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Abstract

A considerable amount of enabling technologies are being explored in the era of fifth generation (5G) mobile
system. The dream is to build a wireless network that substantially improves the existing mobile networks in all
performance metrics. To address this 5G design targets, massive MIMO (multiple input multiple output) and
mmWave (millimeter wave) communication are also candidate technologies. Luckily, in many respects these two
technologies share a symbiotic integration. Accordingly, a logical step is to integrate mmWave communications
and massive MIMO to form mmWave-massive MIMO which substantially increases user throughput, improve
spectral and energy efficiencies, increase the capacity of mobile networks and achieve high multiplexing gains.
Thus, this work analyses the concepts, performances, comparison and discussion of these technologies called:
massive MIMO, mmWave Communications and mmWave-massive MIMO systems jointly. Besides, outcomes
of extensive researches, emerging trends together with their respective benefits, challenges, proposed solutions
and their comparative analysis is addressed. The performance of hybrid analog-digital beamforming architecture
with a fully digital and analog beamforming techniques are also analyzed. Analytical and simulation results
show that the low-complexity hybrid analog-digital precoding achieves all round comparable precoding gains for
mmWave-Massive MIMO technology.

Keywords: Analog beamforming; digital precoding; hybrid analog-digital beamforming; Massive MIMO;
mmWave; mmWave-massive MIMO

1 Introduction
To help the rapid growth of current mobile traffic
and the development of modern wireless applications
and services, developers and regulatory bodies world-
wide have planned to develop 5G wireless networks [1].
Hence, research and development of 5G standards dis-
closes a range of critical innovations that are expected
to meet the enthusiastic system requirements. A few
of the specific performance requirements for 5G cel-
lular networks are [2]: high data rates, reduced la-
tency, low energy consumption, high scalability, high
connectivity and security. Accordingly, the key inter-
dependent technologies to address 5G design require-
ments are [3–5]: Ultra-dense Networks (UDNs), mil-
limeter Wave (mmWave) Communications and Mas-
sive MIMO (Multiple Input Multiple Output). Indi-
vidually, each of these innovations would give an or-
der of magnitude increase in the efficiency of wireless
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systems. Fortunately those three approaches share a
mutualistic convergence in many respects [6]. That is,
the very short wavelength of mmWave frequencies is
attractive for massive MIMO since the physical size
of the antenna arrays can be considerably reduced,
smaller cell sizes are promising for mmWave short-
range communications, while the large antenna gains
offered by massive MIMO are effective in alleviating
the sever path loss of mmWave signals. So, if there is a
rational way to integrate these three approaches, then
one would aim to accomplish the 1000-fold improve-
ment in 5 G efficiency. Stepping in this direction, we
already have mmWave technology that takes the main
design schamtics of MIMO technology and moves up
the operating frequency to the mmWave band (Fig. 1).
The combination of mmWave and massive MIMO will
therefore be a natural step in harnessing the attributes
of large area coverage and localized small cell hotspots,
leading to the phrase ”mmWave-massive MIMO”.
MmWave-massive MIMO is a promising technology

for future cellular systems that transmits gigabits per
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second by leveraging the large bandwidth available at

mmwave frequencies. The path loss at mmWave fre-

quencies makes it difficult to implement these systems,

however large antenna arrays can be packed into small

chips at mmwave frequencies which provides a reason-

ably strong received signal. Similarly, large antenna

arrays help the design of beamforming techniques to

direct the signal in a certain direction, hence reducing

the path loss problem [7]. Even if mmWave-massive

MIMO has attractive attributes, it still has challenges

such as large number of antennas that eventually intro-

duce very high or even unrealistic complexity of hard-

ware and power consumption [8].

In this performance evaluation of mmWave-Massive

MIMO technology, we attempt a holistic overview of

concepts, comparison and discussion of three 5G can-

didate technologies called massive MIMO, mmWave

Communications and mmWave-massive MIMO sys-

tems jointly. The aim is to describe in detail the theory

behind every associated technique with the state-of-

the-art methods being explored for these three tech-

nologies. It, therefore, serves to address mmWave-

massive MIMO and its interrelationship with each

other and existing technologies, with special atten-

tion on the areas of precoding and recent develop-

ments. Therefore, to the authors’ best knowledge,

there has been no performance evaluation available

in the scientific arena which has discussed mas-

sive MIMO, mmWave communications and mmWave-

Massive MIMO technology jointly, although there are

quite a few surveys available such as [9], which de-

liberated these three technologies separately. Hence,

to achieve 5G goals, these three candidate technolo-

gies should be studied together. This paper, there-

fore, presents a comprehensive overview, comparison,

discussion and analyses of massive MIMO, mmWave

Communication and mmWave-massive MIMO com-

munication system with aim to explore the emerg-

ing trends, challenges and proposed approaches for

mmWave-massive MIMO system in the march towards

5G era.

The remaining contents of the paper is arranged

as follows. We briefly summarize the existing works

in the context of our work in Section 1 and massive

MIMO is described with detail descriptions in Setion 2.

mmWave communications, mmWave-Massive MIMO

and Beamforming with their system and channel are

desribed in Sections 3, 4 and 5 respectively. We evalu-

ate the performance of our solution scheme in Section

6. Finally, Section 7 concludes the paper with brief

direction of future research direction.

2 Massive MIMO Communication

Technology
Massive MIMO, which is also called full dimension
MIMO, is a viable system performance optimization
technology. This encompasses the use of antenna ar-
rays with numerous antenna elements for large-scale
application of high-gain adaptive beamforming and
multi-user spatial multiplexing. Massive MIMO offers
high data rates to many users in dense deployment sce-
narios [10]. For 5G higher frequency band communica-
tion systems such as mmWaves, large-scale antenna ar-
rays would be a system pre-requisite for combating the
poor propagation characteristics within these bands.
This technology also enhances spectral and energy ef-
ficiency by adding the number of antennas at the BS
(Basestation) to serve users with directed signal and
reasonably simple signal processing [11]. Accordingly,
massive MIMO has potential advantages like: capac-
ity and link reliability, high spectral and energy effi-
ciency, security enhancement and robustness improve-
ment, high degree of freedom, cost efficiency and sim-
ple signal processing [12–16]. Similarly, massive MIMO
has also few key features:

i. Linear Signal Processing : Massive MIMO contains
a large number of BS antennas and the signal process-
ing is with matrices and/or vectors of quite large di-
mensions. Hence a simple signal processing method is
desired. In this regard, the linear signal processors (lin-
ear uplink detectors and downlink precoders) perform
near optimal [17].

i) Time Division Duplexing (TDD): The signal-
ing overhead for channel estimation is proportional to
the number of BS antennas. In contrast, for TDD, the
signaling overhead for channel estimation is not depen-
dent on BS antennas [14]. Therefore, implementing a
TDD operation is preferred .

ii) Favorable Propagation: In many propagation
environments, the use of an large number of BS an-
tennas over the number of users produces a favor-
able propagation where the channel vectors between
the users and the BS are pairwise (nearly) orthogo-
nal. The effect of inter-user interference and noise can
be minimized by simply linear signal processing under
favorable propagation [18].

iii) Channel Hardening: Refers to the phe-
nomenon where the massive MIMO channel matrix
approaches their expected values, when the number
of antennas approaches infinity. That is as the size of
channel gain matrix rises, the off-diagonal elements
of the matrix become weaker compared to the diago-
nal terms [15], which approaches the effective channel
deterministic. Under these conditions, the channel be-
comes (nearly) deterministic and hence, the effect of
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small-scale fading is averaged out. The system schedul-
ing, power control, etc., can be done over the large-
scale fading time scale instead of over the small-scale
fading time scale since this effectively removes the ef-
fects of fast fading. This effectively simplifies the signal
processing significantly.
iv) Linear Signal Processing: The use of large

number of antennas in massive MIMO yields favorable
propagation and channel hardening which really sim-
plifies the signal processing in mmassive systems [17].
v) Physical Size: FFor massive MIMO systems,

when we talk about large BS antenna array, it does
not necessarily means that it must be large physically.
Rather, it is a collection of small physical size, low
power and low cost antennas [19].
vi) Scalability: The time for estimating a channel

is uncorrelated to the number of BS antennas. Hence,
even if we keep on increasing the number of BS anten-
nas there will be no increase in signaling overhead for
the channel estimation. In addition, the linear signal
processing is simple for each user and is independent
of other users, (no multiplexing or demultiplexing is
performed at the users) increasing or decreasing the
number of served users does not affect other users.
Massive MIMO technology, does not have only mer-

its. As any other new technologies, faces challenges. To
make this technology reach the efficient implementa-
tion stage, the challenges that need further study and
investigation are: channel estimation, pilot contami-
nation, antenna array design, hardware impairment,
precoding and detection [20–22].

2.1 Massive MIMO Precoding
Precoding is a significant signal processing solution
that uses CSI at the transmitter to optimize link per-
formance. To concentrate the spatial data streams at
the users direction, the BS has to precode downlink
data. That is, precoding at the transmitter is used in
the downlink to concentrate each signal to its intended
user to cancel interference. If the interference cancel-
lation is not done properly, the desired output is not
obtained at the receiver. Hence, precoding techniques
are used to coordinate the transmission of data [23].
Basically, precoding techniques are divided into linear
and non linear. The linear precoding methods are com-
putationally simpler than their nonlinear counterparts.
On the other hand, nonlinear precoding schemes can
outperform the linear precoding schemes, at the cost
of significantly high computational complexity. How-
ever, with an increase in the number of antennas at the
BS, linear precoders are shown to be near-optimal [24].
Therefore, it is more practical to use low-complexity
linear precoding techniques in massive MIMO sys-
tems. Linear precoding techniques are: zero forcing

(ZF), matched filter (MF), minimum mean square er-
ror (MMSE) precoding, truncated polynomial expan-
sion (TPE) and phased zero forcing (PZF). By con-
trast non-linear precoders are: the optimal Dirty Paper
Coding, the near optimal Tomlinson-Harashima pre-
coding and Vector Perturbation Precoding. Readers
could refer to [25], for detail of these linear precoding
techniqus.

2.2 Massive MIMO System Model
Consider a single-cell downlink massive MIMO system,
where the BS is equipped with M antennas to support
K single-antenna users in the same time-frequency re-
source as shown in Figure 2.
It is also considered that the channel is a Rayleigh

fading and ergodic with perfect CSI at the transmitter.
If x denotes the complex valued M × 1 transmitted
signal vector from the M antennas then the K × 1
received signal vector y at the users is given by [6]

y =
√
pdHx+ n (1)

where H ∈ C
K×M is a channel matrix between

the BS antennas M and K users. The elements of H
are considered to be i.i.d (independent and identically
distributed) complex Gaussian random variables with
mean zero and unit variance. The signal received by
the kth user after using the linear precoding scheme is
given by x = Ws which is the precoded signal at the
BS, s ∈ C

K×1 is the information bearing signal with
E{ssH} = IK , W ∈ C

M×K is the precoding matrix
at the BS and pd is the downlink transmit power for
user k. n is AWGN (additive white Gaussian noise)
vector at the users with unit variance and mean zero
elements. Then, signal received by the kth user after
using the linear precoding scheme is given by [26]

yk =
√
pdhkwksk +

K
∑

i=1,i 6=k

√
pdhkwisi + nk (2)

where
√
pdhkwksk is the desired signal for user k and

∑K

i=1,i 6=k

√
pdhkwisi is the multi-user interference sig-

nal. The SINR (signal-to-interference-plus-noise-ratio)
of user k is

SINRk =
pd|hkwk|2

pd
∑K

i=1,i 6=k |hkwi|2 + 1
(3)

that is a function of the transmit precoding vector
wk and the channel hk. The respective models of lin-
ear precoding techniques are expressed as follows. The
detail of these models is found in [25].
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where β is the power normalization parameter, α =
K/Pd is the regularization factor to be optimized, wj

is the coefficient of the precoder polynomial of order
J and λ ∈ R

K×K is a positive diagonal matrix for col-
umn power normalization. Considering the data trans-
mission in favorable propagation conditions, the per-
formance of massive MIMO can be evaluated using
simple linear signal processing techniques. Their nu-
merical results are evaluated in terms of SNR (signal
to noise ratio) , sum rate and energy efficiency [27].
Figure 3 illustrates the achievable sum rate of mas-

sive MIMO performance using various linear process-
ing techniques with respect to basestation antennas.
As clearly observed in the figure, the achievable sum
rate increases exponentially as the number of antenna
elements increases in the BS. On the other hand, as
the number of BS antennas increases, the spectral effi-
ciency with linear signal processing is almost the same
with Shannon sum capacity achieved by optimal pre-
coders.
The simulation result in Fig.4 shows the sum rate

versus SNR for ZF, RZF and MRT with M = 64 and
K = 8. The signal to noise ratio varies from −10dB
to 25dB. MRT has better bandwidth efficiency than
ZF in the low SNR regime, and vice versa in the high
SNR regime.
The result also indicates that when the transmit

power is a minimal state, the MRT precoding scheme
is a reasonable option. On the contrary, the sum rate
with ZF and RZF precoding schemes attain a higher
rate than with MRT at the high SNR level. As the
SNR increases, the total rate with ZF and RZF pre-
coding schemes increases exponentially as these pre-
coding strategies promote inter-user-interference and
noise cancelation. RZF’s achieveable rate performs
specifically better over the full spectrum of SNRs than
ZF and MRT.

3 Millimeter-Wave Communications
The primary focus of 5G systems are to increase the
data rate by a factor of 1,000 compared with the pre-
vious 4G [5]. A fairly direct approach to improve the

data rate is to increase the bandwidth used for trans-
mission. Nonetheless, the improvements in bandwidth
which can be gained by using the typically used sub-6
GHz frequency bands effectively are very low. Corre-
spondingly, turning to frequency bands that have seen
minimal use or no use up to now is reasonable. In this
respect, the mmWave frequency band [28] is the ex-
tremely high frequency range from 30-300 GHz elec-
tromagnetic spectrum, with the corresponding wave-
length of 1-10 mm. The key propagation-related barri-
ers in the realization of mmWave cellular are: the free-
space path loss, scattering and the non-line-of-sight
(NLoS) paths are weaker making blockage and cover-
age holes more noticeable [29]. In addition, due to the
usage of larger bandwidth channels, the noise power is
larger. In order to achieve a high SNR reliably across
a cell, mmWave networks must utilize high gain elec-
tronically steerable directional antennas. That is, it
must beamform or precode data on large antenna ar-
rays. However, due to the small wavelength, arrays of
realistic dimensions will actually house orders of mag-
nitude and provide sufficient array gain to overcome
path loss and ensure high SNR at the receiver. In ad-
dition to using adaptive steerable arrays to overcome
blockages , mmWave networks can also be made very
dense to benefit from the current trend pushing cellular
system to a higher heterogenerous network containing
relays and small cells.
In the past few years, the general attitude toward us-

ing mmWave frequencies for communications has dra-
matically changed because of two reasons [30]. First,
taking into account the trend towards a reduction in
cell sizes and the emergence of short-range techniques
such as D2D communication, the required transmis-
sion distances have been significantly reduced. Second,
robust programs at measuring platforms have shown
that the loss of the route is not as serious as was pre-
viously believed. In essence, the use of large antenna
arrays will offset largely the less favorable conditions
of propagation compared to lower frequencies. One re-
maining challenge is the strong blockage of mmWave
signals, which prevents building walls from penetrat-
ing and renders a line of sight ( LOS) necessary for
secure communication.
Compared with current wireless technologies, the

special features of mmWave communications are: ex-
tremely wide bandwidth and capacity, low probability-
of-intercept, small element sizes, narrow beams and
directivity [28, 31].
Given the huge bandwidth capacity, mmWave signal

transmissions suffer from fundamental technical chal-
lenges such as intense path loss, high penetration loss,
high power consumption, blockage due to shadowing,
hardware impairment, etc [32].
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Operating in the mmWave bands is particularly chal-
lenging because of the poor road-loss conditions within
these bands. The free-space reference-distance path-
loss (PL) according to [33] can be expressed as:

PL[dB](d) = 20 log(
4πdo

λ
) + 10n log(

d

do

) +X (4)

where, do is the reference distance, d is the transmitter-
receiver separation distance in meters, n is the path-
loss exponent and X is a shadow fading term that is a
zero-mean Gaussian variable with a specified standard
deviation. According to the above free-space path-loss
model, the difference between today’s cellular systems
and the mmWave systems is the result of the difference
in the wavelength that shows up in the denominator
of the first term of the path-loss equation.
Key to operating in the mmWave bands will be the

use of large-scale antenna arrays to overcome the poor
path-loss situation in those bands. Luckily, the an-
tenna array size is determined by the size of individ-
ual antenna elements which is influenced by the cen-
ter frequency wavelength at which the device operates.
As the carrier frequency increases, the size of the an-
tenna array will correspondingly decrease, so that it
will be feasible from a form-factor point of view to
have mmWave antenna arrays with hundreds of ele-
ments [32].
From this Fig. 5, it can be observed that in some

special bands such as 35GHz, 94GHz, 140GHz, and
220GHz, mmWave propagation experiences relatively
small attenuation. Therefore, in these mmWave bands,
long distance communication can be realized which is
well suitable for peer to peer communication. However,
in the 60GHz, 120GHz, 180GHz bands, mmWave sig-
nals attenuate severely as high as 15dB/km, which
are known as “attenuation peak” [28]. Meanwhile,
mmWave signals will experience poor diffraction when
encountering blockages owing to the short wave-
lengths. This effect significantly shorten the trans-
mission range of mmWave signals and easily bring
mmWave links to the disconnected state. Thanks to
the rapid progress in RF integrated circuits, beam-
forming based on large-scale mmWave antenna arrays
has been widely exploited to extend the coverage of
mmWave networks.

3.1 System and Channel Model
A. System Model

Consider the downlink multiuser mmWave MIMO
system with a BS serving K users simultaneously as
shown in Fig. 6. The base station is equipped withNRF

RF chains and Nt transmit antennas. Each mobile sta-
tion (MS) is equipped with Nr receiving antennas. The
base station communicates with each MS via a single
stream. Thus, the total number of streams transmitted
is NS = U . Besides, the number of MS does not exceed
the number of basestation RF chains i.e., NS ≤ NRF .
Perfect knowledge of the CSI is assumed at the BS.
The precoder at the BS is a hybrid precoder which
is decomposed into the analog precoder and baseband
precoder.
The spatial multiplexing gain of hybrid precod-

ing is limited by NRF ≤ Nt. The basestation ap-
plies an NRF × NS digital precoding matrix DBB =
[d1BB , d

2
BB , ..., f

k
BB ] where fk

BB(k ∈ [1, 2, ...,K]) is an
NRF × 1 vector, followed by an Nt × NRF RF pre-
coding matrix. The analog precoding matrix (ARF ) is
used as analog phase shifter and its parameters are
constant modules that can be standardized to fulfill
|ARF [i, j]| = 1√

Nt

∀i = 1, 2, ..., Nt, j = 1, 2, ..., NRF

which is is the (i, j)th element of analog precoding ma-
trix. Therefore, the transmitting signal is

x = ARFDBBs (5)

where s = [s1, s2, ..., sk]
T is the message to be trans-

mitted (Ns × 1(k × 1)) vector and normalized as
E[ssH ] = 1

(Ns)
Ik. The total power constraint of the hy-

brid precoding matrix is enforced by normalizing DBB

as ‖DBBARF ‖2 = NS .
The received signal yk observed by the kth MS is [35]

yk =
√
ρHk

K
∑

n=1

ARFDBBsn + nk (6)

where Hk ∈ C
Nr×Nt matrix which indicates the

channel between the BS and the kth user and nk ∈
CN (0,σ2) represents the Complex Gaussian noise vec-
tor and ρ represents the average received power.

B. mmWave Channel Model

Millimeter-wave channels are expected to have lim-
ited scattering. Every scatterer is anticipated to con-
tribute a single path of propagation between the
transmitter and receiver [36]. An extended Saleh-
Valenzuela model is commonly applied in mmWave-
massive MIMO channel modeling. Thus, our research
work considers this model due to the high antenna
correlation and the limited spatial selectivity [37]. The
hypothesis in which each scatter represents a single
path is assumed. An adoption of a geometric channel
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model with Lk scatters is used for the channel of the
kth user. In this model, the kth user channel matrix
Hk ∈ C

Nr×Nt can be expressed as

Hk =

√

NtNr

Lk

Lk
∑

l=1

αk,lak,r(θk,l)a
H
k,t(φk,l) (7)

where αk,l is the complex gain of the lth path, which
includes the path loss with E|αk,l|2 = β, β is a nor-
malization constant. The variables φl ∈ [0, 2π] and
θl ∈ [0, 2π] are the lth path’s azimuth angles of depar-
ture or arrival (AoDs/AoAs) of the transmitter and
receiver respectively. ak,t(φk,l) is the antenna array re-
sponse vector of the BS, ak,r(θk,l) is the antenna array
response vector of the kth MS, Lk is the number of
propagation paths for the channel of the kth MS with
l ∈ [1, 2, ..., Lk]. We assume the base station and mo-
bile station get knowledge about the structure of their
antenna arrays. It is assumed that the base station
and mobile station get knowledge about the structure
of their antenna arrays. With respect to structure, an-
tenna arrays are classified as either a uniform linear
array (ULA) or a uniform planar array (UPA) (Fig.7).
But, for mmWave-massive MIMO channels, UPAs are
much more appropriate since they yield smaller an-
tenna array dimensions. This encourages the packing
of more antenna elements in a acceptable-sized array
that allows beamforming in the elevation domain (3D
beamforming) [4].
In the case of UPAs, N = W1W2 where W1 and W2

represent the number of antenna elements on the hor-
izontal and vertical, respectively, with 0 ≤ x ≤ W1− 1
and 0 ≤ y ≤ W2 − 1. If a ULA is assumed, the ar-
ray response vectors at the basestation or transmitter,
at(φ)l is defined as

at(φ)l =
1√
N

[1, ej(
2π

λ
)d sin(φl), ..., ej(Nt−1)( 2π

λ
)d sin(φl)]T

(8)

The receiver’s array response vectors is written in
the same way.

ar(θl) =
1√
N

[1, ej
2π

λ
d(xsin(φ)sin(θ)+ycos(θ)), ...

ej
π

λ
d((W1−1)sin(φ)sin(θ)+(W2−1)cos(θ))]T

(9)

where λ denotes the wavelength, d is the spacing
between two antennas (typically, d = λ

2 ), φ is the az-
imuth angle, θ is the elevation angle and N is antenna
elements number.

4 mmWave-Massive MIMO

Communications
The mmWave and massive MIMO technologies can
be combined together to meet the demands of future
5G networks. This technological combination of mas-
sive MIMO and mmWave systems have given birth
to mmWave-massive MIMO [38], which offers a broad
spectrum of advantages: (a) availability of multiplex-
ing and array gains because of large number of trans-
mit and receive antennas, (b) extreme data rates due
to the wide bandwidth that is found at millimeter fre-
quencies and (c) reduced interference due to narrow
beamforming. Using the joint functionalities of the
huge available bandwidth in the mmWave frequency
bands and high multiplexing gains with massive an-
tenna arrays, mmWave massive MIMO has the poten-
tial to enhance user throughput, boost mobile network
capacity, raise spectral and energy efficiency [39].
MmWave-massive MIMO springs as a technology

that integrates potentials of the huge available mmWave
bandwidth and the high gains of massive MIMO an-
tenna arrays. When using mmWave-massive MIMO in
the field of HetNet, mobile networks of the next gener-
ation can be proposed to benefit from extreme infras-
tructure densification, large quantities of new band-
width and many more antennas on a very large scale.
These combinations bring an opportunity to support
a plethora of high-speed services for the bandwidth-
hungry applications [4].
The arrangement of three characteristics: ultra-dense

networks (UDNs), mmWave and massive MIMO,
which are fortunately symbiotic relationship is shown
in Fig.8. The system is a HetNet made up of macro-
cell and small cell BSs, all with massive MIMO and
mmWave communication capacities.
The wide bandwidth available and high spectrum

efficiency make mmWave-massive MIMO a promis-
ing option to improve significantly the overall system
throughput for future 5G cellular networks. The dis-
advantage of mmWave communications is the high
path loss during the transmission. Usually mmWave
communication systems use directional beamforming
and combining by using large antenna arrays to re-
duce the path loss. A wide varity of challenges ranging
the length and breadth of communications theory and
engineering has to be addressed in order to harness
the opportunities of mmWave-massive MIMO technol-
ogy. Some of the areas of the challenges include [4]:
information theoretic issues, channel modeling, chan-
nel estimation techniques, antenna and RF transceiver
architecture design, waveforms and multiple access
schemes, interference management, backhaul transmis-
sions, mobility management, system-level modeling,
standardization, etc.
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5 mmWave-Massive MIMO Beamforming
By regulating the phases and/or amplitudes of original
signals, beamforming can optimize the performance of
cellular networks using interference cancelation con-
cept. It is a technique of preprocessing signals prior to
transmission so as to maximize the network through-
put and reliability by exploiting the available spatial
degrees of freedom in a MIMO system [40]. There are
primarily three categories of beam-forming architec-
tures which are commonly explored: the analog or ra-
dio frequency beamforming, the digital beamforming
and the hybrid beamforming architecture [41].

5.1 Analog Beamforming
Analog beamforming is the method of beamforming in
which the control of MIMO and beamforming is done
at RF level. In this case, a transceiver is believed to
drive the antenna array. The transmit and receive ar-
ray processing is performed with RF components hav-
ing phase shifting and potentially gain adjustment ca-
pabilities [42]. In such a system, only a single RF chain
with many analog phase shifters is employed to trans-
mit a single data stream as shown in Figure 9. a).
Analog beamforming is utilized to control the phases
of original signals to achieve the maximal antenna ar-
ray gain and effective SNR.
Analog beamforming has a basic hardware structure

which is easier to implement. However, this beamform-
ing has low antenna gain and suffers from serious per-
formance loss, since only the phases of the transmit
signals can be controlled but not their amplitudes.
Thus, it is not practically used in Massive MIMO and
mmWave communication systems [3].

5.2 Digital Precoding
It is a traditional technology commonly used in low-
frequency MIMO systems. The conventional MIMO
systems comprise only a small number of antenna el-
ements, typically less than ten. To provide higher de-
grees of freedom for the precoding in the traditional
MIMO, each antenna element is equipped with a ded-
icated RF chain.
The precoding scheme in such a system can exploit

this architecture by employing the precoders in the
digital baseband, which permits tuning of both mag-
nitude and phase values of transmit signals of each
antenna element independently. Such a transceiver ar-
chitecture, with a dedicated RF chain for each antenna
element, is referred to as fully-digital precoding archi-
tecture [43] as shown in Figure 9. b). The basic prin-
ciple of digital precoding is to monitor both phases
and amplitudes of original signals in order to eliminate
interferences in advance. It requires a dedicated base-
band and RF chain for each antenna element. In small-
scale MIMO precoding schemes such as zero forcing

(ZF) precoding, the symbols are modified in both am-
plitudes and phase at the baseband and supported by
a dedicated radio frequency (RF) transceivers. There-
fore, each antenna element requires a dedicated RF
transceivers for assistance which is too expensive in
the case of mmWave-massive MIMO.

5.3 Hybrid Analog-digital Precoding
Hybrid precoding offers a compromise between system
performance and hardware complexity. One solution
to keep the energy consumption, implementation cost
and complexity of massive MIMO at affordable levels
is to perform analog beamforming, operating in the
RF domain, which requires a much smaller number of
baseband ADCs, instead of power-hungry digital sig-
nal processing. Unfortunately, complete analog beam-
forming still has some critical shortcomings, since it
lacks flexibility and adaptability, sacrifices the over-
all system performance and entails reliability issues
in hardware design, especially for mmWave signals.
On the other hand, digital precoding achieves satisfy-
ing performance since it controls both the phases and
amplitudes of signals. Unfortunately, due to a dedi-
cated RF chain is required for each antenna, digital
precoding has high energy consumption and hardware
cost, which makes it difficult to be directly extended
to mmWave-massive MIMO systems with a large num-
ber of antennas [44]. A realistic option is to conduct
a portion of the processing with a reduced number of
RF chains in the baseband (digital) and the remain-
ing part in the RF band (analog). Such topologies can
offer an optimal balance between analog and digital
processing, reduce the complexity, power consumption
and cost as the number of RF chains are much less
than the number of antennas. In [42], it is declared
that hybrid beamforming architectures combines the
advantages of both analog and digital beamforming.
That is why, a hybrid beam-forming architecture with
analog phase shifters has emerged as an attractive op-
portunity mmWave-massive MIMO systems.
The antenna elements are grouped into analog sub-

arrays within the massive hybrid array architecture.
Only a phase shifter is assigned to a single antenna
element while the other components are shared by all
antenna elements in each sub-array. Every subarray
is fed with only one digital input (in the transmit-
ter). Hence, it outputs only one digital signal (at the
receiver). All digital signals from all the sub-arrays
are jointly processed in a digital processor (Figure
9. c)). Accordingly, hybrid beamforming is viable for
mmWave-massive MIMO, with less RF chain than the
number of antennas. Compared to the digital beam-
former this shows only a negligible performance loss.
The comparison between analog, digital and hybride
precoders is shown in Table 1 [42,43,45].
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Beamforming Types
Features Analog Beamforming Digital Precoding Hybride Precoding

Number of Streams Single stream Multi-stream Multi-stream
Number of Users Single-user Multi-user Multi-user

Signal Control Cabability Phase Control only Phase and amplitude control Phase and amplitude control
Degree of freedom Least Highest Intermediate
Implementation Phase Shifters ADC/DAC, mixer Phase Shifters, ADC/DAC and mixer

Hardware Requirement Least Highest Intermediate
Energy Consumption Least Highest Intermediate

Cost Least Highest Intermediate
Complexity Least Highest Intermediate
Performance Least Optimal Near-Optimal

Suitability for mmWave Unsuitable Impractical is realistic
Massive MIMO

Table 1: Comparison of Precoding Techniques

5.4 Channel and System Model
A.Channel Model for mmWave-Massive MIMO

The system is composed of single BS with Massive
MIMO antenna arrays (transmitter), mmWave wire-
less channel and User terminals (receivers) as shwon
in shown in Fig.6.
The high free space path loss is a feature of mmWave

transmission, leading to reduced spatial selectivity or
scattering. Contrarily, the large tightly packed antenna
arrays are mmWave transceiver characteristics, lead-
ing to high rates of antenna correlation. For this rea-
son, a narrow band clustered channel representation
is adopted based on the extended Saleh Valenzuela
model. This model allows to capture characteristics
in mmWave channels accurately. Using the clustered
channel model, the channel matrix H is assumed to
be a sum of the contributions of L propagation paths.
Therefore, an adoption of a geometric channel model
with Lk scatters is used for the channel of the kth user.
Thus, the kth user channel matrix Hk ∈ C

Nr×Nt can
be expressed as

Hk =

√

NtNr

Lk

Lk
∑

l=1

αk,lak,r(θk,l)a
H
k,t(φk,l) (10)

where Nt is the number of antennas at the BS, Nr is
the number of antennas at the kth MS. αk,l is the com-
plex gain of the lth path, which includes the path loss
with E|αk,l|2 = β, β is a normalization constant. The
variables φl ∈ [0, 2π] and θl ∈ [0, 2π] are the lth path’s
azimuth angles of departure or arrival (AoDs/AoAs)
of the transmitter and receiver respectively. ak,t(φk,l)
is the BS antenna array response vector, ak,r(θk,l) is
the antenna array response vector of the kth MS, Lk

is the number of propagation paths for the channel of
the kth MS with l ∈ [1, 2, ..., Lk]. The base station
and every mobile station is assumed to get knowledge
about the structure of their antenna arrays.

Thus, the array response vector for ULA is expressed
as [34]

aULA(φ) =
1√
N

[1, ej
2π

λ
dsin(φ), ...ej(N−1) 2π

λ
dsin(φ)]T

(11)

For UPAs, the array response vector is

aUPA(φ, θ) =
1√
N

[1, ej
2π

λ
d(xsin(φ)sin(θ)+ycos(θ)), ...

ej
π

λ
d((W1−1)sin(φ)sin(θ)+(W2−1)cos(θ))]T

(12)

where λ denotes the wavelength, d is the spacing be-
tween two antennas (typically, d = λ

2 ), φ is the azimuth
angle, θ is the elevation (or zenith) angle and N is the
number of antenna elements.
B. Precoding Model for mmWave-Massive MIMO

Consider the single-user mmWave-massive MIMO
system with hybrid precoding as shown the same Fig-
ure in mmWave Communications (Fig. 6), where the
BS employs N antennas to simultaneously transmit
Ns data streams to a user with M antennas.
To enable multistream transmission, the BS is

equipped with NRF RF chains such that Ns ≤ NRF ≤
N . The BS applies an NRF ×Ns digital precoder DBB

using its NRF RF chains, followed by an N×NRF RF
analog beam former ARF using analog circuitry such
as phase shifters. Then, the transmitted signal can be
presented by [4]

x = ARFDBBs (13)

where s is Ns×1 original signal vector before precod-
ing with normalized power as E(ssH) = ( 1

Ns

)INs. For
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simplicity, we consider a narrow band system, which
can be regarded as a reasonable first step because in
mmWave frequnecy, coherence bandwidth is usually
sufficiently broad. The received signal vector y of size
M × 1 can be correspondingly presented as

y =
√
ρHARFDBBs+ n (14)

We assume the channel matrix H is perfectly known
at both the BS and user to enable precoding.
For a multi-user hybrid precoding scheme, consider

a mmWave-massive MIMO system with BS antennas
N and NRF RF chains such that NRF ≤ N and K
terminals each with M antennas and only one RF
chain. For a fully connected hybrid precoder system,
the BS employs K × K digital precoder in the base-
band Dk = [D1, D2, ...Dk] followed byN × K analog
precoder Ak =[A1, A2, ..., AK ]. The received signal vec-
tor rk observed by the kth terminal after precoding can
then be expressed as

rk = Hk

K
∑

n=1

AnDnsn + nk (15)

After being combined with the analog combiner wk,
where wk has similar constraints as the analog pre-
coder Ak, the signal yk becomes

yk = wH
Krk = wH

KHk

K
∑

n=1

AnDnsn +wH
Knk (16)

The goal of aim of hybrid precoding is to design the
analog precoder A, the digital precoderD at the bases-
tation and the analog combiners {wk}Kk = 1 at theMS
to boost the sum rate R.
Then, the received signal-to-interference-plus-noiseratio

(SINR) for the kth user can be obtained as

γk = (
P
K
|wH

k HkADu|2
P
K

∑max

n 6=k |wH
k HkADu|2 + σ2

n

) (17)

Then, the system capacity is

R = B
K
∑

k=1

log2(1 + γk) (18)

where, B is the system bandwidth.

C.Power Model for mmWave-Massive MIMO

Typically, the power consumption for a system com-
prises radiated power, circuit power and power con-
sumed for signal processing. In our case, the total
power consumption is usually modeled as [46]

PT = Pt +NRFPRF +NSPPS (19)

where Pt is the transmission power, PRF is the power
consumed by RF chain and PS is the energy consump-
tion of power supply, NRF and NPS are the numbers
of RF chains and power supplies respectively.

D. Spectral and Energy Efficiency Model for mmWave-

Massive MIMO

The energy and spectral efficiencies are two trade-
off parameters. Energy efficiency metric is a “green
communication” indicator. It is a function of the data
rate over the mmWave links. Fundamentally, the sig-
nificant improvement of energy efficiency is achieved
by extremely sharpening the radiated energy from the
transmitter to focus into small regions where active
user equipment located. The energy efficiency is exam-
ined as a function of BS serving distance, the trans-
mission power and the SNR [47]. The energy efficiency
degrades as the transmission power increases. It is the
ratio of the achievable rate to the total power con-
sumption.
Because spectral efficiency is directly proportional to

the transmit power, the signal power must be increased
to improve the system’s spectral efficiency. On the
other hand, as the signal power increases, the power
usage in the system increases and the energy efficiency
in turn reduces.By using moderately large antenna ar-
rays, however, we can jointly enhance the spectral and
energy efficiency compared with single antenna system
in orders of magnitude. The SE and EE of the down-
link cellular network can be expressed as [13]

ηSE =
R

B
, ηEE =

BηSE

PT

(20)

6 Results and Discussion
In this section, the performance of hybrid precoding
for mmWave-massive MIMO is evaluated in terms of
SNR, data rate, achievable rate and energy efficiency.
It can be seen from Figure 10 that as the SNR in-

creases, the spectral efficiency of the different precod-
ing techniques is improved to different degrees. Simi-
larly, for all data streams, the performance of the fully
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digital precoding is the best because it is the optimal
precoding method and all the other precoding tech-
niques are aimed at approaching it. The performance
of hybrid precoding is close to the full-digital algorithm
and better than the traditional analog precoding. The
analog precoding performance is the worst of all pre-
coding schemes.

Fig.11 shows that even at very large numbers of an-
tennas, there is still a considerable gain of hybrid pre-
coding over analog beam steering. We can also observe
from this plot that the difference between the spectral
efficiency achieved by the hybrid precoding and digital
precoding decreases when the number of BS antennas
increases. This can be explained by the fact that the
performance improvement obtained by the digital pre-
coder becomes obvious with the increasing number of
RF chains, and the fully analog precoder system will
suffer from a non-negligible performance loss.

The spectral efficiency with SNR achieved by differ-
ent linear precoding methods is shown in Fig.12. It is
observed that hybrid linear precoding schemes outper-
forms the analog one in the whole SNR range, and the
performance gap becomes more obvious with the in-
creasing SNR. For example, when SNR = -15 dB, the
capacity gap between the the linear precoders and the
single user is less than 1 bps/Hz, while when SNR =10
dB, the capacity gap increases up to 5 bps/Hz. The
analog precoding performance is the worst because the
analog precoding is constant modulus; only the phase
characteristics are utilized, and the amplitude charac-
teristics are not utilized.

Fig. 13 compares the averaged achievable rates by
varying the number of users for a fixed SNR = 10
dB in a multi-path scenario based on hybrid linear
precoding schemes. We found that the hybrid precoder
MRT decrease its performance for higher number of
users, whereas, the hybrid precoders ZF and MMSE
scheme show good outcomes.

The result in Figure 14 shows the energy efficiency
with the number of BS antennas. As shown in the plot,
as the number of BS antenna increases, the power con-
sumption also increases, hence the energy efficiency de-
creases. This is because the overall circuit power con-
sumption of the BS increases as the number of BS
antennas grows high. This results in a lower energy ef-
ficiency. Thus, even if it may help to reduce the trans-
mitting power for the network by raising the number of
BS antennas, it also reduces the energy efficiency be-
cause of the raise in internal power consumption. As
a result, the energy efficiency of digital precoding be-
comes the worst. On the other hand, hybrid bemaform-
ing has better enery efficiency than its counterpart dig-
ital precoding.

7 Conclusion
This work covers a comprehensive overview that fo-
cuses on the promising technologies that are needed in
5G and beyond mobile systems. A complete overview
of the massive MIMO and its advantages on 5G
technology is mentioned and preceded by analysis
on mmWave communication that is recognized as a
promising technology that will play a major role in 5G
network systems. Subsequently, we presented a brief
details on channel estimation, signal processing and
beamforming techniques. In doing so, we highlighted
the peculiarities of the emerging network technolo-
gies of massive MIMO, mmWave communication and
mmWave-massive MIMO systems. It also examines the
type of precoding techniques being proposed for each
technology. Thus, the comparison and performance of
analog, digital and hybrid analog-digital precoders un-
der perfect CSI at the transmitters is addressed. Hy-
brid precoding, which combines the advantages of both
digital and analog beamforming is analyzed. Hybrid
precoding, with only a small number of RF chains,
can achieve performance quite close to digital precod-
ing. Consequently, hybrid precoding seems more suit-
able for future mmWave-massive MIMO systems. The
simulation results also show that hybrid linear pre-
coding schemes achieves a higher spectral efficiency
compared with analog and digital which confirms the
better management of the multi-user interference by
hybrid analog-digital scheme. Finally, the hybrid lin-
ear precoding schemes achieves high data rates due to
a large amount of spatial degrees of freedom available
in mmWave massive MIMO systems absolutely makes
it one of the most powerful technology that enhances
the performance of 5G and beyond networks.

8 Future Research Directions
There are still many issues for mmWave-massive
MIMO that are open for discussion and necessitate fi-
nalization. The concepts and techniques which are un-
der research are energy efficiency, spectral efficiency,
analytical modeling, channel and field measurement
campaigns, test and validation of system performance,
are still ongoing with different researchers. In addition,
various algorithms, schemes and techniques are being
proposed for mmWave-massive MIMO systems in the
areas of modulation and signal waveform, multiple ac-
cess scheme, front haul design, antenna array archi-
tectur and precoding schemes are some of them. Thus,
the integrated performance characterization and eval-
uation in real-life scenarios and applications of such
mmWave-massive MIMO techniques remains an open
question.
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9 List of Abbreviations

5G: Fifth Generation; AOA: Angle of Arrival; AoD: Angle of Departure; BS:

Basestation; CSI: Channel State Information; DoF: Degrees of Freedom;

EE: Energy Efficiency; iid: independent and identically distributed; LoS:

Line of Sight; MAC: Media Access Control; MF: Matched Filter; MIMO:

Multiple Input Multiple Output; MMSE: Minimum Mean Square Error;

MRT: Maximum Ratio Transmission; mmWave: Millimeter Wave; MS:

Mobile Station; NLoS: Non Line of Sight; PZF: Phased Zero Forcing; RF:

Radio Frequency; RZF: Regularized Zero Forcing; SE: Spectral Efficiency;

SINR: signal to interference noise ratio; SNR: Signal to Noise Ratio; TDD:

Time Division Duplex; TPE: Truncated Polynomial Expansion; UDNs: Ultra

Dense Networks; ULA: Uniform Linear Array; UPA: Uniform Planner Array;
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Figures

Figure 1: Amalgam of UDN, Massive MIMO
and mmWave [4]. A symbiotic relationship be-
tween UDN, Massive MIMO and mmWave.

Figure 2: Massive MIMO System Model [11].
This Figure shows the downlink Massive MIMO Sys-
tem Model [11].

Figure 3: Performance of Massive MIMO Lin-
ear Precoders. The performance comparison of
Shanon Capacity with linear precoders called: ZF,
MRT and RZF.

Figure 4: Spectral Efficiency Versus Signal to
Noise Ratio. The Spectral efficiency of ZF, MRT
and RZF is compared with their signal to noise ratio.

Figure 5: Atmospheric and Molecular Absorp-
tion at mmWave Frequencies [28]. Atmospheric
and Molecular Absorption at mmWave Frequencies.

Figure 6: Hybrid Analog-digital Precoding in
mmWave Communications [34]. System Model
for Hybrid Analog-digital Precoding in mmWave
Communications.

Figure 7: Antenna Array Structure [4]. The dif-
ferent array structure of Antennas.

Figure 8: Candidate Network Architecture
with mmWave-Massive MIMO for 5G [3].
The arrangement of UDNs, mmWave and massive
MIMO communications.

Figure 9: Types of Beamforming Architectures
[42]. The different types of Beamforming Architec-
tures.
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Figure 10: Achievable Rate Versus SNR. The
spectral efficiency comparison of the different beam-
forming techniques for mmWave-Massive MIMO
System.

Figure 11: Spectral Efficiency with BS Anten-
nas. The Performance comparison of the different
beamforming techniques with resoect to the num-
ber of basestation antennas.

Figure 12: Spectral Efficiency Versus SNR
with different Precoding Schemes. The Spec-
tral efficiency of the different types of beamforming
techniques are compared with respect to signal to
noise ratio.

Figure 13: Achievable Rate Versus Number of
Users. The Spectral efficiency of the different types
of beamforming techniques are compared with re-
spect to the number of users.

Figure 14: Energy Efficiency Versus Number of
Base Station Antennas. The comparison of the
different beamforming techniques with number of
basesation antennas. The result shows their energy
efficiency.
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Figure 1

Amalgam of UDN, Massive MIMO and mmWave [4]. A symbiotic relationship be- tween UDN, Massive
MIMO and mmWave.



Figure 2

Massive MIMO System Model [11]. This Figure shows the downlink Massive MIMO Sys- tem Model [11].

Figure 3



Performance of Massive MIMO Lin- ear Precoders. The performance comparison of Shanon Capacity
with linear precoders called: ZF, MRT and RZF.

Figure 4

Spectral E�ciency Versus Signal to Noise Ratio. The Spectral e�ciency of ZF, MRT and RZF is compared
with their signal to noise ratio.

Figure 5



Atmospheric and Molecular Absorption at mmWave Frequencies [28]. Atmospheric and Molecular
Absorption at mmWave Frequencies.

Figure 6

Hybrid Analog-digital Precoding in mmWave Communications [34]. System Model for Hybrid Analog-
digital Precoding in mmWave Communications.

Figure 7

Antenna Array Structure [4]. The different array structure of Antennas.



Figure 8

Candidate Network Architecture with mmWave-Massive MIMO for 5G [3]. The arrangement of UDNs,
mmWave and massive MIMO communications.

Figure 9

Types of Beamforming Architectures [42]. The different types of Beamforming Architec- tures.



Figure 10

Achievable Rate Versus SNR. The spectral e�ciency comparison of the different beam- forming
techniques for mmWave-Massive MIMO System.



Figure 11

Spectral E�ciency with BS Antennas. The Performance comparison of the different beamforming
techniques with resoect to the number of basestation antennas.

Figure 12

Spectral E�ciency Versus SNR with different Precoding Schemes. The Spec- tral e�ciency of the
different types of beamforming techniques are compared with respect to signal to noise ratio.

Figure 13

Achievable Rate Versus Number of Users. The Spectral e�ciency of the different types of beamforming
techniques are compared with respect to the number of users.



Figure 14

Energy E�ciency Versus Number of Base Station Antennas. The comparison of the different
beamforming techniques with number of basesation antennas. The result shows their energy e�ciency.
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