in Algorithm 1. Note that the first selected user
is randomly chosen since for the UR-LoS fading channel,
‖hk‖2 = √

M, ∀k ∈ K.
Remark 9: The classical version of the SOS has a last

step that forces the semi-orthogonality of the non-selected
users at a given iteration. In the classical algorithm, Tl is
updated as follows:

Tl =
{

k ∈ Tl−1, k 
= k�
∣∣∣∣∣

|hHk ql|
‖hk‖2‖ql‖2

< δ

}

, (42)

where δ ∈ R+ is the level of semi-orthogonality. This step
speeds up the selection by eliminating the users with poor

Algorithm 2 S-SOS Algorithm
Input: L and H
Initialization: P0 = IM , T0 = K, and S0 = ∅
1: for l = 1 to L do
2: h⊥

k = Pl−1hk, ∀ k ∈ Tl−1
3: k� = argmax

k∈Tl−1

∥∥h⊥
k

∥∥
2

4: ql = h⊥
k�/
∥∥h⊥

k

∥∥
2

5: Pl = Pl−1 − qlq
H
l

6: Tl = Tl−1 \ {k�}
7: Sl = Sl−1 ∪ {k�}
8: end for
9: return S = SL

levels of orthogonality. This last step is useful for MIMO
systems since the user selection is only performed in cases
where K > M and terminated when L = M. However, this
is not necessarily the case for massive MIMO systems.
The Algorithm 1 can be optimized if a recursive approach

is used to compute the orthogonal projection matrix [48].
Equation (36) can be re-written as

Pl = IM − QlQ
H
l

= IM − [Ql−1 ql
][QH

l−1
qHl

]

= IM − Ql−1Q
H
l−1 − qlq

H
l

= Pl−1 − qlq
H
l . (43)

By using (43), we have the new SOS algorithm, named
simplified-SOS (S-SOS), summarized in Algorithm 2.

B. CORRELATION-BASED SELECTION
The correlation-based selection algorithm is an alternative to
the SOS algorithm. The CBS algorithm is a greedy method
that searches for a pair of users (k, k′) with the highest
rkk′ and removes the one with the highest magnitude of the
correlation coefficient with the remaining users. From the
SINR perspective, the CBS aims to maximize the SINR of
one specific user, disregarding the SINR of the remaining
users. It must be noted, however, that in some cases remov-
ing a user might inadvertently result in increased SINR of
the remaining users. For example, the user with the highest
correlation coefficient may have a high correlation with only
one user and a small correlation with the others, and another
user may have a moderate correlation with all other users.
In this case, dropping the second user may lead to better
improvement in SE than dropping the first one. The CBS
algorithm is summarized in Algorithm 3.

C. INTER-CHANNEL INTERFERENCE-BASED
SELECTION
The proposed inter-channel interference-based selection
algorithm, ICIBS, can be seen as a generalization of the
CBS algorithm [37]. Unlike CBS, which takes into account
local (pair-wise) interference information, ICIBS considers
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Algorithm 3 CBS Algorithm
Input: L and G
Initialization: S0 = K
1: for l = 1 to K − L do
2: rkk′ = |hHk hk′ |

‖hk‖2‖hk′ ‖2
∀ (k, k′) ∈ Sl−1 × Sl−1 | k 
= k′

3: (i, j) = argmax
(k,k′)∈Sl−1×Sl−1|k 
=k′

rkk′

4: if max
k′∈Sl−1\{i,j}

rik′ > max
k′∈Sl−1\{i,j}

rjk′ then

5: k� = i
6: else if max

k′∈Sl−1\{i,j}
rik′ < max

k′∈Sl−1\{i,j}
rjk′ then

7: k� = j
8: end if
9: Sl = Sl−1 \ {k�}
10: end for
11: return S = SK−L

Algorithm 4 ICIBS Algorithm
Input: L and H
Initialization: S0 = K
1: for l = 1 to K − L do
2: ψ

(l)
k = 1

|Sl−1|−1

∑
k′∈Sl−1\{k} rkk′, ∀ k ∈ Sl−1

3: k� = argmax
k∈Sl−1

ψ
(l)
k

4: Sl = Sl−1 \ {k�}
5: end for
6: return S = SK−L

the global interference.4 That is, at each iteration it finds the
user whose removal will lead to the highest overall SINR
gain for the remaining/selected users. Thus, starting with
set S0 = K, it iteratively generates Sl ⊂ Sl−1, l ∈ N, by
removing the user that maximizes the ICI defined as

ψ
(l)
k = 1

|Sl−1| − 1

∑

k′∈Sl−1\{k}
rkk′, ∀ k ∈ Sl−1. (44)

The algorithm stops at iteration K − L since |SK−L| = L.
It is worth highlighting the intuitive connection between the
ICI and the SE. For example, by dropping the user with
the highest ICI, we indirectly reduce the interference on
the remaining users, increasing the SINR and consequently
increasing the SE. Additionally, when the MRT precoder is
used, the ICI has a more straightforward connection with
the SE since the SE when MRT is used is upper and lower
bounded by functions of the ICI [37]. The ICIBS method is
summarized in Algorithm 4.
ICIBS can be improved by computing step 2 in an efficient

manner through the following recursion

ψ
(l)
k = (|Sl−2| − 1)ψ(l−1)

k − rkk�

|Sl−1| − 1
∀ k ∈ Sl−1, (45)

4. The term interference is being used loosely since the transmission
powers are not taken into account. In fact, it is a potential interference.
Further, we perform power allocation after user selection as in [7], [23],
[26]–[28], [30], [31], [49].

Algorithm 5 S-ICIBS Algorithm
Input: L and G
Initialization: S0 = K
1: for l = 1 to K − L do
2: if l = 1 then
3: ψ

(1)
k = 1

|S0|−1

∑
k′∈S0\{k} rkk′, ∀ k ∈ S0

4: else
5: ψ

(l)
k = (|Sl−2|−1)ψ(l−1)

k −rkk∗
|Sl−1|−1

6: end if
7: k� = argmax

k∈Sl−1

ψ
(l)
k

8: Sl = Sl−1 \ {k�}
9: end for

10: return S = SK−L

where k∗ is the user index that is removed from iteration
l− 1 to l. Hence, the summation in step 2 is computed just
once at the first iteration, to obtain ψ(1)k . The new version
of the ICIBS, aptly named simplified-ICIBS (S-ICIBS), is
summarized in Algorithm 5.

V. COMPUTATIONAL COMPLEXITY
This section discusses and summarizes the computational
complexities of the user selection approaches previously
detailed in Section IV. Table 1 details the number of addi-
tions, multiplications, divisions, and square root operations
that are required by each algorithm. In the following, we
discuss the computational complexities of the SOS, S-SOS,
CBS, ICIBS and S-ICIBS respectively.

A. SEMI-ORTHOGONAL SELECTION
The complexity of SOS presented in Algorithm 1 is
measured in terms of the number of operations used to
select the best set of users. The most expensive opera-
tions are in (35), (36), (38), and (39). At the lth iteration,
Algorithm 1 requires 2(M3 + M2 − M)(K − l + 1) addi-
tions and 4M3(K − l + 1) multiplications to compute (35).
Moreover, it requires 4M2(l − 1) additions and 4M2(l − 1)
multiplications to compute (36). Additionally, Algorithm 1
requires 2M divisions, (K− l+1) 	2-norm calculations, and
one linear search in a (K − l + 1)- dimensional space to
compute (38) and (39). However, in order to compute ‖x‖2,
where x ∈ C

M×1, 2M−1 additions, 2M multiplications, and
1 square root operation are needed. Therefore, the number of
additions ASOSl , multiplications MSOS

l , divisions DSOS
l , and

square root SSOSl computations required by Algorithm 1 per
iteration are given by

ASOSl = 2(M3 +M2 −M)(K − l+ 1)

+ (2M − 1)(K − l+ 1)4M2(l− 1),

MSOS
l = 4M3(K − l+ 1)+ 4M2(l− 1)

+ 2M(K − l+ 1),

DSOS
l = 2M,

SSOSl = K − l+ 1,
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TABLE 1. Number of operations and complexity of the user selection algorithms.

respectively. By summing these quantities across L iterations
the total number of a given operation can be obtained as
summarized in Table 1. It is worth highlighting that the
additions and multiplications are only computed from the
second iteration onward.
One characteristic of the SOS algorithm is its incremental

approach for selecting users, i.e., it starts with an empty set
of selected users. This behavior can be seen in Table 1 with
the number of operations necessary to compute the algorithm
increasing with L. This incremental characteristic leads to
low computational complexity when the number of selected
users is very small.

B. SIMPLIFIED SEMI-ORTHOGONAL SELECTION
For the S-SOS the most expensive operations are equa-
tions (35), (38), (39), and (43). The only difference between
S-SOS and SOS is in (36) that is replaced with (43), which
leads to the following required number of additions AS-SOSl ,
multiplications MS-SOS

l , divisions DS-SOS
l , and square root

SS-SOSl computations per iteration are given by

AS-SOSl = 2(M3 +M2 −M)(K − l+ 1)+ 4M2

+ (2M − 1)(K − l+ 1),

MS-SOS
l = 4M3(K − l+ 1)+ 4M2 + 2M(K − l+ 1),

DS-SOS
l = 2M,

SS-SOSl = K − l+ 1,

respectively. One can observe that the second term of AS-SOSl
and MS-SOS

l is not linear with index l, differently from ASOSl
and MSOS

l . This difference yields a reduced computational
burden for S-SOS. The total number of operations required
for S-SOS is summarized in Table 1.

C. CORRELATION-BASED SELECTION
The complexity of the CBS algorithm is mostly concentrated
in the computation of the magnitude of the correlation coef-
ficient rkk′ . In order to help in the calculation of rkk′ , we

define the matrix ϒ ∈ R
K×K+ as

ϒ =

⎡

⎢⎢⎢
⎣

0 r12 · · · r1K
r21 0 · · · r2K
...

...
. . .

...

rK1 rK2 · · · 0

⎤

⎥⎥⎥
⎦
. (46)

Note that matrixϒ is not exactly a correlation matrix because
it is a hollow matrix and does not have the rkk information.
Another definition for ϒ is given by

ϒ = abs
(
IK − H̄HH̄

)
, (47)

where H̄ ∈ C
M×K is the normalized small-scale fading chan-

nel matrix of the users. In order to build ϒ it is necessary
to carry out 4K2M additions, 4K2M multiplications, and
K(K − 1)/2 absolute value operations, which requires one
addition, two multiplications, and one square root operation.
Note that it is only necessary to do K(K−1)/2 absolute value
operations because ϒ is a symmetric hollow matrix. Another
important step is the 	2-norm calculations and divisions to
build the matrix H̄. However, since ‖hk‖2 = √

M ∀k ∈ K,
it is just necessary to undertake 2KM divisions. The total
number of operations required by CBS is summarized in
Table 1.
After calculating ϒ, three linear searches are carried out

to find the user to be dropped at that iteration. Therefore, at
the lth iteration, the CBS first searches in (K−l+1)(K−l)/2
elements in order to find the pair (k, k′) with the highest rkk′ .
Then, it performs two searches in (K − l − 1)-dimensional
space to find which user has the second highest magnitude of
the correlation coefficient. These three searches have compu-
tational complexities of O((K−l+1)(K−l)/2), O(K−l−1),
and O(K − l− 1), respectively.

There are no arithmetic calculations inside the loop of
CBS, which is a big advantage compared to SOS and S-
SOS. However, it requires 3 searches that depend on K,
which can be a real bottleneck depending on the size of the
massive MIMO system.
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D. INTER-CHANNEL INTERFERENCE-BASED
SELECTION
The computational burden of ICIBS is very similar to that of
CBS, with one of the main differences being the additional
step required by ICIBS to compute the ICI. Equation (44)
can be rewritten as matrix equation given by

ψ (l) = 1

|Sl−1| − 1
ϒSl−11|Sl−1|×1. (48)

This additional step requires (K− l+1)(K− l) additions and
K− l+1 divisions per iteration since |Sl−1| = K− l+1. The
total number of operations required by ICIBS is summarized
in Table 1. Additionally, ICIBS performs one linear search
in a (K − l− 1)-dimensional space in order to find the user
with the highest ICI.
Compared to CBS, ICIBS performs additional arithmetic

operations inside its loop, which increases the computational
burden. However, ICIBS also performs fewer searches in
order to find the user to be dropped from the transmis-
sion, which is an advantage compared to CBS. Besides that,
ICIBS, like CBS, is a decremental user selection approach,
which, differently from SOS and S-SOS, leads to reduced
computational burden when the number of selected users L
is close to the actual number of users K.

E. SIMPLIFIED INTER-CHANNEL
INTERFERENCE-BASED SELECTION
The complexity of the S-ICIBS is concentrated in the com-
putation of (45), which requires (K − l) additions, (K − l)
multiplications, and (K − l) divisions. The total number of
operations is summarized in Table 1. At first glance, the
S-ICIBS does not seem to yield an improvement because it
performs extra multiplications compared to ICIBS. However,
the computational advantages of (45) become more evident
as K increases.

VI. SIMULATION RESULTS
A. OVERVIEW
In this section, the proposed ICIBS algorithm is compared
to SOS [23] and CBS [7] algorithms. These algorithms were
combined with MRT, ZF, and the minimum mean squared
error (MMSE) [15] precoders. Equal power allocation was
used since the aim is to evaluate the impact of user selection.
This power allocation scheme is considered the most basic
one and, in fact, it can be considered as if no power allo-
cation was implemented [42]. The performance is assessed
via numerical simulations by analyzing the effect of the
number of selected users on the system’s throughput and
computational complexity.5 All the code used in this work
are available on GitHub [50]. The algorithms were evaluated
under three different scenarios:

5. The throughput is given by

μ = BRsum [bps], (49)

where B ∈ R+ is the bandwidth in Hz.

TABLE 2. Simulation parameters.

• Perfect CSI: to evaluate the improvement afforded by
the user selection algorithms when complete and perfect
knowledge of the channel is available.

• Partial CSI: to evaluate the performance of the user
selection algorithms when only partial knowledge of
the channel is available.

• Ultra Clustered-crowded environment: to evaluate the
improvement provided by the user selection algorithms
when all the users are clustered in a small section of
the cell. This scenario is really challenging for user
selection algorithms due to the proximity of the users,
i.e., the AoAs corresponding to these users are very
similar, thus increasing the inter-channel interference
level.

B. SYSTEM PARAMETERS
The simulation set-up was strongly inspired by that of [7].
For the simulations, a 500-m radius hexagonal single-
cell massive MIMO system with M ∈ {50, 100} and
K ∈ {10, 50, 75, 100, 150} was used. The UR-LoS chan-
nel with a ULA, carrier frequency of 2 GHz, and bandwidth
B = 20 MHz were used in the simulations. The large-scale
coefficient was known by the BS and is defined as [51]

βk = −148 − 37.6 log10

(
dk

1 km

)
[dB], (50)

where dk ∈ R+ is the distance between the kth user and
the BS. Further, we considered the worst possible scenario
in the cell, where all users were at the cell edge, yielding
β = −137 dB for each user. Although this assumption seems
restrictive at first glance, it makes it possible to highlight
the impact of small-scale fading on the system performance
and how it can be compensated through user selection. The
radiated power at the BS was 10 W, the BS and user antenna
gain was 0 dBi, and the noise figure for the users was
9 dB. Hence, the DL SNR was 132 dB, yielding an effective
SNR ρ̄ of −5 dB. Moreover, the throughput was calculated
using 2, 000 realizations of the UR-LoS fading channel. The
simulations parameters are summarized in Table 2.

C. PERFECT CSI
In this subsection, the throughput of massive MIMO systems
was analyzed considering perfect CSI at the BS. This setup
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FIGURE 4. Average throughput versus the number of selected users L for M ∈ {50,100}, considering different number of users K . The line style (solid, dashed or dotted line)
determines the precoder, whereas the colors specify the user selection algorithm. The yellow solid line, e.g., represents the results achieved by the ICIBS scheme considering an
MRT precoder.

deliberately aimed to avoid the effect of errors in the pre-
coders in order to highlight the improvement brought about
by user selection to the throughput. For this case, two dif-
ferent scenarios were simulated: first one with M = 50 and
K ∈ {10, 50, 75}, and the second one with M = 100 and
K ∈ {10, 100, 150}.
Fig. 4 depicts the average throughput versus the number

of selected users L for M ∈ {50, 100} and different number
of users K ∈ {10, 50, 75, 100, 150}, wherein L = K cor-
responds to keeping all users (i.e., no user selection). The
figure shows that there was a number of selected users that
maximizes the throughput and this number varied depending
on the particular user selection algorithm. The concavity of
the curves shows that the user selection benefited the system
throughput, even when M � K. In the worst case, which
happened when the user selection algorithms were used with
the ZF precoder, the user selection improved the throughput
by at least 16.88% and 4.52% for M = 50 and M = 100,
respectively, considering the maximum achieved through-
put. Figs. 4(a)–4(c) illustrate user selection for M = 50 and
K ∈ {10, 50, 75}. In this case, all the algorithms achieved
a very close maximum performance. Indeed, in the best
case, ICIBS was only 0.56% and 1.29% better than SOS
and CBS, respectively. For M = 100, the achieved maxi-
mum throughput performances were still very similar with
ICIBS being 0.47% and 1.23% better than SOS and CBS,
as depicted in Figs. 4(d)–4(f). It is worth highlighting that
in Fig. 4(c) and 4(f), the user selection enabled the use of

ZF and MMSE precoders since they can only be used when
K ≤ M, which is already an advantage by itself.

Fig. 5 shows the cumulative distribution function (CDF) of
the throughput for M ∈ {50, 100}, L = �K/2�, and varying
the number of users K. As can be observed in this figure,
the performance of the user selection algorithms varied with
K and the precoder used. For M = 50, the ICIBS algo-
rithm outperformed the others for all values of K, except for
K = 75, as shown in Figs. 5(a)–5(c). For K = 75, the SOS
provided the best performance with ZF, ICIBS with MMSE,
and CBS performing slightly better with MRT. Moreover,
with this number of selected users, the precoding algorithms
had a significant impact on the performance; the ZF and
MMSE performing better with small K and MRT yielding
a better performance for large K. In Figs. 5(d)–5(f), for
M = 100, the same pattern of curves was observed as in
Figs. 5(a)–5(c), with the only difference being the achieved
throughput, which was higher due to the higher multiplexing
gain provided by the larger array.

D. COMPUTATIONAL COMPLEXITY
This subsection analyzes the computational burden behavior
of the user selection algorithms with the number of selected
users L and the number of antennas M. For this analysis,
we used a scenario with K = 100 and M ∈ {50, 100}. The
computational burden of the user selection algorithms was
compared in terms of the flops count. We consider that a
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FIGURE 5. Cumulative distribution function of the throughput for L = �K/2� and M ∈ {50,100}, considering different number of users K . The line style (solid, dashed or dotted
line) determines the precoder, whereas the colors specify the user selection algorithm. The yellow solid line, e.g., represents the results achieved by the ICIBS scheme
considering an MRT precoder.

FIGURE 6. Giga flops count versus the number of selected users for K = 100 and
M ∈ {50,100}.

division and a square root operation are equivalent to one
flop, similar to that of an addition and a multiplication.
Fig. 6 depicts the flops count versus the number of selected

users L. As can be observed in this figure, the computational
burden of SOS and S-SOS grows rapidly with L due to the
incremental nature of this type of algorithm. Additionally,
the simplified version does present a significant decrease of
the computational burden in this case. Moreover, the com-
putational burden of SOS and S-SOS is significantly higher
than that of CBS, ICIBS, and S-ICIBS, requiring at least 109

more operations. Furthermore, S-ICIBS reduces the compu-
tational burden compared to ICIBS, achieving a similar one

to CBS without requiring expensive linear searches like CBS.
In conclusion, SOS and S-SOS can be prohibitive for massive
MIMO systems, depending on the system parameters.

E. PARTIAL CSI
This subsection analyzes the robustness of the user selection
algorithms to a possible error, which leads to the partial CSI
scenario. This scenario is closer to what happens in prac-
tical massive MIMO systems, wherein channel estimation
errors stem from several sources, such as inherent inac-
curacies of the channel estimation algorithm, and/or from
the pilot contamination from different cells in a multi-cell
scenario, as explained in Section II-D. For this analy-
sis, we considered the channel estimate as in (19) with
σ 2
ε ∈ {0, 10−3, 10−2, 10−1, 100}.
Fig. 7 shows the average throughput versus the number of

selected users L with partial CSI knowledge for the ICIBS
algorithm, considering M = 50, K = 75, different precoding
algorithms, and different σ 2

ε . For the sake of simplicity, we
only show the results for the ICIBS algorithms since the
other user selection algorithms have similar performances.
As it can be observed from this figure, the performance
of ICIBS has the same pattern as in Fig. 4 with variations
in the throughput due to the errors in the channel estima-
tion. For small σ 2

ε , the performance of ICIBS is close to
the case when perfect CSI is available for all precoders.
For large σ 2

ε , the ICIBS has a significant performance gap
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FIGURE 7. Average throughput versus the number of selected users L with partial CSI knowledge for the ICIBS algorithm, considering M = 50, K = 75, different precoding
algorithms, and different σ2

ε .

FIGURE 8. Maximum achieved throughput and optimum number of selected users L
 versus the variance of the channel estimation error σ2
ε for M ∈ {50,100}, considering

different user selection and precoding algorithms.

when compared to the case with perfect CSI knowledge.
Furthermore, it is worth highlighting that, in the case with
σ 2
ε = 1, the throughput as a function of the number of

selected users when the MRT precoder is used is monotoni-
cally increasing, unlike in the other cases. This phenomenon
happens due to the fact that the channel estimate for this
case with high channel estimation error is more like an i.i.d.
Rayleigh than an LoS channel, which explains the monotonic
behavior.
Fig. 8 depicts the performance comparison between ICIBS

and the other user selection algorithms in terms of the
maximum achieved throughput and the optimum number of

selected user L�, i.e., the number of selected users that leads
to the maximum achieved throughput. As it can be observed
in Figs. 8(a)–8(c), the maximum achieved throughput is very
similar for all of the user selection algorithms considering
all precoding algorithms. On the other hand, the optimum
number of selected users varies for different user selection
algorithms operating under different levels of channel esti-
mation error as can be observed in Figs. 8(d)–8(f). It is
desirable to serve as many users as possible. The major
difference in the amount of users served by the algorithms
happens when the MRT precoder is used in a scenario with
σ 2
ε = 10−1. In this case, the CBS is able to serve two more
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FIGURE 9. Example of an ultra clustered-crowded scenario used in the simulations,
where θ0 is the direction of the sector of the cell and �θ is the aperture angle.

users than SOS and ICIBS. In general, ICIBS and CBS serve
more users than SOS in scenarios with low levels of channel
estimation errors (σ 2

ε ≤ 10−2), whereas for high levels of
channel estimation error, the optimum number of selected
users depends on the precoder besides the user selection
algorithm.

F. ULTRA CLUSTERED-CROWDED SCENARIO
In this section, we analyze the performance of the user
selection algorithms in an ultra clustered-crowded scenario,
meaning that K > M and all the users are clustered in
the same section of the cell, as depicted in Fig. 9. For the
simulations in this case, we considered M = 50, K = 75,
θ0 ∈ {0◦, 45◦}, and �θ ∈ {1◦, 1.5◦, . . . , 4.5◦, 5◦}.

Fig. 10 illustrates the average per-user throughput versus
the size of the sector where the users are distributed. As can
be observed in Fig. 10(a), ICIBS performs better than SOS
and CBS for some values of �θ , yielding slightly increased
throughput. This improvement is more evident for MRT and
MMSE precoders since the performance of all user selection
algorithms can be considered equal for the ZF precoder. It
is worth highlighting the drop in the ICIBS performance
around �θ = 3.6◦, which seems consistent for all precoding
algorithms. This drop in the performance can be explained
by the fact that for a ULA with M = 50 antennas, the
directivity of the array is π/M, thus for �θ around π/M, it
is already possible to have small correlation between some
users, which may be a problem for ICIBS since it takes
advantage from situations where the correlation among the
users is very high and its global usage of the interference
among the users leverages the selection. In Fig. 10(b), we can
observe the same pattern of Fig. 10(a), with the performance
drop around �θ = 5◦, which may be due to the fact that
the array is steered to 45◦.

Fig. 11 depicts the average throughput versus the num-
ber of selected users L for �θ = 1.5◦. Like in the case
presented in Section VI-C, the user selection also improved
the system throughput, achieving maximum throughput for
all algorithms when L� = 2 users are served with both ZF
and MMSE, and L� = 1 user is served with MRT. In this

FIGURE 10. Average per-user throughput versus �θ for M = 50 and K = 75. The line
style (solid, dashed or dotted line) determines the precoder, whereas the colors
specify the user selection algorithm. The yellow solid line, e.g., represents the results
achieved by the ICIBS scheme considering an MRT precoder.

FIGURE 11. Average throughput versus the number of selected users L for M = 50,
K = 75, �θ = 1.5◦ , and θ0 = 0◦ . The line style (solid, dashed or dotted line)
determines the precoder, whereas the colors specify the user selection algorithm. The
yellow solid line, e.g., represents the results achieved by the ICIBS scheme
considering an MRT precoder.

case, both CBS and ICIBS achieved the same maximum
performance, and, at their peaks, they were 19.98% and
23.03% better than SOS for ZF and MMSE, respectively.
Moreover, the performance of SOS and CBS decreased
faster with L than that of ICIBS, which is an advantage
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FIGURE 12. Cumulative distribution function of the throughput for M = 50, K = 75,
L = 38, �θ = 1.5◦ , and θ0 = 0◦ . The line style (solid, dashed or dotted line) determines
the precoder, whereas the colors specify the user selection algorithm. The yellow
solid line, e.g., represents the results achieved by the ICIBS scheme considering an
MRT precoder.

if it is necessary to work with L > L�. For example, for
L = 38, ICIBS achieved a throughput of 19.09 Mbps and
14.02 Mbps with MRT and MMSE, which were still 10.94%
and 21.91% better than SOS and CBS with the same pre-
coders. The performance of the user selection algorithms
with ZF precoder was impaired in this scenario due to the
proximity of the users, which lead to an ill-conditioned chan-
nel matrix, and even the user selection could not help in this
case.
Fig. 12 shows the CDF of the throughput for �θ = 1.5◦

and L = 38. The benefit that ICIBS provided in this type of
scenario is clearly evident from this figure. For both MRT
and MMSE precoders, ICIBS yielded a significant gain in
the 95%-probability throughput (95PT) over the other user
selection algorithms. ICIBS achieved a 95PT of 18.27 Mbps
and 11.57 Mbps with MRT and MMSE precoders, resulting
in improved performance of at least 7.66% over the other
user selection algorithms. Although the ICIBS did not yield
significant improvements in terms of system throughput in
the results presented in Section VI-C, the results due to
ICIBS presented in this section were significantly superior
in comparison to the competing user selection algorithms.
The fundamental difference between the scenario simulated
in this section from the scenario in Section VI-C lies in the
inter-channel interference level. Indeed, in this section, since
the users are concentrated in a small portion of the cell, there
are more users interfering with each other simultaneously,
thus the inter-channel interference is more severe. This is
why the ICIBS outperformed other competing approaches.

G. PRACTICAL GUIDELINES
This subsection discusses the suitability of the user selec-
tion algorithms in practical scenarios, summarizing the main
findings of massive MIMO systems under LoS propagation,
and explaining how to use the obtained results for aiding the
design of massive MIMO systems. Firstly, it is worth high-
lighting that the user selection would not imply an additional
cost to the BS since all the user selection algorithms are

implemented digitally and can share the BS’s digital signal
processor (DSP) units. Therefore, user selection algorithms
can be easily used in massive MIMO systems.
As it can be observed from the results presented through-

out this section, the performance of all of the user selection
algorithms are very sensitive to the parameters of the system.
Thus, the most suitable algorithm depends on the application
and the scenario. For example, if the aim is to maximize
the achieved throughput without concerning with the num-
ber of served users, the most suitable algorithm is the ICIBS
with ZF and MMSE precoders, followed by CBS with MRT
precoder. However, if the system has a requirement to serve
specific minimum number of users L, then the most suitable
algorithm is the one that yields the highest throughput for
that particular L. In general, for the case where K ≤ M and
L ≤ �K/2�, the ICIBS outperforms the other user selection
algorithms by a small amount for all precoder types. On
the other hand, when K ≤ M and L = �K/2�, CBS yields
the highest throughput using the MRT precoder, SOS yields
the highest throughput using the ZF precoder, and ICIBS
yields the highest throughput using the MMSE precoder.
Moreover, SOS generally tends to perform better than CBS
and ICIBS when ZF is used for K/2 < L ≤ M. However,
the performance with ZF precoder is so degraded in LoS
propagation for that range of L such that it is advisable to
use another precoder in this case.
Another important factor is the computational complex-

ity, which can be a hindrance in practical applications. The
computational burden of the SOS rapidly grows with the
number of antennas M and the number of selected users
L, which is not desirable since massive MIMO systems use
very large M. The SOS should be considered only in cases
where one can have a significant gain in the throughput.
Therefore, the high computational burden of the SOS is an
impediment for its use in massive MIMO systems.
The final point to consider in the design of massive MIMO

systems with user selection is the cell usage. In the sim-
ulations, we considered two possible scenarios where the
whole cell and only a section of the cell was used. The
previous comments are based on the case when the whole
cell was used. However, when only a small section of the
cell is used, the ICIBS outperforms all of the other algo-
rithms. Further, the ultra clustered-crowded scenario used
in the performance analysis represents some real scenarios
that are increasingly common nowadays, such as large scale
social, cultural, and sporting events, where a dedicated and
efficient communication system is necessary.

VII. CONCLUDING REMARKS
In this paper a comprehensive review of the user selection
algorithms for massive MIMO systems has been provided,
and their performance when combined with different linear
precoders for various system configurations considering per-
fect and partial CSI under the LoS propagation channel has
been evaluated. In addition, a thorough analysis of the com-
putational complexity of the user selection algorithms is also
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provided. Findings highlight the fact that unlike the well-
studied case of i.i.d. Rayleigh channel, for LoS channels both
the favorable propagation and asymptotically favorable prop-
agation conditions can be violated irrespective of the number
of users and antennas in the massive MIMO system, degrad-
ing the system performance. Further, it is shown that practical
cases exist in which the LoS propagation model may lead to
significant levels of interference among users within a cell
and such cases are not satisfactorily addressed by the existing
user selection algorithms. To this end, a new user selection
algorithm based on ICI, called ICIBS, is proposed and its
performance evaluated. Unlike other techniques, the ICIBS
accounts for the ICI in a global manner, thus yielding better
results than the other algorithms especially in cases where
there are many users interfering with one another and similar
results in scenarios having low-interference levels. Although
the paper has focused on LoS propagation, all algorithms
can also be applied to different channel models, such as
the Rician fading model. From our experience, however, the
benefits in SE due to the use of user selection algorithms are
more prominent as the Rician fading model tends to the LoS
model, whereas they become negligible for i.i.d. Rayleigh
fading.

APPENDIX A
PROOF OF COROLLARY 1
An LoS environment offers FP when (10) is equal to zero
for all k, k′ ∈ K, with k 
= k′. First, we show the condition
that guarantees orthogonality between two users. Then, we
expand this result to guarantee orthogonality for all users.
The kth user and the k′th user are orthogonal when (10) is
equal to zero, iff

sin
(
M
π

2
(sin θk′ − sin θk)

)
= 0, (51)

and

sin
(π

2
(sin θk′ − sin θk)

)

= 0. (52)

Equation (51) is zero if there exists an integer nk′ such
that

sin θk′ − sin θk = 2nk′

M
, (53)

where nk′ ∈ {0,±1, . . . ,±M}, as the left-hand side of the
previous equation lies in the interval [−2, 2]. Solving this
equation for θk′ , yields

θk′ = arcsin

(
sin θk + 2nk′

M

)
, (54)

for some nk′ ∈ {0,±1, . . . ,±M}.
Moreover, to guarantee (52), we must satisfy

sin θk′ − sin θk 
∈ {−2, 0, 2}, (55)

which results in θk′ 
= θk and θk′ 
= π − θk for the
case sin θk′ − sin θk 
= 0, and if θk = ±π/2, then θk′ 
=
∓π/2 for the cases sin θk′ − sin θk 
= ±2, respectively. To
satisfy (53), (55) and (56) simultaneously. Therefore,

rkk′ = 0 ⇐⇒ θk′ = arcsin

(
sin θk + 2nk′

M

)
, (56)

for some nk′ ∈ {±1, . . . ,±(M − 1)}.
Given that (54) does not depend on a specific pair of

users, to have rkk′ = 0 for all k, k′ ∈ K, with k 
= k′, the
users need to satisfy (56) for all k, k′ ∈ K, with k 
= k′. �

APPENDIX B
PROOF OF THEOREM 2
The signal received by the kth user yk in (1) can be
expanded in

yk = √
ρβkηkĥTkwksk +

∑

k′∈K\{k}

√
ρβkηk′ ĥ

T
kwk′sk′

−
∑

k′∈K

√
ρβkηk′ε

T
kwk′sk′ + nk, (57)

where hk and wk are the kth columns of matrices H and W,
respectively. The first term in the RHS of (57) corresponds
to the signal of interest, the second one to the interference
caused from the other users, the third one to the interference
caused by the uncertainty in the channel estimation, and the
last one represents the additive noise.
Equation (57) is a point-to-point channel with deter-

ministic channel ĥTkwk and additive non-Gaussian noise.
Therefore, assuming that the kth user knows the equiva-
lent channel hTkwk for decoding the received signal, the DL
SE is given by [42], [52]

Rsum ≥ 1

2

(
1 − τp

τc

)∑

k∈K
log2(1 + γk), (58)

where τp ∈ N is the pilot time in samples, τc ∈ N is the
coherence time in samples, and γk ∈ R+ is the DL SINR
related to the kth user. In this case, due to the independence
of the random variables, the SINR for the kth user is given by

γk = ps
pn + pi + pu

, (59)

where

ps = Var
{√
ρβkηkĥTkwksk

}
, (60)

pn = Var{nk} = 1, (61)

pi = Var

⎧
⎨

⎩

∑

k′∈K\{k}

√
ρβkηk′ ĥ

T
kwk′sk′

⎫
⎬

⎭
, (62)

pu = Var

{
∑

k′∈K

√
ρβkηk′ε

T
kwk′sk′

}

. (63)

Then, yielding (21).
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When σ 2
ε = 0, i.e., the BS has perfect CSI knowledge, (57)

is reduced to

yk = √ρβkηkĥTkwksk +
∑

k′∈K\{k}

√
ρβkηk′ ĥ

T
kwk′sk′ + nk, (64)

which corresponds to a point-to-point channel with determin-
istic channel ĥTkwk and additive Gaussian noise. Therefore,
assuming that the kth user knows the equivalent channel
hTkwk for decoding the received signal, the DL SE is given
by [42], [52]

Rsum = 1

2

(
1 − τp

τc

)∑

k∈K
log2(1 + γk), (65)

where γk is given by (21) with σ 2
ε = 0. �

APPENDIX C
PROOF OF COROLLARY 2
Using (26) in (21), we have

γ ZF-1
k =

ρβkηk

∣∣∣∣∣∣∣

ĥTk Ĥ
∗rk∥∥∥Ĥ∗rk
∥∥∥

2

∣∣∣∣∣∣∣

2

1 + ρβk
∑

k′∈K\{k} ηk′

∣∣∣∣∣∣∣

ĥTk Ĥ
∗rk′∥∥∥Ĥ∗rk′
∥∥∥

2

∣∣∣∣∣∣∣

2

+ ρβkσ 2
ε

∑
k′∈K ηk′

.

(66)

The vector rk can be written as

rk =
(
ĤTĤ∗)−1

ek, (67)

where ek is the kth column of IK . Using (67) in (66), γ ZF-1
k

can be rewritten as

γ ZF-1
k = ρβkηk

|eTk ek|2∥∥∥Ĥ∗rk
∥∥∥

2

2

×
⎛

⎜
⎝1 + ρβk

∑

k′∈K\{k}
ηk′

|eTk ek′ |2∥∥∥Ĥ∗rk′
∥∥∥

2

2

+ ρβkσ
2
ε

∑

k′∈K
ηk′

⎞

⎟
⎠

−1

= ρβkηk
∥∥∥Ĥ∗rk

∥∥∥
2

2

(
1 + ρβkσ 2

ε

∑
k′∈K ηk′

)

= ρβkηk[(
ĤTĤ∗

)−1
]

kk

(
1 + ρβkσ 2

ε

∑
k′∈K ηk′

) . (68)

�
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