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Abstract: Massive multiple-input multiple-output (MIMO) systems combined with beamforming antenna array technologies are
expected to play a key role in next-generation wireless communication systems (5G), which will be deployed in 2020 and beyond.
The main objective of this review paper is to discuss the state-of-the-art research on the most favourable types of beamforming
techniques that can be deployed in massive MIMO systems and to clarify the importance of beamforming techniques in massive
MIMO systems for eliminating and resolving the many technical hitches that massive MIMO system implementation faces.
Classifications of optimal beamforming techniques that are used in wireless communication systems are reviewed in detail to
determine which techniques are more suitable for deployment in massive MIMO systems to improve system throughput and
reduce intra- and inter-cell interference. To overcome the limitations in the literature, we have suggested an optimal beamforming
technique that can provide the highest performance in massive MIMO systems, satisfying the requirements of next-generation
wireless communication systems.
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1 Introduction
Next-generation cellular communication systems, or 5G, will be assisted by technologies that
produce significant improvements in cell throughput.
In recent years, various studies have focused on
massive multiple input multiple output (MIMO) systems, which are considered to play a significant role
in 5G. Massive MIMO systems are MIMO systems
wherein the precoders and/or detectors contain numerous antennas. Such a larger number of antennas
enable higher spectral efficiency and energy efficiency to be achieved. Several types of antennas can
be used for this purpose, one of which is called a
smart antenna. Smart antennas are organizations of
numerous antenna elements at base stations (BSs) and
‡

Corresponding author
ORCID: Ehab ALI, http://orcid.org/0000-0002-1851-5200
© Zhejiang University and Springer-Verlag Berlin Heidelberg 2017

mobile stations of wireless communication links, in
which signals are appropriately managed, with the
purpose of improving the wireless mobile link and
increasing the performance of the system.
Such an antenna is a digital antenna used in
wireless communication systems and provides the
benefit of increased diversity for the BS and/or user
equipment. The antenna enables increase of capacity
in wireless communication systems by successfully
reducing multipath fading and channel interference,
which can be realised by concentrating signal radiation only in the anticipated direction and modifying
such radiation according to the signal surroundings
or varying traffic situations using beamforming
techniques.
In wireless communication systems, transmit
and receive beamforming is used for signal transmission from BSs with multiple antennas to one or multiple pieces of user equipment that should be covered.
The objective of transmit beamforming is to
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maximise each user’s received signal power while
minimising the interference signal power from the
other users, hence increasing capacity. This can be
achieved by transmitting the same signal from all
transmitters with different amplitudes and phases.
These multiple versions of the transmitted signal will
pass through different MIMO channels such that they
are added constructively at the desired users and destructively at other users.
Several other review papers, such as Vouyioukas
(2013) and Murray and Zaghloul (2014), have focused on beamforming techniques for MIMO.
Vouyioukas (2013) investigated beamforming techniques in MIMO relay networks and procedures that
were recently developed for interference mitigation
under various network performance challenges, such
as complexity and power consumption reduction and
capacity improvements. Murray and Zaghloul (2014)
reviewed various cognitive beamforming techniques
that can be used in MIMO systems. Several algorithms were proposed based on constraints or idealizations of channel state information (CSI) and
quality-of-service metrics. The authors evaluated the
cognitive beamforming techniques using distributed,
joint, and cooperative beamforming strategies based
on game theory, genetic algorithms, and neural
networks.
Kutty and Sen (2016) concentrated on the use of
beamforming techniques for millimetre wave (mmwave) communications. They provided a significant
survey on the evolution and advancements in antenna
beamforming for mm-wave communications in the
setting of the different requirements for indoor and
outdoor communication scenarios, and introduced
beamforming techniques generally by announcing
some basic concepts of beamforming, including typical beamforming architectures and approaches.
Heath et al. (2016) provided an overview of
signal processing for mm-wave wireless communication systems and described the main mm-waveMIMO architectures including analogue and hybrid
beamforming for different types of propagation
models. Furthermore, channel estimation algorithms
and beam training protocols were reviewed in detail
for mm-wave communications. Although the aforementioned surveys and many other surveys have
investigated the importance of beamforming for
MIMO systems in detail, they did not discuss which
types of beamforming techniques can be deployed for

massive MIMO systems according to 5G requirements. Thus, this paper is focused on beamforming
technique classifications for wireless communication
systems and investigation of their effects on massive
MIMO systems to determine which optimal categories can be adopted with massive MIMO system
requirements.
This paper provides an in-depth overview of
up-to-date research on classifications of beamforming
techniques that can be deployed for massive MIMO
systems. Several key elements are discussed to show
the importance of beamforming techniques in reducing and resolving many technical complications that
disallow massive MIMO implementation.
In Section 2, a background of massive MIMO
systems and the benefits of applying beamforming
techniques for massive MIMO systems are presented.
In addition, various types of transmitters (precoders)
and receivers (detectors) that can be implemented in
massive MIMO systems are introduced. Section 3
provides comprehensive details about beamforming
approaches and their classifications in physical terms.
Switched and adaptive beamforming algorithms and
their possessions are discussed in detail to establish
which types of techniques are more affordable for
massive MIMO systems. In addition, adaptive
beamforming optimization algorithms based on azimuth and elevation angles, such as linearly constrained minimum variance (LCMV) and minimum
variance distortionless response (MVDR), are presented. Furthermore, hybrid digital/analogue beamforming clarification that can be implemented in
massive MIMO systems is discussed in detail. Section
4 is focused on mm-wave bands and their advantages
for beamforming techniques in massive MIMO systems as a type of broadband beamforming. Unresolved issues and trends for the future are addressed
in Section 5. Finally, conclusions are provided in
Section 6.
2 Background
2.1 Massive MIMO systems
MIMO systems have received significant attention owing to the growing number of served users and
the increasing demand for large amounts of data.
Multi-user MIMO systems might provide a breakthrough technique for improving spectral efficiency
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in wireless communications. MIMO has become a
key technology for future communication systems as
the number of requests for wireless services continues
to increase, with the spectrum being finite. Recently,
numerous in-depth studies have been conducted in the
field of multi-user MIMO communication, in which
relevant systems are referred to as massive MIMO or
large-scale MIMO systems.
Massive MIMO systems are defined as an arrangement of MU-MIMO systems wherein large
quantities of antenna elements at BSs and large
quantities of antennas at terminals are deployed. In
massive MIMO systems, large quantities of antennas
(hundreds or thousands) connected to a BS simultaneously work for considerably fewer (tens or hundreds) terminals using similar time and carrier frequency resources (Larsson et al., 2014). Massive
MIMO systems can improve the capacity of wireless
communication systems 10-fold or more owing to
their characteristics and the energy efficiency by approximately 100-fold. The capacity increase enabled
by massive MIMO systems is due to the large number
of antennas that are implemented. However, using a
large number of antennas causes interference problems, which can be mitigated by deploying beamforming antennas instead of conventional antennas.
The definition of beamforming in massive
MIMO systems differs slightly from the aforementioned definitions. Beamforming is a signal processing procedure used with multiple arrays of antennas at the transmitter side and/or receiver side to
simultaneously send or detect multiple signals from
multiple desired terminals to increase system capacity
and performance. Beamforming can be realised by
assembling the elements in an organised array, in
which beams steered toward a specific direction are
added and the other beams neglected. Although this
technique is not new, it remains reinforced by developed wireless communication system organizations, namely, long-term evolution (LTE) and LTE
advanced operators. These operators focus on integrating beamforming techniques into wireless communication systems. The energy efficiency of massive MIMO systems could be increased dramatically
by deploying a large quantity of beamforming antenna elements at the BS (Rusek et al., 2013; Larsson
et al., 2014; Lu et al., 2014). Recent studies related to
5G wireless systems have largely focused on massive
MIMO systems and beamforming solutions. However,
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beamforming techniques can still contribute to further
enhancements of future wireless communication
systems.
2.2 Benefits of beamforming in massive MIMO
systems
Beamforming is a process formulated to produce
the radiated beam patterns of the antennas by completely building up the processed signals in the direction of the desired terminals and cancelling beams
of interfering signals. This can be accomplished using
a finite impulse response (FIR) filter. FIR filters are
beneficial in that their weights can be varied adaptively and applied to obtain the optimum beamforming. The application of beamforming in massive
MIMO systems has the following advantages: enhanced energy efficiency, improved spectral efficiency, increased system security, and applicability
for mm-wave bands.
2.2.1 Enhanced energy efficiency
The lower power requirements of beamforming
antennas for transmitting signals to the intended user
and cost reductions result in the lower power consumption and amplifier costs of massive MIMO systems. The significance of overall energy efficiency for
upcoming wireless communication systems was discussed by Yang and Marzetta (2013b; 2015), Björnson et al. (2014), Chen et al. (2015), He et al. (2015),
and Gozalves (2016). Massive MIMO systems are
assisted by beamforming processes to reduce the
power consumption of the entire system by computing the optimal quantity of antenna elements that
meet several essential criteria for manipulating
energy-efficient massive MIMO systems. For each
specified power consumption of each BS, the overall
energy efficiency is relatively unaffected by the
number of working antenna elements in the cell; thus,
a common number of working antennas can be implemented for the entire cells in the system to obtain
high cost-effectiveness and overall energy efficiency.
To meet the terminal throughput requirements, optimization processes for beamforming techniques, such
as power control, must be considered to reduce the
power consumption at the BS.
2.2.2 Improved spectral efficiency
Power controlling of the uplink and downlink
signals, utilization of the information of the training
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sequence, and improvement of the signal quality by
beamforming antenna elements enable capacity improvements. Massive MIMO systems have potential
for improving the spectral efficiency of wireless
communication systems by installing beamforming
antenna arrays with large numbers of serving antenna
elements at BSs with coherent precoding and detector
processing (Huh et al., 2012; Kim et al., 2013; Ngo
and Larsson, 2013; Behjati et al., 2015; Jin et al.,
2016; Noh et al., 2016). The spectral efficiencies of
cellular systems are influenced by the carrier-tointerference ratio distributions at the mobiles.
A comparison of the performances of an omnidirectional BS and sectored antennas with beamforming in the presence of traffic was presented by
Ismail et al. (1999). The performance of traffic in
wireless system constructions has been effectively
enhanced via the replacement of conventional omnidirectional antenna arrays with dynamic cell sectored
construction and beam steering antenna arrays using
time division duplex (TDD) procedures. Simulations
have shown that the efficiency of dynamic cell sectoring is improved by using beamforming techniques
rather than omnidirectional antennas at BSs. Moreover, average beamforming gains increase the power
of the downlink signal at the precoder because of the
coherent combination of the received signals at all
antenna elements. The gain is relative to the download speed; therefore, the data rate can be increased
using massive MIMO systems (Pradhan and Roy,
2014; WWRF, 2014; Yan et al., 2014; Liu GY et al.,
2016).
2.2.3 Increased system security
The concept of beamforming is to steer the
transmitted signal toward the intended user; therefore,
the receiver will be the only party to recover the
wanted signal from the overlay signal. Physical security can be achieved because the probability of an
eavesdropper receiving the transmitted signal will be
smaller than when using conventional antennas (Liao
et al., 2011; Guo et al., 2015).

frequency domain is by leveraging the unused frequency bands near the mm-wave range (e.g., 60 GHz
and above), as discussed by Cudak et al. (2013),
Rappaport et al. (2013), Medbo et al. (2014), and
Carton et al. (2015). The main advantage of these
frequency bands is their high bandwidth availability.
However, the propagation characteristics of these
bands are poor, even for short distances.
Highly directive antennas must be used to
overcome this limitation. Fortunately, high antenna
gains can be achieved at a considerably smaller antenna size because of the high carrier frequency. This
means that these directional antennas can also be used
with mobile units. However, a fixed narrow beam
system is not suitable for mobile applications. This
makes beamforming the only viable solution for such
applications (Andrews et al., 2014; Roh et al., 2014;
Swindlehurst et al., 2014).
2.3 Massive MIMO precoders and detectors
As noted above, massive MIMO systems have
the following benefits: enhancement in throughput
performance, low-cost components, low power, and
efficient energy radiation. Precoding, or preequalization of the transmitted signals, is one of the
functions involved in MIMO systems and developed
for massive MIMO systems that depend on CSI
availability to correct the signal errors at BSs. Detectors at terminals (mobile stations) should subsequently recover the desired established signal from
antenna array elements at the BS simultaneously in
the downlink stage. Detector designs with enhanced
power consumption and low estimation complexity
are difficult to obtain but extremely important, particularly when the number of antennas increases.
In most cases of massive MIMO systems, mobile
stations can precisely follow the instantaneous state
of the channel from pilot signals that are characteristically inserted into uplink-transmitted signals from
various terminals within the cell; therefore, at the tth
(t=1, 2, …, T) time slot, the signals received at the jth
BS can be expressed as follows (Hu, 2016):

2.2.4 Applicability for mm-wave bands
K

Another advantage of beamforming is that it can
be applied to mm-wave bands. Because the majority
of the frequency spectrum that is suitable for dense
urban cellular communication (e.g., below 5 GHz) is
licensed, the only way to increase data rates in the

y j ,u (t )= Pu h j ,k (t ) sk (t )  n j (t ),

(1)

k 1

where hj,k(t)M×1 is the uplink channel vector from
the kth user in the cell to the BS, M is the number of
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elements of the array antenna in the BS, sk(t) is the
symbol transmitted by the kth user in the cell at the tth
time slot, Pu is the average signal-to-noise ratio
(SNR), and nj(t)M×1 is an additive noise vector
received at the tth time slot. At each time slot, linear
beamforming is employed at the BS to suppress the
interference and enhance the signal. For the kth user
in the jth cell, the received signal vector, yj,u(t) in
Eq. (1), is processed by the jth BS with beamforming,
and the resulting signal is expressed as

s j , k (t )  w Hj , k y j (t ).

(2)

In the downlink stage, the BS deploys N transmitting beamforming antenna elements, and each
terminal can be well appointed with multiple beamforming antennas. wj,k denotes the transmit downlink
beamforming vector for the kth user in the jth cell.
Then, the received signal at the kth user in the jth cell
is given by

y j,k ,d  hHj, j,k wj,k xj,k 

h

n,l  j ,k

H
n, j ,k

wn,l xn,l  nj,k ,

(3)

where xj,k represents the information signal for the kth
user in the jth cell. The signal-to-interference-plusnoise ratio (SINR) at user k is

SINR j , k 

hHj , j , k w j , k



n ,l  j , k

2
2

hnH, j , k wn ,l   2

.

(4)

Recently, detection algorithms with low complexity and high optimal performance have received
significant attention from researchers seeking to upgrade conventional wireless communication systems
to 5G. We can categorise these precoders/detectors
into two main categories: linear precoders/detectors
and nonlinear precoders/detectors. Linear signal detectors with low complexity consider all signals,
which are transmitted by excluding the desired stream
from the specified transmit antenna as interference
(Wagner et al., 2012; Kammoun et al., 2014). Thus,
interfering signals, which are transmitted from other
antennas, are reduced or nullified in the process of
detecting desired signals from the specified transmit
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antenna. Well-known detectors, such as maximum
ratio combining (MRC) receivers (also called
matched-filter (MF) receivers), zero-forcing receivers
(ZFRs), and minimum mean-square-error (MMSE)
receivers, are practical candidates for massive MIMO
systems.
Using MRC receivers, BSs attempt to obtain the
highest SNR (maximum SNR) for every stream and
ignore the influence of other multiuser interference.
MRC receivers are advantageous in that they simplify
signal processing; however, MRCs perform poorly in
interference-limited scenarios because they do not
address the effects of multiuser interference. In
comparison to MRC receivers, ZFRs consider multiuser interference in their calculations; however, they
do not consider noise effects.
Through zero-forcing (ZF), multiuser interference can be completely nullified by estimating the
orthogonal complement of each stream of the multiuser interference. Yang and Marzetta (2013a) compared the two most well-known linear precoding
schemes for massive MIMO (conjugate beamforming
precoding and ZF precoding) in terms of power
consumption and capacity efficiency. They found that
by optimising the management of transmitted power,
conjugate beamforming could obtain better overall
computational measures compared to ZF precoding
because of the larger number of served terminals.
Regardless of the computational aspects, conjugate
beamforming is more robust than ZF and may thus be
preferable. Another advantage of conjugate beamforming is that it results in a situation characterised by
decentralised planning, in which each antenna independently possesses its channel estimates.
The main objective of a linear MMSE receiver is
reducing the mean-square error of the estimated signal versus the transmitted signal. The performance of
massive MIMO systems has been examined and
studied from several viewpoints based on the characteristics of various linear receivers. A comparison
of the performances of MMSE receivers and MF
receivers in realistic system settings was presented by
Ju et al. (2013). The results indicated that the MMSE
receiver can perform similarly as MF receivers with
fewer antennas, particularly under interference conditions. The final formulations for various receivers
according to Eqs. (3) and (4) are as follows:
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W  H * , for MF,
W  H * ( H T H * ) 1 , for ZF,
1

1


W  H  HTH* 
I k  , for MMSE,
SINR 

*

where H* is the Hermitian operation of the channel
matrix and Ik is the identity matrix for the kth user.
MMSE receivers have performed slightly better than
ZFR receivers, but the noise variance must be known
at the MMSE receiver. This drawback does not affect
conventional MIMO systems but will induce a high
complexity for systems with many antennas. Thus,
the majority of recent studies have concentrated on
ZFRs for massive MIMO systems rather than MMSE
receivers (Li and Leung, 2013; He et al., 2014; Jin et
al., 2014; Liu DL et al., 2016). Li et al. (2016) evaluated the average sum rate of coordinated scheduling
and beamforming of users in a multicell model, and
the authors developed low-complexity, multicell,
coordinated user scheduling policies for massive
MIMO systems. In Le and Kim (2015), spectral efficiency under power scaling laws of massive MIMO
systems was analysed, where the authors engaged ZF
beamforming and ZF relay for a multipair, massive
antenna relaying system.
As noted above, linear detectors are simple but
provide poor BER performance. By contrast, nonlinear detectors provide a reasonable BER performance but have a high computational complexity. The
best-known nonlinear precoder/detector techniques
that can be used for MU MIMO systems are dirtypaper-coding (DPC), vector perturbation (VP), and
lattice-aided methods (Masouros et al., 2013). Such
detectors can be used to obtain better performances
compared to using linear detectors at the cost of
higher estimation complexity. The improvement of
complexity for nonlinear detectors is the key issue in
massive MIMO systems (Mazrouei-Sebdani et al.,
2016).
3 Beamforming technique classifications

The beamforming technique is used in smart
antennas for transmitting and receiving signals in
massive MIMO systems. Smart antennas are antenna
arrays with signal processing algorithms that are

aware of spatial signal identifiers, such as the direction of arrival (DOA) of the signal, and employ them
to evaluate beamforming vectors. These vectors
identify and consequently track the desired signal sent
from mobile stations. Smart antenna techniques are
used particularly in acoustic signal processing, radio
astronomy and radio telescopes, track-and-scan radar,
as well as in wireless communication systems, such as
W-CDMA, UMTS, LTE, and LTE Advanced.
Several methods, such as the multiple signal
classification (MUSIC) technique, estimation of signal parameters via rotational invariance techniques
(ESPRIT), and the matrix pencil method and its derivatives, have been elaborated as a part of the
beamforming technique to predict the DOA of incoming signals and have been implemented via smart
antenna systems. Such methods take in spatial spectrum results of the antenna array and compute the
DOA based on the peaks of the spectrum (Yang et al.,
2010; Liao and Chan, 2011; Oumar et al., 2012;
Chuang et al., 2015). Smart antennas can be categorised into three types: diversity, spatial multiplexing,
and beamforming. Diversity is used at the transmitting and receiving sides to reduce multipath fading
and improve link reliability, whereas spatial multiplexing involves transferring multiple streams of data
in parallel to increase the transmission rate.
Several works have been conducted to classify
beamforming techniques according to their characteristics. Some scientists classified beamforming
techniques in terms of their physical characteristics.
Gotsis and Sahalos (2011) classified beamforming
techniques into two main categories: switched
beamforming and adaptive beamforming. Moreover,
they categorised the techniques into various types of
array antennas, that is, linear arrays, circular arrays,
and rectangular arrays. Another classification of
beamforming techniques based on signal processing
was presented by Hur et al. (2013) and Bogale and Le
(2014), wherein the researchers classified the techniques into analogue beamforming, digital beamforming, and hybrid analogue/digital beamforming.
The benefit of employing analogue beamforming is
that inexpensive phase shifters are used for massive
MIMO systems compared to digital beamforming,
which has the advantage of providing more accurate
and rapid foundation results to obtain user signals.
However, digital beamforming suffers from high
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complexity and an expensive design; thus, it is not
adopted in massive MIMO systems. Hybrid
analogue/digital beamforming has been developed for
massive MIMO systems to obtain the advantages of
analogue and digital beamforming. In addition, many
algorithms have provided technological advancements for increasing and optimising the performance
of adaptive beamforming antennas.
These algorithms can be classified into two main
types: blind adaptive algorithms and non-blind adaptive algorithms. Non-blind adaptive algorithms require known statistics of the transmitted signal, with
the objective of determining a weighted path of travel.
This objective can typically be achieved using a
training signal that is transmitted through the communication link to the terminals to support the detection of the preferred user. By contrast, blind adaptive
algorithms do not require any statistical knowledge to
be trained; this is clearly expressed by the term ‘blind’.
The focus of blind algorithms is on re-establishing
some types of physical characteristics of the downlink
signal with the goals of maximising the signal to the
desired terminal and minimising interference from
other terminals. Another factor that can improve the
quality-of-service of beamforming techniques is that
they can be used for mm-wave bands (wideband)
instead of conventional bands (narrowband), that is,
900 MHz–5 GHz. In mm-wave bands, the antenna
array is extremely small owing to the size of the
wavelength and beam width being extremely sharp,
and the maximum range between the BS and the users
is a few hundred metres. We present these classifications in Fig. 1.
3.1 Wideband beamforming versus narrowband
beamforming

Beamforming can be divided into two categories
depending on the signal bandwidth: narrowband
beamforming and wideband beamforming. Narrowband beamforming is achieved by an instantaneous
linear combination of the received array signals.
However, when the involved signals are wideband, an
additional processing dimension must be employed
for effective operation, such as tapped delay lines (or
FIR/IIR filters) or the recently proposed sensor delay
lines, which lead to a wideband beamforming system
(Liu and Weiss, 2010).
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Fig. 1 General beamforming classification
LMS: least-mean-square; RLS: recursive-least-square; SMI:
sample matrix inversion; CGA: conjugate gradient algorithm; CMA: constant modulus algorithm; LS-CMA: least
square constant modulus algorithm; LCMV: linearly constrained minimum variance; MVDR: minimum variance
distortionless response

The majority of current wireless communication
applications are still focused on narrowband beamforming; however, wideband beamforming becomes
an important topic for future wireless communication
applications owing to 5G requirements concerning
high-frequency band signals for achieving an extremely high data rate. The best example of wideband
beamforming that can be implemented for 5G for
establishing extremely high speeds and high capacities is mm-wave beamforming. An extensive review
of mm-wave (wideband) beamforming is provided in
Section 5.
3.2 Switched array beamforming versus adaptive
array beamforming

Beamforming schemes are generally classified
as either switched-beam systems or adaptive array
systems. A switched-beam system depends on a fixed
beamforming network that yields established predefined beams. Perhaps the most common solution for
fixed beamforming is the Butler matrix, which was
developed by Butler and Ralph (1961). A Butler matrix is composed of hybrid couplers, phase shifters,
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and crossovers. In Ren et al. (2016), the reader can
find an all-inclusive review of the Butler matrix
functionality and its operation subjects. A switchedbeam system requires a switching network, with the
objective of choosing a suitable beam to obtain the
desired signal from a specific terminal. The majority
of the chosen emitted beam might not point to the
desired direction. Bae et al. (2014), Huang and Pan
(2015), and Tiwari and Rao (2015) addressed these
issues (Table 1). Furthermore, a beam typically serves
more than one mobile station (Fig. 2a). By contrast,
adaptive array systems have the option to formulate a
singular beam for each user. This option is realised by
weight vectors that are applied via adaptive array
processors to detected signals with the objective of
controlling phase changes between the elements of the
antenna array and their amplitude spreading (Fig. 2b).
In this technique, specific beam shapes can be formed,
and the directions toward a preferred mobile station
are given by the main lobe remote sensing and consequently null toward the interfering sequences.
Adaptive beamforming assumes that the BS
modernizes the localization of the mobile station.

However, accurate localization is a difficult task because a large number of real-time mobile stations may
overload the process. Therefore, estimating the DOA
of received signals impinging on an antenna array is a
main issue for wireless communication systems. It is
considerably more difficult to put an adaptive beamforming system into practice than a switchedbeamforming system.
By contrast, perfect adaptive beams attempt to
reduce the interference between users and achieve
considerably improved offered power resources
(Huang et al., 2015; Sivasundarapandian, 2015; Wu
et al., 2015). Regardless, there are advantages and
disadvantages to both categories, which must be
considered in implementation for massive MIMO
systems. These advantages and disadvantages are
shown in Table 1, which illustrates that although
adaptive beamforming is difficult to implement, the
majority of recent studies and simulations related to
massive MIMO prefer this technique to switched
beamforming because of its reliability for 5G
requirements.

Table 1 Comparison between the two approaches in terms of coverage area, capacity, interference suppression, and
complexity
Parameter
Switched beamforming
Adaptive beamforming
Coverage and
Better coverage and capacity compared to conCovering a larger area and being more uniform
capacity
ventional antenna systems. The improvement
compared to switched beamforming at the same
ranges from 20% to 200%
power level
Interference
Suffering from a problem in differentiating beOffering more comprehensive interference
elimination
tween the desired signal and an interferer signal
rejection
Complexity and - Easy to implement in existing cellular systems
- Difficult to implement
cost
- Inexpensive
- Expensive
- Using simple algorithms for beam selection
- Requiring more time and more accurate (highly
complex) algorithms to steer the beam and nulls
(b)

Fig. 2 Adaptive beamforming (a) and switched beamforming (b)
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3.3 Adaptive beamforming algorithms: blind algorithms versus non-blind algorithms

In beamforming antenna arrays, signals received
at each antenna element of the antenna array are
adaptively built up to enhance the overall efficiency
of the wireless communication system. The signals
detected at the different antennas at the BS pass
through multiplication processes with complex
weights. The modified weights are immediately
summed. In adaptive beamforming antenna arrays,
according to the DOA, the estimation beam can be
steered to the wanted signal direction, and nullification is applied to unwanted signal directions. The
DOA of incoming signals and the direction of interfering signals can be easily estimated by smart antennas. Then, using a beamforming algorithm, the
beam of the antenna is created toward the desired
signal direction, and the null is formed toward the
interfering signal directions. Adaptive beamforming
algorithms are categorised into two main types:
non-blind adaptive algorithms and blind adaptive
algorithms (Arunitha et al., 2015). The general equation for adaptive array output y(t) is given by
y (t )  w H x (t ),

(5)

where wH denotes the complex conjugate transpose of
the weight vector. The weights are computed in an
iterative manner based on the array y(t). In non-blind
adaptive algorithms, a reference signal is used to
adapt the array weights continually. Subsequently, the
response of the weights at the end of every iteration is
compared to the reference signal, and the produced
error signal is implemented to adjust the weights in
the algorithms. The error signal is given by
e(t )  d (t )  w H x (t ),

(6)

where d(t) is the reference signal, which is similar to
the original signal, and the algorithm should minimise
the error difference between the output signal and
reference signal such that the output signal is as close
to the original signal as possible. Then, a beam can be
formed toward the desired signal and the user can
always be tracked.
Some examples of non-blind adaptive algorithms are the least-mean-square (LMS) algorithm,
the recursive-least-square (RLS) algorithm (Ara-
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blouei and Dogancay, 2012), sample matrix inversion
(SMI) (Liu J et al., 2016), and conjugate gradient (CG)
(Jamel, 2015). By contrast, blind adaptive algorithms
are not dependent on the implementation of a reference signal and, therefore, there is no requirement to
adjust the weights of the array.
Famous examples of blind adaptive algorithms
include the constant modulus algorithm (CMA) and
least square constant modulus algorithm (LS-CMA)
(Bhotto and Bajić, 2015). Nulls are designed toward
identified interference source directions by adaptively
varying the antenna array pattern; hence, the adaptive
beamforming technique can operate under interference conditions.
The main generator in adaptive beamforming is
the digital signal processor, which deduces the received signals, defines the complex weights, multiplies the produced weights by every element response
individually, and modifies the array radiation pattern.
The effects of noise signals and interference signals
are minimised by the antenna array, which also produces the maximum gain toward the desired direction.
Thus, the performance of smart antennas is dependent
mainly on the adaptive algorithms that are used for
digital beamforming. Most performance criteria of
adaptive beamforming algorithms depend on comparisons between various types of algorithms in terms
of time of evaluation (speed of conversions and
number of iterations) and accurate resolution, which
is affected by multipath and interfering signals, to
obtain the maximum SNR from a desired terminal.
Recently, two well-known adaptive algorithms
were developed based on the null steering approach,
LCMV beamforming (Rasekh and Seydnejad, 2014)
and MVDR beamforming (Zou and He, 2013); these
algorithms use null steering beamforming ideas to
produce an adaptive beamforming array. Null steering
antennas are critical in wireless communications because they improve the SINR by placing the null in
the interference direction while pointing to the main
lobe in the desired direction. The null positions in the
antenna pattern are functions of the complex weights.
Their values are obtained by solving a linear equation.
Nevertheless, the direction of the interference signals
must be precisely known. This causes a problem in
practice because the directions of interference signals
vary over time in real-time situations. Adaptive null
steering, which can track the interference direction, is
adopted to resolve this issue.
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Many algorithms have been applied to the adaptive null steering problem. An efficient method based
on the bees algorithm was presented by Guney and
Onay (2007). One of the main algorithms used for
adaptive null steering is the genetic algorithm (GA)
(Khan and Tuzlukov, 2011). GAs represent a powerful searching method. The GA proposed in previous
works was based on minimising the array output
power. The direction of the main lobe must remain in
the desired direction during the process.
3.3.1 Linearly constrained minimum variance beamforming
The majority of designed beamforming algorithms require some knowledge of the reference signal and the strength of the desired signal. These limits
can be overcome by applying linear constraints to the
weight vector. The principal concept of the LCMV
beamformer was proposed by Frost (1972), where
beamformers of LCMV are spatial filters that select
optimum weight vectors to reduce the filter’s response based on power constraints. This condition,
together with other constraints, ensures signal protection at the desired location while reducing the
variance effects of created signals from other directions. LCMV was developed based on the conventional MMSE for the automatic adjustment of array
weights for simplicity.
The main disadvantage of the LCMV technique
is its low convergence rate, which makes it inappropriate for application to massive MIMO systems even
though it requires only the DOA to maximise the SNR,
which simplifies the process estimation. Many different studies have sought to improve the capabilities
of LCMV beamforming. Particle swarm optimization,
dynamic mutated artificial immune systems, and
gravitational search algorithms were incorporated
into current LCMV techniques to improve LCMV
weights (Darzi et al., 2014). The simulation results
proved that the detected SINR of the desired terminals
can be improved through the combination of particle
swarm optimization (PSO), DM-AIS, and GSA in
LCMV based on interference mitigation.
3.3.2 Minimum variance distortionless response
beamforming
The main concept of the MVDR beamforming
algorithm is to reduce the variance of beam responses

by selecting the weights of the antenna element while
keeping the gain level that steers the beam to a desired
direction constant. The main purpose of the procedure
is to terminate strong interference signals from undesired directions. Several methods have been suggested to enhance the validity of the MVDR beamformer, with the most famous and widely used being
diagonal loading and its extensions. The initial diagonal loading method was developed by Carlson
(1988).
Although many methods based on loading factor
evaluation have been proposed, the loading factor
remains an issue, and some of these methods suffer
from increased algorithm complexity. Vincent and
Besson (2004) selected a negative loading level with
the objective of maximising the SINR even though
steering vector errors were found. A method that depends on the notion of uncertainty sets was recently
proposed. Vorobyov et al. (2002) forced the steering
vector magnitude responses into a sphere to obtain
unity under a non-convex constraint. Gross (2005)
proved that this algorithm is from the family of diagonal loading beamformers. Darzi et al. (2016) focused on solving the optimization problem of MVDR.
The simulation attempted to demonstrate the cooperation of PSO and gravitational search algorithms to
assist MVDR in improving its performance and reducing the effects of interference.
The new algorithm achieved significant improvements over conventional adaptive antennas.
Based on 5G requirements that include no latency or
accuracy, blind adaptive algorithms are more convenient than non-blind adaptive algorithms for massive MIMO systems. Huang et al. (2015),
Sivasundarapandian (2015), and Wu et al. (2015)
proposed some blind and semi-blind adaptive algorithms for massive MIMO systems.
However, the aforementioned properties of
LCMV and MVDR indicate that MVDR is more
suitable for massive MIMO systems than LCMV.
Researchers have evaluated the DOA for the aforementioned algorithms in terms of the azimuth angle
and elevation angle (2D-DOA), which increases the
accuracy of the results, thus reducing inter-cell interference and increasing the performance of the
massive MIMO system (Barua et al., 2015; Kiani and
Pezeshk, 2015; Shang and Li, 2015; Zhang et al.,
2016). In Kiani and Pezeshk (2015), a comparison

Ali et al. / Front Inform Technol Electron Eng 2017 18(6):753-772

between several array geometries, including planar
arrays and volume arrays, for 2D-DOA estimation
using MUSIC is presented. For each geometry, various criteria are taken into consideration and a comparative study of the performance of geometries is
carried out. It has been shown that all the proposed
geometries have to fit the system performance.
However, the accuracy of the estimations reaches its
peak by using planar geometries.
Zhang et al. (2016) proposed a new scheme for
measuring and estimating the 2D-DOA of propagation paths, called multipath angular estimation, using
the array response of PN-sequences (MAPS) in fulldimensional MIMO (FD-MIMO) systems. MAPS has
been compared with other algorithms such as MUSIC,
ESPRIT, and SAGE by simulations. The results have
shown that MAPS outperforms the conventional
methods in terms of estimation accuracy and capacity
for various SNRs, antenna array sizes, numbers of
paths, and delay differences.
3.4 Analogue, digital, and hybrid analogue/digital
beamforming

Another classification of beamforming techniques is shown in Fig. 1, where they are categorised
into two types: analogue beamforming and digital
beamforming. Analogue beamforming was proposed
more than 50 years ago. Analogue beamforming antennas are composed of hybrid matrices and fixed
phase shifters. The main concept behind analogue
beamforming is controlling the phase of each transmitted signal using low-cost phase shifters. A selective radio frequency (RF) switch is used to facilitate
the beam steering function (steering angle).
Some modern analogue beamforming antennas
have been proposed and offer continuous beamforming. Venkateswaran and van der Veen (2010)
proposed analogue beamforming in MIMO communications with phase shift networks. They attempted
to cancel interfering signals in the analogue domain
and minimise the required ADC resolution. Unfortunately, it is difficult to control the direction of their
nulls.
By contrast, digital beamforming consists of
many utilities, including DOA estimation, programmable control of antenna radiation patterns, and
adaptive steering of its beam and nulls to enhance the
SINR (Gross, 2005; Liang et al., 2014; Darzi et al.,

763

2016). These advantages can be obtained only by
using digital technology.
The implementation of digital beamforming is
not suitable for massive MIMO systems because
traditional beamforming is implemented at the baseband, which helps to control the phase and amplitude
of the signal; therefore, it requires the carrier frequency of the processed signal be up-converted after
a crossover RF chain, which includes digital-toanalogue (D/A) converters, mixers, and power amplifiers. The responses of the RF chain are then
combined with the antenna elements. In other words,
each antenna array element must be reinforced by a
dedicated RF chain. This is expensive to realise in
massive MIMO systems because a large number of
antenna elements is necessary.
As noted above, analogue beamforming is applied in a simple manner using inexpensive phase
shifters. For that reason, analogue beamforming is
more cost-effective than digital beamforming. Conversely, analogue beamforming exhibits poorer performance compared to digital beamforming because
the amplitudes of the phase shifter are not flexible. To
achieve better performance, mixing between digital
and analogue beamforming has been proposed and is
referred to as hybrid beamforming.
Kim et al. (2013), Haghighat (2014), Bogale
et al. (2015), Ying et al. (2015), and Noh et al. (2016)
demonstrated that hybrid beamforming concepts,
which are a mixture of digital and analogue beamforming, are widely applied to massive MIMO systems. The digital beamforming portion creates baseband signals, whereas the analogue beamforming
portion addresses RF chain effects by reducing the
number of ADCs/DACs, which improves the outputs
of power amplifiers or changes the architecture of the
mixers and hence provides cost savings.
Different types of hybrid beamforming systems
have been designed and suggested by many researchers. Hur et al. (2013) designed a hybrid beamformer and compared hybrid and digital beamforming
in the case of downlink multiuser massive MIMO
systems. They investigated the relationship between
both digital and hybrid beamforming statistically by
varying such factors as the RF chain parameters
(ADCs and the number of multiplexed symbols). The
simulation results showed that for a certain number of
RF chains and ADCs, the difference in performance
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between digital and hybrid beamforming can be improved by reducing the number of multiplexed symbols. Furthermore, for a particular number of multiplexed symbols, increasing the number of RF chains
and ADCs will increase the sum rate of hybrid
beamforming that can be obtained.
Recently, researchers have concentrated on designing and developing hybrid beamforming that can
operate in mm-wave bands for massive MIMO systems. Chen (2015), Dai et al. (2015a; 2015b), and
Ghauch et al. (2016) designed hybrid mm-wave
precoding for multiple objectives, such as reducing
the weighted sum of squared residuals between the
optimal digital beamforming design and hybrid
beamforming design. Dai et al. (2015a; 2015b) addressed the problem of channel estimation and hybrid
precoding/detectors, and Chen (2015) and Ghauch
et al. (2016) reduced the complexity of hybrid
beamforming.

4 Millimetre-wave beamforming for massive
MIMO systems

Global bandwidth has reached a state of unavailability owing to the rapid growth of wireless
communication system requirements. The carrier
frequencies of wireless communication systems have
ranged between 800 MHz and 5.8 GHz. There is great
interest in replacing conventional global bandwidth
by wireless mm-wave frequencies because conventional bandwidth currently surpasses the combined
bandwidths of all wireless communication systems
when it is heavily used.
Millimetre-wave frequencies found some use
early on, such as in local multipoint distribution systems (LMDSs) and backhaul services at 20 and 40
GHz, in the 1990s; however, these applications were
commercially impractical owing to the high costs of
hardware characterising these mm-wave devices.
CMOS production technologies have been developed to obtain substantial reductions in cost and
size, thereby creating attractive reasons for mm-wave
frequencies to be considered as cost-effective means
of mitigating bandwidth issues. Power-efficient circuits, smart antenna arrays, and mm-wave spectrum
devices will be established to continue improving the
abilities to use mm-wave frequencies as a highly

effective solution for future technological development of wireless communication systems.
There are several benefits to using mm-wave
frequencies in future 5G networks:
1. A broad spectrum exists at mm-wave frequencies that can be used for current cellular communication systems, including service bandwidth
from 28 to 40 GHz, frequency band from 60 to 63
GHz, bandwidths from 71 to 76 GHz, 81 to 86 GHz,
and 92 to 95 GHz. However, existing bandwidth has
already been fully used and represents a restricted
spectrum.
2. At mm-wave wireless communication bands,
carrier frequencies can be reused within short distances because of the high debility of signals (attenuation) in free space and penetration.
3. Owing to the small wavelength of mm-wave
frequencies, the antennas are sufficiently small, so it
becomes practical to construct and implement multipart antenna arrays and integrate them onto boards
and chip circuits.
4. Owing to transmission range limitations, in
addition to the relatively narrow beam widths of
mm-wave communication systems, significant improvements in security and privacy can be obtained.
Although mm-wave systems benefit from a wide
range of spectra that can be used, they are power
limited because of the large path loss accompanying
mm-wave wavelengths because of the high carrier
frequency. In addition, such systems are interference
limited because of co-channel interference. With the
goals of overcoming the uncomplimentary path loss
and avoiding co-channel interference, an applicable
beamforming scheme for concentrating the transmitted signals into a desired direction is one of the key
enablers for wireless mobile communications at mmwave frequency bands.
However, the small wavelengths of mm-wave
bands enable the implementation of a large number of
beamforming antenna elements in a compact form to
create directional beams that can address the maximum number of terminals. As mm-wave systems
have been developed, there has been significant work
on beamforming techniques to enhance both spectral
efficiency and energy efficiency for massive MIMO
systems. The deployment of mm-waves in massive
MIMO systems depending on beamforming techniques was explained in detail by Swindlehurst et al.
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(2014) and Bogale and Le (2015), which discussed
mainly the integration of mm-waves and massive
MIMO technologies in 5G.
Extensive work is currently being done by researchers to develop an inclusive statistical mm-wave
propagation model for channel modelling that can
assist in reinforcing next-generation cellular system
development. The mm-wave spectrum exhibits strong
potential as a compulsory spectrum for 5G wireless
systems.
The combination of mm-wave bands and
beamforming techniques is of concern in the development of hybrid beamforming techniques and
beamforming antenna array design. Roh et al. (2014)
developed an mm-wave adaptive beamforming prototype that consists of 32 antenna elements organised
in an arrangement of an identical planar array using
eight horizontal elements by four vertical elements
compressed inside a 60 mm×30 mm prototype. This
minor prototype operates at a carrier frequency of
28 GHz. The created beam specifications, which are
exclusively based on the full horizontal and vertical
width at half maximum of the overall beamforming
gain, have been significantly improved.
With the advanced adaptive beamforming system, researchers successfully proved that the
mm-wave spectrum can support cells with a coverage
radius of a few hundred metres for outdoor and indoor
systems with transmit data rates of greater than 500
Mb/s, even in non-line of sight (non-LOS) environments. Sun et al. (2014) proposed principles for
adopting the MIMO spatial multiplexing concept in
addition to the beamforming concept for upcoming
mm-wave wireless communication systems by exploring when either, or both, are most likely to be
convenient. Among the contributions of their simulation, they evaluated the performance of general urban
steering channel measurements at bandwidths of
28–38 GHz and 73–76 GHz and demonstrated that
steering beams regularly occur in the presence of low
path loss and slight multipath time dispersion. This
means that high link power could be received using
beamforming with a simple equalization process. In
addition, they proved that digital beamforming is not
suitable for mm-wave massive MIMO systems because of RF chains that follow each antenna array
element in the system.

765

Thus, it will be extremely expensive and complex to address digital beamforming with the implementation of large numbers of antennas. Therefore,
addressing hybrid beamforming approaches, which
are combinations of digital beamforming and analogue beamforming, as shown above, promises to
provide enhancements in terms of both power consumption and performance. Li et al. (2014), Huang et
al. (2015), Bogale et al. (2016), and Dai and Clerckx
(2016) have discussed briefly hybrid beamforming
(Table 2). They drew the same conclusion that digital
beamforming is not suitable for massive MIMO and
proposed some schemes of hybrid beamforming that
can avoid digital beamforming implementation
problems and improve system performance.

5 Unresolved issues and future trends

Although several research works have focused
on beamforming techniques and their applications in
massive MIMO systems as a basic concept and realization for 5G systems, there are several issues that
have received considerable attention in recent years
and must be addressed before implementing massive
MIMO systems in practice.
5.1 Pilot contamination

In a massive MIMO system, each terminal
specifies an independent pilot sequence to be uplinked. However, the number of these independent
pilot sequences is limited; therefore, they must be
reused. The effect of reusing the same pilots between
different cells will produce a conflict in the antenna
array of a BS once they have correlated the desired
received pilot signal with the pilot sequence associated with a particular terminal. These associated sequences are referred to as pilot contamination. The
array antenna at the BS obtains a channel estimate
that is corrupted by a combination of signals from
other terminals using the same pilot sequence. These
contaminated pilots affect downlink beamforming
and result in interference directed toward those terminals, which are using similar pilot sequences. This
undesired interference increases with an increasing
number of antennas used.
The problem of pilot contamination was defined
many years ago; however, its influence on massive
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Table 2 Taxonomy of articles based on beamforming classifications
(a) Hybrid beamforming
Reference
Objective
Bandwidth
Bogale et al. Performance of the scheduling Microwave
(2016)
and sub-carrier allocation al- and mmgorithm is analysed
wave bands
Dai and
Clerckx
(2016)

Study of the max-min fairness Microwave
of multicasting driven by a
and mmlimited number of RF chains
wave bands

Li et al.
(2014)

The performance of hybrid
mm-wave
beamforming with fixed analogue beamforming weights in
terms of average max-min
SINR is evaluated
Design of hybrid combiners
mm-wave
that maximise the overall
spectral efficiency

Sohrabi and
Yu (2016)

Methodology
Comparison between the proposed hybrid beamforming and
digital beamforming in terms of the average sum rate of the
selected existing antenna beamforming, wherein approaches
under ZF precoding and equal power allocation are evaluated
Investigation of a hybrid precoding method for multicasting
with a limited number of RF chains to propose a
low-complexity search algorithm to determine the RF precoder
and validate its near optimality in terms of the max-min rate
Investigation of the maximization of the minimal SINR over all
of the considered subcarriers under total power constraints,
which are considered as a typical optimization problem for
60 GHz multiuser hybrid beamforming
Proposing heuristic algorithms to solve the problem of overall
spectral efficiency maximization for the transmission scenario
under multi-user MIMO. The simulation results demonstrate
that the proposed approaches achieve a performance similar to
that of the fully digital beamforming schemes

(b) Adaptive beamforming
Reference
Huang et al.
(2015)

Objective
Comparison of the convergence
speed and sensitivity of steering vector errors between
certain adaptive beamforming
algorithms
Wu et al.
The convergence performance
(2015)
of the developed algorithm
is analysed and compared
with those of conventional
algorithms
Sivasundara- Comparison of newly compandian
bined algorithms with con(2015)
ventional algorithms in terms
of convergence time and interference capability

Algorithm type
Robust adaptive beamforming
(RAB)
technique
Blind adaptive
beamforming

Methodology
Proposing an algorithm based on projection matrices, called
robust adaptive beamforming, to achieve robustness against
the steering vector error. Instead of the eigenvalues, eigenvectors of the sample covariance matrix are used to determine
whether the applicant is the base vector of the signal subspace
Improving the reduced-rank beamformer via the development
of a recursive least squares algorithm in relation to the constrained constant modulus standard

Reference
Huang and
Pan (2015)

Bandwidth
Microwave
band

Methodology
Switched beam 4×4 Butler matrix array antennas are planned
and simulated to operate at 2, 6.4, and 8.5 GHz to achieve
beamforming in different directions for triple band frequencies

Microwave
band

Implementing a coordinative switch beamforming scheduler
over an area of 500 m×500 m. The scheduler effectively packs
more guaranteed traffic into fewer resource blocks

mm-wave
band

Designing a switched beam antenna array served by a 4×4
planar Butler matrix network with the goal of achieving
switched beam characteristics in the 60 GHz bands

Combined
Proposing a combination method that includes merging a pure
adaptive
conjugate gradient method (CGM) into pure normalised least
beamforming mean square (NLMS) algorithms to improve the capabilities
of fast convergence and high interference suppression
(c) Switched beamforming

Bae et al.
(2014)

Tiwari and
Rao (2015)

Objective
Analyzing radiation patterns for
dissimilar frequencies with a
variety of port excitations,
which are tabulated and
demonstrate beamforming in
unlike directions
The capacity estimation of
beam patterns and proper selections of beams in a macroscope to meet guaranteed
traffic demands among sectors
Evaluating return losses and
peak gains for switched beam
antenna arrays at 60 GHz
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MIMO systems appears to be substantially greater
owing to the large number of antennas in its construction compared to previous systems (Ngo et al.,
2011; Ashikhmin and Marzetta, 2012; Hu et al., 2013;
Wang et al., 2013; Yin et al., 2013; de Carvalho et al.,
2016).
Various methods have been proposed to alleviate
pilot contamination and can be classified into two
schemes. One scheme is based on the development of
the pilot itself, such as by reducing pilot overhead, or
using different frequency reuse factors in multicell
systems instead of using a frequency reuse factor of
one. This issue was clearly illustrated by Wang et al.
(2013), who analysed the effects of pilot contamination using different reuse factors. They performed
comparisons of area throughput for different reuse
factors, and their results demonstrated that the performance of massive MIMO systems was improved.
By contrast, the other scheme concentrates on
the development of precoding at the BS by adjusting
the precoding matrix at one BS, which can mitigate
the pilot contamination effect. Ahmadi et al. (2016)
proposed open-loop power control (OLPC) and pilot
sequence reuse schemes that avoid pilot contamination within a group of cells. Scientists compared the
performance of a simple least-squares channel estimator with that of the higher-complexity minimum
mean square error estimator, and evaluated the performance of the recently proposed coordinated pilot
allocation (CPA) technique. They found that for
moving users in vehicles, pilot contamination could
be efficiently mitigated using both the OLPC and
pilot reuse schemes.
Other proposals can also be suggested to mitigate pilot contamination effects without changes in
pilot construction and depending on beamforming
techniques, such as beamforming optimization
methods, which can nullify the effects of inter-cell
interference by discriminating the desired channel
from the interfered channel in the uplink stage using
the 2D angle of arrival (AOA) (Shang and Li, 2015)
or based on joint angle and power domain discrimination (Yin et al., 2016).
5.2 Millimetre-wave hybrid beamforming

New categories of hybrid beamforming that are
compatible with mm-wave bands for massive MIMO
systems are required for the design of beamforming
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weights compared to lower frequency-band MIMO
systems and attempt to reduce the complexity and
performance gap between hybrid beamforming and
digital beamforming.
5.3 Channel correlation of beamforming array
antennas for millimetre-waves

Channel correlation issues represent critical issues in mm-wave applications, particularly when
propagation has a habit of being LOS or near LOS
and when integrating with massive MIMO systems.
Although this would likely avoid the use of maximum
ratio combination and maximum ratio transmit precoding for interference suppression, other methods
based on beamforming optimizations can be employed and could be extensively studied to mitigate
this factor.
5.4 Sparsity of beams

Although cooperation between beamforming
techniques and mm-wave systems mitigates many
problems and enhances system performance, investigations that have focused on multiuser transmission
schemes for mm-wave massive MIMO systems discovered that mm-wave channels exhibit strong sparse
propagation after being converted into the angular
space because of high path losses. Several studies
have been conducted to solve this issue (Yang and
Marzetta, 2013b; Lee et al., 2015). A method that
depends on a beamforming technique, referred to as
beam overlapping, can be used to resolve the sparsity
issue. The overlap between the beam patterns intensifies the amount of information carried by the
channel outputs, and thus a path can be identified
using a combination of multiple channel outputs instead of simply a single channel output.
5.5 Beamforming localization for massive MIMO
systems

Although studies on massive MIMO systems
have focused extensively on communications, they
have also examined the high-accuracy localization.
AOA estimation-based beamforming can be used for
this purpose. Typically, a source emits a signal, and
the AOAs are measured at all BSs using a two-step
localization approach; hence, the source location is
found by triangulation (Guerra et al., 2015; Garcia et
al., 2017). However, the AOA estimates are affected
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by dense multipath environments, such as urban regions or inside buildings. Novel schemes to incorporate accurate localization based on beamforming
techniques must be further developed to realise the
benefits of beamforming.

6 Conclusions

This paper presents a comprehensive overview
of beamforming techniques in massive MIMO systems. It critically reviews the recent research on various classifications of beamforming techniques and
investigates which techniques are more appropriate
for use in massive MIMO systems.
Broadband beamforming (mm-wave band
beamforming) is more applicable in massive MIMO
systems than narrowband beamforming owing to its
cost-effective means of mitigating bandwidth issues
and its power-efficient circuits in smart antenna array
design. Adaptive beamforming is more suitable for
massive MIMO systems than switched beamforming
because of its ability to eliminate interference and
reduce power consumption.
Finally, an optimal beamforming for massive
MIMO systems can be achieved by deploying a
combination of analogue and digital beamforming
(hybrid analogue/digital beamforming) in mm-wave
bands combined with optimal algorithms. The optimal algorithms can be one of the adaptive algorithms,
such as MVDR, or a combination of two algorithms,
to estimate accurately the DOA in terms of the azimuth and elevation angles (2D-DOA). The deployment of such optimal beamforming will provide the
highest performance in massive MIMO systems,
satisfying the requirements of next-generation wireless communication systems.
References
Ahmadi, H., Farhang, A., Marchetti, N., et al., 2016. A game
theoretic approach for pilot contamination avoidance in
massive MIMO. IEEE Wirel. Commun. Lett., 5(1):12-15.
https://doi.org/10.1109/LWC.2015.2487261
Andrews, J.G., Buzzi, S., Choi, W., et al., 2014. What will 5G
be? IEEE J. Sel. Areas Commun., 32(6):1065-1082.
https://doi.org/10.1109/JSAC.2014.2328098
Arablouei, R., Dogancay, K., 2012. Linearly-constrained
recursive total least-squares algorithm. IEEE Signal
Process. Lett., 19(12):821-824.
https://doi.org/10.1109/LSP.2012.2221705

Arunitha, A., Gunasekaran, T., Kumar, N.S., et al., 2015.
Adaptive beam forming algorithms for MIMO antenna.
Int. J. Innov. Technol. Explor. Eng., 14(8):9-12.
Ashikhmin, A., Marzetta, T., 2012. Pilot contamination precoding in multi-cell large scale antenna systems. IEEE Int.
Symp. on Information Theory Proc., p.1137-1141.
http://dx.doi.org/10.1109/ISIT.2012.6283031
Bae, J.S., Choi, Y.S., Kim, J.S., et al., 2014. Architecture and
performance evaluation of mmwave based 5G mobile
communication system. Int. Conf. on Information and
Communication Technology Convergence, p.847-851.
http://dx.doi.org/10.1109/ICTC.2014.6983310
Barua, S., Lam, S.C., Ghosa, P., et al., 2015. A survey of
direction of arrival estimation techniques and implementation of channel estimation based on SCME. 12th Int.
Conf. on Electrical Engineering/Electronics, Computer,
Telecommunications and Information Technology, p.1-5.
http://dx.doi.org/10.1109/ECTICon.2015.7206986
Behjati, M., Ismail, M., Nordin, R., 2015. Limited feedback
MU-MIMO in LTE-A system: concepts, performance,
and future works. Wirel. Pers. Commun., 84(2):935-957.
http://dx.doi.org/10.1007/s11277-015-2669-7
Bhotto, M.Z.A., Bajić, I.V., 2015. Constant modulus blind
adaptive beamforming based on unscented Kalman filtering. IEEE Signal Process. Lett., 22(4):474-478.
http://dx.doi.org/10.1109/LSP.2014.2362932
Björnson, E., Sanguinetti, L., Hoydis, J., et al., 2014. Designing multi-user MIMO for energy efficiency: when is
massive MIMO the answer? IEEE Wireless Communications and Networking Conf., p.242-247.
http://dx.doi.org/10.1109/WCNC.2014.6951974
Bogale, T.E., Le, L.B., 2014. Beamforming for multiuser
massive MIMO systems: digital versus hybrid analogdigital. IEEE Global Communications Conf., p.40664071.
http://dx.doi.org/10.1109/GLOCOM.2014.7037444
Bogale, T.E., Le, L.B., 2015. Massive MIMO and millimeter
wave for 5G wireless HetNet: potentials and challenges.
arXiv:1510.06359.
Bogale, T.E., Le, L.B., Haghighat, A., 2015. User scheduling
for massive MIMO OFDMA systems with hybrid analogdigital beamforming. IEEE Int. Conf. on Communications, p.1757-1762.
http://dx.doi.org/10.1109/ICC.2015.7248579
Bogale, T.E., Le, L.B., Haghighat, A., et al., 2016. On the
number of RF chains and phase shifters, and scheduling
design with hybrid analog–digital beamforming. IEEE
Trans. Wirel. Commun., 15(5):3311-3326.
http://dx.doi.org/10.1109/TWC.2016.2519883
Butler, J., Ralph, L., 1961. Beam-forming matrix simplifies
design of electronically scanned antennas. Electron. Des.,
9:170-173.
Carlson, B.D., 1988. Covariance matrix estimation errors and
diagonal loading in adaptive arrays. IEEE Trans. Aerosp.
Electron. Syst., 24(4):397-401.
http://dx.doi.org/10.1109/7.7181

Ali et al. / Front Inform Technol Electron Eng 2017 18(6):753-772

Carton, I., Fan, W., Pedersen, G.F., 2015. A frequency invariant beamformer for channel parameter estimation in
millimeter wave bands. Int. Symp. on Antennas and
Propagation, p.1-4.
Chen, C.E., 2015. An iterative hybrid transceiver design algorithm for millimeter wave MIMO systems. IEEE Wirel.
Commun. Lett., 4(3):285-288.
http://dx.doi.org/10.1109/LWC.2015.2409268
Chen, X.M., Zhang, Z.Y., Chen, H.H., et al., 2015. Enhancing
wireless information and power transfer by exploiting
multi-antenna techniques. IEEE Commun. Mag., 53(4):
133-141.
http://dx.doi.org/10.1109/MCOM.2015.7081086
Chuang, S.F., Wu, W.R., Liu, Y.T., 2015. High-resolution
AoA estimation for hybrid antenna arrays. IEEE Trans.
Antennas Propag., 63(7):2955-2968.
http://dx.doi.org/10.1109/TAP.2015.2426795
Cudak, M., Ghosh, A., Kovarik, T., et al., 2013. Moving towards mmwave-based beyond-4G (B-4G) technology.
IEEE 77th Vehicular Technology Conf., p.1-5.
http://dx.doi.org/10.1109/VTCSpring.2013.6692638
Dai, L.L., Gao, X.Y., Quan, J.G., et al., 2015a. Near-optimal
hybrid analog and digital precoding for downlink
mmwave massive MIMO systems. IEEE Int. Conf. on
Communications, p.1334-1339.
http://dx.doi.org/10.1109/ICC.2015.7248508
Dai, L.L., Gao, X.Y., Wang, Z.C., 2015b. Energy-efficient
hybrid precoding based on successive interference cancelation for millimeter-wave massive MIMO systems.
IEEE Radio and Antenna Days of the Indian Ocean, p.1-2.
http://dx.doi.org/10.1109/RADIO.2015.7323368
Dai, M.B., Clerckx, B., 2016. Hybrid precoding for physical
layer multicasting. IEEE Commun. Lett., 20(2):228-231.
http://dx.doi.org/10.1109/LCOMM.2015.2503273
Darzi, S., Kiong, T.S., Islam, M.T., et al., 2014. Null steering
of adaptive beamforming using linear constraint minimum variance assisted by particle swarm optimization,
dynamic mutated artificial immune system, and gravitational search algorithm. Sci. World J., Article ID 724639.
http://dx.doi.org/10.1155/2014/724639
Darzi, S., Kiong, T.S., Islam, M.T., et al., 2016. A memorybased gravitational search algorithm for enhancing
minimum variance distortionless response beamforming.
Appl. Soft Comput., 47:103-118.
http://dx.doi.org/10.1016/j.asoc.2016.05.045
de Carvalho, E., Björnson, E., Larsson, E.G., et al., 2016.
Random access for massive MIMO systems with intracell pilot contamination. IEEE Int. Conf. on Acoustics,
Speech and Signal Processing, p.3361-3365.
http://dx.doi.org/10.1109/ICASSP.2016.7472300
Frost, O.L., 1972. An algorithm for linearly constrained adaptive array processing. Proc. IEEE, 60(8):926-935.
http://dx.doi.org/10.1109/PROC.1972.8817
Garcia, N., Wymeersch, H., Larsson, E.G., et al., 2017. Direct
localization for massive MIMO. IEEE Trans. Signal
Process., 65(10):2475-2487.

769

http://dx.doi.org/10.1109/TSP.2017.2666779
Ghauch, H., Kim, T., Bengtsson, M., et al., 2016. Subspace
estimation and decomposition for large millimeter-wave
MIMO systems. IEEE J. Sel. Topics Signal Process.,
10(3):528-542.
http://dx.doi.org/10.1109/JSTSP.2016.2538178
Gotsis, K.A., Sahalos, J.N., 2011. Beamforming in 3G and 4G
mobile communications: the switched-beam approach. In:
Maícas, J.P. (Ed.), A Multidisciplinary Approach. InTech,
p.201-216.
Gozalves, J., 2016. Fifth-generation technologies trials [Mobile Radio]. IEEE Veh. Technol. Mag., 11(2):5-13.
http://dx.doi.org/10.1109/MVT.2016.2544239
Gross, F., 2005. Smart Antennas for Wireless Communications. McGraw-Hill Professional.
Guerra, A., Guidi, F., Dardari, D., 2015. Position and orientation error bound for wideband massive antenna arrays.
IEEE Int. Conf. on Communication Workshop, p.853858. http://dx.doi.org/10.1109/ICCW.2015.7247282
Guney, K., Onay, M., 2007. Amplitude-only pattern nulling of
linear antenna arrays with the use of bees algorithm.
Progr. Electromagn. Res., 70:21-36.
http://dx.doi.org/10.2528/PIER07011204
Guo, K.F., Guo, Y., Ascheid, G., 2015. Distributed antennas
aided secure communication in MU-massive-MIMO with
QoS guarantee. IEEE 82nd Vehicular Technology Conf.,
p.1-7. http://dx.doi.org/10.1109/VTCFall.2015.7390892
Haghighat, A., 2014. Hybrid analog-digital beamforming: how
many RF chains and phase shifters do we need?
arXiv:1410.2609.
He, Q., Xiao, L.M., Zhong, X.F., et al., 2014. Performance of
massive MIMO with zero-forcing beamforming and reduced downlink pilots. Int. Symp. on Wireless Personal
Multimedia Communications, p.690-695.
http://dx.doi.org/10.1109/WPMC.2014.7014904
He, S.W., Huang, Y.M., Yang, L.X., et al., 2015. Energy
efficient coordinated beamforming for multicell system:
duality-based algorithm design and massive MIMO transition. IEEE Trans. Commun., 63(12):4920-4935.
http://dx.doi.org/10.1109/TCOMM.2015.2496948
Heath, R.W., Gonzalez-Prelcic, N., Rangan, S., et al., 2016.
An overview of signal processing techniques for millimeter wave MIMO systems. IEEE J. Sel. Topics Signal
Process., 10(3):436-453.
http://dx.doi.org/10.1109/JSTSP.2016.2523924
Hu, A.Z., 2016. DOA-based beamforming for multi-cell massive MIMO systems. J. Commun. Networks, 18(5):735743. http://dx.doi.org/10.1109/JCN.2016.000103
Hu, A.Z., Lv, T.J., Gao, H., et al., 2013. Pilot design for
large-scale multi-cell multiuser MIMO systems. IEEE Int.
Conf. on Communications, p.5381-5385.
http://dx.doi.org/10.1109/ICC.2013.6655444
Huang, L., Zhang, B., Ye, Z.F., 2015. Robust adaptive beamforming using a new projection approach. IEEE Int. Conf.
on Digital Signal Processing, p.1181-1185.
http://dx.doi.org/10.1109/ICDSP.2015.7252066

770

Ali et al. / Front Inform Technol Electron Eng 2017 18(6):753-772

Huang, Z.E., Pan, J.Y., 2015. Coordinative switch beamforming scheduler for guaranteed service with service
area subsectorization in next generation cellular network.
IEEE Wireless Communications and Networking Conf.,
p.1000-1005.
http://dx.doi.org/10.1109/WCNC.2015.7127606
Huh, H., Caire, G., Papadopoulos, H.C., et al., 2012. Achieving “massive MIMO” spectral efficiency with a not-solarge number of antennas. IEEE Trans. Wirel. Commun.,
11(9):3226-3239.
http://dx.doi.org/10.1109/TWC.2012.070912.111383
Hur, S., Kim, T., Love, D.J., et al., 2013. Millimeter wave
beamforming for wireless backhaul and access in small
cell networks. IEEE Trans. Commun., 61(10):4391-4403.
http://dx.doi.org/10.1109/TCOMM.2013.090513.120848
Ismail, M., Doumi, T.L., Gardiner, J.G., 1999. Performance
enhancement of cellular topologies employing dynamic
cell sectoring and base station antenna beam steering
using time division multiple access. J. Kejurut., 11(1).
Jamel, T.M., 2015. Performance enhancement of adaptive
beamforming algorithms based on a combination method.
12th Int. Multi-conf. on Systems, Signals and Devices,
p.1-6. http://dx.doi.org/10.1109/SSD.2015.7348125
Jin, S., Wang, X.Y., Li, Z., et al., 2014. Zero-forcing beamforming in massive MIMO systems with time-shifted
pilots. IEEE Int. Conf. on Communications, p.4801-4806.
http://dx.doi.org/10.1109/ICC.2014.6884080
Jin, S., Wang, X.Y., Li, Z., et al., 2016. On massive MIMO
zero-forcing transceiver using time-shifted pilots. IEEE
Trans. Veh. Technol., 65(1):59-74.
http://dx.doi.org/10.1109/TVT.2015.2391192
Ju, M.Y., Qian, J., Li, Y.H., et al., 2013. Comparison of multiuser MIMO systems with MF, ZF and MMSE receivers.
IEEE Int. Conf. on Information Science and Technology,
p.1260-1263.
http://dx.doi.org/10.1109/ICIST.2013.6747766
Kammoun, A., Müller, A., Björnson, E., et al., 2014. Linear
precoding based on polynomial expansion: large-scale
multi-cell MIMO systems. IEEE J. Sel. Topics Signal
Process., 8(5):861-875.
http://dx.doi.org/10.1109/JSTSP.2014.2322582
Khan, M.R.R., Tuzlukov, V., 2011. Null steering beamforming
for wireless communication system using genetic algorithm. IEEE Int. Conf. on Microwave Technology and
Computational Electromagnetics, p.289-292.
http://dx.doi.org/10.1109/ICMTCE.2011.5915514
Kiani, S., Pezeshk, A.M., 2015. A comparative study of several array geometries for 2D DOA estimation. Proc.
Comput. Sci., 58:18-25.
http://dx.doi.org/10.1016/j.procs.2015.08.004
Kim, C., Kim, T., Seol, J.Y., 2013. Multi-beam transmission
diversity with hybrid beamforming for MIMO-OFDM
systems. IEEE Globecom Workshops, p.61-65.
http://dx.doi.org/10.1109/GLOCOMW.2013.6824962
Kutty, S., Sen, D., 2016. Beamforming for millimeter wave
communications: an inclusive survey. IEEE Commun.
Surv. Tutor., 18(2):949-973.

http://dx.doi.org/10.1109/COMST.2015.2504600
Larsson, E.G., Edfors, O., Tufvesson, F., et al., 2014. Massive
MIMO for next generation wireless systems. IEEE
Commun. Mag., 52(2):186-195.
http://dx.doi.org/10.1109/MCOM.2014.6736761
Le, T.V.T., Kim, Y.H., 2015. Power and spectral efficiency of
multi-pair massive antenna relaying systems with zeroforcing relay beamforming. IEEE Commun. Lett., 19(2):
243-246.
http://dx.doi.org/10.1109/LCOMM.2014.2382575
Lee, G., Sung, Y., Kountouris, M., 2015. On the performance
of randomly directional beamforming between line-ofsight and rich scattering channels. IEEE 16th Int. Workshop on Signal Processing Advances in Wireless Communications, p.141-145.
http://dx.doi.org/10.1109/SPAWC.2015.7227016
Li, H.M., Leung, V.C.M., 2013. Low complexity zero-forcing
beamforming for distributed massive MIMO systems in
large public venues. J. Commun. Networks, 15(4):370382. http://dx.doi.org/10.1109/JCN.2013.000068
Li, M., Collings, I.B., Hanly, S.V., et al., 2016. Multicell
coordinated scheduling with multiuser zero-forcing
beamforming. IEEE Trans. Wirel. Commun., 15(2):827842. http://dx.doi.org/10.1109/TWC.2015.2479226
Li, N.X., Wei, Z.X., Geng, J., et al., 2014. Multiuser hybrid
beamforming for max-min SINR problem under 60 GHz
wireless channel. IEEE 25th Annual Int. Symp. on Personal, Indoor, and Mobile Radio Communication, p.123128. http://dx.doi.org/10.1109/PIMRC.2014.7136145
Liang, L., Xu, W., Dong, X.D., 2014. Low-complexity hybrid
precoding in massive multiuser MIMO systems. IEEE
Wirel. Commun. Lett., 3(6):653-656.
http://dx.doi.org/10.1109/LWC.2014.2363831
Liao, B., Chan, S.C., 2011. DOA estimation of coherent signals for uniform linear arrays with mutual coupling. IEEE
Int. Symp. on Circuits and Systems, p.377-380.
http://dx.doi.org/10.1109/ISCAS.2011.5937581
Liao, W.C., Chang, T.H., Ma, W.K., et al., 2011. QoS-based
transmit beamforming in the presence of eavesdroppers:
an optimized artificial-noise-aided approach. IEEE Trans.
Signal Process., 59(3):1202-1216.
http://dx.doi.org/10.1109/TSP.2010.2094610
Liu, D.L., Ma, W.Z., Shao, S.H., et al., 2016. Performance
analysis of TDD reciprocity calibration for massive
MU-MIMO systems with ZF beamforming. IEEE Commun. Lett., 20(1):113-116.
http://dx.doi.org/10.1109/LCOMM.2015.2499283
Liu, G.Y., Hou, X.Y., Wang, F., et al., 2016. Achieving
3D-MIMO with massive antennas from theory to practice
with evaluation and field trial results. IEEE Syst. J., 11(1):
62-71. http://dx.doi.org/10.1109/JSYST.2015.2477503
Liu, J., Liu, W.J., Liu, H.W., et al., 2016. Average SINR
calculation of a persymmetric sample matrix inversion
beamformer. IEEE Trans. Signal Process., 64(8):21352145. http://dx.doi.org/10.1109/TSP.2015.2512527
Liu, W., Weiss, S., 2010. Wideband Beamforming: Concepts
and Techniques. John Wiley & Sons, UK.

Ali et al. / Front Inform Technol Electron Eng 2017 18(6):753-772

http://dx.doi.org/10.1002/9780470661178
Lu, L., Li, G.Y., Swindlehurst, A.L., et al., 2014. An overview
of massive MIMO: benefits and challenges. IEEE J. Sel.
Topics Signal Process., 8(5):742-758.
http://dx.doi.org/10.1109/JSTSP.2014.2317671
Masouros, C., Sellathurai, M., Ratnarajah, T., 2013. A
low-complexity sequential encoder for threshold vector
perturbation. IEEE Commun. Lett., 17(12):2225-2228.
http://dx.doi.org/10.1109/LCOMM.2013.101813.131811
Mazrouei-Sebdani, M., Krzymień, W.A., Melzer, J., 2016.
Massive MIMO with nonlinear precoding: large-system
analysis. IEEE Trans. Veh. Technol., 65(4):2815-2820.
http://dx.doi.org/10.1109/TVT.2015.2425884
Medbo, J., Börner, K., Haneda, K., et al., 2014. Channel
modelling for the fifth generation mobile communications. 8th European Conf. on Antennas and Propagation,
p.219-223.
http://dx.doi.org/10.1109/EuCAP.2014.6901730
Murray, B.P., Zaghloul, A.I., 2014. A survey of cognitive
beamforming techniques. United States National Committee of URSI National Radio Science Meeting, p.1.
http://dx.doi.org/10.1109/USNC-URSI-NRSM.2014.692
7993
Ngo, H.Q., Larsson, E.G., 2013. Spectral efficiency of the
multipair two-way relay channel with massive arrays.
Asilomar Conf. on Signals, Systems and Computers,
p.275-279.
http://dx.doi.org/10.1109/ACSSC.2013.6810276
Ngo, H.Q., Marzetta, T.L., Larsson, E.G., 2011. Analysis of
the pilot contamination effect in very large multicell
multiuser MIMO systems for physical channel models.
IEEE Int. Conf. on Acoustics, Speech and Signal Processing, p.3464-3467.
http://dx.doi.org/10.1109/ICASSP.2011.5947131
Noh, S., Zoltowski, M.D., Love, D.J., 2016. Training sequence
design for feedback assisted hybrid beamforming in
massive MIMO systems. IEEE Trans. Commun., 64(1):
187-200.
http://dx.doi.org/10.1109/TCOMM.2015.2498184
Oumar, O.A., Siyau, M.F., Sattar, T.P., 2012. Comparison
between MUSIC and ESPRIT direction of arrival estimation algorithms for wireless communication systems.
Int. Conf. on Future Generation Communication Technology, p.99-103.
http://dx.doi.org/10.1109/FGCT.2012.6476563
Pradhan, B.B., Roy, L.P., 2014. MIMO beamforming in spatially and temporally correlated channel. Annual IEEE
India Conf., p.1-5.
http://dx.doi.org/10.1109/INDICON.2014.7030636
Rappaport, T.S., Sun, S., Mayzus, R., et al., 2013. Millimeter
wave mobile communications for 5G cellular: it will work!
IEEE Access, 1:335-349.
http://dx.doi.org/10.1109/ACCESS.2013.2260813
Rasekh, M., Seydnejad, S.R., 2014. Design of an adaptive
wideband beamforming algorithm for conformal arrays.
IEEE Commun. Lett., 18(11):1955-1958.

771

http://dx.doi.org/10.1109/LCOMM.2014.2357417
Ren, H., Arigong, B., Zhou, M., et al., 2016. A novel design of
4 × 4 Butler matrix with relatively flexible phase differences. IEEE Antennas Wirel. Propag. Lett., 15:12771280. https://doi.org/10.1109/LAWP.2015.2504719
Roh, W., Seol, J.Y., Park, J., et al., 2014. Millimeter-wave
beamforming as an enabling technology for 5G cellular
communications: theoretical feasibility and prototype
results. IEEE Commun. Mag., 52(2):106-113.
http://dx.doi.org/10.1109/MCOM.2014.6736750
Rusek, F., Persson, D., Lau, B.K., et al., 2013. Scaling up
MIMO: opportunities and challenges with very large arrays. IEEE Signal Process. Mag., 30(1):40-60.
http://dx.doi.org/10.1109/MSP.2011.2178495
Shang, G.W., Li, H., 2015. Spatial domain method based on
2D-DoA estimation against pilot contamination for multicell massive MIMO systems. Int. Conf. on Wireless
Communications and Signal Processing, p.1-5.
http://dx.doi.org/10.1109/WCSP.2015.7341177
Sivasundarapandian, S., 2015. Performance analysis of multiband multiple beamforming Butler matrix for smart antenna systems. Int. Conf. on Robotics, Automation, Control and Embedded Systems, p.1-5.
http://dx.doi.org/10.1109/RACE.2015.7097291
Sohrabi, F., Yu, W., 2016. Hybrid digital and analog beamforming design for large-scale antenna arrays. IEEE J. Sel.
Topics Signal Process., 10(3):501-513.
http://dx.doi.org/10.1109/JSTSP.2016.2520912
Sun, S., Rappaport, T.S., Heath, R.W., et al., 2014. MIMO for
millimeter-wave wireless communications: beamforming,
spatial multiplexing, or both? IEEE Commun. Mag.,
52(12):110-121.
http://dx.doi.org/10.1109/MCOM.2014.6979962
Swindlehurst, A.L., Ayanoglu, E., Heydari, P., et al., 2014.
Millimeter-wave massive MIMO: the next wireless revolution? IEEE Commun. Mag., 52(9):56-62.
http://dx.doi.org/10.1109/MCOM.2014.6894453
Tiwari, N., Rao, T.R., 2015. A switched beam antenna array
with Butler matrix network using substrate integrated
waveguide technology for 60 GHz communications. Int.
Conf. on Advances in Computing, Communications and
Informatics, p.2152-2157.
http://dx.doi.org/10.1109/ICACCI.2015.7275935
Venkateswaran, V., van der Veen, A.J., 2010. Analog beamforming in MIMO communications with phase shift
networks and online channel estimation. IEEE Trans.
Signal Process., 58(8):4131-4143.
http://dx.doi.org/10.1109/TSP.2010.2048321
Vincent, F., Besson, O., 2004. Steering vector errors and diagonal loading. IEEE Proc.-Radar Sonar Navig., 151(6):
337-343. http://dx.doi.org/10.1049/ip-rsn:20041069
Vorobyov, S.A., Gershman, A.B., Luo, Z.Q., 2002. Robust
adaptive beamforming using worst-case performance optimization via second-order cone programming. IEEE Int.
Conf. on Acoustics, Speech, and Signal Processing,
p.2901-2904.

772

Ali et al. / Front Inform Technol Electron Eng 2017 18(6):753-772

http://dx.doi.org/10.1109/ICASSP.2002.5745255
Vouyioukas, D., 2013. A survey on beamforming techniques
for wireless MIMO relay networks. Int. J. Antennas
Propag., 2013:1-21.
http://dx.doi.org/10.1155/2013/745018
Wagner, S., Couillet, R., Debbah, M., et al., 2012. Large system analysis of linear precoding in correlated MISO
broadcast channels under limited feedback. IEEE Trans.
Inform. Theory, 58(7):4509-4537.
http://dx.doi.org/10.1109/TIT.2012.2191700
Wang, H.L., Pan, Z.G., Ni, J.Q., et al., 2013. A spatial domain
based method against pilot contamination for multi-cell
massive MIMO systems. Int. ICST Conf. on Communications and Networking in China, p.218-222.
http://dx.doi.org/10.1109/ChinaCom.2013.6694594
Wu, X.M., Cai, Y.L., de Lamare, R.C., et al., 2015. Adaptive
blind widely linear CCM reduced-rank beamforming for
large-scale antenna arrays. IEEE Int. Conf. on Digital
Signal Processing, p.5-9.
http://dx.doi.org/10.1109/ICDSP.2015.7251320
WWRF, 2014. 5G Vision and Requirements. IMT-2020 (5G)
Promotion Group, China.
Yan, L., Fang, X.M., Zhong, S., 2014. Quasi-full-duplex
wireless communication scheme for high-speed railway.
IEEE 80th Vehicular Technology Conf., p.1-6.
http://dx.doi.org/10.1109/VTCFall.2014.6966146
Yang, H., Marzetta, T.L., 2013a. Performance of conjugate
and zero-forcing beamforming in large-scale antenna
systems. IEEE J. Sel. Areas Commun., 31(2):172-179.
http://dx.doi.org/10.1109/JSAC.2013.130206
Yang, H., Marzetta, T.L., 2013b. Total energy efficiency of
cellular large scale antenna system multiple access mobile
networks. IEEE Online Conf. on Green Communications,
p.27-32.
http://dx.doi.org/10.1109/OnlineGreenCom.2013.6731024

Yang, H., Marzetta, T.L., 2015. Energy efficient design of
massive MIMO: how many antennas? IEEE 81st Vehicular Technology Conf., p.1-5.
http://dx.doi.org/10.1109/VTCSpring.2015.7145809
Yang, P., Yang, F., Nie, Z.P., 2010. DOA estimation with
sub-array divided technique and interpolated ESPRIT
algorithm on a cylindrical conformal array antenna. Progr.
Electromagn. Res., 103:201-216.
http://dx.doi.org/10.2528/PIER10011904
Yin, H.F., Gesbert, D., Filippou, M.C., et al., 2013. Decontaminating pilots in massive MIMO systems. IEEE Int.
Conf. on Communications, p.3170-3175.
http://dx.doi.org/10.1109/ICC.2013.6655031
Yin, H.F., Cottatellucci, L., Gesbert, D., et al., 2016. Robust
pilot decontamination based on joint angle and power
domain discrimination. IEEE Trans. Signal Process.,
64(11):2990-3003.
http://dx.doi.org/10.1109/TSP.2016.2535204
Ying, D.W., Vook, F.W., Thomas, T.A., et al., 2015. Hybrid
structure in massive MIMO: achieving large sum rate
with fewer RF chains. IEEE Int. Conf. on Communications, p.2344-2349.
http://dx.doi.org/10.1109/ICC.2015.7248675
Zhang, R.N., Wang, S.C., Lu, X.F., et al., 2016. Twodimensional DoA estimation for multipath propagation
characterization using the array response of PNsequences. IEEE Trans. Wirel. Commun., 15(1):341-356.
http://dx.doi.org/10.1109/TWC.2015.2473156
Zou, L., He, Z.S., 2013. MVDR method for the whole conformal arrays. In: Du, Z. (Ed.), Intelligence Computation
and Evolutionary Computation. Advances in Intelligent
Systems and Computing, Vol. 180. Springer, Berlin,
Heidelberg.
http://dx.doi.org/10.1007/978-3-642-31656-2_126

